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ARTICLE INFO ABSTRACT

Recently, biogenic nanoparticles have been considered promising candidates for manufacturing antibacterial
nanodrugs. Here, we synthesized AgNPs using the crab-borne antibacterial agent hemocyanin and assessed the
antibacterial action against several pathogenic bacteria. In this study, the crustacean immune protein hemo-
cyanin (Pp-Hc, 78 kDa) purified from Portunus pelagicus hemolymph was used to fabricate silver nanoparticles.
Characterization of hemocyanin-fabricated AgNPs (Pp-Hc AgNPs) were achieved using ultraviolet-visible spec-
trophotometer, X-ray powder diffraction (XRD), Fourier-transform infrared spectroscopy (FTIR), high-resolu-
tion-transmission electron microscopy (HR-TEM), and energy-dispersive X-ray spectroscopy. The antibacterial
efficacy of AgNO3; Pp-Hc and Pp-Hc AgNPs was compared by growth inhibition, antibiofilm and live and dead
analyses. Based on the results, Pp-Hc AgNPs was more efficient than Pp-Hc and AgNO; against pathogenic
bacteria. Mechanistic analysis revealed membrane damage and reactive oxygen species (ROS) generation,
suggesting that Pp-Hc and Pp-Hc AgNPs rely to similar modes of action. Intracellular protein molecules and
nucleic acid leakage confirmed that Pp-Hc AgNPs increase membrane permeability, leading to cell death. Based
on our results, capping of the exterior surface of nanoparticles with antimicrobial crab-borne peptides, such as
Pp-Hc, improves their functions as potential agents against bacterial diseases, which may be useful in clinical
applications.
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1. Introduction resistant microbial strains expanded the attention about antimicrobial

properties of silver and its composites [6,7]. Silver has been used as an

Antibiotics are highly important in the fight against bacterial in-
fections, to reduce the morbidity and mortality of humans, as well as in
livestock and pets worldwide. However, in the past few years, an in-
crease in antibiotic resistance of microorganisms — largely due to the
overuse of antibiotics — has become a severe problem worldwide [1-3].
An approach for overcoming this problem is to use novel, low-cost, and
efficient antimicrobial agents that have biological ability to reduce the
rate and spread of resistance development of target microorganisms
[4,5]. An increased incidence of infections caused by antibiotic-
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antimicrobial complex since before the beginning of antibiotics in the
1940s, and is currently used in a broad array of medicinal purposes
because of its antibacterial effects and relatively small toxicity to
human cells [8-10]. However, the cost burden and current identifica-
tion of silver-resistant bacteria pointed out the inadequate use of raw
silver as possible alternative to broad-spectrum antibiotics [11].
Nanotechnology has rapidly advanced in the current century be-
cause of the stunning potential of nanomaterials, with special reference
to nanosize, which radically modifies their physical, chemical, and
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optical properties [12-20]. Metal nanoparticles are promising as anti-
microbials and antiparasitic drugs and show potential for large-scale
commercialization [21-28]. It has been suggested that, the metallic
silver nanoparticles (AgNPs) have an antimicrobial activity against
several pathogenic microorganisms. Nanosilver functions as a disin-
fectant that can considerably decrease several bacterial diseases for a
long period of time compared to general biocides, such as tetracycline
and penicillin. The mechanisms leading to the antimicrobial properties
of AgNPs are not entirely understood. Probably, as noted for the me-
chanisms of action of Ag™ ions, they involve morphological modifica-
tions in bacterial cells as well as in several invertebrate species. Al-
though numerous researches have established the antimicrobial
properties of AgNPs [29], few studies have examined the mechanisms
triggered by AgNPs to achieve their antimicrobial activity. For bacteria,
generally proposed mechanisms include the discharge of Ag* ions
[30,31], which induce reactive oxygen species (ROS) generation [32]
and malfunction of the microbial cell membrane [33]. However, several
conflicting findings have been reported.

Many biological methods can be used to fabricate AgNPs and other
metal and metal oxide NPs using extracts or metabolites from various
organisms as reducing and capping agents [34-42]. A major role has
been reported for polysaccharides, proteins, amino acids and vitamins
[43-45]. Hemocyanins are copper-containing immune molecules pre-
sent in the hemolymph of crustaceans. They direct the transport of
oxygen in innate immune responses, showing phenoloxidase-like ac-
tivity [46]. Hemocyanins are a source of wide-ranging antimicrobial
peptides in crustaceans. Previously, Jayanthi et al. [47] described the
synthesis of AgNPs covered with lectin purified from Portunus pelagicus
and assessed their antibacterial and antibiofilm activities. A similar
trend was noted analyzing B-glucan-binding protein from P. pelagicus
and Paratelphusa hydrodromus-coated silver and zinc nanoparticles, re-
spectively [48,49]. Additionally, the antibacterial activity of protein-
capped AgNPs has been reported by Chowdhury et al. [50] and Jain
et al. [51].

The present work, we evaluated P. pelagicus hemocyanin (Pp-Hc)-
mediated synthesis and capping of AgNPs relying to a biological ap-
proach. We assessed the antibacterial and antibiofilm effects of AgNOs3,
purified Pp-Hc and synthesized Pp-Hc AgNPs against Enterococcus fae-
calis (Gram positive bacterium) and Shigella sonnei (Gram-negative
bacterium). Additionally, assays to shed light on their mode of action
were carried out, assessing membrane damage and reactive oxygen
species generation (ROS) triggered via AgNO3, Pp-Hc and Pp-Hc AgNPs
exposure. Intracellular protein and nucleic acid leakage experiments
were also investigated.

2. Materials and methods
2.1. Animals

Animal testing was done using blue swimmer crabs collected from
Mandapam, Ramnad District, Tamil Nadu, India located between
9.2770 °N latitude 79.1252 °E longitude and placed in large fiber re-
inforced plastic (FRP) containers with 500L water. Healthy blue
swimmer crabs among normal weight of approximately 160 g were
stocked for three days and feed daily at 10% of body weight through
diet (sliced fish plus shrimp meat).

2.2. Purification of hemocyanin

Hemocyanin was purified from blue swimmer crabs as described by
Ishwarya et al. [52]. Hemolymph was collected from the right chelate
leg with a hygienic syringe. An equal amount of anticoagulant solution
was present in the syringe to prevent coagulation of the hemolymph.
The collected hemolymph was centrifuged at 800 x g, refrigerated at
4°C, for 10 min then the supernatant liquid was removed and im-
mediately submitted to gel filtration chromatography at 4 °C. Next, Tris-
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buffered saline (TBS; 20mL) was mixed with the supernatant and
passed over a Sephadex G-100 column that had been pre-equilibrated
with TBS/CaCl, buffer. Proteins were eluted through rinsing the
column by TBS and then dialyzed for 24 h.

2.3. SDS-PAGE

To separate the hemocyanin according to its electrophoretic mobi-
lity, a sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) was carried out (12% separating and 4% stacking gel) as re-
ported by Ishwarya et al. [46]. The hemocyanin molecular weight was
determined by comparison with a protein marker (Himedia Labora-
tories, Karnataka, India).

2.4. Production and characterization of Pp-Hc AgNPs

A silver nitrate (1 mM) was vigorously mixed with 50 mL of double-
distilled water using a magnetic mixer. Following the dissolution of the
reaction mixture, Pp-Hc (5 mL) was added and mixed for 3 h using the
magnetic stirrer at room temperature. The reaction solution was placed
in the dark until observation the reddish brown color in the reaction
mixture. Then, the centrifugation of the reaction solution was per-
formed at 5000 xg for 15min and the pellets were collected after
throwing the supernatant away and the collected pellets were dried
using the desiccator. The obtained Pp-Hc AgNPs were characterized. UV
spectrum scanning was carried out on the Pp-Hc AgNPs reaction mix-
ture with UV-vis spectrophotometer (scanning: 200-700cm™?, re-
solution: 1 nm). The NP crystalline phase and purity were evaluated by
XRD analysis with a X-ray powder diffraction (XRD) ’(X’Pert Pro,
PANalytical, Almelo, The Netherlands) by a £ of 1.5406 A and nickel
monochromator. Functional biomolecules in the Pp-Hc AgNPs suspen-
sion were analyzed by FTIR (Perkin-Elmer, Waltham, MA, USA) spec-
troscopy (wavelenght: 500-4000 cm ~!; resolution: 4 cm™1). To study
the morphologic features and size of Pp-Hc AgNPs, HR-TEM (TEM-
100keV JEOL 1200, Jeol Ltd., Tokyo, Japan) was conducted, after
preliminary SEM studies, using an electrical energy of 200 kV. Lastly,
EDX spectroscopy was applied to investigate the chemical composition
of Pp-Hc AgNPs. The size distribution and stability (zeta potential) of
Pp-Hc AgNPs were determined using dynamic light scattering (DLS)
(Zetasizer Nano ZS, ZEN3600 and Malvern, UK). Measurements were
carried out at 25 °C and the synthesized Pp-Hc AgNPs (100 pg/ml) were
diluted with milliQ water and the diluted sample was permitted to filter
throughout 0.22-um syringe filter and it was transfer to square cuvette
for DLS.

2.5. Antibacterial efficiency of Pp-Hc AgNPs

The antibacterial potential of AgNOs, Pp-Hc and Pp-Hc AgNPs was
assessed on Gram-positive, i.e., E. faecalis (strain HQ 693279.1) and
Gram-negative, i.e., S. sonnei (strain K 7769531), bacteria.

2.5.1. Antibacterial activity

Agar well diffusion assay was applied to determine the biological
activity of Pp-Hc as antibacterial agent. Bacterial culture was uniformly
spread using an autoclaved cotton swab on a sterile Luria-Bertani agar
(Himedia, India), and wells (7 mm diameter) were punched with a
sterile cork-borer. The AgNO3; (100 pug/mL), purified Pp-Hc or Pp-Hc
AgNPs (50 and 100 pg/mL, respectively) was added into the wells and
incubating at 35 *+ 1 °C for 24 h. Inhibition zone was measured in mm
with a ruler from the well to the end of the clear zone.

2.5.2. Minimum inhibitory concentration (MIC) of Pp-Hc AgNPs

To determine the MIC of AgNO3, purified Pp-Hc and Pp-Hc AgNPs,
the susceptibility of E. faecalis and S. sonnei to the serial dilution con-
centrations of AgNOj; purified Pp-Hc and Pp-Hc AgNPs were
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determined using serial macrodilution methods according to Luo et al.
[53]. The total count of bacteria in the test tubes was 1 x 10° CFU/mL
and the serial dilution concentrations of AgNO3; Pp-Hc and Pp-Hc
AgNPs ranged from 10 to 100 pg/mL. The incubation was aerobically
done at 35 + 1 °C for 24 h then the broth (1.5 mL) from all tubes were
taken at different time points and turbidity was recorded at a wave-
length of OD 600 nm.

2.6. Antibacterial mechanisms

2.6.1. Preparation of bacterial extract and biochemical assays

To prepare the bacterial extract, a test tube containing nutrient
broth (5mL) was exposed to E. faecalis and S. sonnei (10® CFU/mL).
Bacteria were challenged with AgNO3 (100 pug/mL), purified Pp-Hc and
Pp-Hc AgNPs (50 and 100 pg/mL, respectively) and incubated for one
day. The bacterial cells were centrifuged for 7000 X g at 10 min, the
pellet was collected and sonicated to acquire the crude enzyme extract.
Bacterial cells not exposed to AgNO3, Pp-Hc and Pp-Hc AgNPs treatment
were used as controls. Peroxidase (POD) activities were calculated in
triplicate as described by Hochman and Goldberg et al. [54]. The re-
action solution for POD analysis contained 0.01 M pyrogallol (1 mL),
0.1 M phosphate buffer (2 mL; pH 6.0), and 5mM hydrogen peroxide
(1 mL). The assay was started by adding enzyme extract (1 mL) pursued
by incubating for room temperature at 5min. Then, the 2.5N H,SO,
(1 mL) added to stop the reaction and the quantity of purpurogallin
produced was determined by calculating the OD at 420 nm (Eliza plate
reader, Robonik, India).

Superoxide dismutase (SOD) activity was calculated following Arora
et al. [55]. Briefly, the reaction solution having 13.0 mM methionine,
6.3 UM NBT, 6.5 uM riboflavin, 0.1 mM EDTA, and PBS (pH 7.8). The
assay started mixing enzyme extract (500 pL) and reaction solution
(1.5mL) followed by incubation for 30 °C at 10 min. Then, the tubes
were placed in the shade and absorbance was recorded at 560 nm (Eliza
plate reader, Robonik, India).

Malondialdehyde (MDA) formation was detected to assess mem-
brane damage using thiobarbituric acid as described previously Buege
et al. [56]. The enzyme extract was hydrated in trichloroacetic acid
(1 mL of 2.5% (w/v) and centrifuged for 12,000 X g at 20 min at 4 °C,
supernatant (100 puL) was 0.5% (w/v) thiobarbituric acid reagent pre-
pared in 20% (w/v) TCA. The reaction solution was heated on 100 °C in
a water bath, and then centrifuged at 12,000 xg at 10 min for 4°C.
Absorbance was recorded at 532nm (Eliza plate reader, Robonik,
India).

Oxidative stress induced by AgNO; (100 ug/mL), purified Pp-Hc and
Pp-Hc AgNPs (50 and 100 pg/mL, respectively) to the bacterial cells is
reflected by ROS production. The effects of AgNO3, Pp-Hc and Pp-Hc
AgNPs on intracellular ROS generation in the bacteria were observed in
a 2/,7’-dichlorofluorescein diacetate DCF-DA assay, which was con-
ducted using a regular procedure [57]. In brief, the bacterial cells (108
CFU/mL) were harvested via centrifugation, rinsed two times with PBS,
and incubate with 10 uM DCF-DA in PBS at room temperature for
30 min. The AgNOs3, purified PP-Hc and Pp-Hc AgNPs with the cells
were incubating for room temperature at one day. Intracellular ROS
level was determined through confocal laser scanning microscopy
(CLSM) (Carl Zeiss; LSM 710, Oberkochen, Germany).

2.7. Leakage of intracellular molecules

We next examined whether cell membrane permeability was altered
by the AgNO3 (100 pg/mL), purified Pp-He and Pp-Hc AgNPs (100 and
50 pg/mlL, respectively). Leakages of intracellular molecules by treated
bacterial cells was studied using the fluorescent dyes fluorescein iso-
thiocyanate (FITC) and propidium iodide (PI), which cannot cross the
membrane and is expelled from viable cells. The AgNO3 (100 pg/mL),
Purified Pp-Hc and Pp-Hc AgNPs-treated bacterial cells were cen-
trifuged at 8500 x g for 5min at 4 °C and the supernatant was varied
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with FITC and PI for 20 min incubation at room temperature in the
dark. Leakage of intracellular molecules was observed using CLSM.

2.8. DNA fragmentation assay

The DNA fragmentation assay was carried out according to the
protocol by Datkhile et al. [58] with slight modifications. Briefly,
bacterial samples were treated with AgNO3 (100 pg/mL), purified Pp-
Hc and Pp-Hc AgNPs (50 and 100 pg/mL, respectively) incubate for
24 h. Then, DNA was extracted from the control bacterial samples and
treated samples. DNA extraction method was published earlier [59],
with slight changes. Following purification, extracted DNA samples
were separated in an agarose gel and analyzed for any changes. DNA
fragments were visualized with a UV trans-illuminator and photographs
were acquired with a gel documentation system (Progen, G- Doc
system, Mumbai).

2.9. Microscopic biofilm observation

The bacterial culture in LB broth was diluted to an OD of 0.5 (OD
600). Culture (1 mL) aliquots were added to a microtiter plate (24 well)
containing glass pieces (13 X 13mm) in presence and absence of
AgNO; (100 pug/mL), Pp-Hc and Pp-Hc AgNPs (50 and 100 pug/mL, re-
spectively), and then incubating at room temperature for 16 h. The
glass pieces were washed thoroughly by 0.01 M PBS. Glass pieces were
moved from the slides and crystal violet dye (0.4%) was used for
staining, followed by light microscopy visualization (40 X).
Morphological observation of the biofilm was also carried out by SEM
analysis after that biofilms were Au-coated with a sputter coater and
images were acquired. Besides, biofilms produced on cover glasses in
presence or not of AgNO3 (100 pug/mL), Pp-Hc and Pp-Hc AgNPs were
stained by solution of acridine orange (0.4% w/v) for 10 min and
images were acquired by CLSM.

2.10. Live/dead bacterial (Baclight) assay

The Live/Dead Baclight L-7012 kit (Invitrogen, Carlsbad, CA, USA)
was used to analyze the live and adhered bacterial cells by confocal
microscopy. The bacterial strains (10° CFU/mL) were treated with the
MIC concentrations of AgNO3 (100 pg/mL), purified Pp-Hc and Pp-Hc
AgNPs (50 and 100 pg/mL, respectively) and incubated for 60 min. The
cells were centrifuged for 6000 X g at 5min at 4 °C and the pellet was
rinsed with PBS. The cells were stained with SYTO 9 and PI for 15 min
in the dark and images were acquired by CLSM.

2.11. Dissolution of Pp-Hc -AgNPs

The dissolution of Pp-Hc AgNPs was prepared via dispersing Pp-Hc
AgNPs in distilled water with a bath sonicator for 30 min to split
amassed as much as potential. To establish whether Ag* dissolved from
Pp-Hc AgNPs suspensions may play a part in the observed bactericidal
activity, Pp-Hc AgNPs (20-100 ugL™') was centrifuge for 8000g at
20 min and clear supernatants were cautiously collected. The released
Ag™ concentration in the supernatants were measured by iCE 3000
series, Graphite tube atomizer, Atomic Absorption Spectrometer
(Thermo Scientific).The Merck silver nitrate is used for standarad.

2.12. Statistical data analysis

Every assay was conducted in three replicates and the final values
were mean * standard deviation (SD). Two-way ANOVA and Tukey's
HSD test were used to assess significant differences among treatments
and tested bacterial species. P-values < 0.05 were considered as sta-
tistically significant.
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Fig. 1. SDS-PAGE analysis of Portunus pelagicus hemocyanin (Pp-Hc) capping the silver nanoparticles (AgNPs) tested in this study. Lane I: molecular size marker. Lane
1I: Pp-Hc. Lane III: Pp-Hc AgNPs showing the 78-kDa capping protein (a). UV-vis spectroscopy of Portunus pelagicus hemocyanin-synthesized Ag nanoparticles (Pp-Hc
AgNPs) (b), X-ray diffraction (XRD) analysis and (c), FT-IR spectrum of Pp-Hc AgNPs (d).

3. Results and discussion
3.1. Purification of hemocyanin

Pp-Hc was purified from the hemolymph of P. pelagicus by gel fil-
tration chromatography. The purity and molecular mass of Pp-Hc was
investigated by gel electrophoresis. Fig. 1a confirms a distinct band of
about 78 kDa in 12% SDS-PAGE below reducing conditions. Following
the production of AgNPs, a reaction can be conducted to stabilize the
nanoparticles using capping agents (protein). To characterize the pur-
ified hemocyanin associated with AgNPs, SDS-PAGE was conducted.
AgNPs were mixed with SDS and boiled in a water bath for 10 min. The
boiled sample displayed a strong band at 78kDa (Fig. 1a, lane II),
which ran at the same molecular weight of the protein band in the
hemolymph of P. pelagicus (Fig. 1a, lane III). This 78-kDa Hc can act as
capping material stabilizing AgNPs. Indeed, proteins in the hemolymph
of crustaceans are responsible for synthesis and stability of AgNPs as
described previously [47-50].

3.2. Characterization of Pp-Hc AgNPs

The reduction of Ag* ions from AgNO5 to Pp-Hc AgNPs was pri-
marily observed as a colorless solution changing to reddish-brown,
which indicated the synthesis of Pp-Hc AgNPs. AgNPs were subjected to
UV-vis spectroscopy analysis. The absorption spectrum of AgNPs dis-
played single-band absorption, with a peak at 420 nm (Fig. 1b). This
specifies the occurrence of AgNPs, displaying the longitudinal excita-
tion of surface plasmon resonance (SPR), a distinctive characteristic of
AgNPs [60]. Because of the crystalline nature of AgNPs, XRD peaks
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appeared at (111), (200), (220), and (311) for Ag at 20 angles of 31.2,
45.2, 66.5, and 76.6, respectively (Fig. 1c). XRD analysis results were
evaluated based on the Joint Committee on Powder Diffraction stan-
dards (JCPDS 01-1167). Comparing our XRD spectrum with standard
data, it has been noted that nanosilver formed in our research had the
appearance of nanocrystals [61]. A comparable pattern in the XRD
spectrum has been described for AgNPs synthesized by different pro-
teins such as lectin [47] and B-glucan-binding protein [48].

The Pp-Hc AgNPs were examined by FTIR spectroscopy (Fig. 1d).
The FTIR spectrum showed peaks at 3686.48, 3419.74, 2924.59,
1660.93, 1538.42, 1454.26, 1380.48, 1234.93, and 1030.00 cm ~*. The
band at 1600-1700 cm ™' named as amide I was associated with C=0
stretching vibration of the backbone conformation [62]. The bonds at
2920-2950 cm ! correspond to C—H groups [63], whereas bands at
1620-1650 cm ~ ! are recognized as —C (O)- of peptide bonds and/or
-NH, groups, and those at 1380-1030cm™' reflected CN bonds
[64,65]. Along with the FTIR results, the protein-capped nanosilver
surface did not show related secondary structure modifications by in-
teracting with AgNPs, nor while covalently bonded as described pre-
viously. The interaction among the proteins and AgNPs may be covalent
binding to cysteine residues and amino groups and electrostatic com-
munication may occur through carboxyl groups [66].

3.3. Morphological analysis of Pp-Hc AgNPs

TEM revealed that the synthesized Pp-Hc AgNPs are spherical and
cubic shaped. (Fig. 2a). Fig. 2b shows the selected area diffraction
pattern of Pp-Hc AgNPs, illustrating that the particles are well-crystal-
lized and the occurrence of ring outline in the distinct face centered
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Fig. 2. TEM (a) showing size and surface morphology of Pp-Hc AgNPs, (b) SAED pattern, (¢) EDX spectrum, (d) DLS and (e) Zeta potential.

cubic crystalline nature of AgNPs. In Fig. 2¢, a standard EDX spectrum
is shown. The spectrum showed five peaks between 2 and 8kV. The
maxima were associated with the Ag-distinctive lines. Quantitative
analysis confirmed high silver contents (75%) in the samples. Our Pp-
Hc AgNPs are small and poly-dispersed in nature. These features are
important for antibacterial properties, as they can cross the bacterial
cell membrane to disrupt the respiratory chain, DNA, RNA, and cell
metabolism, finally resulting in cell death [67].

The particle size distribution image of Pp-Hc AgNPs shown in
Fig. 2d. It is observed that the size distribution of Pp-Hc AgNPs ranges
from 70 to 200nm and the calculated average size distribution is
134 nm. The zeta potential of Pp-Hc AgNPs was found as a sharp peak at

-54.5mV (Fig. 2e). It is recommended that the surface of the na-
noparticles is negatively charged and dispersed in the medium. The
negative value proves the repulsion between the particles and confirms
that they are very stable.
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3.4. Antibacterial efficiency of purified Pp-Hc and Pp-Hc AgNPs

In vitro antibacterial activity of AgNO3; Pp-Hc and Pp-Hc AgNPs was
determined by the well diffusion assay. The zone of inhibition appeared
around the wells loaded with purified AgNO3, Pp-Hc and Pp-Hc AgNPs,
demonstrating that Pp-Hc AgNPs had a strong antimicrobial effect
(P < 0.05) (Fig. 3a).

Experiments conducted here were aimed to establish the MIC of
AgNOs3, Pp-Hc and Pp-Hc AgNPs on bacterial pathogens Gram-positive
(E. faecalis) and Gram-negative (S. sonnei). Results showed that Pp-Hc
AgNPs exhibited considerable inhibitory effects towards E. faecalis and
S. sonnei than Pp-Hc and AgNO3. The AgNO3 Pp-Hc and Pp-Hc AgNPs,
showed a significant effect of the tested concentration (F4 ;0 = 131.100,
P < 0.0001;  Fy5=122.421, P < 0.0001;  F45 = 65.990,
P < 0.0001 respectively) and the bacterial species was observed
(F4,10 = 60.913, P < 0.0001; F1,20 = 35.579, P < 0.0001;
F420 = 7.558, P =0.012 respectively). The interaction
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standard deviations. Above each column, different letters indicate significant differences (P < 0.05). Levels of peroxidase (e) and superoxide dismutase (SOD) (f) in
untreated and treated bacterial cells. Malondialdehyde (MDA) assay showing the difference in membrane damage capability post-treatment with AgNOs, Pp-Hc, and
Pp-Hc AgNPs (g). T-bars represent standard deviations. Above each column, different letters indicate significant differences (P < 0.05).

species*concentration was significant testing Pp-Hc  AgNPs
(F1,20 = 4.279, P = 0.012), while no significant differences were de-
tected in Pp-Hc assays (Fy, 20 = 0.842, P = 0.542). Significant inhibition
of bacterial pathogen growth was observed at concentrations of 10 and
100 pg/mL of AgNOs; Pp-Hc and Pp-Hc AgNPs, over the control
(P < 0.05) (Fig. 3b—d). The value gradually decreased with increasing
nanoparticle exposure to the bacteria. However, 10, 50, and 100 of pg/
mL of AgNO3, Pp-Hc and Pp-Hc AgNPs showed no significant differences
in cell density. Therefore, 100 ug/mL of AgNO3, Pp-Hc and 50 pg/mL of
Pp-Hc AgNPs were considered as the highest MICs and these three
concentrations were used as standards for the antibacterial and anti-
biofilm assays.
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3.5. Bactericidal mechanism of purified Pp-Hc and Pp-Hc AgNPs

In practical applications, small rather than large AgNPs are utilized
because they are highly toxic and a low dosage can kill bacteria.
Nanoparticle-induced induction of cytotoxicity was measured as the
initiation of ROS production [68]. The function of ROS generation and
its consequences on the antioxidant system were assessed determining
the activity of ROS-associated enzymes such as peroxidase (POD)
(Fig. 3e) and superoxide dismutase (SOD) (Fig. 3f). Enhanced activities
of both enzymes were showed in the tested bacterial species following
the exposure to AgNO3, Pp-Hc and Pp-Hc AgNPs. Significant differences
were detected according to the treatment (POD: Fj;» = 259.646,
P < 0.0001; SOD: F312 = 150.150, P < 0.0001; MDA:
F3 12 = 135.151, P < 0.0001) and the tested bacterial species (POD:
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Fi1,12=7.457, P =0.018; SOD: F; ;2= 24.091, P < 0.0001; MDA:
F112 = 1.198, P = 0.295). The interaction treatment*bacterial species
was never significant (POD: F,i, = 0.370, P = 0.698; SOD:
F3 12 = 0.364, P = 0.702; MDA: F5;, = 1.354, P = 0.295) (Fig. 3e-g).

Notably, decreased glutathione levels, enhanced ROS levels, and
lipid peroxidation due to in vivo contact with AgNPs, have been pre-
viously described [69]. The formation of free radicals including su-
peroxide, peroxide, and hydroxyl ions post-exposure to AgNPs has been
described to involve lipid peroxidation and disrupt membrane integrity
[70-73].

Moreover, biochemical and proteomic studies revealed that AgNPs
resulted in instant dissolution of the proton motive force, which causes
de energization of the cell membrane and leads to cell death [74]. A
membrane damage assay was conducted by determining the MDA
content. Generally, an enlarged MDA content was showed in tested
bacterial pathogens while showing to AgNO3 Pp-Hc and Pp-Hc AgNPs
(Fig. 3g). In contrast, only a minor difference was observed between Pp-
Hc and Pp-Hc AgNPs (P < 0.05).

3.6. Bacterial viability assay

To evaluate bacterial survival after purified AgNO3, Pp-Hc and Pp-
Hc AgNPs exposure at different concentrations, fluorescent dye-based
live and dead assays for E. faecalis and S. sonnei were conducted.
Bacteria without the addition of purified AgNO3; Pp-Hc and Pp-Hc
AgNPs served as controls. Bacterial cells without Pp-Hc AgNPs exposure
showed a green fluorescent color, demonstrating that the control cells
were viable (Fig. 4). The E. faecalis and S. sonnei strains were mixed
with the bactericidal concentrations of AgNO3 (100 pug/mL) Pp-Hc and
Pp-Hc AgNPs (100 pg/mL and 50 pg/mL) showed green (live) and red
(dead) fluorescent color (Fig. 4b-d). Conversely, AgNO3, Pp-Hc and Pp-
Hc AgNPs treated bacteria confirmed that the greater quantity of dead
bacterial cells, that indicating an efficient bactericidal property of Pp-
Hc AgNPs than Pp-Hc and AgNOs;. Approximately all bacterial cells died
following treatment with AgNPs, revealing strong bactericidal activity
[75,76].

E. faecalis

sonnei

S.

AgNO; 100 pg/ml
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3.7. Characterization of bacterial cell damage

Concerning antibacterial mechanisms, it was observed that cellular
functional modifications of bacteria after treatment with AgNO; pur-
ified Pp-Hc and Pp-Hc AgNPs resulted in oxidative stress. Free radicals
produced because of AgNPs cause relevant injuries of the bacterial cell
membrane. High levels of ROS boost oxidative stress in the cells and
cause damage to protein, nucleic acids, and the respiratory chain [77].
In the current study, DCF-DA was used as an intracellular ROS indicator
in treated cells. After exposure to AgNO; purified Pp-Hc and Pp-Hc
AgNPs for 1 h, bacteria were stained with DCFH-DA for 60 min. AgNP-
treated bacteria produced DCF™ (Fig. 5a), with green fluorescent cells
indicating that ROS were fabricated resulting in Pp-Hc AgNP-induced
cell death. Control cells not exposed to nanoparticles did not show
DCF* green fluorescent staining and appeared black. Bacterial inhibi-
tion occurs largely because of the ROS generated when bacterial solu-
tions contact foreign particles [78].

Overproduction of ROS leads to oxidative stress, causing harm to
proteins, lipids, and nucleotides, which modify physiological functions
[79]. Based on the above findings, the antibacterial activity of purified
AgNO3 Pp-Hc and Pp-Hc AgNPs occurred by disrupting the bacterial
membrane and producing intracellular ROS. In our study, the ROS
generation and bacterial cell damage was moderately superior in bac-
terial cells which exposed to Pp-Hc AgNPs than Pp-Hc and AgNO;,

3.8. Release of intracellular proteins — FITC

To support the above results, we examined the discharge of bio-
molecules (i.e., proteins and nucleic acid) from bacterial cells following
AgNP-based treatment. Remarkably, AgNO; purified Pp-Hc and Pp-Hc
AgNPs promoted bacterial membrane injury and release of amino acids
from cells, as observed by FITC staining. The AgNO3 purified Pp-Hc and
Pp-Hc AgNP-treated E. faecalis and S. sonnei supernatants were stained
with FITC-I and spots were visualized by CLSM. The green spots re-
vealed (Fig. 5b) that the treated bacterial cells released amino acids.
Green spots were not showed in the control sample, indicating viable
bacterial cells. The release of intracellular proteins by AgNP-treated
bacteria was comparable to the results of an earlier study [56].

To further examine whether the permeability of AgNO3 purified Pp-

Pp-Hc AgNPs 50
pg/ml

Pp-Hc 100 pg/ml

C d

Fig. 4. Laser confocal images of live (green) and dead (red) Gram positive (E. faecalis) and Gram negative (S. sonnei) bacteria before and after treated with AgNO3, Pp-
Hc and Pp-Hc AgNPs (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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Control

AgNO,; 100 pg/ml

E. faecalis

sonnei

S.

E. faecalis

sonnei

S.
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Pp-Hc AgNPs
50 pg/ml

Pp-Hc 100 pg/ml

Fig. 5. Detection of bacterial intracellular ROS generation (A) and protein leakage (B) in the cells of E. faecalis and S. sonnei treated with AgNOs, Pp-Hc and Pp-Hc
AgNPs. Green fluorescence confirmed protein leakage in bacterial cells, while untreated cells show no fluorescence (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article).

Hc and Pp-Hc AgNPs treated cell membranes were severely altered, the
samples were stained with PI. PI can bind DNA or RNA, which results in
fluorescence. Conversely, PI cannot cross the membrane and is expelled
from possible cells [80]. Thus, bacterial cell injury is indicated by the
release of nucleic acid from cells, whereas intracellular staining with PI
can reveal dead cells. After treating the suspensions of E. faecalis and S.
sonnei with AgNO3 Pp-Hc and Pp-Hc AgNPs at 37 °C for 4 h followed by
staining with PI, fluorescence assays showed that the permeability of
treated bacteria was enhanced (Fig. 6a). The fluorescence clusters
outside of cells showed that nucleic acids were released from the cells,
in agreement with earlier studies [81,82].

3.9. Nanosilver-induced stress causes apoptosis of bacterial cells

A new key issue about nanoparticle toxicity in natural media is the
capability to cause damage to the genetic material, as nanoparticles can
cross the cell membranes to reach the cell nucleus. Only few studies
have examined the genotoxicity of eco-friendly synthesized AgNPs —
with special reference to those produced using crustacean-borne pure
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molecules - and their effects on DNA. Thus, additional research is
needed. Small sized AgNPs may show superior reactivity, and thus high
genotoxicity [83,84], but the particle size is not the only factor de-
termining particle toxicity. Thus, the initiation of apoptosis was de-
termined by examining the DNA fragmentation pattern. The AgNOs;, Pp-
Hc and Pp-Hc AgNP-treated cells exhibits DNA strand streaks (lane
IV-IX Fig. 6b). A similar trend was observed in earlier research, which
showed that AgNPs considerably promoted either apoptosis or DNA
fragmentation in bacterial cells [85,86].

3.10. Microscopic analysis of antibiofilm activity of purified Pp-Hc and Pp-
Hc AgNPs

Biofilms are composed of a microbial consortium fixed in self-
formed exopolymer matrices composed mainly of exopolysaccharides
and serve as reservoirs for pathogenic organisms and are sources of
disease outbreaks. Biofilms are observed in otitis media [87], otolar-
yngologic infections [88], osteomyelitis [89], bacterial endocarditis,
cystic fibrosis [90], and non-healing wounds [91]. AgNPs have a special
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Pp-Hc AgNPs
50 pg/ml

Pp-Hc 100 pg/ml

20 pm

Fig. 6. Intracellular uptake of AgNO3, Pp-Hc, and Pp-Hc-AgNPs in E. faecalis and S. sonnei bacteria examined using CLSM (A), detection of AgNO3, Pp-Hc and Pp-Hc
AgNPs induced apoptosis by DNA fragmentation (B). Analysis for bacterial DNA damage caused by AgNOs, Pp Hc, and Pp Hc-AgNPs using 0.8% agarose gel
electrophoresis. Lane I, 1 kB ladder. Lane II and III, control E. faecalis and S. sonnei. Lane IV to VI, AgNOs, Pp-Hc and Pp-Hc AgNPs-treated E. faecalis. Lane VII to IX,
AgNO3, Pp-Hc and Pp-Hc AgNPs-treated S. sonnei. Arrow indicates the bacterial DNA damage.

capacity to disturb biofilm of numerous pathogenic bacteria. The
AgNO; purified Pp-Hc and biosynthesized Pp-Hc AgNPs were tested for
biofilm inhibition against E. faecalis and S. sonnei, which are known to
form biofilms. Here, the surface morphology of E. faecalis and S. sonnei
biofilm architecture and antibiofilm potency of AgNO3, purified Pp-Hc
and Pp-Hc AgNPs were evaluated by light microscopy, and CLSM ana-
lyses, and the purified Pp-Hc and Pp-Hc AgNPs were evaluated by SEM
analyses. Results showed that AgNO3; Pp-Hc and Pp-Hc AgNPs collapsed
the biofilm architecture of the tested bacteria, resulting in the loosening
and reduction of bacterial colonies (Figs. 7a,b and 8). Results revealed
that the MIC concentration of Pp-Hc AgNPs (50 ug/mL) effectively re-
duced biofilm formation in tested bacteria compared to the purified Pp-
Hc at a concentration of 100 pg/mL and AgNO; at a concentration of
100 pg/mL.

Additionally, the results of CLSM analysis revealed that the archi-
tecture of the biofilms was thicker and thinner over that of control
(Fig. 8). The light, SEM, and CLSM microscopy showed that Pp-Hc
AgNPs caused absolute dispersal of the biofilm architecture by
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loosening the micro-colonies in the treated sample. Our results con-
curred with those by Jayanthi et al. [47], who reported that lectin-
coated AgNPs greatly reduced the E. faecalis, B. pumilis, P. vulgaris, and
P. aeruginosa bacterial pathogens. Furthermore, Anjugam et al. [48]
reported that Pp P-glucan-binding protein AgNPs efficiently killed
bacterial colonies and biofilm-forming bacteria.

3.11. Dissolution of Ag*

The dissolution of Ag™* showed that the concentrations of releasing
Ag™ steadily improved by rising concentrations. The concentration of
Ag™ dissolved from 20 ug L~* of NPs was 1.98 ug

L™1. At the highest concentration (100 ug L~ 1) of NPs, 10 ug L ™! of
soluble Ag* was detected in the present study (Fig. 9). Similarly, Vi-
jayakumar et al. [92] reported that the highest concentration of NPs
was 50 ug L ™! of SA — AgNPs showed 7.98 ug L ™! of soluble Ag™ ions
and Kim et al. [93] reported that 10 ug L~ ! of citrate coated AgNPs (c-
AgNPs) showed 4.86 ug/g dry weight of dissolved Ag™ in the test
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Fig. 7. SEM of E. faecalis and S. sonnei bacterial biofilms treated with Pp-Hc and Pp-Hc AgNPs, showing dispersed biofilm architecture (a) Antibiofilm activity of

AgNO3, Pp-Hc and Pp-Hc AgNPs visualized by light microscopy(b).

solution.

4. Conclusions

In this study, purified crab-borne hemocyanin was used for the rapid
and effective synthesis of AgNPs by bio-reduction of aqueous Ag* ions.
Interestingly, Pp-Hc AgNPs are promising antibacterial therapeutic
agents against E. faecalis and S. sonnei. These Pp-Hc AgNPs exert toxicity
towards bacteria by destroying the cell walls, undermining the cell
membranes, and releasing the cellular contents such as nucleic acids
and proteins. Furthermore, Pp-Hc AgNPs can efficiently prevent biofilm
formation and rapidly kill bacteria at a rather low MIC. Thus, these Pp-
Hc AgNPs are promising antibacterial materials for forthcoming bio-
medical purposes.
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