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Abstract: The fish-borne zoonotic bacteria may pose a risk
to humans; nanobiotechnological techniques could serve
as effective solutions for fighting them. The direct phyco-
synthesis of metals’ nanoparticles (NPs), silver (AgNPs),
and selenium (SeNPs) using Corallina officinalis extract
(CoE) was achieved. The construction of nanocomposites
(NCs) from phycosynthesized NPs and nano-chitosan
(NCht) was also accomplished to evaluate these entire
compounds/NCs as antibacterial amalgams against fish-
borne bacteria, Aeromonas hydrophila, Pseudomonas
aeruginosa, Salmonella typhimurium, and Staphylococcus
aureus. The entire agents/NCs were characterized and
assessed. The structure and interactions of chemicals and
NCs were determined using infrared analysis. CoE/AgNPs,
CoE/SeNPs, NCht, NCht/CoE/AgNPs, and NCht/CoE/SeNPs
had mean particles’ diameter of 5.52, 12.46, 59.81, 64.59,
and 77.16 nm, respectively, which were confirmed by size
studies and electron microscopy. The challenged bacteria
were entirely susceptible to the inspected agents, using

both qualitative and quantitative assays; S. aureus was
more resistant, while A. hydrophilawas the most sensitive
strain. The NCs (NCht/CoE/AgNPs and NCht/CoE/SeNPs)
have the utmost bactericidal potentialities, respectively;
they exceeded the action of ampicillin. The total distortion,
disintegration, and lysis of the treated A. hydrophila cells
were highlighted by scanning imaging within 10 h of expo-
sure. The conjugation of CoE-mediated NPs with NCht pro-
duced effective and harmless NCs, valid for applications to
remove fish-borne pathogens with biosafe characteristics.
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1 Introduction

Human threatening with fetal diseases, including dysenteries,
pneumonia, diphtheria, syphilis, typhoid fever, leprosy, tetanus,
etc., are frequently caused by pathogenic bacteria [1]. As micro-
organisms can develop numerous strategies for evading the
antibiotics’ action (e.g., emerging drug-resistant strains), the
search for unusual alternative antimicrobials became an
essential communal priority to explore/develop more effec-
tual, cheaper, bioavailable, biosafe, and biocidal agents [2].
Fish (farmed or wildly cultured) are frequently threatened
by numerous microorganisms that cause their fatality and
may spread via human ingestion or handling [3]. These fish-
borne zoonotic microorganisms are frequently the cause of
a variety of infectious illnesses that have been identified
following contact with or eating of a variety of fish and
seafoods [4]. Staphylococcus aureus is the pathogen from
these fish-borne zoonoses that causes many human illnesses
including skin infection and septic/toxic shock syndromes,
whereas Salmonella typhimurium, along with Escherichia
coli, was the key causatives of various lethal diseases, e.g.,
uremia, acute respiratory distress syndrome, typhoid fever,
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and hepatic failures [5]. The resistant strains of Salmonella
spp. and E. coli were formerly detected in many seafoods
and fresh fish [6]. Additionally, literature has emphasized
the most dangerous bacteria that can be spread through
fish, such as Aeromonas hydrophila, Vibrio spp., Clostridium
botulinum, E. coli, Salmonella spp., Shigella spp., S. aureus,
Klebsiella spp., Mycobacterium tuberculosis, Streptococcus
iniae, Yersinia spp., Brucella spp., and Edwardsiella tarda
[4,7,8].

A. hydrophila is a Gram-negative (G‒) zoonotic bacteria
that causes large-scale septicemia outbreaks and signifi-
cant losses in aquaculture [9]; it can transmit to humans
to cause gastroenteritis, bacteremia, and necrotizing fas-
ciitis [8]. With the over-use of antibiotics, A. hydrophila can
express multiple resistances to various antibiotics [10,11].

The resistant strains of Gram-positive (G+) S. aureus
were isolated following numerous food poisoning out-
breaks [12], including seafood consumption [13].

Macroalgae (seaweeds) comprise large diversified groups
of autotrophs; they inhabit the seashores and depth down of
∼30m in oceans, where sufficient light for their photosynth-
esis is obtainable [14]. Seaweeds have produced a wide range
of unique biochemicals (with varied bioactivities), including
the anti-ulcers, antibiotics, anticoagulants, anticancers, anti-
viral, and laxatives [5]. Various bioactive molecules are pro-
duced from macroalgae including halogenated terpenoids
and sulfated polysaccharides (e.g., carrageenan, fucoidan,
and ulvan) that are solely extracted from seaweeds and
have potent antimicrobial, anticancerous, and antiviral bioac-
tivities [15,16]. Green chemistrymethodswere effectively used
to synthesize nanoparticles (NPs) from seaweed extracts and
derivatives. The phycosynthesized NPs had a variety of sizes,
morphologies, and shapes and were used extensively in var-
ious pharmaceutical and environmental applications [17–19].

Corallina officinalis (the edible red seaweed) is com-
monly found worldwide; the bioactive and sulfated polysac-
charides of C. officinalis demonstrated particular imperative
bioactivities such as antitumor, anticoagulant, antithrom-
botic, antiherpetic, and antiviral (HIV-1) activities [16]. Addi-
tionally, the C. officinalis extract (CoE) was effectively
employed as a mediator for the biosynthesis of several
metal NPs, including gold NPs with potent cytotoxic activity
[20] and silver (AgNPs) with antifungal and microbicidal
activities [17].

The selenium element (Se) offers a natural, non-metallic,
and energetic micronutrient for mammals (daily require-
ments = 30–300 µg); Se could be regularly consumed in the
form of a regular diet or supplements [21]. The Se zero-states
of oxidation (e.g., Se0) are often achieved from their NPs
(SeNPs), which have minimal toxicity and estimable bioa-
vailability with regard to the further oxidation states of Se

[22]. When compared to other (physical–chemical) synthesis
methods, the green (biogenic) fabrications of SeNPs offered
a significant advantage for applications in pharmacological,
nutritional, and medicinal fields because they produced
SeNPs that were very stable, non-aggregated, biosafe,
and effective [23]. The non-biogenic approaches habi-
tually involved high temperatures, advanced technolo-
gies, low pH, hazardous chemicals, and elevated cost,
although the biosynthesized SeNPs showed improved
bioavailability, larger functionality/bioactivity, and low-
ermost toxicity [22,24,25]. The frequently reported anti-
bacterial activities of biogenic SeNPs to include reactive
oxygen species (ROS) production, cell penetration, inter-
actions with/deactivation of energetic cell organelles,
obstruction of metabolic pathways, and distressing cell
membrane synthesis and permeabilities [24,26,27].

The conjugations (compositing) of biologically synthe-
sized SeNPs within covering polysaccharides/biopolymers
(e.g., chitosan, curcumin, plant mucilage, etc.) were shown
to provide SeNPs with more bioactivity and biosafety attri-
butes as powerful antimicrobial conjugates, with lowest
biotoxicity potentials [25,28,29].

The biosynthesized silver NPs (AgNPs) were also well
confirmed with powerful bactericidal potentialities; the
use of biogenic methods for AgNP synthesis significantly
reduces biotoxicity toward mammals’ tissue while conser-
ving their biocidal activities toward microbes [30,31].

The NPs of biopolymers expressed elevated superiority
for applications in drug encapsulating, carrying, or delivery;
the nanobiopolymers are potentially excellent in terms of
biodegradability, non-toxicity, non-immunogenicity, water
solubility, cost-effective, biocompatibility, and self-bioactivity
attributes [32,33]. The deacetylated form of chitin, chitosan
(Cht), can be obtained from the shells of crustaceans, fungi,
plants, or insect skeletons [34]. Cht can be facilely trans-
formed into nanostructures (mostly via ionic cross-linking,
self-assembly, or polyelectrolyte development approaches),
which generate more effective chitosan NPs (NCht), e.g., the
supreme nanocarriers for various drugs/molecules, with
_protruding biocompatibilities, biodegradability, negligible
immunogenicity, and toxicity [35]. The cationic (positive-
charging) nature of Cht and NCht enhanced their desirable
adhesion/attachment into anionic (negative-charging) biolo-
gical surfaces, e.g., cancer cells, microbial surfaces, microbial
organelles, DNA, mucosal membranes, and RNA through
electrostatic interfaces, which give additional significant
rationales to that biopolymer for the delivery and internali-
zation of biomolecules throughout targeted cells/tissues [36].

The term nanocomposite (NC) refers to a conjugation
of several materials at the “nano” scale; NCs based on
biopolymers usually have a single dimension of less than
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1,000 nm [37]. The NCht and additional hydrophilic biopolymer
NCs are of outstanding importance for nanobiotechnology
applications to deliver therapeutic/bioactive agents, nutraceu-
ticals, genes, antibiotics, anticancer, and assembly of engi-
neered tissues with the highest biosafety qualities [38,39].

The use of CoE-mediated nanomaterials in conjugation
with NCht to generate biosafe antimicrobial NCs has not
yet been studied.

Accordingly, we focused on using CoE to mediate
AgNPs and SeNPs, to create bioactive NCs from the phyco-
synthesized NPs with NCht, and to evaluate their prospec-
tive antibacterial effects toward fish-borne diseases.

2 Materials and methods

2.1 Chemicals used

Unless otherwise noted, all used chemicals, buffers, media,
and reagents were procured from Sigma-Aldrich Co. (St.
Louis, MO, USA).

2.2 Algae sampling and processing

The red seaweeds (C. officinalis) were hand-harvested off
the northern Egyptian coast (near Abu Qir, Alexandria,
around 31°18′N, 30°04′E). The morphological recognition
of macroalgae specimens was performed by a marine phy-
cologist expert at the National Institute of Oceanography
and Fisheries (NIOF; Alexandria, Egypt) and validated to be
C. officinalis seaweed (Figure 1). The algal samples were
thoroughly cleaned/washed with deionized water (DIW),
dried (thru warm air at 43 ± 2°C), and pulverized to
∼65 mesh size.

2.3 Chitosan extraction

The Cht was extracted from the shell-wastes of Fenneropenaeus
indicus (white prawn), which was cultivated in an aqua-
culture research farm at Kafrelsheikh University [40]. The
shells were cleaned extensively (manually peeled), dried
at 48 ± 2°C, and pulverized. The materials were treated by
20 folds (w/v) of 1.0 N NaOH and then by 1.0 N HCl (for 5 h
each at 25 ± 2°C ambient temperature). Each immersing
was followed by extensive DIW washing and hot-air
drying (45 ± 2°C); then the final powder (chitin) was
immersion-treated in 60% NaOH (w/v) solution and auto-
claved at 110 ± 2°C for 100min to de-acetyl chitin and yield
Cht. Themolecular weight (Mw) of Cht was estimated through
gel permeation chromatography (GPC; Water Breeze, Milford,
MA, USA), whereas deacetylation degree (DD) was deter-
mined from the Cht infrared spectrum using Fourier trans-
form infrared spectroscopy (FTIR; JASCO FTIR-360, Japan).

2.4 Phycosynthesis of metals’ NPs

The algal material was immersed in 25 folds (w/v) of DIW
and vortexed (240 × g) for 4 h at 65 ± 3°C to extract the dried
C. officinalis powder. The algal residues were omitted
through filtration, and the filtered CoE was vacuum eva-
porated at 43 ± 2°C until dry. While CoE was reconstituted
in DIW to get 0.1% (w/v) concentration, fresh suspensions
of Na2SeO3 and AgNO3 were produced in DIW at 2.0 mM
concentration each. For the phycosynthesis of nanometals,
75mL of each metal suspensions and 25mL of CoE solution
were combined in the dark and vortexed vigorously (730 × g)
for 125min without heating [19]. About 2.5 mL of ascorbic
acid (1.0% solution) was incorporated into the mixture solu-
tion while stirring to prepare SeNPs. When metals are

Figure 1: Morphological feature of screened Corallina officinalis red algae: (a) dried samples, (b) fresh samples.

Fish pathogen inhibition by phyco-NP/chitosan nanocomposites  3



reduced to nanoforms, the color of mixed solutions changes
from clear to dark brown (for CoE/AgNPs) and brownish-
orange (for CoE/SeNPs). The generated NPs were collected
by centrifugation (9,400 × g, 22min). For achieving plain
AgNPs and SeNPs, the harvested NPs pellets were washed
5 times with DIW and centrifuged after each wash.

2.5 Synthesis of NCht-based nanocomposites

Aqueous acetic acid (1.3%, v/v) solution was created, and
0.1% (w/v) of Cht was thoroughly dissolved in this solution.
The pH of this mixture was then changed to 5.5 before
filtering. Additionally, a 0.05%, w/v, concentration of
Na-tripolyphosphate (TPP) solution in DIW was pre-
pared. The NCht synthesis was directed via dropping (slowly
at 18mL·h−1) of half volume of TPP into the Cht solution,
throughout its speedy stirring (710 × g), and the stirring
continued for 75min after dropping [41]. The produced
NCht was collected by centrifugation (9,100 × g, 18min).
For the NCht-based NCs (e.g., NCht/CoE/AgNPs and
NCht/CoE/SeNPs), 0.02% (w/v) of CoE/AgNPs and CoE/SeNPs
were added into the Cht solution before adding TPP. The
mixtures were vortexed for 100min, then the TPP solution
was introduced, and the previous steps were repeated [19].
The designed NPs/NCs were lyophilized and analyzed.

2.6 Nanomaterial characterization

After mixing KBr with samples, the structural and bio-
chemical bonds/groups of CoE, CoE/AgNPs, CoE/SeNPs, NCht,
NCht/CoE/AgNPs, and NCht/CoE/SeNPs were examined through
FTIR spectroscopy, in transmissionmode in the 4,000–450 cm−1

range of wavenumber. The spectrophotometry (Shimadzu,
UV-2450, Japan) assessed the surface plasmon resonance
(SPR) of CoE/AgNPs and CoE/SeNPs, within the wavelength
range 200–800 nm. The particle sizes (Ps) and superficial
charges (zeta potentiality, ζ) of fabricated NPs/NCs were
assessed through a dynamic light scattering (DLS) approach,
using Brookhaven zetasizer (ZetaPlusTM, Holtsville, NY, USA).
The NPs/NC ultrastructures (e.g., plain AgNPs, SeNPs, CoE/AgNPs,
CoE/SeNPs, NCht/CoE/AgNPs, and NCht/CoE/SeNPs) were
screened using electron microscopy imaging. The scan-
ning electron microscope (SEM; IT100, JEOL, Tokyo, Japan)
and transmission electron microscope (TEM; JEM‐100CX,
JEOL) were used for screening the Ps, apparent shape, and
distributions of nanomaterials.

2.7 In vitro antibacterial evaluation

The antibacterial efficacies of CoE, NCht, CoE/AgNPs,
CoE/SeNPs, NCht/CoE/AgNPs, and NCht/CoE/SeNPs, in compar-
ison to ampicillin (standard antibiotic, MerckTM; Germany),
were evaluated qualitatively/quantitatively against fish-borne
pathogens from G‒ bacteria (A. hydrophila – ATCC7966,
P. aeruginosa – ATCC15692, and S. typhimurium – ATCC23852),
and G+ strains (S. aureus – ATCC25923). Nutrient agar/broth
(NA/NB, respectively) worked to grow and challenge bacteria
under aerobic and warm (37 ± 1°C) conditions. Ampicillin was
screened with typical challenges conditions. While the quali-
tative examination assessed the inhibition zone (ZOI; disc
diffusion assay), assessment, the quantitative examinationmea-
sured the minimum inhibitory concentration (MIC; mg·L−1).

2.7.1 The qualitative examination

The bacterial-inhibition activity was qualitatively evalu-
ated by the ZOI assay. On NA plates, bacterial cultures
were swabbed for spreading, and then paper discs impreg-
nated with 0.1% (w/v) of NP/NC solutions were positioned
over inoculated plates. After incubation for 22 ± 2 h, the
emerged ZOIs (clear zones from grown colonies) were pre-
cisely assessed [42].

2.7.2 The quantitative examination

The inhibitory doses from screened NPs/NCs toward chal-
lenged pathogens were quantitatively evaluated by the MIC
test [42]. The NPs/NCs were diluted successively (from 10 to
100mg·L−1) and added to NB tubes, which were then injected
with bacterial cells (∼2 × 106 CFU·mL−1) and allowed to grow
for 23 ± 2 h. Then, portions (100 µL) of transparent tubes
without noticeable turbidity were injected onto untreated
NA plates without nanomaterials and further incubated for
an additional cycle. The bacterial-free tubes/plates appointed
the nanomaterials MICs toward pathogens.

2.7.3 SEM imagining of NCs bactericidal action

The apparent deformation/distortions in the cellular struc-
ture/morphology of A. hydrophila were screened following
their exposure to NCs (NCht/CoE/AgNPs and NCht/CoE/SeNPs)
for 5 and 10 h, compared to control (firstly exposed) cells
by SEM imaging. The logarithmic bacterial culture in NB
was exposed and incubated with 35.0 and 40.0 µg·mL−1
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of NCht/CoE/AgNPs and NCht/CoE/SeNPs, respectively. The
bacteria were harvested by centrifugation (4,800g) after
incubation for the required times. The bacteria were then
treated for fixation, e.g., with glutaraldehyde 2.5%
(30 min), paraformaldehyde 2.0%, and 0.1 M Na-cacodylate
buffer (pH 7.25). Successive ethanol concentration treat-
ments dehydrated the cells, which were dried subse-
quently using Autosamdri-931 (critical-point dryer, Tousimis,
Rockville, MD, USA), covered with palladium/gold and
imaged with an SEM to check for morphological distor-
tions or changes that had appeared after the cells had
been exposed to NCs.

2.8 Statistical analysis

SPSS package (V-21.0, SPSS Inc., Chicago, IL) was used to
determine statistical significance at p ≤ 0.05. ANOVA (one-
way) and student t-test were used to determine the signifi-
cant differences from computed triplicates’ means.

3 Results and discussion

The Cht was effectively obtained from shrimp wastes, with
an Mw of ∼158.7 kDa, a DD of ∼88.6%, and a yield of 13.6%
from the weight of the original shells. It was successful to
achieve and characterize the biosynthesis of nanopolymers
(e.g., NCht) and nanocomposites (NCs) based on CoE, e.g.,
CoE-mediated AgNPs (CoE/AgNPs), CoE-mediated SeNPs
(CoE/SeNPs), NCht/CoE/AgNPs, and NCht/CoE/SeNPs.

3.1 IR analysis

The FTIR of examined agents/nanocomposites was evalu-
ated to emphasize their key groups/bonds and their poten-
tial roles in the synthesis of NPs and interactions between
NCs (Figure 2). The FTIR technique is commonly employed
to assess NP surface composition, functionalization, and
interactions; this method involved the materials’ irradia-
tion with infrared waves to record the transmitted or
absorbed radiation. The recorded FTIR spectra of com-
pounds could represent unique fingerprints of them,
including their nature, polarity, oxidation state, and the
involved bonds/groups in their functionalities [18]. In the
biosynthesis of metal NPs, the FTIR can highlight the respon-
sible biomolecules and biochemical groups for nanoma-
terial reduction/stabilization [18].

Figure 2: Infra-red spectra of Corallina officinalis aqueous extract (CoE),
CoE-mediated AgNPs (CoE/AgNPs), CoE-mediated SeNPs (CoE/SeNPs),
chitosan nanoparticles (NCht), their combined composites
(NCht/CoE/AgNPs and NCht/CoE/SeNPs).
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The IR spectra of CoE revealed the presence of many
functional biochemical groups/bonds that were linked to
designative constituents of CoE. The main CoE indicative
beaks (CoE in Figure 2) were detected at: 1,632.12 cm−1 (car-
boxylic group of uronic acid), 717.91 cm−1 (sulfates, the
stretched C–S and C]S of sulfides), 874.18 cm−1 (bending
C–H of glucose and galactose), 1,037.64 cm−1 (stretched
S]O of starch/polysaccharides sulfonides), 1,418.45 cm−1

(stretched C–O and bended O–H of cutin), 1,511.19 cm−1

(C]C stretching in lignin), 2,088.36 cm−1 (cyanide stretch
of nitrile), 2,496.86 cm−1 (C–O stretching and P–H stretching
of phosphine), 2,904.24 cm−1 (stretched CH3 and CH2 of ali-
phatic compounds), and around 3,450 cm−1 (stretched O–H
of polysaccharides and N–H of amino acids) [5,16,20,43].

The IR spectra of CoE/AgNPs revealed the potential CoE
biomolecules that are thought to be responsible for the
reduction of Ag+ ions and the capping of phytosynthesized
AgNPs (CoE/AgNPs in Figure 2). In comparison to the plain
CoE spectrum, many emerged and more strong bands were
appeared in the CoE/AgNP spectrum (e.g., at wavenumbers
of 792.54, 811.15, 1,379.44, 1,756.27, 2,109.83, and 2,412.29 cm−1),
which indicates the formation of new bonds between the
CoE groups and the synthesized AgNPs. Many other peaks
were eliminated or became less intense in the CoE/AgNP
spectrum (e.g., at wavenumbers of 1,431.25 cm−1), which indi-
cated the presence of these bonds with AgNPs and their
interaction with this NM [19,44].

Similarly, the CoE/SeNP spectrum differed from the
CoE spectrum in the disappearance of numerous bands
in the ranges of 490–920 cm−1, 1,260–1,725 cm−1, 1,770–2,240 cm−1,
and at 3,000–3,700 cm−1 (highlighted with bale red in CoE/SeNPs
in Figure 2), indicating the occupation of such disappeared
bonds/groups with SeNPs and their interaction with them
during SeNP phycosynthesis and capping [27,29,44].

The cell walls of macroalgae (e.g., C. officinalis) fre-
quently contain a variety of functional biomolecules with
amine, sulfate, carboxyl, phosphate, and imidazole groups,
combined with proteins, alginic acid, and polysaccharides
to facilitate interactions, reduce metal ions and cap them
during their transformation to nanoforms [17]. Several
indicative bands in the CoE spectrum were shifted to close
wavelengths, and others appeared with changed intensi-
ties after combining with AgNPs and SeNPs, which are
assumed to associate with the reduced particles’ surface
area and their increased crystallinity degrees [18,20,25].
The FTIR spectrum of NCht identified the fundamental
bonds/groups that characterize the bulk Cht (NCht in
Figure 2) [28]. The key indicative peaks in the plain
NCht spectrum included: 3,464.25 cm−1 (vibrated N−H and
O−Hstretching), 2,923.41 cm−1 (vibrated aliphatic C−Hstretching),
2,970.81 cm−1 (vibrated CH2/CH3 stretching), 1,732.24 cm−1

(stretched C]O of amide I), 1,674.02 cm−1 (vibrated stretching
of N−H in amide II), 1,112.43 cm−1 (−OH vibrated stretching of
C3), and 1,038.88 cm−1 (−OH vibrated stretching of C6) [41,45].
Furthermore, in the NCht spectrum, the 3,464.25 cm−1 band,
which frequently showed lower intensity/wider spacing than
bulk Cht, provides evidence for reduced −H bonding caused by
the interactions with TPP cross-linkage [40]. The existed sharp
peak (1,626.32 cm−1) is indicative to cross-linkage between the
NH4 of NCht and TPP [46,47].

The interactions and conjugation between NCht and
CoE-mediated NPs (e.g., NCht/CoE/AgNPs and NCht/CoE/SeNPs)
resulted in the appearance of the main distinctive peaks
from both interacting molecules (NCht/CoE/AgNPs and
NCht/CoE/SeNPs in Figure 2), which could convincingly
indicate that the occurred interactions among these mole-
cules were physical rather than biochemical associations
[19]. Additionally, many distinctive bands in the NCht spec-
trum were shifted after coupling with both CoE/AgNPs and
CoE/SeNPs, e.g., from 2,376.43, 1,361.82, and 112.43 cm−1

(−OH vibrated stretching of C3), 1,038.88 cm−1 (−OH vibrated
stretching of C6), and 679.33 to ∼2,259 cm−1, 1,389.44, 1,020,
988, and 688 cm−1, respectively. These shifts could suggest
the biochemical interactions between NCht functional
groups/bonds and the CoE-mediated nanometals, rather
than their physical couplings [32,39,44].

3.2 Optical inspection of phycosynthesized
nanometals

The phycosyntheses of CoE-mediated NPs (CoE/AgNPs and
CoE/SeNPs) were validated via visual inspection and UV/Vis
spectral analysis (Figure 3). The clear suspensions of AgNO3

and Na2SeO3 turned dark brown and brownish orange,
respectively, after mixing with CoE and reducing metal
ions to AgNPs and SeNPs (upper photo in Figure 3). The
UV/Vis spectrum of CoE/AgNPs emphasized a distinctive
peak at 437 nm, whereas the main maximum absorbance
peaks for CoE/SeNPs were recorded at 275 and 211 nm
(lower curves in Figure 3). The UV/Vis spectroscopy pro-
vides simple and direct indications of NPs’ optical proper-
ties; the electrons’ transition from ground states to excited
(nano) states is measured using absorption UV/Vis spectro-
scopy, which give evidences for nanometals’ reduction [18].
The absorbance curve and maximum absorbance value
(λmax) of a metal NPs SPR indicate the particle reduction,
size distribution, and homogeneity [18,25,29].

The developed brown color and the maximum UV
absorbance band at 437 nm are both attributed to SPR of
CoE-mediated AgNPs, and validated the effectual biosynth-
esis of AgNPs after reduction with CoE [33].
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The AgNPs usually have liberated electrons, with vibrated
SPR at maximum adsorption at 435–440 nm, which is the dis-
tinctive absorption for AgNPs [48,49]. The appearance of a
single peak in the CoE/AgNP spectrum could confirm the
purity and sole synthesis of the AgNPs [50].

The CoE could immediately transform the Ag solution
to brown color (e.g., AgNP formation), indicating the high
reducing effectiveness of the extract [51]. As the position and
width of the SPR band could indicate particles’ shape,
charge, size, and interaction with the surrounding medium,
the recorded broad band of CoE/AgNPs could indicate the
wide distribution of the formed AgNP sizes [52].

The biosynthesis of SeNPs with CoE could be optically
proved from the color transformation into brownish orange
and the detection of maximum UV absorption peaks at 211
and 275 nm, due to illustrated SPR for SeNPs [53], which con-
firms the effectiveness of CoE to reduce the Se ions into their
NPs form. The less intense peak at 211 nm is usually attributed
to a smaller SeNP size [27,53]. The appearance of two absorp-
tion bands in the UV/Vis spectrum of the SeNPs and one band
of the AgNP spectrum could indicate the uniformity and
homogeneousness of synthesized AgNP sizes after reduction
with CoE [50–52], whereas the reduction of SeNPs with gen-
erated low levels of NP sizes, which could be assumingly
attributed to the combined actions of both CoE and ascorbic
acid in reducing the Se to NPs [22–27,52,53].

3.3 Ultrastructure analysis of
synthesized NPs

The structural physiognomies of generated NPs/NCs were
screened via electron microscopic (TEM and SEM) imaging

(Figure 4); the precise size and charges of nanomaterials
were further determined using zetasizer and DLS approach
(Table 1). Harmonized NP/NC sizes were detected using both
microscopic imaging and DLS analysis. The TEM images of
plain CoE-mediated AgNPs and SeNPs indicated their homo-
genous sizes and well-distribution (1A and 1S in Figure 4);
the NM were mostly spherical with no apparent aggrega-
tions among them. The DLS results for CoE-mediated
AgNPs and SeNPs were the particles’ size means of 5.52
and 12.46 nm, respectively, and the negative charges (−24.8
and −33.2mV) on their surfaces (Table 1). The microscopic
imaging of NCs illustrating their topographical features
(SEM images; 2AC and 2SC in Figure 4) and the TEM imaging
appraised their sizes and associations between the biopo-
lymer NCht and correlated NM (3AC and 3SC in Figure 4).
The NCht/CoE/AgNPs had a smaller size mean (64.59 nm)
than NCht/CoE/SeNPs (77.16 nm) and both of them were
larger than the plain NCht mean size (59.81 nm). The NCht
had strong positive charges (+38.7mV), and these charges
were slightly lessened after conjugation with CoE/AgNPs
and CoE/SeNPs to be +34.3 and +32.1, respectively, which
indicates the upholding of NCht molecules to NM, where
the abundant surface charges were the NCht positives
[19,54]. The embedding of CoE/AgNPs and CoE/SeNPs
within NCht particles could be evidenced through their
TEM images (3AC and 3SC in Figure 4, respectively),
where most of the NM were implanted inside the NCht
molecules.

As the accustomed NM could impose some potential
toxicities to humans, especially when made by chemical/
physical approaches, the biosynthesis of such NM with
biomolecules (e.g., CoE in this study) could improve their
biosafety and biocompatibility [55].

Figure 3: The visual appearance and UV-Vis spectra of Corallina officinalis extract-mediated nanometals (AgNPs and SeNPs).
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The CoE/AgNP and CoE/SeNP amalgamations with NCht
biopolymer are additionally believed to expressively enhance
the NM stabilization, biocompatibility, and bioactivities via
the formation of extra functional bonds with the nanopo-
lymer, which can substantially reduce their likely human
cytotoxicity [33,56,57].

3.4 Antibacterial assessment

The antibacterial potentialities, emerged after challenging
pathogenic strains with screened molecules/NPs/NCs, were
proved using qualitative/quantitative assays (e.g., ZOI and

Figure 4: Electron microscopy imaging of synthesized nanomaterials/nanocomposites, including TEM images of plain AgNPs (1-A) and SeNPs (1-S), the
SEM imaging of NCht/CoE/AgNPs (2-AC) and NCht/CoE/SeNPs (2-SC) nanocomposites, and the TEM images of the nanocomposites (3-AC and 3-SC,
respectively).

Table 1: Particle size distributions and zeta potential of synthesized
nanomaterials/nanocomposites

Nanomaterials* Particle size
range (nm)

Mean size
diameter
(nm)

Zeta
potential
(mV)

CoE/SeNPs 3.21–31.63 12.46 −33.2
CoE/AgNP 1.34–14.76 5.52 −24.8
NCht 21.92–93.41 59.81 +38.7
NCht/CoE/SeNPs 26.81–112.74 77.16 +32.1
NCht/CoE/AgNPs 24.65–109.66 64.59 +34.3

*CoE/SeNPs: Corallina officinalis extract-mediated selenium nanoparti-
cles; CoE/AgNPs: Corallina officinalis extract-mediated silver nanoparti-
cles; NCht: nanochitosan.
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MIC, respectively) (Table 2). The entire compounds/NPs/NCs,
e.g., CoE, CoE/SeNPs, CoE/AgNPs, NCht, NCht/CoE/SeNPs, and
NCht/CoE/AgNPs, exhibited significant antibacterial powers
toward all strains in this order: CoE < NCht < CoE/SeNPs
< CoE/AgNP < NCht/CoE/SeNPs < NCht/CoE/AgNPs. The chal-
lenged bacteria were entirely susceptible to the inspected
agents; their sensitivities to the studied antimicrobials can
be arranged in this order: G+ < G‒ (e.g., S. aureus < S. typhi-
murium < P. aeruginosa < A. hydrophila). While many inves-
tigated agents exhibited equivalent antibacterial activities to
ampicillin, some formulations (especially the NCs) could sig-
nificantly exceed the bactericidal effect of the standard anti-
biotic. These results were consistent with earlier studies that
used NCht-based NCs for the bacterial challenge [28,40].

The higher resistance of G+ bacteria to microbicidal
nanometals was assumingly attributed to their thick pepti-
doglycan protective layer, comprising teichoic and lipotei-
choic acids, which give G+ bacteria more barriers to resist
NP penetrations into interior cells [40,53]. In contrast, the
G‒ bacterial cells have thinner peptidoglycan protective
layers, less cross-linkage/condensed membranes, and com-
prise more lipopolysaccharides with high negative charges
in the exterior membranes, which lead to the formation of
porin channels and increase the penetration of biocidal
NPs/NCs into interior cells/vital organelles [58–61].

The porine channels in G‒ bacteria could selectively
pass penetration of NPs/NM into cells, associating with ROS
generation from AgNPs and SeNPs, which lead to the
destruction/inactivation of G‒ vital components (DNA, pro-
teins, enzymes, etc.) [24,53].

The synergistic bactericidal activities of conjugated NCs
(e.g., NCht/CoE/AgNPs and NCht/CoE/SeNPs in this study)

were formerly attributed to NCht (highly positive charging)
capability for upholding NM, attaching the negative bac-
terial membranes and increasing their permeability, and
its potentialities for inhibiting bacterial biosystems [16,45,62].
The final positive surfaces of the NCs facilitate their attach-
ment with negatively charged bacterial walls and vital com-
ponents [63]. The biosynthesized NM (AgNPs and SeNPs)
were documented to possess powerful bactericidal action,
which is chiefly dependent on ROS production and cytotoxi-
city toward bacterial cells via interaction/inactivation of
metabolic pathways [27,55,60]. The conjugation of these
NM with biopolymer systems could greatly diminish their
toxicity toward mammal tissues but favorably preserve
their bioactivities against microbes [55–57].

3.5 Structural analysis of treated bacteria
with nanocomposites

For the possible explanation of NCs’ (NCht/CoE/AgNPs and
NCht/CoE/SeNPs) antibacterial actions, scanning microscopy
visualizations were conducted for exposed A. hydrophila
cells (as the most sensitive strain in antimicrobial assess-
ment) to NCs after 5 and 10 h, compared with zero-time
treatments (Figure 5). In zero-time treatment, the bacterial
cells appeared with wholesome, smooth, and ordinary struc-
tures, with minimum evidence for deformation or distor-
tions or lysis (Se-0 and Ag-0 in Figure 5). After being exposed
to NCs for 5 h, numerous deformation/lysis signs were obser-
vable on the bacterial surfaces, and many NC particles were
seen attached to them. The deformation signs were more

Table 2: Antibacterial potentialities of Corallina officinalis extract-mediated nanometals and their composites with nanochitosan against fish-borne
pathogens

Antibacterial agent**** Antibacterial activity***

Staphylococcus aureus Pseudomonas aeruginosa Aeromonas hydrophila Salmonella typhimurium

ZOI* MIC** ZOI MIC ZOI MIC ZOI MIC

CoE 9.2 ± 0.6# >100 9.7 ± 0.9# 92.5 9.8 ± 0.8# 85.0 9.5 ± 0.7# >100
CoE/SeNPs 15.6 ± 1.2^ 57.5 17.7 ± 1.6# 47.5 17.9 ± 1.8# 45.0 16.4 ± 1.5# 57.5
CoE/AgNPs 17.2 ± 1.5^ 52.5 21.8 ± 1.9^ 45.0 22.4 ± 2.3# 42.5 19.6 ± 1.9^ 50.0
NCht 13.5 ± 0.8# 72.5 16.1 ± 1.5# 62.5 16.8 ± 1.7# 60.0 14.8 ± 1.5# 67.5
NCht/CoE/SeNPs 17.8 ± 1.9^ 47.5 27.9 ± 2.6# 42.5 28.8 ± 2.6^ 40.0 23.5 ± 2.1^ 42.5
NCht/CoE/AgNPs 19.2 ± 2.1^ 42.5 30.3 ± 2.8# 37.5 32.9 ± 2.9^ 35.0 26.8 ± 2.7^ 40.0
Ampicillin 17.5 ± 1.7^ 52.5 22.7 ± 2.2^ 40.0 29.8 ± 1.4^ 40.0 22.1 ± 1.4^ 45.0

*Zone of inhibition (mm); calculated from triplicates mean ± SD, counting the disc diameter of 6 mm; **MIC – minimal inhibitory concentration,
µg·mL−1; ***Dissimilar symbols (superscript) in one column indicate significant difference (p ≤ 0.05), compared to standard antibiotic; ****CoE:
Corallina officinalis extract; CoE/SeNPs: Corallina officinalis extract-mediated selenium nanoparticles; CoE/AgNPs: Corallina officinalis extract-mediated
silver nanoparticles; NCht: nanochitosan.
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observable in NCht/CoE/AgNP-treated cells (Ag-5 in Figure 5)
than in NCht/CoE/SeNP treatments (Se-5 in Figure 5). After
NC exposure for 10 h, most bacterial cells misplaced the uni-
formed/contacted membranes and liberated their internal
constituents (Ag-10 and Se-10 in Figure 5). The NC particles
were more observable, interacted with the fully lysed cells
and their released internal components. TheA. hydrophila cells’
distortions were also more evidenced with NCht/CoE/AgNP
treatments than for NCht/CoE/SeNP exposure. Following

treatments of bacteria with NCht-based NCs that con-
tained NM or phyto-constituents, matched observations
were reported [33,54].

The role of NCht in the NC antibacterial actions was
clear from the captured images, because of its capability to
stick onto bacteria, with the accompanied bactericides, and
facilitate their movement for penetrating cells [19,62,64].

Since A. hydrophila was chosen for the SEM experi-
ment as the most sensitive strain that could provide helpful

Figure 5: Scanning microscope imaging of exposed Aeromonas hydrophila to nanochitosan and Corallina officinalis extract-mediated nanometals
(Ag and Se) after 0, 5 and 10 h of exposure (the used concentrations from the nanocomposites were 40.0 and 35.0 µg·mL−1, for the Se- and Ag-based
composites, respectively).

10  Ahmed A. Tayel et al.



explanations and evidence about the NC's actions, the cap-
tured images may illustrate that the NCs could have diverse
potential mechanisms as antibacterial agents. The probable
NCs’ effects that originated from the synergism between
reacted nanomaterials include the adhesion to cell mem-
branes; increase in membrane permeability; penetration
into inner cells; inactivation of cell membrane synthesis;
leakages of vital components outside the cells; suppression
of the metabolic bioactivities/pathways; and interacting with
crucial constituents of cells [24,35].

4 Conclusion

AgNPs and SeNPs were synthesized using CoE as a med-
iator; the NM had desirable physiognomies, including their
minute sizes and synthesis with a diminished toxicity
approach. Furthermore, the conjugation between each
CoE/AgNP and CoE/SeNP and NCht was conducted and
characterized to confirm nanomolecule interaction and
compositing to minimize their likely toxicity for humans.
The synthetic NCs could effectively inhibit various fish-
borne bacterial pathogens with comparable activities to
the accustomed antibiotic. SEM imaging was used to vali-
date the antibacterial tests and showed that NCs were
acting firmly against harmful microorganisms. The eco-
friendly method for NM phycosynthesis and conjugation
with nano-biopolymer NCht produced effective and harm-
less NCs, suitable for use in applications to remove fish-
borne pathogens with biosafe characteristics.
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