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There is a growing need to improve facile, eco-friendly, and cheap approaches
for nanoparticle (NP) synthesis. Green protocols have been investigated for the
fabrication of NPs using several natural sources as plants, algae, fungi, and
bacteria. Thus, the present study proposed a rapid, convenient, and efficient
biosynthesis of gold NPs (Au-NPs) using the ethanolic extracts of three
macroalgae, i.e., Cystoseira myrica, C. trinodis, and Caulerpa prolifera. The
reduction of Au ions and the fabrication of Au-NPs were validated using
ultraviolet-visible (UV-Vis) spectroscopy, X-ray diffraction, Fourier transform
infrared spectroscopy (FT-IR), transmission electron microscopy (TEM), and
zeta potential analysis. The produced Au-NPs were tested for their
antibacterial, antifungal, anti-inflammatory, and schistolarvicidal activity.
Results revealed the formation of Au-NPs with an average size of 12.6-15.5
nm and different shapes that are mainly spherical with pure crystalline nature.
The strong antibacterial activities of C. trinodis— and C. myrica—based Au-NPs
against E. coli (inhibition zones of 22 and 19 mm) and against Staphylococcus
aureus (inhibition zones of 18 and 20.5 and mm) were recorded, respectively.
On the other hand, the high antifungal activity of C. trinodis Au-NPs against
Aspergillus niger and Alternaria alternate showed the inhibition zones of 18 and
17 mm, respectively. The high antifungal activity of C. trinodis Au-NPs against
Candida albicans (inhibition zone 16 mm) was also recorded. Regarding anti-
inflammatory and schistolarvicidal activity, Au-NPs fabricated using C. myrica
showed 64.2% of the inhibitory effect on protein denaturation and recorded the
highest schistolarvicidal activity against Schistosoma mansoni cercariae that
sank and died after 7 min. Overall, these findings proved that macroalgal
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ethanolic extracts can be effectively used for the biosynthesis of Au-NPs. These
Au-NPs offer a significant alternative antimicrobial, anti-inflammatory, and
schistolarvicidal agents. for biomedical uses.
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biosynthesized gold nanoparticles, macroalgae, cystosiera myrica, cystosiera trinodis,
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Introduction

Nanotechnology means synthesizing materials at the
nanosize that range from 1 to 100 nm (Salem and Fouda,
2021). Nanoparticles (NPs) are widely used in every branch of
sciences, including space, industry, defense, communication,
biomedicine, agriculture, electronics sectors, energy, and
environmental remediation (Salavati-Niasari et al, 2005; Roy
et al., 2019: Chaudhary et al, 2020: Heydariyan et al., 2022;
Monsef and Salavati-Niasari, 2023). This high interest in NPs is
attributed to their distinctive morphological (shape, size, and
charge distribution), special physical and chemical properties
including a high surface-to-volume ratio, unique optical,
magnetic, electronic, and catalytic properties; surface plasmon
resonance; and fluorescence emission (Rajeshkumar et al., 2013;
Ramakrishna et al., 2016; Borse et al., 2020). There are two
methods for NP production, i.e., top-down and bottom-up
(Shukla et al., 2021). In the first approach, different
mechanisms can be used to slice bulk materials to nanoscale
particle sizes, such as evaporation-condensation, laser ablation,
or other physical methods. Meanwhile, in the second method,
atoms are combined to form the molecular structures of NP size
(Khanna et al., 2019; Salem and Fouda, 2021). The bottom-up
approach is commonly used for nanoparticle synthesis by
chemical methods such as sol-gel technology, coprecipitation,
redox processes, and pyrolysis and biological methods using
fungi, plants, yeast, bacteria, and viruses (Abdel-Raouf et al,
2017; Hu et al.,, 2020; Ahmed et al.,, 2022). However, the
synthesis of nanoparticles using conventional chemical and
physical methods has many disadvantages such as their
toxicity to humans and the environment, the high cost of
nanoparticle production (Menon et al, 2017; Wibowo et al,
2019), the low rates of material transformation, and a high
energy requirement (Ghosh et al., 2012). Therefore, there is
considerable interest in developing eco-friendly and sustainable
technologies to produce nanoparticles (Aboelfetoh et al., 2017).
To this end, researchers are focused on the green synthesis of
biocompatible and eco-friendly NPs because they are safe, highly
tunable, cheap, clean, and easily scaled up (Salem and Fouda,
2021; Amin et al,, 2021). In this context, natural ingredients like
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the extracts of higher plants, and macro- and microorganisms
are used without adding external reducing, capping, and
stabilizing agents. This is because the constituents of these
extracts act as effective reducing and stabilizing agents during
the production process of NPs (Ramakrishna et al., 2016; Usman
et al, 2019; Yassin et al, 2021). The biosynthesis of NPs is
differentiated into intracellular and extracellular according to the
position of generated NPs (Oztiirk, 2019). Intracellular NP
synthesis represents the synthesis of NPs that occurs inside the
cells. In contrast, extracellular NP synthesis occurs outside of the
cell that assist by various exudates such as primary and
secondary metabolites including non-protein compounds like
nucleic acid, lipids, and antioxidants (Shukla et al., 2021). In this
regard, the extracellular formation of NPs is a preferable method
because the NP production rate is high and they are easily
purified (Pantidos and Horsfall, 2014).

Marine macroalgae (seaweeds) represent a diverse group of
large multicellular eukaryotic photosynthetic organisms. They are
found on coastal water areas up to 180 m depth attached to several
types of substrates, such as rocks, plants, and dead corals
(Faradilla et al., 2022). Marine macroalgae are rich in secondary
metabolites such as carotenoids (carotene and xanthophyll) and
phycobilins (phycocyanin and phycoerythrin) (Elsayed et al.,
2017a; Elsayed et al., 2017b; Fawcett et al., 2017; Pereira, 2018;
Fathy et al 2021) and secondary metabolites that empower
macroalgae to act as nanobiofactories for metallic NP
production (Khanna et al., 2019). This indeed increases the
ability to reduce, cap, and stabilize the metal precursors to form
metal, metal oxide, or bimetallic NPs (Chaudhary et al., 2020).
Furthermore, the biosynthesis of NPs using algae is valuable and
attractive because algae have many advantages such as high metal
absorption, low cost, non-toxicity, and easy availability
(Soureshjani et al., 2021). Many studies proved the ability of
several marine algae to generate different metallic NPs
(Aboelfetoh et al., 2017; El-Kassas and Ghobrial, 2017; Fawcett
et al., 2017; Gonzalez-Ballesteros et al., 2017; Manikandakrishnan
etal., 2019; Babu et al., 2020). NP-based macroalgae were studied
for their biomedical applications, which include antibacterial,
antifungal, antioxidant, anticancer, antifouling, bioremediation,
and biosensing activities (Mayer et al., 2013; Khanna et al,, 2019;
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Chaudhary et al., 2020; Gonzalez-Ballesteros et al., 2020; Hu et al.,
2020; Gomathy et al, 2021). Among the metallic NPs, Gold
nanoparticles (Au-NPs) are the most potent (Pulakkat and
Patravale, 2020) due to the unique and tunable surface plasmon
resonance, and electrical conductivity and perfect catalytic
activity (Tao, 2018). Au-NPs have the overgrown potential for
various agriculture and biomedical applications, including drug
delivery, molecular imaging, biosensing, and biodiagnostic
applications (Sahoo et al., 2014; Khandelia et al., 2015; Khan
et al,, 2019).

Nowadays, it is necessary to discover or improve compounds
with an antimicrobial action because of the increase in microbial
infection rates, the rapid development of antibiotic resistance, and
the quick evolution of bacteria due to mutation (Gonzalez-
Ballesteros et al., 2020). The use of metal NPs as novel
antimicrobial agents is considered as a viable solution for limiting
or inhibiting the growth of many pathogenic species (Abdel-Raouf
et al, 2017). Another biomedical importance of NPs is their
antiparasitic activity against many parasites causing human
diseases. Thus, NPs offer a significant antiparasitic effect directly
or through working as a vehicle for conventional drugs used for
treatment (Moustafa et al., 2018). One of most epidemic neglected
tropical diseases (NTDs) in sub-Saharan Africa is schistosomiasis
(Adekiya et al,, 2017). Schistosomiasis is a water-based debilitating
illness induced by blood fukes of the genus Schistosoma (Colley
et al, 2014). Globally, it is endemic in more than 70 countries and
affects around 240 million individuals (Barry et al., 2013). It is a
major health problem and a main source of morbidity and
mortality worldwide (Elfaki et al, 2020). Widely, Schistosoma
mansoni is the most prevalent parasite causing intestinal
schistosomiasis (WHO, 2015). The infection happens once the
host’s skin is penetrated by the cercaria, the free-swimming larval
stage of schistosomes released by the intermediate host snail (Hotez
et al, 2014). Once inside the host, they transform into
schistosomula, mature and form couples in the venous system.
There are two major forms of schistosomiasis (intestinal and
urogenital) with the intestinal schistosomiasis caused by S.
mansoni being the most prevalent one (WHO, 2015). A novel
schistolarvicidal agent needs to be explored and developed urgently
to prevent schistosomiasis. Cystoseira myrica, C. trinodis, and
Caulerpa prolifera were chosen for this study because they are
dominant species along the Red sea shores of El Quoseir and Marsa
Allam which are abundant in all seasons of the year.

According to our knowledge, the biosynthesis of Au-NPs
using marine macroalgae C. trinodis and C. prolifera ethanolic
extracts are scarcely studied. Therefore, the present study aims to
biosynthesize Au-NPs using ethanolic extracts from three
marine macroalgae i.e., C. myrica, C. trinodis, and C. prolifera
to investigate their ability to act as reducing and capping agent
for the biosynthesis of Au-NPs. Different physicochemical
properties of fabricated Au-NPs were characterized using UV-
Vis, XRD, FT-IR, TEM, and zeta potential analysis. Finally, the
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antimicrobial (antibacterial and antifungal), anti-inflammatory,
and schistolarvicidal activities of Au-NPs were evaluated.

Materials and methods

The methods of the biosynthesis, characterization, and
biological activities of the produced macroalgae-based Au-NPs
are summarized in Figure 1.

Collection, identification, and
preparation of macroalgae species

Macroalgal species C. myrica, C. trinodis, and C. prolifera
(Figure 2) were harvested at low tide from El Quoseir (26°
2’34.02” N; 34°18’51.51” E) and Marsa Allam (25°4’11.41”N; 34°
53’56.22”E), Red Sea coast, Egypt. Seaweeds were washed
thoroughly with tap and distilled water to remove salt and
other impurities. Macroalgal species were morphologically
identified at Phycology lab, Botany and Microbiology
Department, Faculty of Science, Beni-Suef University, Beni-
Suef, Egypt, according to the description of Chapman and
Chapman (1980) and Robert (1989). Macroalgal samples were
air-dried in the shade for 1 week, and the dried samples were
processed in fine powder with a food mixer and stored in labeled
sealed vacuum bags for further use (Osman et al., 2020).

Preparation of macroalgae
ethanolic extracts

The dried powder of macroalgal species C. myrica, C.
trinodis, and C. prolifera (20 gm) was soaked in 200 ml
ethanol (99%) and shaken at room temperature for 24 h.
Then, the extract was filtered on Whatman paper no. 1, and
the extracts were evaporated in a rotary evaporator at 45°C. The
stock solutions (200 mg/ml H,0) of each algal extract were
prepared for further studies (Abdel-Raouf et al., 2017).

Biosynthesis of gold nanoparticles

For the synthesis of Au-NPs using the algal ethanolic extract,
1 ml of the ethanolic extract was added to 99 ml of 10> M
aqueous chloroauric acid (HAuCl,) solution in a 250 ml conical
flask and kept at room temperature for 10 min to 12 h) on a
magnetic stirrer (120 rpm) in addition to the control (without
seaweed extract, only chloroauric acid) was prepared along with
the experimental flask (Abdel-Raouf et al., 2017). The formation
of Au-NPs was confirmed by changes in the solution color from
pale yellow to ruby red or pinkish.
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FIGURE 1
Schematic diagram of the experimental methods of the current study.

Characterization of biosynthesized
gold nanoparticles

UV-visible spectroscopy analysis

The UV-visible (UV-Vis) diffuse reflectance absorption
spectra of Au-NPs were obtained by a UV-VIS-NIR
spectrophotometer (T-70) at a wavelength range from 200
to 900 nm.

Characterization

3-FT-IR
4- TEM

5-Zeta
potential

X-ray diffraction

The X-ray diffraction (XRD) pattern of the prepared
material was recorded using PANalytical Empyrean XRD
using Cu Ko radiation (wavelength 0.154 cm™') at an
accelerating voltage of 40 kV, a current of 35 mA, a scan angle

of the 5°-75° range, and a scan step of 0:02°. The average crystal
size was calculated using Debye-Scherrer’s equation, shown
below (Patterson, 1939).

FIGURE 2

Macroalgal species used for the biosynthesis of Au-NPs (A) Cystoseira myrica, (B) Cystoseira trinodis, and (C) Caulerpa prolifera.
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D =0.94 A/B cos 6,

where D is the crystallite size, A is the X-ray wavelength, {3 is
the broadening of the diffraction peak, and 6 is the
diffraction angle.

Fourier transform infrared spectroscopy
FT-IR was used to examine the chemical bond vibrations of
samples; FT-IR spectra were measured on a Bruker (Vertex 70

FT-IR) spectrometer from 400 to 4,000 cm ™.

Transmission electron microscopy analysis

The morphological analysis of the NPs was done with
transmission electron microscopy (TEM). For TEM analysis, a
drop of the Au-NP solution was placed on the carbon-coated
copper grids, letting the water evaporate till dry at room
temperature. Electron micrographs were obtained using a
JEOL-1010 transmission electron microscope at 80 kV at the
Regional Center for Mycology and Biotechnology (RCMB), Al-
Azhar University, Egypt (Amin et al., 2021).

Zeta potential
Zeta potential was measured on a Zeta sizer nano-ZS 90
(Malvern Instruments, UK) at 25°C in clear disposable zeta cells.

Antimicrobial activity of biosynthesized
gold nanoparticles

The disk diffusion method was followed to evaluate the
antibacterial activity of Au-NPs prepared from different
macroalgal ethanolic extracts according to Ramli et al. (2021)
against Staphylococcus aureus (ATCC 43300), Listeria
monocytogenes (ATCC 7644), and Enterococcus faecalis V853
as Gram-positive pathogenic bacteria and Escherichia coli (E.
coli) (ATCC 25922), Salmonella enterica (ATCC 14028) as
Gram-negative bacteria. The cultures of these bacteria were
obtained from the Faculty of Pharmacy, Beni-Suef University,
Beni-Suef, Egypt. These pathogenic bacteria were freshly
cultured on nutrient broth for 24 h and then inoculated on
nutrient agar. Discs (5 mm) were produced from filter paper
Whatman No.1 by using a paper punch, put in a foil packet, and
sterilized in the autoclave. Discs were loaded by 5 ul of
biosynthesized Au-NPs and ethanolic extracts of the tested
macroalgae. Antibacterial activity was detected by measuring
the diameter (mm) of inhibition zones around each disc after
24 h incubation at 37°C. Pathogenic fungi Aspergillus niger
(TUCIM 6581), Alternaria alternate (AUMC 5921), and
Fusarium solani (AUMC 221) as well as the yeast Candida
albicans (ATCC 60193) were obtained from the Faculty of
Sciences, Beni-Suef University, Beni-Suef, Egypt. The
antifungal activity of the produced Au-NPs was tested using
potato dextrose media. There were 5 mm discs of filter paper
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Whatman No.l loaded by 5 pl of biosynthesized Au-NPs;
antifungal activity was measured by the diameter (mm) of
inhibition zones around each disc after 48 h incubation at 25°
C. The chloroauric acid solution was used as the negative
control. Ampicillin and fluconazole (100 pg/ml) were used as
positive controls to compare the results of antibacterial and
antifungal tests, respectively.

Inhibition of albumin denaturation assay

This assay is based on the ability of the substances to inhibit
protein denaturation, as described by Elias and Rao (1988). The
reaction mixture consisted of 1 ml of the serial concentration of
Au(CM)-NPs, Au(CT)-NPs, and Au(CP)-NPs (12.5, 25, 50, 100,
and 200 pg/ml) and standard diclofenac sodium with 1.0 ml of a
fresh egg-albumin solution and incubated at 27°C + 1°C for
15 min. Denaturation is induced by keeping the reaction mixture
at 70°C in a water bath for 10 min. After cooling down, the
turbidity of the sample was measured spectrophotometrically at
660 nm. The inhibition ratio of denaturation was estimated from
the blank where no samples were added. Every test was done in
triplicate, and the mean was appropriated. The protein
denaturation activity was measured using Equation 5:

Protein denaturation % = A(blank) - A(sample) /A(blank) X 100

Shistolarvicidal activity

S. mansoni cercariae were obtained from experimentally
infected B. alexandrina snails at 25°C + 2°C. The snails were
obtained from the Schistosome Biological Supply Centre.

Cercaricidal activity

To assess the toxic effect of C. myrica, C. trinodis, and C.
prolifera macroalgae-based Au-NPs on the newly formed
cercariae, approximately 5 ml of the prepared Au-NPs (200
pg/ml) was added to 100 newly formed cercariae found in 5 ml
of water (Ibrahim and Abdel-Tawab, 2020). As a control group,
10 ml of dechlorinated tap water was added to 100 newly formed
cercariae. The vitality of cercariae was recorded after 4, 7, 10, 13,
16, 19, 22, 25, and 30 min using the dissecting microscope (Eissa
et al., 2011).

Statistical analysis

The data collected were analyzed using the SPSS Statistics
software package, version 20 (IBM Corporation, USA).
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The Kolmogorov-Smirnov and Levene tests for the
homogeneity of variances were applied to check the data for
normality and homoscedasticity. Data are expressed as the mean
+ SD of three replicates. Differences between treatments were
determined by post-hoc TukeyHSD (a one-way ANOVA
followed by Tukey’s test for multiple comparisons of means
(P < 0.05) Significant differences were considered at p < 0.05.

Results

In the current study, Au-NPs were biosynthesized using the
ethanolic extracts of three macroalgae, brown macroalgae C.
myrica, C. trinodis, and green macroalgae C. prolifera collected
from Red Sea, Egypt, and investigated their biological activities
such as antimicrobial (antibacterial and antifungal), anti-
inflammatory, and schistolarvicidal activities.

Characteristics of the
synthesized nanoparticles

Ultraviolet

The complete reduction of Au*? to Au® and the formation of
Au-NPs were verified by the change in the color of the solution
mixture from pale yellow (the color of chloroauric acid and the
macroalgal extract) to a ruby-red or pinkish color that is a
characteristic of Au-NPs (Ramakrishna et al., 2016), followed by
UV-Vis spectrophotometer analysis. The formation of Au-NPs
was indicated by the dominant single-surface plasmon
resonance (SPR) peak at 545, 540, and 555 nm of macroalgae
C. myrica, C. trinodis, and C. prolifera, respectively, in the UV-
visible spectra as shown in Figures 3A-C.

X-ray reflective diffraction

X-ray reflective diffraction (XRD) is the primary analytical
tool used to identify chemical phases and the crystallite size of
the produced Au-NPs in the region of 400-4,000 cm™".The XRD
pattern of Au-NPs synthesized using the C. myrica ethanolic
extract shows six diffraction peaks at 28.4°, 38.6°, 40.5°, 44.7°,
64.9°, and 77.9° as noticed in Figure 4A. The crystallite size
calculated using Scherrer’s equation was approximately 20 nm.
The size distribution was presented between 9.5 and 64 nm.
Results indicate that the intense diffraction peaks of Au-NPs at
20 = 38.6° 44.7°, 64.9°, and 77.9° which matches to (111), (200),
(220), and (311) (JCPDS no 04.0784) (Kayalvizhi et al., 2014)
lattice planes for the face center cubic structure characterized of
Au-NPs. The XRD pattern of Au-NPs of C. trinodis is shown in
Figure 4B. There were 13 sharp diffraction peaks observed at
28.4°, 31.9° 33.1° 38.5° 40.3°, 44.6°, 45.6° 49.9°, 57.8°, 64.9°,
65.9°, 73.0°, and 77.9°. Four distinctive peaks were observed at
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FIGURE 3
UV-visible spectrum of Au-NPs biosynthesized using extracts of
macroalgae (A) C. myrica, (B) C. trinodis, and (C) C. prolifera.

20 = 38.5° 44.6° 64.9° and 77.9°, which are indexed as (111),
(200), (220), and (311) (JCPDS no 04.0784) (Kayalvizhi et al.,
2014) lattice planes denoted the cubic shape of AuNPs. The
crystallite size calculated using Scherrer’s equation was
approximately 41 nm. The size distribution was recorded
between 17 and 64 nm. The XRD pattern of C. prolifera-based
Au-NPs is shown in Figure 4C. There were 13 sharp diffraction
intensities observed at 28.3°, 32.1°, 38.4°, 40.4°, 44.7°, 45.7°,
49.8°, 56.7°, 58.3°, 64.9°, 73.1°, 75.5°, and 77.8°. Four distinctive
peaks were noticed at 20 = 38.4°, 44.7°, 64.9°, and 77.8°, which
correspond to (111), (200), (220), and (311) (JCPDS no 04.0784)
(Kayalvizhi et al., 2014) lattice planes denoted the cubic shape of
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FIGURE 4
XRD pattern of Au-NPs biosynthesized using the ethanolic extracts
of macroalgae (A) C. myrica (B) C. trinodis, and (C) C. prolifera

AuNPs. The crystallite size calculated using Scherrer’s equation
was approximately 65 nm. The size distribution was recorded
between 15 and 65 nm.

Fourier transform infrared analysis

FT-IR spectrum is a tool that supplies information about the
structure of the possible biomolecules on the Au-NP surface and
predicts functional groups that are involved in the reduction of
Au (III) ions and capping of the Au-NPs. The FT-IR spectra of
the colloidal solution of Au-NPs biosynthesized using a seaweed
ethanolic extract were analyzed in the range between 400 and
4,000 cm™". The FT-IR spectrum of the Au-NPs of C. myrica
shows six bands at approximately 3,378.2, 2,931.4, 1,639.6,
1,388.9, 1,076.6, and 613.4 cm™* (Figure 5A). The presence of
the band at 3378.168 cm™' may be related to -NH, and ~-OH
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groups (Ghiyasiyan-Arani et al., 2017; Arévalo-Gallegos et al.,
2018; Fathy et al., 2020; Hussein et al 2022). This broadness is
due to the overlap of both the O-H bond stretching of the high
concentrations of alcohols or phenols or polysaccharides and the
N-H stretching of 1ry amines (Chandini et al., 2008; Devi et al.,
2011). Polysaccharides are rich in brown algae; thus, they have
abundant hydroxyl groups. The small band at 2931.4 cm™' may
indicate the presence of the (C-H) stretching of alkanes (Panahi-
Kalamuei et al., 2015). The small peak observed at 1,639.6 cm!
can be assigned to the stretching vibration of the C=0 of free
hydroxyl and a carboxylic acid group (Fernandez et al.,, 2011).
The sharp band observed at 1,388.9 cm™ may be due to the
presence of NO, indicated by absorption peaks. The small band
at 1,076.6 cm™" may be attributed to the presence of c-o/c-c/c-N
stretching vibration. The broad band at 613.4 cm™" could be
associated with the C-Cl-stretching vibration of alkyl halides
(Bakshi et al., 2008). The FT-IR spectrum of Au-NPs created by
brown macroalgae C. trinodis exhibited six bands positioned at
approximately 3,361.8, 1,641.9, 1,399.4, 1,075.9, 886.1, and 605.5
cm™! (Figure 5B).The broad band observed at 3,361.8 cm ™' may
be recognized as the stretching vibration of the O-H group of
phenols or polysaccharides or alcohol molecules (Bafana, 2013;
Arevalo-Gallegos et al., 2018). The presence of two bands
positioned at 1,641.9 and 1,399.4 cm! may be attributed to
the asymmetrical and symmetrical stretching of the carboxylate
groups from the amide I and II of proteins (Fernandez et al,
2011). The band observed at 1,075.9 cm ™' may be due to the
stretching vibrations of the C-O group of the sugar ring and
glycosidic bond (Rajathi et al., 2012). The sharp bands
' may be attributed to C-O-S bending
vibration, which confirms the presence of sulfate groups in the

positioned at 886.1 cm™

polysaccharide structure (Alipour et al., 2018). The broad band
at 605.5 cm ™" may correspond to the C-Cl-stretching vibration
of alkyl halides (Bakshi et al.,, 2008). The FT-IR spectrum of
biogenic Au-NPs by the ethanolic extract of C. prolifera
(Figure 5C) shows the formation of nine bands positioned at
approximately 3,366.9, 2,920.1, 2,852.5, 1,705.3, 1,395.6, 1,226.8,
1,050.1, 737.4, and 608.5 cm™'. The broad band observed at
approximately 3,366.9 cm™' denoted the O-H stretching
vibrations of the hydroxyl group (Gholami et al., 2017) and N-
H stretching vibrations, which confirmed the presence of
alcohols, amides, and amines, respectively (Babu et al., 2020).
Two sharp bands positioned at 2,920.1 and 2,852.5 cm ™' may
correspond to the (C-H) stretching vibrations of alkanes (Mir
and Salavati-Niasari, 2013; Monsef et al., 2018). The band
positioned at approximately 1,705.3 cm™' may be due to the
stretching of C=0 groups (Aboelfetoh et al., 2017). The sharp
band at 1,395.6 cm™ may correspond to the asymmetrical
stretching vibration of the carboxylate group (Fernandez et al.,
2011). Two small bands at 1,226.8 and 1,050.1 cm™ were related
to the C-N stretching vibration of aliphatic amines
(Ramakrishna et al., 2016). Two small absorption bands at
737.4 and 608.5 cm™' may correspond to the presence of the
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FIGURE 5

FT-IR spectrum of Au-NPs biosynthesized using ethanolic extracts of macroalgae (A) C. myrica, (B) C. trinodis, and (C) C. prolifera.

sugar cycle and C-Cl-stretching vibration of alkyl halides,
respectively (Bakshi et al., 2008).

High-resolution transmission
electron microscopy

Transmission electron microscopy (TEM) was employed to
detect both the size and shape of the synthesized Au-NPs, in
addition to illustrating the purity, polydispersity, and surface
properties of the produced NPs (Ronavari et al., 2021). The TEM
image of Au-NPs synthesized from the extract of macroalgae C.
myrica (Figure 6A) illustrates that the Au-NPs were varied
between spherical and hexagonal in shape and well distributed.
They also have diameters ranging from 5.9 to 16.2 nm
approximately, with an average size of 12.6 nm #* 3.05 nm.

Frontiers in Marine Science

08

The TEM image of Au-NPs produced using macroalgae C.
trinodis extract revealed that most of the Au-NPs are nearly
spherical in shape with diameters ranging from 9.3 to 22 nm
with an average size of 15.5 nm (Figure 6B). The Au-NPs of C.
prolifera, as shown in Figure 6C, are anisotropic where the Au-
NPs varied between spherical, hexagonal, and triangular shapes
within a compressed matrix. They have diameters ranging from
8.2 to 20.8 nm with an average size of 14.8 nm * 3.2 nm.

Zeta potential

Zeta potential is used to determine the amount of the charge
repulsion—attraction, which impacts the stability of the Au-NPs
(Ronavari et al., 2021). Its determination revealed the causes of
material aggregation, coagulation, or flocculation in suspensions.
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FIGURE 6

TEM micrograph of Au-NPs biosynthesized using the extracts of

macroalgae (A) C. myrica, (B) C. trinodis, and (C) C. prolifera.
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The zeta potential values of biosynthesized Au-NPs were -20,
-40.3, and -47.2 mV for C. myrica, C. trinodis, and C. prolifera,
respectively (Figures 7A, B).

Bioactivity of biosynthesized
gold nanoparticles

Antimicrobial activity

The biosynthesized Au-NPs showed a variable degree of
antimicrobial activities against tested pathogenic
microorganisms (Table 1 and Figure 8). For the antibacterial
test, maximum inhibition zones against Escherichia coli (22 and
19 mm) were exhibited by the Au-NPs of Cystosiera myrica and
C. trinodis, respectively, as well as against S. aureus inhibition
zones (20.5 and 18 mm) were recorded by Au-NPs using C.
trinodis and C. myrica, respectively. Maximum inhibition zone
(17 mm) was formed by Au-NPs of C. prolifera against E. coli
and S. aureus, while this it induces minimum inhibition zone
(1lmm) against Listeria monocytogenes. Moreover, ethanolic
extracts of the three species of macroalgae exhibited a very
weak inhibition zone against all tested microorganisms. For the
antifungal test, the maximum inhibition zone (18 mm) was
recorded for Au-NPs produced by C. trinodis against Aspergillus
niger followed by inhibition zone (17 mm) for the Au-NPs of
C.myrica against Alternaria alternata. Inhibition zone (16 mm)
was recorded by biosynthesized Au-NPs using C. trinodis against
C. albicans. In contrast, the minimum inhibition zone (11mm)
was recorded by Au-NPs of C. myrica against C. albicans. Au-
NPs of C. prolifera recorded inhibition zone (15 and 14 mm)
against A. alternate and A. niger, respectively. In addition to the
inhibition zone (13 mm) against C. albicans and
Fusarium solani.

Anti-inflammatory activity

The effect of macroalgae-based Au-NPs on protein
denaturation was analyzed (Figure 9). The inhibition activity
of Au-NPs fabricated using C. myrica Au(CM)-NPs, C. trinodis
Au(CT)-NPs, and C. prolifera Au(CP)-NPs at 200 pg/ml was
64.2% + 1.27%, 55.10%, and 52.61%, respectively, while standard
diclofenac sodium offered the inhibition of the protein
denaturation activity of 66.24% at the same concentration.

Schistolarvicidal activity

The toxic effect of macroalgae-based Au-NPs (Au (CM)-
NPs, Au (CP)-NPs, and Au (CT)-NPs) was evaluated against the
larval stage of S. mansoni (cercariae). Au(CM)-NPs exhibit the
most potent cercaricidal activity as 7 min was enough to kill all
exposed cercariae (100% mortality) compared to 0% of the
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FIGURE 7
Zeta potential distribution of Au-NPs biosynthesized using the extracts of macroalgae (A) C. trinodis and (B) C. prolifera.

TABLE 1 Antimicrobial (antibacterial and antifungal) activity of gold nanoparticles biosynthesized using macroalgae C. myrica, C. trinodis, and C.
prolifera against tested pathogenic bacteria and fungi evaluated by the inhibition zone diameter in mm.

Test microorganisms Diameter of inhibition zone in mm

Au-NPs of C. myrica Au-NPs of C. trinodis Au-NPs of C. prolifera Ampicillin or fuconazole

Staphylococcus aureus (ATCC 43300) 18 + 0.58" 205 + 0.29° 17 + 0.58° 17
Listeria monocytogenes (ATCC 7644) 13 + 0.58% 14 +0.29° 11 + 0.29° 21
Enterococcus faecalis (V853) 12 + 0.29* 12 + 0.58" 15 + 0.58" 22
Escherichia coli (ATCC 25922) 22+ 0.58° 19 + 058" 17 + 0.58" 17
Salmonella enterica (ATCC 14028) 16 + 0.58> 18 + 0.58¢ 13 +0.58* 16
Candida albicans (ATCC 60193) 12 + 0.00° 16 + 0.58" 13 + 0.00° 11
Fusarium solani (AUMC 221) 15 + 0.58* 15 + 0.00* 13 +0.58% 18
Aspergillus niger (TUCIM 6581) 16 + 058 18 + 0.58" 14 + 0.58° 16
Alternaria alternate (A\UMC 5921) 17 + 058" 16 + 0.58" 15 + 0.00™° 25

Different letters mean significant at p < 0.05.
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FIGURE 8

Antimicrobial (antibacterial and antifungal) activity of the Au-NPs of C. trinodis (A—C, 1), Cystoseira myrica (D, E, G, H), and C. prolifera (F). Letters on the
Petri dish: (A) Au-NPs, (B) ampicillin or fuconazole, (C) chloroauric acid, and (D) ethanolic extract.

deaths in the control group (Figure 10), followed by Au(CP)-
NPs as it achieved 100% mortality after 16 min, while Au(CT)-
NPs showed the lowest biocidal effect (100% mortality
after 30 min).

Discussion

Recently, the biosynthesis of Au-NPs has been preferred over
the chemical and physical fabrication of NPs because of the eco-
friendly and non-toxic nature of the produced NPs, as well as high
biocompatibility and sensitivity (Purohit et al., 2019). UV-visible
spectroscopy is used to demonstrate the production of metal NPs
by evaluating the unique optical properties of the NPs, which are
dependent on their size and shape (Paulkumar et al., 2017). The
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formation of this strong broad plasmon peak is well documented
for various Au-NPs with sizes between 2 and 100 nm (Henglein,
1993). Balasubramanian et al. (2020) illustrated that the spherical
Au-NPs exhibited the SPR peak at approximately 525-555 nm,
which was attributed to the purity and small size of produced Au-
NPs. The shape of the resonance peak differs according to the size
and nature of Au-NPs (Nellore et al,, 2012). Sharp absorbance
peaks represent small and uniform-sized NPs; broad absorbance
peaks, on the other hand, indicate the larger size distribution or
aggregation of NPs (Bakshi et al., 2008). The conduction electrons
found on the surface of Au-NPs vibrate in response to a definite
wavelength of light resulting in the formation of various brilliant
colors. These vibrations generate bright colors based on the shape
and size of Au-NPs (AL-Rubaye et al., 2020). The pure crystalline
nature of the biosynthesized macroalgae-based Au-NPs was
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Cercaricidal activity of Au-NPs biosynthesized using extracts of macroalgae C. myrica Au(CM)-NPs, C. trinodis Au(CT)-NPs, and C. prolifera Au

(CP)-NPs against S. mansoni cercariae.

confirmed by XRD analysis through the formation of intense
diffraction peaks characterized of Au-NPs, in addition to many
additional peaks that attributed to the fact that the other crystalline
biomolecules exist in the macroalgal ethanolic extracts
(Balasubramanian et al., 2020). XRD patterns show that the
degree of crystallinity of C. trinodis-based Au-NPs is higher than
those of C. myrica and C. prolifera, which is indicated by the higher
diffraction intensity. FT-IR spectroscopy analysis revealed the
presence of various secondary metabolites with different
functional groups such as hydroxyl and carbonyl groups,
possibly aromatic alcohols and amines in the ethanolic extracts
of studied macroalgal species, which possibly perform the
reduction, capping, and stabilizing of Au-NPs. This result agreed
with Algotiml et al. (2022) who reported that the aromatics,
amines, or alkanes that exist in the chemical structures of
macroalgae could be used as reducing and stabilizing agents for
Au-NP biosynthesis. Tao (2018) also reported that proteins might
be mainly responsible for capping and stabilizing Au-NPs in the
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medium, owing to the carbonyl group of amino acids and peptides.
Kayalvizhi et al. (2014) compared the production and
antimicrobial activity of Ag-NPs and Au-NPs using the extracts
of two brown seaweeds (Padina tetrastromatica and Turbinaria
ornata) and stated that Ag-NPs and Au-NPs seem to be related to
hydroxyl and carbonyl groups. Similar results were recorded by
Rajathi et al. (2012) who studied Au-NP biosynthesis by brown
alga biomass (Stoechospermum marginatum) and revealed that the
reduction of AuCl could be attributed to hydroxyl groups in the
diterpenoids of the brown alga. The TEM image of macroalgae-
based Au-NPs showed the formation of mostly spherical shapes for
C. myrica- and C. trinodis— based Au-NPs but different shapes
(spherical, hexagonal, and triangular) for the Au-NPs of C.
prolifera. The average size of the produced Au-NPs ranges from
12.6 to 15.5 nm. Even after 30 days of incubation, the Au-NP
solution kept a hydrosol without any aggregation or precipitation;
this proved that the produced Au-NPs were dispersed well within
the solution (Kayalvizhi et al., 2014). Similar results were obtained
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by Chaudhary et al. (2020) who investigated the biosynthesis of
Au-NPs using red macroalgae, Lemanea fluviatilis, and revealed
the production of polydispersed crystalline Au-NPs with a
diameter of 5.9 nm and Gonzalez-Ballesteros et al. (2017) who
evaluated the production of spherical, stable, polycrystalline Au-
NPs with a size of 8.4 nm from the extract of brown seaweed C.
baccata. Negatively charged NPs tend to give higher stability and
avoid particle aggregation, leading to more stable NPs (Babu et al.,
2020). Ramakrishna et al. (2016) stated that the high negative
potential value revealed the existence of negatively charged
compounds in the extract, which provides electrostatic stability
to the created Au-NPs.

The marine macroalgae extract presents unlimited
opportunities to improve new drugs to combat human
pathogenic bacteria owing to the abundance of outstanding
bioactive secondary metabolites. Recently, several investigations
evaluated the antimicrobial activity of the Au-NPs using many
macroalgal species (Rajathi et al.,, 2012; Naveena and Prakash, 2013;
Gonzalez-Ballesteros et al., 2017; Manikandakrishnan et al., 2019).
Strong antibacterial activity against E. coli (inhibition zones 22 and
19 mm) was recorded by C. myrica— and C. trinods-based Au-NPs,
respectively, followed by inhibition zones (20.5 and 18 mm)
recorded by C. trinodis- and C. myrica-based Au-NPs,
respectively, against S. aureus, while the ethanolic extracts of the
three macroalgae have no effect on the growth of tested bacteria and
fungi. This result proved the validation of the created Au-NPs as a
strong antimicrobial agent. Differences in the effect of Au-NPs
against tested microorganisms may be attributed to various
interactions of Au-NPs with the tested microorganisms as well as
the susceptibility of the organism (Aboelfetoh et al., 2017). E. coli,
followed by S. aureus, were found to be the most sensitive toward all
biosynthesized Au-NPs using the extracts of studied macroalgae. In
general, the Au-NPs of C. trinodis followed by the Au-NPs of C.
myrica presented the best antimicrobial activity compared with the
Au-NPs of C. prolifera, which recorded the least effect. The results of
the current study are in agreement with Rajeshkumar et al. (2013),
which recorded that the fabricated Au-NPs using brown
macroalgae, T. conoides, have antibacterial activity against
Streptococcus sp., Bacillus subtilis, and Klebsiella pneumonia. Babu
et al. (2020) investigated the biosynthesis of pharmaceutically active
Au-NPs using the red macroalgae Acanthophora spicifera (As-Au-
NPs). As-Au-NPs proved antibacterial activity against Vibrio
harveyi more than against S. aureus. Naveena and Prakash (2013)
evaluated the biological synthesis of Au-NPs using the marine alga
Gracilaria corticata and recorded their potency as an antimicrobial
and antioxidant agent. Manikandakrishnan et al. (2019) described
the green synthesis of Au-NPs from C. racemosa and reported the
higher antibacterial activity of the produced Au-NPs against
Aeromonas veronii than Streptococcus agalactiae. The antibacterial
activity of Au-NPs may be attributed to the formation of holes in
the bacterial cell wall, which leads to cell death due to the loss of cell
contents. In addition, Au-NPs can inhibit multidrug-resistant
pathogens by adhering to bacterial DNA and blocking the
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uncoiling of DNA during transcription (Arafa et al., 2018;
Sathiyaraj et al,, 2021). Moreover, Au-NPs may cause a huge loss
of intracellular potassium (Abdel-Raouf et al., 2017). Ronavari et al.
(2021) suggested that Au-NPs may destroy the cell membrane
potential or inhibit the binding of tRNA to the small subunit of the
ribosome; as a result, protein synthesis is hampered. Hu et al. (2020)
attributed the antibacterial effect to their high cell affinity, where
Au-NPs are simply absorbed by immune cells, allowing accurate
transport to the infected tissue to inhibit and destroy pathogenic
microbes. Salleh et al. (2020) reported that the activity of ATP
synthase is disturbed in the presence of Au-NPs, which ultimately
cause cellular ATP deficiency. Abdel-Raouf et al. (2017) proposed
that the thiol groups of protein (respiratory enzyme) may be the
molecular targets for the Au-NPs. Furthermore, the phospholipid
layer in the plasma membrane of the bacteria may be the site of
action for the Au-NPs. A different mechanism was suggested by Li
et al. (2014) who recorded that the synthesized Au-NPs have the
potential to interact with Gram-negative and Gram-positive
bacteria, forming aggregation patterns that lead to microbial cell
lysis. Au-NPs are significantly biocompatible and have developed
resistance slowly across generations, making them a prospective
solution for combating multidrug-resistant diseases (Tao, 2018).
The increasing drug resistance of fungal strains requires discovering
novel drugs for improved fungal disease treatment. C. trinodis
exhibited the highest antifungal effect against C. albicans. This
results in agreement with Wani and Ahmad (2013) and Yu et al.
(2016), who revealed that the pathogenic fungi Candida is sensitive
to Au-NPs, which can stop the fungal growth and destroy C.
albicans. Biosynthesized Au-NPs using tested macroalgae were
highly effective as an antibacterial agent than antifungal. Similar
results were recorded by Kayalvizhi et al. (2014) with biosynthesized
silver and Au-NPs by two species of brown macroalgae (P.
tetrastromatica and T. ornata). Roy et al. (2019) proved the high
antifungal effects of Au-NPs, and their study indicated that the
main factors determining fungicidal activity are the size, shape, and
concentration of Au-NPs. Algotiml et al. (2022) reported strong
antifungal activity against dermatophyte fungi and moderate effects
against pathogenic Gram-positive and Gram-negative bacteria of
Au-NPs synthesized from three seaweeds Ulva rigida, C. myrica,
and G. foliifera.

The in vitro anti-inflammatory activity of macroalgae-based
Au-NPs was studied using the inhibition of egg albumin
denaturation. The denaturation of cellular proteins is a well-
documented cause of inflammatory reactions. The current
macroalgae-based Au-NPs have exhibited good inhibitory
potential on protein denaturation, which can be explained by
their ability to stabilize the tertiary and quaternary structure of
proteins. These findings are similar to Azeem et al. (2022) and
more ameliorated than those of Mani et al. (2015) and
Prabakaran and Mani (2019).

The current study showed that Au-NPs have significant
biocidal activity against S. mansoni cercariae. Au-NPs lead to
the sinking of the cercariae, followed by their death. Many
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previous studies have demonstrated the antiparasitic role of Au-
NPs against many other parasitic species. They have a decreased
population growth in the promastigote stage of Leishmania
brasiliensis (Barboza-Filho et al., 2012). They are also toxic to
Plasmodium and Cryptosporidium (Karthik et al., 2013; Joob and
Wiwanitkit, 2014). In addition, they have larvicidal properties
against a mosquito vector of malaria (Navarro et al, 1997;
Navarro et al., 2004). Furthermore, Au-NPs showed promising
protective roles against mice infected with S. mansoni (Dkhil
et al., 2019). Overall, the biosynthesized macroalgae-based Au-
NPs evaluated in this study can offer a good alternative to
produce antimicrobial agents against multidrug-resistant
pathogenic bacteria and fungi. Furthermore, they possess
strong inhibitory potential on protein denaturation and
antiparasitic activity against parasites that cause human
diseases such as S. mansoni.

Conclusion

The current study investigated the biosynthesis of eco-friendly
Au-NPs from the macroalgal extracts of three seaweeds C. myrica,
C. trinodis, and C. prolifera. The obtained results revealed the
biosynthesis of highly stable Au-NPs with an average size from
12.6 to 15.5 nm with pure crystalline nature. These findings
confirm that macroalgal extract components can serve as a
reducing, capping, and stabilizing agent for Au-NP fabrication.
Biosynthesized Au-NPs were proven to have significant
antibacterial and antifungal activities against many pathogenic
bacteria and fungi strains, particularly C. myrica— and C. trinodis-
based Au-NPs. Furthermore, the produced Au-NPs exhibited
strong inhibitory potential on protein denaturation and a
schistolarvicidal effect against S. mansoni cercariae.
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