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Abstract

Silver nanoparticles (AgNPs) synthesized via a green method offer numerous advan-
tages compared to conventional chemical synthesis routes, primarily due to their
lower cost, non-toxic nature, and enhanced antimicrobial properties. This study
introduces a green method for synthesizing AgNPs with promising antimicrobial
properties, using Kappaphycus alvarezii (K. alvarezii), a red seaweed, as the reduc-
ing and stabilizing agent. The hydrothermal method was employed, and optimal
synthesis conditions were identified at 90 °C for 2 h. The resulting AgNPs were
comprehensively characterized using an array of spectroscopic and microscopic
techniques including UV-Visible (UV-Vis) spectroscopy, fourier-transform infrared
spectroscopy, X-ray diffraction spectroscopy, energy-dispersive X-ray spectroscopy,
field emission scanning electron microscopy, transmission electron microscope, and
atomic force microscopy. The findings indicated that the functional groups inher-
ent to the seaweed extract played a crucial role in both reducing and stabilizing the
AgNPs. The synthesized AgNPs are confirmed based on the presence of the charac-
teristic surface plasmon resonance band within the 380—-460 nm range in the UV-
Vis spectra. The AgNPs are predominantly composed of silver (82.38 wt%) and
exhibit a face-centered cubic lattice based on the distinct diffraction peaks observed
at 26 values of 38.06°, 44.23°, 64.34°, and 77.27° align with the (1 1 1), (20 0), (2
2 0), and (3 1 1) reflection planes. Microscopic analysis revealed a cubical shape of
the nanoparticles with rough surfaces consisting of spherical nanoparticles measur-
ing 1-8 nm in diameter. The AgNPs displayed potent antimicrobial activity against
arange of pathogens including Escherichia coli (E. coli), Klebsiella pneumoniae (K.
pneumoniae), Staphylococus aureus (S. aureus), Bacillus subtilis subsp. spizizenii
(B. subtilis), and Candida albicans (C. albicans) with minimum inhibitory concen-
trations and minimum bactericidal/fungicidal concentrations as low as 0.13 mg/mL.
These findings highlight the potential of K. alvarezii as reducing agent for the pro-
duction of AgNPs, which hold great promise as antimicrobial agents in various food
and biomedical applications.
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Introduction

The advent of nanobiotechnology, an interdisciplinary field merging nanotechnol-
ogy and biotechnology has revolutionized myriad sectors, promising substantial
advancements in diverse fields ranging from medicine such as to environmental sci-
ence. One of the most significant breakthroughs in the nanobiotechnology domain is
the emergence of environmentally friendly synthesis routes for nanoparticles (NPs)
including AgNPs, renowned for their unique physicochemical properties, including
high thermal and electrical conductivity, chemical stability, and potent antimicro-
bial efficacy [1, 2]. AgNPs find wide-ranging applications in fields such as targeted
drug delivery for cancer therapy, wound healing, antimicrobial agents, biosensing
for disease diagnosis, tissue engineering for regenerative medicine, and environmen-
tal remediation for water purification and air filtration [3-5].

Traditionally, the production of AgNPs has been dominated by chemical synthe-
sis methods. However, these techniques often involve the use of toxic chemicals,
which pose environmental and health risks, thus stirring interest in more eco-
friendly alternatives [6]. Given the present environmental concerns and the possibil-
ity of AgNPs cytotoxicity once released into the environment, the emergence of the
‘green synthesis’ approach, a sustainable method that leverages biological entities
including plant extracts [7], fungi [8], and bacteria [9] was used to synthesize these
nanoparticles. The phytoconstituents in these biomolecules such as glycosides, ter-
penoids, alkaloids, and phenolics are mostly found in charge of reducing silver ions
into AgNPs [3].

Among the various biological entities, seaweeds have recently garnered attention
as a potential resource for the green synthesis of AgNPs [10]. Various species of
seaweed such as Ulva lactuca [11], Sargassum polycystum [2], Galaxaura rugosa
[12], Turbinaria ornata [13] and Pulicaria vulgaris [14] have been studied for this
purpose due to their high metal uptake capacity and accessibility, which is a distinct
advantage amongst the other bioreducing agents [12]. Furthermore, seaweeds are
abundance in nature and rich source of polysaccharides, phytochemicals and sec-
ondary metabolites that can reduce silver ions into AgNPs [15].

In this context, Kappaphycus alvarezii seaweed has been identified for its
potential in the green synthesis of AgNPs. Kappaphycus alvarezii is an important
industrial red alga known for its high carrageenan content, a linear water-soluble
sulphated polysaccharide widely utilized as a gelling agent in the food and phar-
maceutical industries [15]. This seaweed species is extensively cultivated in coastal
waters across the Southeast Asia region, including Malaysia, Indonesia, and the
Philippines [16] owing to its rapid growth rate, capable of doubling in approximately
15-30 days [17, 18]. Besides being an important source of polysaccharides, K. alva-
rezii is highly sought after due to the presence of biologically active compounds
such as phenolic lipids, terpenoid derivatives, and phlorotannins. These compounds
are associated with antimicrobial properties and offer various benefits in numerous
application [15, 19].
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Existing literature provides initial insights into the synthesis of AgNPs using
K. alvarezii, with methods such as aqueous extract reduction being commonly uti-
lized [15, 19, 20]. Despite the promising findings, the potential of K. alvarezii in the
hydrothermal synthesis of AgNPs and its subsequent antimicrobial effects against a
broad range of microorganisms has not yet been explored. This represents a signifi-
cant knowledge gap, as the hydrothermal method can enhance the control over size
and distribution of nanoparticles, and the antimicrobial properties of AgNPs are of
particular interest in the current era of increasing antibiotic resistance.

In this study, the effect of hydrothermal reaction conditions on the green syn-
thesis of AgNPs using K. alvarezii and the antimicrobial properties of the synthe-
sized AgNPs against broad-spectrum microorganisms including Gram-negative and
Gram-positive bacteria as well as fungi were investigated for the first time. Find-
ings from this study may stimulate the development of sustainable nanotechnology
practices for AgNPs synthesis, aligning with global efforts toward environmental
sustainability and may potentially contribute to various industrial applications of
AgNPs including healthcare, water treatment, and food packaging.

Experimental section
Materials and microorganisms

K.alvarezii seaweed (Fig. 1) was purchased from a local supplier in Semporna,
Sabah, Malaysia. Silver nitrate (AgNO;, 99.7%) was obtained from Systerm (Clas-
sic Chemicals Sdn. Bhd., Shah Alam, Malaysia). Luria Bertani (LB) agar and broth
(MILLER), Mueller Hinton Agar (MHA) and Mueller Hinton Broth (MHB) used
in antimicrobial studies were supplied by Merck & Co (Darmstadt, Germany). The

Fig. 1 Kappaphycus alvarezii seaweed collected from Semporna, Sabah, Malaysia
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microorganisms’ strains, Escherichia coli (ATCC 25922), Klebsiella pneumoniae
(ATCC 700603), Staphylococus aureus (NCTC 12493), Bacillus subtilis subsp.
spizizenii (ATCC 6633), and Candida albicans (ATCC 60193) were obtained from
KWIK-STIK™ (Microbiologics Inc., Minnesota, USA). Millipore deionised water
was used throughout this work.

Preparation of aqueous seaweed extract

1 g of washed dried K. alvarezii was weighed and soaked overnight in 100 mL of
distilled water. The mixture was stirred at 60 °C for 15 min then filtered using dou-
ble cheesecloth and Whatman filter paper. The filtrate was kept in the refrigerator for
further usage [15].

Synthesis of AgNPs

Aqueous seaweed extract was mixed with AgNO; (0.1 M) solution in a ratio of
1:3 (v/v). The mixture was subjected to hydrothermal reaction using hotplate stir-
rer under constant stirring (400 rpm) with varying temperature (50-100 °C) and
reaction time (1-4 h). The experimental conditions were chosen based on previous
similar studies [21-23] which highlighted the effect of low-to-high temperature and
reaction time. The change in the color of the solution was monitored as an indicator
of AgNPs formation. Upon completion of the reaction, the solution was allowed to
cool to room temperature prior to centrifugation at 7500 rpm (25 °C) for 15 min.
The supernatant was subsequently discarded, and the residual solvent was elimi-
nated through washing using ethanol. The final product underwent an evaporative
drying at room temperature to yield solid AgNPs [24]. A schematic representation
illustrating the green synthesis of AgNPs utilizing seaweed extract, along with the
general mechanism is depicted in Fig. 2.

Characterization of AgNPs from K. alvarezii
UV-Vis spectroscopy

Agilent Cary 60 UV-Vis spectrometer was used to record the absorbance spectra of
the AgNPs in the wavelength range of 300-500 nm. The absorbance was recorded in
a quartz cuvette with a 1-cm path length. For the baseline correction, distilled water
was used as a blank.

FTIR spectroscopy

FTIR analysis was performed using an Agilent Cary 630 FTIR spectrometer (Agi-
lent Technologies Inc., USA) to identify the functional groups present in the sam-
ple and to examine the chemical interaction between the seaweed extract and the
AgNPs. Spectra were collected at 25 °C within the infrared range of 600—4000 cm™!
with a spectral resolution of 4 cm™! and 32 scans.
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Fig.2 Schematic representation of the green synthesis process for AgNPs utilizing the extract from K.
alvarezii seaweed, along with an overview of the general mechanism involved (Adapted from [25]). The
image was partly created with BioRender.com

XRD spectroscopy

Using an X-ray diffractometer (Rigaku SmartLab, Rigaku Corporation, Tokyo,
Japan) set to 40 kV and 50 mA, the crystallographic data of the AgNPs was
acquired. A Cu-Ka radiation source with a wavelength of 1.54 A was used to scan
the AgNPs over the diffraction angle (20) range of 3°-80°. At a temperature of
25 °C, the analysis was conducted continuously at a scan speed of 4.00°/min.

EDX spectroscopy

EDX spectroscopy was employed for elemental analysis using Bruker Nano
GmbH instrument (Berlin, Germany). The primary energy level for the analy-
sis was set at 15 keV. The instrumentation was equipped with an XFlash 5010
detector to facilitate the detection and quantification of the elemental composition
within the samples.

FE-SEM analysis

Morphological information regarding the surface characteristics of AgNPs was
obtained using FE-SEM instrument (JEOL JSM7900F, Tokyo, Japan). To facili-
tate the observation, the sample was securely mounted on a stub using double-
sided black conducting tape. The FE-SEM analysis was performed under vacuum
conditions at an accelerating voltage of 5 kV.
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TEM analysis

The shape and size of the AgNPs were determined using a Tecnai G2 Spirit
BioTWIN TEM system (FEI, USA) operating at a voltage of 80 kV. Before anal-
ysis, the AgNPs suspension was diluted and subjected to 1-h ultrasonic treat-
ment in an Ultrasonic Bath Sonicator. A droplet of the resultant suspension was
deposited onto TEDPELLA Support Films (Formvar/Carbon 300 mesh, Copper,
63 pm grid hole size). The sample was subsequently dried for 20 min at 60 °C to
secure the AgNPs onto the support film. The particle size and size distribution
were determined by processing the captured TEM images using ImageJ analysis
software (NIH, USA). A minimum of 120 particles were measured to ensure the
statistical significance of the results.

AFM analysis

Topographical imaging was conducted using a Dimension Icon AFM instrument
(Bruker, Santa Barbara, CA, USA) with a scanning speed of 0.6 line/s. Prior to
the analysis, a drop of the diluted AgNPs suspension was spread on a glass sub-
strate and left to dry at room temperature after being pulse-sonicated for 5 min.

Antimicrobial activity of AgNPs-seaweed
Disc diffusion assay

The antimicrobial efficacy of the synthesized AgNPs was assessed using the agar
disc diffusion method [26]. Two representative Gram-positive bacteria, S. aureus
and B. subtilis, two representative Gram-negative bacteria, E. coli and K. pneu-
moniae, and the fungal species C. albicans were chosen as test microorganisms.
Microbial cells from glycerol stocks were streaked on agar plates and incubated
overnight at 37 °C to obtain individual colonies. These colonies were then inoc-
ulated in LB broth and incubated overnight at 37 °C to cultivate the bacterial
cultures for the antimicrobial study. The disc diffusion assay was performed on
MHA plates that were initially inoculated with bacterial and fungal solutions
spread evenly using a sterile swab. Subsequently, sterile blank discs measuring
5.5 mm in diameter were loaded with 0.05 mg/ml ampicillin (positive control),
sterile water (negative control), seaweed extract and the synthesised AgNPs
(0.05 mg/ml). The discs were then allowed to air dry before being placed onto the
agar plates. The plates were incubated overnight at 37 °C and the resulting zones
of inhibition formed on the agar were measured for each plate. To investigate
the effect of AgNPs concentration on antimicrobial activity, the same procedures
were repeated using different concentrations of AgNPs ranging from 0.1 to 1 mg/
mL. The antimicrobial assay was performed in triplicate.
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Broth dilution assay

The inhibitory effect of the AgNPs against the test microorganisms (S. aureus, B.
spizizenii, E. coli, K. pneumoniae, and C. albicans) was assessed using the standard
broth dilution method. A twofold dilution series was prepared to obtain different
concentrations of AgNPs ranging from 0.002 to 1 mg/mL. Fresh single colonies of
the microorganism cultures were inoculated in MHB medium and incubated for 18 h
at 37 °C. The resulting cultures were then mixed with AgNPs solutions of varying
concentrations and incubated at 37 °C for another 18 h. Post-incubation, the optical
density of the cultures at 600 nm (ODg,,) was measured using a microplate reader
(Tecan’s Sunrise). The minimum concentration of AgNPs that completely inhibited
the growth of the microorganisms was determined as the Minimum Inhibitory Con-
centration (MIC). To determine the Minimum Bactericidal Concentration (MBC)
and Minimum Fungicidal Concentration (MFC), the cultures were streaked on MHA
plates and incubated for 18 h at 37 °C. MBC and MFC were defined as the lowest
concentration of AgNPs that resulted in no visible growth of bacteria and fungi on
the agar plates, respectively. All experiments were performed in triplicate [27].

Results and discussion
Green synthesis of AgNPs

In the present investigation, hydrothermal reaction was employed for the green
synthesis of AgNPs, utilizing AgNOj; as the precursor and seaweed extract as both
reducing and stabilizing agents. The effect of temperature (50-100 °C) and reac-
tion time (1-4 h) on the AgNPs synthesis were investigated, as these parameters are
known to influence the kinetics of nucleation and growth, ultimately affecting the
size and stability of the nanoparticles. The progression of the reaction was moni-
tored by observing the changes in color of the reaction mixture, which is indica-
tive of nanoparticle formation due to the surface plasmon resonance (SPR) phe-
nomenon and was further confirmed using absorbance spectra recorded by UV-VIS
spectrometer.

Effect of temperature

Figure 3a, b depicts the results of silver AgNPs synthesised at different tempera-
tures. As the temperature increased, the initially colorless solution gradually turned
into a brownish hue, indicating the progress of AgNPs formation. The UV-Vis spec-
tra revealed a gradual enhancement in the intensity of the absorption band in the
380460 nm as the temperature was raised from 50 to 80 °C. A substantial and dis-
tinct peak in intensity was observed at 90 °C, which indicated the formation and
growth of AgNPs with narrow size distribution. The underlying mechanism for this
phenomenon can be elucidated by the accelerated kinetics of the reduction process
at elevated temperatures [28]. Specifically, the enhanced thermal energy at higher
temperatures facilitates more rapid reduction of Ag* by the active phytochemical
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Fig.3 Visual observation and UV-Vis spectrum of AgNPs produced with varying temperature of
50-100 °C (a, b) and reaction time (¢, d)

components present in the seaweed extract. Consequently, this leads to an improved
production rate of AgNPs and their subsequent growth.

However, when the reaction temperature reached 100 °C, the absorption peak
corresponding to the SPR band exhibited a significant reduction. The decline in
UV-vis absorbance at this high temperature can be attributed to several factors,
including nanoparticle aggregation, changes in size and shape, a decrease in effec-
tive nanoparticle concentration, and possible surface modifications, as reported in
previous studies [29, 30]. Based on these findings, a reaction temperature of 90 °C
offers the optimal condition for the formation of AgNPs.

Effect of reaction time

A sufficient reaction time plays a pivotal role in achieving optimal nucleation and
subsequent nanoparticle stabilization. Figure 3c, d shows the color transformations
and the UV-Vis absorption spectra and observed during the reduction process over
various incubation periods. The reaction mixture initially appeared colorless, but as
the reaction progressed, it gradually transitioned to a brownish hue. The UV-Vis
spectrum of the reaction mixture incubated for 1 h displayed an absence of the char-
acteristic SPR band within the 380-460 nm range. However, as the reaction time
extended to 2 h, a significant increase in absorbance was observed, indicating active
conversion of silver ions to AgNPs, leading to an increase in nanoparticle concentra-
tion [31]. Subsequently, when the reaction time was further extended to 3 and 4 h,
a decrease in absorbance was noted. Despite the noticeable changes in the reaction
mixture’s deeper brownish hue after two hours suggesting that more particles were
formed, the spectra data indicated that aggregation was most likely to begin. This
trend suggests that the reduction and stabilization of AgNPs reached equilibrium at
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2 h. Similar to the effect observed with temperature, a longer reaction time did not
result in a significant increase in the SPR associated with AgNPs formation. It is
likely that most of the silver ions may have already been converted into nanoparti-
cles and further extension of the reaction time would lead to adverse effects, includ-
ing aggregation which alters the optical properties of the AgNPs [1, 32].

Characterizations of AgNPs
FTIR analysis

The FTIR spectroscopy analysis revealed important information regarding the
chemical functionality and interaction between the seaweed extract and the
AgNPs. As depicted in Fig. 4a, the seaweed extract demonstrated a wide absorp-
tion band in the 3200-3600 cm™' region attributed to O—H stretching vibrations
[33]. The peak at 2865 cm™' denotes C-H stretching vibrations related to aliphatic
hydrocarbons or methyl groups. A distinct peak at 1646 cm™! is indicative of the
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Fig.4 FTIR spectra of seaweed extract and AgNPs (a); the corresponding fingerprint region (b); and
¢ Mechanism of capping of AgNPs by functional groups present in the K. alvarezii seaweed extract.
Source: Adapted from [36]
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C=0 asymmetric stretching of carbonyl groups [34]. In the fingerprint region of
the seaweed extract shown in Fig. 4b, peaks at 1476 cm™! and 1248 cm™! cor-
respond to the stretching vibration of sulfate groups [19]. The peak at 1043 cm™!
is linked to the C-O stretching band of the C-O-SO; group while peaks at
956 cm™! and 859 cm™! are attributed to 3,6-anhydro-p-galactose and galactose-
4-sulfate, respectively [35], consistent with the sulphate content commonly found
in red seaweed. Comparatively, the AgNPs display a narrower absorption band in
the 3200-3400 cm™! range, and a peak shift to a lower wavenumber suggesting
the involvement of O—H groups from the seaweed in the nanoparticle synthesis
[13]. The peak shift from 1646 to 1639 cm~! and the absence of the 1248 cm™!
peak in the AgNPs’ spectrum implies the involvement of carbonyl and sulphate
ester groups in the formation of the AgNPs [1]. Strong absorption bands in the
1000-1100 cm™! region validate the conjugation of the C-O-SO; group from the
seaweed extract to the AgNPs surface [5]. These findings collectively demon-
strate the role of functional groups present in the seaweed extract in the reduction
and stabilization of the AgNPs as illustrated in Fig. 4c [36], aligning with previ-
ous studies [13, 19, 24].

Energy-dispersive X-ray (EDX) analysis

The EDX pattern in Fig. 5 provides insight into the elemental composition of the
sample. Metallic silver typically presents a distinct optical absorption peak at 3 keV,
a phenomenon associated with SPR [37, 38]. A prominent signal at 3 keV corre-
sponding to silver (Ag) and the high elemental silver composition (82.38%) con-
firm the successful formation of AgNPs. Other elements such as carbon (C), oxygen
(O), and chlorine (Cl) is likely originated from organic compounds from the sea-
weed extract adhering to the surface of the AgNPs [31]. This interaction between the
organic compounds and the AgNPs may play a role in stabilizing the nanoparticles.

40

Elements Weight (%) Atomic (%)I

35 Silver 82.38 47.74
Chlorine 10.21 18.00
Carbon 4.07 21.20

30
Oxygen 3.34 13.06

Total 100 100
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20

cps,eV
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keV

Fig.5 EDX Spectra of AgNPs and the corresponding elemental composition
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Fig.6 XRD pattern of the AgNPs and silver (JCPDS No. 04-0783)

X-ray diffraction (XRD) analysis

Figure 6 presents the XRD spectra of the AgNPs, affirming their crystalline nature.
Four distinct diffraction peaks observed at 26 values of 38.06°, 44.23°, 64.34° and
77.27° align with the (1 1 1), (2 0 0), (2 2 0), and (3 1 1) reflection planes of the
face-centered cubic (fcc) structure of silver as per the database of Joint Committee
on Powder Diffraction Standards (JCPDS card number 04-0783) [31]. In addition to
these Bragg peaks that are indicative of silver nanocrystals, additional peaks marked
with an asterisk (*) were also detected at 27.88°, 32.28°, 46.27°, 54.93°, 57.50°,
67.47° and 74.55°. The presence of these peaks can be ascribed to the seaweed
extract which contains organic compounds responsible in reducing silver ions and
stabilizing the resultant nanoparticles [39], in agreement with the FTIR and EDX
data. Similar findings have also been reported for the AgNPs synthesised using plant
extracts such as those from Tectona grandis seeds [38], banana peel [39], Allium
ampeloprasum extract [40] and Lysiloma acapulcensis [6].

Structural properties and morphology of AgNPs

The FESEM image in Fig. 7a reveals distinct cubical-shaped AgNPs. These par-
ticles exhibit rough-textured surfaces, with the cubic units averaging 50 nm in
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10 um

Fig.7 Morphological analysis of the AgNPs. a, b FE-SEM image and the corresponding particle size
distribution; ¢, d TEM images and the corresponding particle size distribution

diameter. A closer examination suggests that these cubic formations are clusters
of smaller spherical nanoparticles (Fig. 7b). This is corroborated by TEM analy-
sis which confirms the presence of uniformly distributed spherical AgNPs within
the seaweed matrix, with diameters ranging from 1 to 8 nm (Fig. 7c, d). It is note-
worthy that the AgNPs in the TEM image is well separated without aggregation.
The aggregation of AgNPs into cubic structures as observed in the FESEM image is
likely a result of the self-assembly process induced by the drying effect with ethanol.
This phenomenon was observed by Sun et al. [41] in a study involving the addition
of ethanol to cetyltrimethylammonium bromide (CTAB) capped AgNPs. The expo-
sure to ethanol resulted in the partial removal of the protective layer derived from
seaweed extract that bound to the AgNPs, thereby promoting aggregation. Similar
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aggregation behaviour was also reported by Hemlata et al. [42] for AgNPs synthe-
sised using Cucumis prophetarum aqueous leaf extract. These findings suggest that
the protective bioorganic compounds from the seaweed extract not only facilitate the
reduction of silver ions but also influence the aggregation behavior of the nanoparti-
cles in the dry state.

The AgNPs’ spherical with rough-textured surfaces is further confirmed by the
topographical AFM scanning of the sample in Fig. 7e similar to other findings [43,
44]. The 3D structure in Fig. 7f shows the height analysis of the surface of AgNPs
which the roughness of the sample can be estimated based on Rg and Ra value.
From the result analysis, the AgNPs sample shows a high surface roughness as the
Rq value of the sample is 72.1 nm which represents the square root of the sum of
individual heights and depths from the mean line, and Ra value of 58.1 nm which
denotes by arithmetic average of surface heights measured over a surface. The high
surface roughness is particularly useful in the context of antimicrobial application
as rough surfaces can increase the surface area of the nanoparticles, thus providing
more contact area with microorganisms, improving their effectiveness in inhibiting
microbial growth [45].

The formation of AgNP was confirmed by the existence of diffraction patterns of
silver crystal structure, matching with the standard X-ray diffraction (XRD) pattern
(JCPDS no. 04-0783). The diffraction peaks for both samples at 38.1°, 44.3°, 64.5°,
and 77.4° represent the crystallographic planes of (111), (200), (220), and (311) for
the face-centered cubic of the silver crystal. These have further confirmed the for-
mation of Ag crystals in both samples by using microwave irradiation method.

Antimicrobial activity of AgNPs
Disk diffusion assay

The antimicrobial activity of the AgNPs was assessed using the disk diffusion assay,
employing Gram negative bacteria (E. coli and K. pnuemoniae), Gram-positive bac-
teria (S. aureus and B. subtilis) and fungal species C. albicans as the test microor-
ganisms. Examination of the agar plates presented in Fig. 8 reveals that all the tested
microorganisms display susceptibility to AgNPs, as evidenced by distinct zones of
inhibition surrounding the agar disks. These zones of inhibition signify the ability
of AgNPs to impede the growth of the tested microorganisms thus affirming their
potent antimicrobial properties. The antimicrobial action of AgNPs involves several
mechanisms including oxidative stress, intracellular adhesion, penetration, and dis-
ruption of organelles and biomolecules [38, 46, 47]. Notably, the electrostatic prop-
erties of AgNPs play a crucial role in their interaction, enabling them to traverse the
bacterial cell membrane and causing changes in membrane permeability and molec-
ular composition. A number of studies [48, 49] indicates that electrostatic interac-
tions occur between carboxyl, phosphate, and amino groups within the bacterial cell
wall and the positively charged silver ions. This interaction leads to the adhesion of
AgNPs to the microorganism’s cell wall, establishing a complex interplay between
AgNPs and bacterial structures.
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Gram negative bacteria Gram positive bacteria Fungal

Fig.8 Representative agar plates of the disk diffusion assay of AgNPs with the concentration of
0.1-1 mg/mL against selected Gram-negative bacteria a E. coli and b K. pneumoniae; Gram-positive
bacteria ¢ S. aureus and d B. subtilis, and fungal pathogen e C. albicans
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Fig. 9 Zone of inhibition expressed in mm measured from disk diffusion assay

@ Springer



Green synthesis, characterization and antimicrobial efficacy... 3449

The concentration-dependent antimicrobial activity of AgNPs is evident based
on the zone of inhibition in Fig. 9, with higher concentrations correlating with
increased efficacy. Notably, B. subtilis and E. coli exhibit greater susceptibility to
AgNPs compared to K. pneumoniae and S. aureus. The variability in susceptibility
observed can be explained by considering the diverse structural and physiological
attributes inherent in the tested bacterial strains [5S0]. The finding also shows that K.
pneumoniae is resistant to ampicillin (positive control) but displays susceptibility to
AgNPs, affirming the broad-spectrum antibacterial efficacy of AgNPs, particularly
against multidrug-resistant bacterial strains [12]. Of particular interest is the notable
fungicidal activity of AgNPs against C. albicans, as shown by the larger zone of
inhibition compared to bacterial species. This observation aligns with findings by
Garibo et al. (2020) who reported similar results for AgNPs synthesized using Lysi-
loma acapulcensis [6].

Minimum inhibitory concentration (MIC), minimum bactericidal concentration
(MBC) and minimum fungicidal concentration (MFC) of AgNPs

The Minimum Inhibitory Concentration (MIC), Minimum Bactericidal Concen-
tration (MBC), and Minimum Fungicidal Concentration (MFC) represent critical
parameters that define the efficacy of antimicrobial agents. The MIC is the mini-
mum concentration of an antimicrobial necessary to inhibit microbial proliferation,
whereas MBC and MFC refer to the minimum concentrations that are lethal to bac-
teria and fungi, respectively [13].

As shown in Table 1, the MIC was consistently observed at 0.13 mg/ml for
all tested microorganisms. This concentration is the threshold at which AgNPs
demonstrate significant inhibition of microbial growth. The consistency of MIC

Table 1 MIC, MBC, and MFC values of AgNPs synthesized using various seaweed species

Seaweed species Tested strain MIC MBC/MFC References
Galaxaura rugosa E. coli 0.75 1.125 [12]
K. pneumoniae 9.00 >18
S. aureus 1.125 2.25
Turbinaria ornata E. coli 0.125 0.25 [13]
K. pneumoniae 0.25 0.5
S. aureus 0.0625 0.125
Ulva lactuca E. coli 0.062-0.5 0.125-0.5 [11]
K. pneumoniae 0.5 0.5
S. aureus 0.25 0.25
Kappaphycus alvarezii E. coli 0.025-0.05 0.05-0.10 [15]
Kappaphycus alvarezii E. coli 0.13 0.25 Present study
K. pneumoniae 0.13 0.25
S. aureus 0.13 0.13
B. subtilis 0.13 0.13
C. albicans 0.13 0.25
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values across different strains highlights the broad-spectrum and potent antimi-
crobial action of AgNPs. In terms of MBC, both S. aureus and B. subtilis showed
MBC values equal to their MIC at 0.13 mg/ml suggests that the AgNPs synthe-
sized through green methods are not only inhibitory but also bactericidal at this
concentration. Conversely, a higher concentration of 0.25 mg/ml was necessary
to reach MBC for E. coli and K. pneumoniae and MFC for C. albicans, indicat-
ing a need for an increased concentration of AgNPs to exert a lethal effect on
these organisms. The AgNPs produced in the current study are more effective
than those derived from G. rugosa [12], as indicated by lower MIC and MBC val-
ues and have similar effectiveness to AgNPs derived from T. ornata [13] and U.
lactuca [11]. The study by Khan et al. [15] on AgNPs synthesized using K. alva-
rezii extract showed promising MIC and MBC values but was limited to testing
against E. coli. The observed variability in MIC, MBC, and MFC values across
these studies suggests that the antimicrobial potency of AgNPs is influenced by
multiple factors, including the method of nanoparticle synthesis, the intrinsic
properties of the seaweed species used, and the physiological characteristics of
the target microorganisms.

Conclusions

The current study has effectively demonstrated that hydrothermal synthesis utiliz-
ing K. alvarezii aqueous extract is a viable and eco-friendly approach for producing
AgNPs. Appropriate selection of synthesis conditions, particularly at 90 °C for 2 h,
facilitated the production of AgNPs with desirable characteristics in terms of size,
shape, crystal structure and antimicrobial potency. The synthesis of AgNPs involves
a straightforward experimental procedure with minimal use of chemicals, support-
ing the adoption of green synthesis approach. The instrumental analyses including
UV-Visible spectroscopy, FTIR, XRD, EDX, FE-SEM, TEM, and AFM collectively
confirmed the successful reduction and stabilization of AgNPs, highlighting the sig-
nificant role of biomolecules in the seaweed extract. The comprehensive antimicro-
bial assays provided compelling evidence of the AgNPs’ potent efficacy against a
spectrum of pathogens including Gram-positive bacteria, Gram-negative bacteria,
and fungi, showcasing their potential as an effective agent in combating microbial
resistance. These findings provide a promising avenue for the application of the syn-
thesized AgNPs, particularly in food preservation and biomedical products.
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