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A B S T R A C T

Seaweeds are valuable sources of bioactive compounds in biomedicine, cosmetics, food, and pharmacology. The 
purpose of this investigation was to study the antimicrobial properties of organic solvent extracts from two red 
seaweed species (Melanothamnus somalensis & Gelidium omanense), and two brown seaweed species (Jolyna fur
cata & Nizamuddinia zanardinii) compiled from the southern coastline of Oman against several bacterial strains of 
global health concern (Staphylococcus aureus, Klebsiella pneumonia, Escherichia coli, and Pseudomonas aeruginosa) 
and one fungal strain (Candida albicans). Five organic solvents were used sequentially to achieve extraction. The 
solvents were applied in the following order: hexane, dichloromethane, ethyl acetate, acetone, and methanol. 
Only the methanol extract of Nizamuddinia zanardinii (MeNZ) showed interesting antimicrobial activity; the 
inhibition zone was 13 ± 1 mm. Furthermore, MeNZ was fractionated, and fraction 1 (MeNZ-F1) was recognized 
to have antimicrobial activity; the inhibition zone was 14.66 ± 0.57 mm. The stock concentration exhibited 
higher antimicrobial activity compared to the diluted concentrations after 3 h of incubation. The TEM and SEM 
results indicated that E. coli treated with the active fraction exhibited irregular shape, rough surface, and leakage 
of cellular content. Additionally, ribosomes were clustered and directed toward the inner membrane of the 
bacteria, while the DNA clustered in the center of the cell. In conclusion, the methanol extract of Nizamuddinia 
zanardinii has shown high efficacy against pathogenic bacteria and fungi. Therefore, it can be a valuable 
candidate for improving/developing antimicrobial drugs in the pharmaceutical and food industries.

1. Introduction

Seaweeds or macroalgae are non-flowering, photosynthetic, and 
non-vascular plants with around 12,000 species identified worldwide 
(Kulshreshtha et al., 2020). They are distributed among three main 
clusters depending on natural colours or pigments: the red, brown and 
green algae (Rhodophyta, Phaeophyta and Chlorophyta, respectively) 
(Arias et al., 2023). Seaweeds are usually found in salty water and are 
frequently called benthic marine algae, which means attached algae 
(Fiori and Pratolongo, 2021). Seaweeds demonstrate a remarkable 
ability to thrive in diverse and challenging environments, including 

complex communities and hostile habitats. One survival strategy that 
marine organisms employ involves producing a wide range of bioactive 
compounds in response to various external factors. These factors include 
changes in tides, defense from predators, and ecological pressures such 
as competition for resources (Pérez et al., 2016). Many valuable active 
molecules have been isolated from seaweeds and have found applica
tions in various industries such as biomedicine, nutraceuticals, cosme
ceuticals, pharmaceuticals, and food. Those molecules are diverse and 
include phenolic compounds, phlorotannins, polyunsaturated fatty 
acids, carotenoids, and polysaccharides (Suleria et al., 2015).

Examples of pharmaceutical applications include antimicrobial 
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activities, which involve inhibiting or ceasing the growth and develop
ment of microorganisms (Pérez et al., 2016). Several seaweed crude 
extracts showed interesting antibacterial activities against many path
ogenic bacteria, such as Enterobacter aerogens, Klebsiella pnemoniae, Ba
cillus subtilis, Staphylococcus aureus, Streptococcus faecalis, Enterobacter 
faecalis, Micrococcus luteus, Pseudomonas aeruginosa and Escherichia coli 
(Lomartire and Gonçalves, 2023). Several compounds found in sea
weeds, including alkaloids, terpenes, halogenated compounds, and lec
tins, have demonstrated antimicrobial activities (Jin et al., 2014).

Approximately 5 million people died in 2019, due to bacterial anti
microbial resistance (Murray et al., 2022). Six bacterial strains (Acine
tobacter baumannii, Pseudomonas aeruginosa, Staphylococcus aureus, 
Escherichia coli, Klebsiella pneumonia, and Streptococcus pneumonia) were 
responsible for 72 % (3.57 million) of the deaths (Murray et al., 2022). 
Multidrug-resistant pathogens are considered a worldwide clinical issue, 
and by 2050, global deaths are estimated to reach 10 million annually, 
which will cost the global economy around US$100 trillion (de Kraker 
et al., 2016). Combating antibiotic resistance is a complex problem that 
requires a comprehensive approach. Several strategies have been pro
posed to tackle antibacterial resistance, including prudent antibiotic use, 
developing new antibiotics, using a combination of therapies, imple
menting vaccination programs, promoting diagnostic tools, monitoring 
and surveillance, global cooperation and policy measures, and adopting 
a one-health approach (Shankar, 2016). Therefore, the development of 
new antimicrobial drugs or alternatives to conventional antibiotics is 
necessary to combat the problems of antimicrobial resistance.

Oman’s seaweeds have been demonstrated to be remarkably diverse, 
especially in the southern part of Oman (Dhofar Province) due to 
monsoon effects. Wynne, In 2018, published a comprehensive list of 
seaweeds in Oman, which showed 238 taxa of Rhodophyta, 89 taxa of 
Chlorophyta, and 75 taxa of Phaeophyceae (red, green, and brown 
algae, respectively). The list included several species reported world
wide as potential sources of valuable ingredients, such as carrageenan, 
agar, alginate, fucoidan, pigments, etc. (Wu, 2016). In addition, high 
sunlight intensity (typical to Oman) was found to be a stimulating factor 
for faster growth rate and more pigment production (Wu, 2016). 
Although the worldwide production of seaweed has increased in 
response to the rise in demand (Labban et al., 2019), the full potential of 
Omani seaweeds has not yet been studied. The current study aims to 
investigate the antimicrobial activity of organic solvent seaweed ex
tracts from four species found in the southern part of Oman (Dhofar 
Province). The findings of this study will open the door for more 
intensive research in this field.

2. Materials and methods

2.1. Reagents and chemicals

All reagents were of analytical grade and purchased from Sigma- 
Aldrich (Germany). Methanol LC-MS grade from Honeywell (France), 
acetonitrile LC-MS grade from HiPerSolv CHROMMANORM (USA), 
ammonium acetate LC-MS grade from Sigma-Aldrich (Germany), and 
formic acid LC-MS grade from CARLO ERBA (France).

2.2. Collection and identification of raw materials

Two red seaweed species (Melanothamnus somalensis & Gelidium 
omanense) and two brown seaweed species (Jolyna furcata & Niza
muddinia zanardinii) were collected in September 2021 from Sadh 
(Dhofar governorate, Oman), at coordinates: 16◦96′07.90″N 
54◦75′60.32″E, 17◦04′82.96″N 55◦07′65.3″E, 16◦95′15.19″N 
54◦81′85.18″E, and 16◦94′52.18″N 54◦80′47.89″E) by expert divers 
(Salalah Diving Services Company, Sultanate of Oman, Salalah). 
Seaweed plants were identified based on their anatomical and 
morphological characteristics. At the collection site, the samples were 
washed by hand with seawater to get rid of dirt. The samples were 

delivered to a drying site in cool boxes and cleaned with fresh water to 
remove seawater. The samples were dried under the sun for three days 
and transferred to the Food Chemistry Laboratory at Sultan Qaboos 
University in cool boxes. The samples were kept at 4 ◦C until further 
handling.

2.3. Treatment of seaweeds

The sun-dried samples were milled using a coffee grinder (Ikon, 
Model No: IK-ZCG150, China) and sieved to pass through a 250-µm 
mesh. The milled samples were placed in plastic containers and kept at 
4 ◦C till further analysis.

2.4. Algal extract

The extract was obtained using several solvents having different 
polarity, namely: hexane (H), dichloromethane (DCM), ethyl acetate 
(EA), acetone (Ac), and methanol (Me) in sequential bases as previously 
described by Chia et al. (2015) with some variations. Twenty grams (20 
g) of the seaweed powder were placed in a 500 ml amber bottle. Four 
hundred milliliters (400 ml) of the first solvent (hexane) were added to 
the powder and the mixture was shaken at 120 rpm (HS 501 digital, IKA- 
Werke GmbH & Co. KG, Germany) for 24 h and then passed through a 
filter paper (Whatman No. 1). The filtrate was retrieved and the solid 
part was re-extracted twice following the same procedure used in the 
first extract before shifting to the second solvent with higher polarity. 
The filtrates were combined and evaporated using a SpeedVac vacuum 
concentrator (Concentrator Plus, Eppendorf AG, Germany). The dried 
extracts were reconstituted in 10 ml methanol and kept in a refrigerator 
at 4 ◦C until further processing.

2.5. Fractionation using preparative HPLC

The organic extract was fractionated using a preparative HPLC sys
tem (Shimadzu Corporation, Japan) composed of an auto-sampler (SIL- 
10AP), a pump (LC-20AP), a detector (SPD-20 M), a fraction collector 
(FRC-10A) and a recycling valve (valve unit, FCV-12AH). The LC column 
Shim-pack PREP-ODS (250 × 20 mm, 15 µm) was used to achieve sep
aration. The mobile phase consisted of 0.1 % formic acid (mobile phase 
A) and methanol with 0.1 % formic acid (mobile phase B). The gradient 
for mobile phase B was as follows, 10 %-50 % (0–208 min), 50 % 
(208–291 min), 50 %-100 % (291–316 min), 100 % (316–458 min), 100 
% − 10 % (458–475 min) and 10 % (475–500 min). The run was frac
tionated based on time; hence, 12 fractions were collected (Bauer et al., 
2019).

2.6. Bacteria & fungus species

One fungal strain (Candida albicans, C. albicans) and four bacterial 
strains (Escherichia coli ATCC 25922 (E. coli), Staphylococcus aureus 
ATCC 25923 (S. aureus), Klebsiella pneumonia ATCC 1706 (K. pneumonia) 
and Pseudomonas aeruginosa ATCC 27853 (P. aeruginosa)) were used in 
this study. The pathogens were provided by Dr. Zaaima Al Jabri, College 
of Medicine and Health Sciences, Sultan Qaboos University. Microbes 
were taken from glycerol stock stored at − 20 ◦C, streaked out on Luria 
Broth (LB) agar plates, and incubated (Gallenkamp Model INC.200.210C 
Plus Series Incubator, England) overnight at 37 ◦C.

2.7. Inhibition zone assay (IZA)

Bacteria and fungi colonies were added to 10 ml of Luria Broth (LB) 
media and incubated at 37 ◦C for 2–3 h while shaking. Growth of the 
microbes was monitored using a spectrophotometer (Thermo Electron 
Corporation Helios Beta Spectrophotometer Model 9423 UVB 133214, 
England). Once the optical density (OD) reached 0.6, the microbes were 
diluted with LB media at a ratio 1:100. Then, 40 µl was added to 6 ml LB 
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media with 1 % agarose, poured onto a 90 mm petri dish (1 mm thick) 
and left for 30 min to solidify. Small wells (3 mm diameter wide) were 
made and then loaded with 3 µl of the reconstituted seaweed extracts. 
Hydrogen peroxide (H2O2) was used as a positive control and 
phosphate-buffered saline (PBS) was used as a negative control. In 
addition, pure methanol was tested to examine its lethality against the 
tested microbes. All plates were incubated (Gallenkamp Model 
INC.200.210C Plus Series Incubator, England) overnight at 37 ◦C and 
the diameter of the microbes’ free zone was measured (Al Adwani et al., 
2021).

2.8. Colony forming units (CFU) assay

Microbes’ colonies were placed in 10 ml of LB media and incubated 
at 37 ◦C while shaking for 2–3 h. The OD was adjusted to 0.1, then 180 µl 
of the culture and 20 µl of the reconstituted extract were placed in 96- 
well plates and incubated at 37 ◦C for 3 h. Then, a series of dilutions 
of the incubated culture was made with PBS to produce 1:1–10 dilutions. 
Next, 10 µl was placed on LB agar plates and incubated overnight at 
37 ◦C. Finally, the CFU of microbes was calculated (Al Adwani et al., 
2021).

2.9. Time-dependent killing

E. coli colonies were placed in 10 ml of LB media and incubated at 
37 ◦C while shaking for 2–3 h. Then, the broth was diluted with LB 
media to OD 0.1. Then, 180 µl of the diluted broth and 20 µl of the 
reconstituted extract were placed in 96-well plates and incubated at 
37 ◦C for 15, 30, 60, 120, and 180 min. Then, a series of dilutions of the 
incubated culture was made with PBS to produce 1:1–10 dilutions. Next, 
10 µl was placed on LB agar plates and incubated overnight at 37 ◦C. 
Finally, the CFU of E. coli was calculated (Al Adwani et al., 2021).

2.10. Dose-dependent killing

E. coli colonies were placed in 10 ml of LB media and incubated at 
37 ◦C while shaking for 2–3 h. Then, the broth was diluted with LB 
media to OD 0.1. A serial dilution of the reconstituted extract was made 
by methanol to produce 1:1–4 dilutions. Then, 20 µl of the following: the 
non-diluted reconstituted extract, the diluted reconstituted extracts and 
H2O2 were placed in separate wells on 96-well plates. 180 µl of the 
diluted broth were added to each well, and incubated at 37 ◦C for 3 h. 
Then, serial dilutions of the incubated culture were made with PBS to 
produce 1:1–10 dilutions. Next, 10 µl was placed on LB agar plates and 
incubated overnight at 37 ◦C. Finally, the CFU of E. coli was calculated 
(Al Adwani et al., 2021).

2.11. Scanning electron microscope (SEM)

SEM was performed based on Rahman et al. (2019) with minor 
changes. In brief, 2 ml of E. coli broth treated or non-treated with 1 ml of 
EM 2.5 % Karnovsky’s fixative were placed in an Eppendorf tube, 
thoroughly mixed in a rotary mixer (roller mixer, SRT9, Germany) for 2 
h and then centrifuged at 5,000 rpm for 5 min. The supernatant was 
discarded and the pellets were re-suspended in 1 ml sodium cacodylate 
washing buffer for 10 min and then centrifuged at 5,000 rpm for 5 min. 
The supernatant was discarded and the pellets were fixed using 1 ml 2 % 
osmium tetroxide and dehydrated using a series of alcohol concentra
tions starting from two washes of distilled water then 25 % ethanol, 75 
% ethanol, 95 % ethanol, and finally two washes of 99.9 % ethanol. 
Later, 1 ml of hexamethyldisilazane (HMDS)/ethanol mixture (1:1, v/v) 
was added and left to stand for 30 min, and then 1 ml of HMDS was 
added and left for 20 min. Then, the samples were treated with pure 
HMDS and left at room temperature for 3 h to dry. Dried bacterial 
samples were then transferred to 10 mm aluminium stubs and adhered 
to the top of the stubs using double-side carbon adhesive. They were 

then coated with gold particles using a BioRad coating system (BIO- 
RAD, Microscience Division Serial No 88091, England) and examined by 
Jeol JSM-5600LV scanning electron microscope (Japan). Topographic 
micrographs of bacteria samples were retrieved and saved as images.

2.12. Transmission electron Microscopy (TEM)

Bacteria samples were processed for transmission electron micro
scopy (TEM) based on the protocol described by Al Adwani et al. (2021)
with minor modifications. In brief, 1 ml of each broth was collected and 
placed in an Eppendorf tube, and immediately, 1 ml of 2.5 % glutaral
dehyde fixative was added into every sample tube and then mixed for 2 h 
using a rotary mixer (roller mixer, SRT9, Germany). After that, the tubes 
were centrifuged (Centrifuge 5702, Eppendorf, England) at 5,000 rpm 
for 5 min and the supernatants were discarded. The formed pellets were 
mixed with 1 ml of cacodylate washing buffer twice for 10 min. Later, 
the samples were centrifuged and the pellets were retained in the same 
way as explained in the previous step. Then, the pellets were post-fixed 
using 1 ml of osmium tetroxide and left in the mixer for 1 h. Dehydration 
steps were carried out using a series of acetone concentrations, starting 
from two washes of distilled water, 25 %, 75 %, 95 %, and finally, two 
washes of 99.9 % acetone. The samples were then infiltrated by a 
mixture of 1:1 acetone to epoxy resin for 1 h, then 1:3 acetone to epoxy 
resin for 30 min, and finally mixed with pure resin for 1 h. The samples 
were then polymerized in an oven incubator (Gallenkamp Model 
INC.200.210C Plus Series Incubator, England) overnight. The next day, 
the resin blocks were retrieved, and ultrathin sections were produced 
using an ultramicrotome (Leica UCT Ultracut Ultramicrotome, Austria) 
to produce 70 nm thick sections. Sections of samples were picked on 300 
mesh copper grids and then stained with uranyl acetate and lead citrate. 
The samples’ sections were screened using Jeol JEM-1230 transmission 
electron microscope (Japan). Micrographs were recorded and saved.

2.13. Fourier-transform infrared spectroscopy (FTIR)

Methanol extract fraction (1) from Nizamuddinia zanardinii (MeNZ- 
F1) was analyzed using a Cary 670 FTIR spectrometer (Agilent, Cary 670 
FTIR spectrometer) attached with a diamond single bounce ATR cell 
(GladiATR, PIKE technologies, USA) was used. One drop of the extract 
fraction was placed on the ATR crystal and left to evaporate. Infrared 
spectrum was measured by averaging 32 scans at a resolution of 4 (Al- 
Alawi et al., 2011).

2.14. Statistical-analysis

The organic solvent extraction, colony forming assay, dose- 
depending assay, and time-depending assay were performed in tripli
cate and reported as mean values ± standard deviation on a sun-dried 
basis. The GraphPad Prism software, version 10.2.3, was used to 
analyze the data. Testing the data for normality was done, and then one- 
way ANOVA, unpaired t-test, and multi-t-test were applied to analyze 
the results. P-value of <0.05 was considered statistically significant.

3. Results

3.1. Fractionation of seaweed extracts and screening for antibacterial 
activity

Seaweeds were subjected to solvents with different polarities to get 
fractions with different compounds and properties. As a result, five 
fractions of each plant were collected and screened for antibacterial 
activities against E. coli. Based on the inhibition zone assay (IZA), 
antibacterial activity was detected in the methanol fraction from Niza
muddinia zanardinii (MeNZ); the inhibition zone was 13 ± 1 mm. On the 
other hand, there was no detectable inhibition of bacterial growth in any 
of the other fractions. The other plants also didn’t show any 
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antibacterial activity (Table 1).
MeNZ was further fractionated using a preparative reversed-phase 

HPLC system which resulted in 12 fractions. The fractions were 
screened for antibacterial activity using E. coli to identify the fraction 
containing the compounds responsible for the inhibition. IZA revealed 
that Fraction 1 from MeNZ (MeNZ-F1), which is expected to have high 
hydrophilic and polar compounds, had the antibacterial activity (the 
inhibition zone was 14.66 ± 0.57 mm). By contrast, there was no 
detectable inhibition of bacterial growth in any of the other fractions 
(Table 2). As a result, further research focused solely on MeNZ-F1.

3.2. Time-dependent and dose-dependent antimicrobial activity of MeNZ- 
F1 against E. coli

MeNZ-F1was evaluated for its potential antibacterial activity against 
E. coli using colony count assay and it showed a significant difference (F 
(df) = 2, P = 0.0001) as 1.8 log10 reduction in the growth of E. coli 
observed after 3 h of incubation compared to the negative control 
(Fig. 1).

The time-dependent killing assay of MeNZ-F1 was also performed 
against E. coli. There was a rapid bacterial killing kinetics starting from 
30 min of incubation until the first hour. There were no significant 
differences in the killing power between 60, 120, and 180 min. How
ever, a log10 reduction of 1.7, 1.8 and 2.2 in bacterial growth was 
attained in the periods 60, 120, and 180 min, respectively (Fig. 2).

The killing effect of dilutions of MeNZ-F1 on E. coli was tested, with 
the bacteria being incubated for 3 h. With increasing dilution, the 
antibacterial activity showed a decline. There were significant differ
ences between the stock, 1:1, 1:2, and 1:3 dilutions when compared to a 
negative control. However, no significant differences existed between 
the 1:4 dilutions and the negative control (Fig. 3) meaning that the 

active compound is very diluted.

3.3. Extracellular and intracellular changes on E. coli caused by MeNZ- 
F1

Morphological changes of E. coli cells after 3 h incubation with the 

Table 1 
Screening of growth inhibition of E. coli subjected to five fractions (hexane (H), 
dichloromethane (DCM), ethyl acetate (EA), acetone (Ac) and methanol (Me) in 
all four species (Melanothamnus somalensis, Gelidium omanense, Jolyna furcata 
and Nizamuddinia zanardinii) was expressed as diameter of bacteria-free zone 
(mm).

Seaweeds species Fractions (Solvents) Inhibition zone (mm) in 
E. coli

Melanothamnus 
somalensis

Hexane (H) −

Dichloromethane 
(DCM)

−

Ethyl Acetate (EA) −

Acetone (Ac) −

Methanol (Me) −

Gelidium omanense
Hexane (H) −

Dichloromethane 
(DCM)

−

Ethyl Acetate (EA) −

Acetone (Ac) −

Methanol (Me) −

Jolyna furcata
Hexane (H) −

Dichloromethane 
(DCM)

−

Ethyl Acetate (EA) −

Acetone (Ac) −

Methanol (Me) −

Nizamuddinia 
zanardinii

Hexane (H) −

Dichloromethane 
(DCM)

−

Ethyl Acetate (EA) −

Acetone (Ac) −

Methanol (Me) 13 ± 1 mm

–, no inhibition zone detected, data presented as Mean ± SD (n = 3).

Table 2 
Screening of growth inhibition of E. coli submitted to 12 fractions (every fraction 
collected for 41.6 min) of MNZ.

Seaweed/solvent Fractions Inhibition zone (mm) 
E. coli

Nizamuddinia zanardinii 
(methanol fraction)

1 14.66 ± 0.57 mm
2 −

3 −

4 −

5 −

6 −

7 −

8 −

9 −

10 −

11 −

12 −

–, no significant activity detected, data is presented as Mean ± SD (n = 3).

Fig. 1. Colony forming units (CFU) of E. coli submitted to MeNZ-F1, C =
negative control (PBS), T = treatment, C+ = positive control (H2O2), data is 
presented as Mean Log10 ± SD (n = 3), (P value: 0.05 > *, 0.01 > **, 0.001 >
***, 0.0001 > ****).
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reconstituted crude extract of MeNZ-F1 were determined using electron 
microscopy techniques. Extracellular changes in bacteria were observed 
using Scanning Electron Microscopy (SEM). The untreated E. coli had a 
smooth and regular shape. However, E. coli treated with MeNZ-F1 had 
an irregular shape and rough surface compared to the control. Moreover, 
leakage of cellular content (DNA) was observed compared to the control 
E. coli (Fig. 4).

Intracellular changes were observed using Transmission Electron 
Microscopy (TEM) on both MeNZ-F1 treated and non-treated E. coli. 
Untreated E. coli had intact-undamaged membranes, and their ribo
somes and DNA were evenly distributed in the cytoplasm (Fig. 5; dark 
and light area, respectively). Moreover, exposure to MeNZ-F1 resulted in 
wrinkling of E. coli membranes. Additionally, there was some degree of 
dissociation of membrane fragments. Notably, small vesicles or blebs 
were observed to be released from the membrane of the MeNZ-F1- 
treated E. coli. Furthermore, ribosomes were clustered and directed to
ward the inner membrane of the bacteria, and the DNA clustered in the 
center of the cell, whereas the double membrane was not destroyed 
(Fig. 5).

3.4. Antimicrobial activity of MeNZ-F1 against several bacterial and 
fungal pathogens.

The antimicrobial activities of MeNZ-F1 were tested against the 
bacterial strains S. aureus, P. aeruginosa, and K. pneumonia and the fungal 
strain C. albicans. Based on IZA, activity was detected on all tested 
pathogens, and the inhibition zones were as follows: 12.33 ± 0.5 mm, 
14.33 ± 0.5 mm, 12.33 ± 0.52 mm, and 9.33 ± 1.5 mm, respectively 
(Fig. 6). Furthermore, the CFU results showed a growth reduction in 
S. aureus, P. aeruginosa and K. pneumonia, and C. albicans (1.2 log, 1.1 
log, 1 log, and 2.7 log, respectively) after 3 h of incubation (Fig. 7). 
There were significant differences between the control and treatments in 
all microbe species which indicated broad-spectrum antimicrobial 

activity.

3.5. FTIR analysis of MeNZ-F1

The FTIR-ATR spectroscopy of the MeNZ-F1was recorded to identify 
the major chemical compounds in the fraction. Presence of various peaks 
in the FTIR spectrum is an indication of different functional groups. The 
large and broad peak with maximum absorption at ~3400 cm− 1 is 
assigned to the O–H stretch of H-bonded alcohols and phenols. The 
broad and weak band in the region 2000–2400 cm− 1 is a common 
feature in our FTIR machine and it is not correlated to any specific 
group. The peak at ~1600 cm− 1 represents C––C stretching vibrations 
and is indicative of the presence of alkenes. This band also overlaps with 
the OH bending vibration that comes from water. The broadband in the 
region 400–900 cm− 1 is related to the vibrations of C–H from aromatic 
rings in the phenolic compounds (Fig. 8).

4. Discussion

In general, seaweeds contain numerous biologically active and 
unique metabolites that may have applications in different fields, such 
as pharmacology and food production. For example, several ingredients 
of various seaweeds have shown antimicrobial activities in vitro against 
fungi, gram-positive and gram-negative bacteria (Gomes et al., 2022; 
Madkour et al. 2019; Manivannan et al., 2011; Moubayed et al., 2017; 
Pérez et al., 2016). Nevertheless, there is a lack of studies on the anti
microbial properties of seaweed extracts collected from Oman’s coast
line especially those unique to Oman, such as Gelidium omanense 
(Wynne, 2018). Hence, the present study investigated the antimicrobial 
activities of two red seaweed species (Melanothamnus somalensis and 
Gelidium omanense) and two brown seaweed species (Jolyna furcata and 
Nizamuddinia zanardinii). Our study revealed that Nizamuddinia zanar
dinii (MeNZ) methanol fraction had broad antimicrobial action against 

Fig. 2. Kinetic impact of MeNZ-F1 on E.coli growth (time-dependent killing assay), data is presented as Mean Log10 ± SD (n = 3), (P value: 0.05 > *, 0.01 > **, 
0.001 > ***, 0.0001 > ****).
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pathogenic bacteria and fungus.
In this study, MeNZ showed a high antibacterial action against E. coli 

(Table 1), and the fraction MeNZ-F1 contained the active compounds 
responsible for the antibacterial activity (Table 2 & Fig. 1). MeNZ-F1 
showed rapid bacterial killing kinetics against E. coli starting from 30 
min of incubation until the first hour. Moreover, the reconstituted 
extract of MeNZ-F1 showed high antibacterial activity against E. coli, 
and with increasing dilution of MeNZ-F1, the antibacterial activity 
gradually decreased (Fig. 2 & Fig. 3). The work on Nizamuddinia 

zanardinii is very limited worldwide; however, Alboofetileh et al. (2019)
stated that fucoidan (a polysaccharide) extracted from Nizamuddinia 
zanardinii showed interesting antimicrobial, antiviral, anticancer and 
immunomodulatory activities. With regard to the work done on other 
Omani seaweeds, Anjali et al. (2019) studied the antimicrobial proper
ties of two seaweeds, Stoechospermum marginatum (S. marginatum, brown 
seaweed) and Ulva lactuca (U. lactuca, green seaweed) against five 
multidrug-resistant bacteria (K. pneumonia, S. aureus, Salmonella typhi, 
Proteus vulgaris and E. coli). They found that the aqueous extracts showed 

Fig. 3. Does impact of MeNZ-F1 concentration on E.coli growth (dose-dependent killing assay), data is presented as Mean Log10 ± SD (n = 3), (P value: 0.05 > *, 
0.01 > **, 0.001 > ***, 0.0001 > ****).

Fig. 4. Scanning electron micrograph of E.coli. (A) Control (B) Treated E.coli with MeNZ-F1. Arrows = Cell content leakage. The scale bar represents 1.0 μm.
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enhanced antibacterial activities paralleled to methanol extracts and the 
maximum activity against E. coli was given by U. lactuca extract. Con
cerning the work done in other parts of the world, there is very limited 
antibacterial work done on the seaweed plants studied in the present 
work. Therefore, it was not possible to make much comparison.

Nevertheless, the literature is rich with work on other plants using 
various extraction solvents. For example, Madkour et al. (2019) stated 
that acetone, isopropyl alcohol and ethanol extracts of three brown 
algae (Cystosiera myrica, Padina pavonica, and Turbinaria ornate) 
exhibited antibacterial actions against three pathogenic bacteria (E. coli, 
P. aeruginosa and S. aureus). Bhuyar et al. (2020) reported that hot water 
and ethanolic extracts of Kappaphycus alvarezii displayed antibacterial 
action against B. cereus. In another investigation, the ethanolic extracts 
of Ascophyllum nodosum, Saccharina longicruris and Ulva lactuca showed 
antibacterial activity against E. coli (Boisvert et al., 2015). Methanolic 
extracts of Jania rubens, Padina pavonica, Ulva lactuca and Enteromorpha 
compressa showed antibacterial activity against S. aureus, Proteus vul
garis, K. pneumoniae, E. coli, P. aeruginosa, and B. subtilis (Moghadam 
et al., 2013). The variation in antibacterial activity is attributed to the 
variance in the active compounds present. This variance is influenced by 
factors such as species type, extraction conditions, post-harvest treat
ments, and the type of bacteria being tested (Cox et al., 2010; Kand
hasamy and Arunachalam, 2008; Moubayed et al., 2017). For example, 
dried seaweed extracts (due to the lyophilization of seaweed samples) 
showed a higher inhibitory effect, whereas fresh seaweed samples, 
which had high water content, showed negligible inhibitory activity 
(Moubayed et al., 2017).

In our findings, the treated E. coli with MENZ-F1 had shown struc
tural changes such as irregular shape, rough surface, leakage of cellular 
content, wrinkling of membranes and ribosomes clustering, (Fig. 4 & 
Fig. 5). Phenolic compounds are one of the main recognised active 
antibacterial compounds in seaweeds (Vatsos and Rebours, 2015). 
Overall, these active compounds change extracellular pH and cause 
leakage of cell constituents, including inorganic ions such as phosphate 
and potassium, proteins, and nucleic acids (Pernin et al., 2019). More
over, they could alter enzymes’ activities, DNA structure and ribosome 
translation (Zhang et al., 2019).

Comparison of the results presented in this study with the other 
studies shown above indicates a wide spectrum of antibacterial activity 
of the MeNZ extract (Fig. 6 & Fig. 7). In addition, our findings indicated 
that MeNZ had an added potent inhibitory effect on S. aureus than on 
E. coli (Fig. 7). The differences in capability among tested bacterial 
strains could be attributed to differences in bacterial membrane 
composition (Taskin et al., 2007). High antibacterial activity in sea
weeds shows potential for developing drugs to treat human pathogens.

The FTIR-ATR spectra of the MeNZ-F1 are shown in Fig. 8. The 
spectra demonstrated that MeNZ-F1 is rich in phenols; however, it was 
impossible to determine the identity of the phenol compounds from the 
FTIR spectrum. This was apparent from the presence of characteristic 
peaks of phenols in the spectrum, such as the large and broad peak with 
a maximum absorption at around 3400 cm− 1 (represents OH group in 
the phenols), peak at ~1600 cm− 1 (representing alkenes in an aromatic 
ring) and broadband in the region 400–900 cm− 1 (vibrations of C–H 
from aromatic rings in the phenolic compounds) (da Silva et al., 2018; 

Fig. 5. Transmission electron micrograph of E.coli. Upper and lower panel (A) Control (B) Treated E.coli with MeNZ-F1. Upper panel magnification at 1.0 μm and 
lower panel magnification at 0.5 μm. D: clustered DNA; R: clustered ribosomes; V: vesicles.
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Mbonyiryivuze et al., 2015; Wongsa et al., 2022). Phenolic compounds 
are proposed to be the main constituents of organic solvent extracts, and 
the inhibition effects on microbial growth depends on concentration and 
constitution (Moubayed et al., 2017). The concentration and constitu
tion of the antimicrobial agents depend on the type of seaweed as well as 
the solvents used, since some biologically active compounds may be 
soluble in one solvent but not in another (Moubayed et al., 2017; Salem, 
2011). Cox et al. (2010) demonstrated that the extraction of compounds 
with high antimicrobial activities was dependent on the solvent used. 
Methanol was suggested to be the best solvent to extract compounds 
with high antimicrobial activities from brown seaweeds; whereas 
acetone was the best to use with green seaweeds. Manilal et al. (2009)
suggested that methanolic extraction leads to higher antimicrobial ac
tivity. Moreover, Vlachos et al. (2002) demonstrated that brown 
seaweed exhibits the highest level of antibacterial activity, followed by 
red seaweed and then green seaweed. In contrast, Kandhasamy and 
Arunachalam (2008) showed that green and brown seaweeds have more 
active compounds compared to the other seaweed groups. In the present 
study, higher antimicrobial activity was obtained with methanol 
extraction of the brown seaweed Nizamuddinia zanardinii compared to 
the other solvents and other species, which is in line with the previous 
studies.

Recently, global trends have shown an increase in the use of bio
logical agents, such as microorganisms and natural extracts, for syn
thesizing nanoparticles. This approach offers an eco-friendly alternative 
to traditional chemical methods (Mughal et al., 2021). This approach 
involves the use of microorganisms such as bacteria and algae, as well as 
plant extracts, which serve as both reducing and stabilizing agents 
during the synthesis process. The natural sources contain biomolecules 
and phytochemicals, such as enzymes, flavonoids, alkaloids, phenols, 
and terpenoids, which effectively aid in the incorporation of metal ions 

into nanoparticles (Kaningini et al., 2022). This method of biosynthesis 
offers numerous benefits, including reduced toxicity, lower energy re
quirements, and cost-effectiveness compared to traditional methods. 
The nanoparticles that are produced have wide range of applications in 
fields such as medicine, biosensors, and pharmaceuticals. Additionally, 
researchers have explored the use of agricultural waste as a potential 
bioresource for synthesizing nanoparticles (Maaza, 2014). For example, 
a study conducted by Madubuonu et al. (2020) revealed antibacterial 
activity of iron oxide nanoparticles (FeONPs), which were made from 
aqueous extract of Psidium guajava (P. guajava), against six human 
pathogenic strains (Gram-negative (P. aeruginosa, S. typhi, Shigella, 
Pasteurella and E. coli) and Gram-positive (S. aureus). FeONPs showed 
high antibacterial activity when compared with standard antibiotic 
drugs using IZA. These results are in agreement with our findings, as we 
found that the use of MeNZ-F1 was effective in inhibiting the growth of 
not only bacteria but also fungus as shown by both the IZA and the CFU 
killing assay. Therefore, natural extracts, such as MeNZ-F1, have the 
potential to be used as alternative antimicrobial drugs.

5. Conclusion

The current investigation showed an appreciable antimicrobial ac
tivity by MeNZ-F1 against specific human pathogens. MenZ-F1 exhibited 
broad antimicrobial activity, specifically against bacterial strains 
S. aureus, E. coli, P. aeruginosa and K. pneumoniae as well as the fungal 
strain C. albicans. TEM and SEM results revealed the effect of MeNZ-F1 
on the tested pathogens at the cell level. The results showed an irregular 
shape, rough surface, and leakage of the cellular content. Furthermore, 
ribosomes were clustered and directed toward the inner membrane of 
the bacteria, and the DNA clustered in the center of the cell. Although 
MeNZ-F1 was demonstrated to be applicable to a wide range of 

Fig. 6. Screening growth inhibition of S. aureus, P. aeruginosa and K. pneumonia, and C. albicans treated with MeNZ-F1 was expressed as diameter of bacteria-free 
zone (mm). Data is presented as Mean ± SD (n = 3).
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pathogenic microbes, more bacteria and fungi need to be tested in the 
future to establish solid conclusions. In addition, future studies are 
required to examine the antibacterial activity of MeNZ-F1 over a longer 
period to determine its efficacy and activity. Furthermore, MeNZ-F1 
requires a detailed study to isolate and characterize the active antimi
crobial compounds.
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Fig. 8. FTIR-ATR spectra of MeNZ-F1 showing the positions of specific functional groups.
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