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INTRODUCTION

According to the World Health Organization (WHO), the emergence of multidrug-resistant strains
is a major public health concern. Medical devices, including urinary catheters, prostheses, and prosthetic
heart valves, provide an ideal surface for biofilm formation. Once a biofilm has formed, antimicrobials and
immune responses are ineffective in eradicating infection. Shahid et al. (2021) reported that antibiotics such
as vancomycin or silver are commonly used to coat medical devices. However, antibiotic usage can lead to
the selection of antibiotic-resistant bacteria and even the development of biofilms. This provides a clear
and urgent need for new drugs to treat disease, particularly for new classes of antibiotics to tackle the
growing problem of antibiotic resistance in many bacterial infections.

To seek new bioactive compounds as antimicrobial and antibiofilm agents, the pharmaceutical
industry has shifted its attention to alternate sources, such as marine life, which offers a wide range of
valuable compounds. Many microalgae strains produce diverse biologically active compounds such as
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toxins, algaecides, plant growth regulators, and, most importantly, those compounds used in the
pharmaceutical industries. Microalgae are photosynthetic species classified as unicellular organisms with a
size of 0.2 um. Besides, they have an effective biological system that enables them to make organic
compounds from sunlight. They can grow alone or in symbiosis with other species in various environmental
conditions, including reservoirs and deserts with varying temperatures, salinities, and pH values, as well as
under varying light intensities. Martinez-Francés & Escudero-Onate, (2018) demonstrated that
manipulating the growth conditions of microalgae or cyanobacteria, for example, by applying various forms
of stress to the cells, could promote the production of biomass containing valuable secondary metabolites,
some of which have pharmaceutical or industrial value. The secondary metabolites from microalgae are
called "High-Value Molecules (HMV)". Moreover, a study by Lopez & Soto (2019) described compounds
produced by microalgae and cyanobacteria species with antimicrobial, antibiofilm, anticancer, anti-
inflammatory, antifungal, antibiotics, and other pharmaceutical activity. Antimicrobial agents discovered
in the marine environment have been studied to combat current antimicrobial resistance issues.

Multidrug-resistant (MDR) strains are becoming more prevalent at both community and hospital
levels, resulting in antibiotic treatment failure, increased mortality and morbidity, and a significant impact
on the cost of medical treatment and prevention of bacterial infectious diseases. Microorganism resistance
to available antimicrobials is rising, as is the toxic nature of some currently available drugs, which restricts
their use. This seriously threatens effective preventive care for various infections caused by microorganisms
such as bacteria, viruses, and fungi. Horizontal gene transfer causes increased antimicrobial resistance since
plasmids and transposable elements usually carry resistance determinants for multiple antimicrobial
classes. For instance, the main routes of colistin resistance in Gram-negative bacteria are structural
modifications of bacterial lipopolysaccharides. Following chromosomal mutations in genes encoding the
two-component systems PhoPQ and PmrAB, or in mgrB, a PhoPQ negative regulator, these modifications
include the addition of 4-amino-4-deoxy-l-arabinose or phosphoethanolamine (Zafer et al., 2019). Besides,
antimicrobial therapy for enterococcal infections is difficult due to their inherent susceptibility to several
commonly used antimicrobial agents, including clindamycin, aminoglycosides, cephalosporins, and
trimethoprim. Vancomycin-resistant enterococci (VRE) is a major cause of hospital-acquired infections in
intensive care unit (ICU) patients.

Other than that, fungal infections have increased dramatically worldwide due to antifungal
resistance and the limited number of available treatments. Antifungal therapy is complicated in clinical
settings by frequent diagnostic uncertainty, difficulties assessing therapeutic response, antifungal drug
toxicity, drug-drug interactions, and uncertainty about the appropriate duration of therapy. As a result, these
widespread infections caused by MDR yeasts and molds are difficult to treat because of the rising threat of
antifungal drug resistance. Nweze et al. (2020) reported that other serious drug-resistant pathogens include
MDR  Mpycobacterium tuberculosis, Plasmodium falciparum, MDR Candida species (resistant to
fluconazole, echinocandin, and amphotericin B). One distinguishing feature of these emerging fungal
pathogens is their high resistance to antifungal drugs.

Biofilm

The rise in antimicrobial resistance among microorganisms (bacteria, fungi, and viruses) is one of
today's most important health problems worldwide. According to the National Institutes of Health (NIH),
biofilm formation accounts for 65% of microbial infections and 80% of chronic diseases. The biofilm mode
of growth is another less common mechanism of resistance observed in P. aeruginosa strains that infect
individuals with CF. Enterococci have a strong biofilm-forming potential, complicating the therapy of
enterococcal infections and impeding antibiotic penetration. Fallah et al. (2017) revealed that biofilm
producers had higher resistance to various antimicrobial agents (such as penicillin G, ampicillin,
vancomycin, ciprofloxacin, chloramphenicol, and nitrofurantoin) than biofilm non-producers.
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Biofilm formation

Biofilm formation consists of several major steps, which are (i) attachment, (ii) microcolony
formation on the surface, followed by (iii) maturation and architecture, and lastly (iv) the detachment or
dispersion of biofilm, as shown in Figure 1 below. The first step is the attachment of microorganisms to the
surface. In this step of biofilm formation, microbial cells attach to the surface using a variety of
mechanisms, including their appendages (such as pili and flagella) and physical factors (such as van der
Waal's forces, electrostatic interactions, steric interactions, protein adhesion). Moreover, hydrophobicity
may also play a role in strengthening microbe attachment because it reduces the repulsion force between
bacteria and the surface. This stage is known as reversible attachment because the initial interaction between
the bacteria and the surface can be transient and reversible due to weak interactions between the bacteria
and the surface. The ability of bacterial adhesion on an implant surface is determined by the material's
composition and the surface properties of the bacterial cell.

Next, after the attachment of microorganisms to a biotic or abiotic surface is established and this
attachment becomes stable, a process of microbial cell multiplication and division begins, triggered by
specific chemical signaling within the extracellular polymeric substance (EPS). This results in the formation
of micro-colonies. When the attractive forces outweigh the repulsion forces, some reversibly attached cells
become immobilized and irreversibly attached, followed by specific and strong adhesion and monolayer
formation. The next step in biofilm formation is the maturation and architecture of microorganisms.
Adherent cells grow and mature during this phase by interacting with one another and producing
autoinducer signal molecules such as N-acylated homoserine lactone (AHL), which causes the expression
of biofilm-specific genes (Khatoon et al., 2018). These auto-inducers aid quorum sensing. EPS production
is part of the biofilm maturation process, in which the biofilm matrix gradually builds up, and larger
bacterial aggregates known as towers form. At this point, the bacterial cells begin secreting more EPS that
encloses them, stabilizing the biofilm network and guarding themselves against antimicrobial agents. These
microcolonies then mature into macrocolonies, encased in the EPS, where inter-cellular signaling and
quorum sensing occur. Arciola et al. (2018) reported that the B -subclass of phenol-soluble modulins
(PSMs) in S. epidermidis contributes to biofilm structuring and forms characteristic water channels seen in
mature biofilms.

The next step involved in biofilm formation is detachment or dispersion of microorganisms.
During this phase, microbial cells stimulate the expression of proteins involved in flagella formation,
helping them in motility and allowing bacteria to move to a new location. Microbial cell detachment and
transfer to a new location help spread infections. Resources become scarce as biofilm matures, and toxic
by-products may accumulate. As a result, the cells disperse to other parts of the host's body or the medical
implant to expand, obtain nutrition, and eliminate stress-inducing conditions and waste. The dispersion of
cells is triggered by nutrition starvation, and this starvation activates small molecules such as the fatty acid
DSF (cis-11-methyl-2-dodecenoic acid), which causes autophosphorylation and the modulation of c-di-
GMP phosphodiesterase, which degrades c-di-GMP. A decrease in c-di-GMP levels inhibits the production
of biofilm matrix components and causes biofilm bacteria to disperse into the planktonic mode of life. Other
than that, N-acetyl-heparosan lyase is produced by E. coli, alginate lyase by P. aeruginosa and
hyaluronidase by S. equi for EPS matrix breakdown and subsequent detachment. Arciola et al. (2018) stated
that phenol-soluble modulins (PSMs) are important in dispersal, particularly implant-associated biofilm
infections. PSMs disrupt the non-covalent forces that strengthen the biofilm matrix, promoting the
formation of channels for nutrient delivery to deeper biofilm layers and aiding in the dispersal and
dissemination of biofilm clusters to distal sites. In short, dispersal is aided by the inhibition of matrix
production and the enzymatic degradation of EPS and surfactant molecules.
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Figure 1: Diagram showing the different stages of biofilm formation: (i) attachment, (ii) microcolony
formation, (iii) maturation and architecture of microorganisms, and (iv) detachment or dispersion.
Abbreviations: EPS, extracellular polymeric substance. This figure is adapted from Bai et al. (2021).

Microalgae

Due to the emergence of MDR strains and their ability to form a biofilm, there is an urge to search
for novel antimicrobial and antibiofilm agents with a broad spectrum to combat this phenomenon. Hence,
this review has highlighted the potential of microalgae as a source of bioactive compounds with
pharmaceutical properties since they have been found to produce microalgal extracts extracellularly or
intracellularly that have proven to exhibit antibacterial, antifungal, antiprotozoal, and antiplasmodial
activities. Microalgae are photosynthetic microorganisms in freshwater, sea, and soil environments
worldwide. For the microalgae to be noticeable, they must be present in large numbers in water bodies.
Four divisions of lentic habitats were discovered, which are Chlorophyta, Cyanophyta, Baccilariophyta,
and Euglenophyta, with species such as Chlorella sp., Oscillatoria sp., Gloecapsa sp., Oedogonium sp.,
Scenedesmus sp., and Microspora sp.

Furthermore, cell division in microalgae occurs one to two times per day. In contrast,
cyanobacteria divide into one or more consecutive planes at perfect angles or irregular planes, so cells may
appear single or aggregates of different sizes. Besides, Deviram et al. (2020) reported that microalgae are
regarded as the most productive plants in the modern world because they grow faster than terrestrial plants.
Microalgae do not require external organic compounds for growth and reproduction. In contrast to
heterotrophic microorganisms, which require a variety of organic compounds to grow, unicellular
photosynthetic organisms generate biomass from inorganic substances and mineral elements due to the light
energy converted during photosynthesis. Even though they are predominantly photoautotrophic organisms,
some strains can utilize organic carbon without light, thus classifying their metabolism as photoautotrophic,
heterotrophic, or mixotrophic. Demirel et al. (2018) revealed that microalgae can adapt to various
conditions and temperatures in their cultivation.

Their evolutionary adaptations have enabled them to colonize various low-temperature habitats,
frequently characterized by significant seasonal fluctuations in environmental factors such as light and
osmotic stress. For instance, McConville (2018) reported that microalgae have been found colonizing
within the ice or on the bottom surface of the ice in the Arctic and Antarctic. Moreover, algae are critical
in maintaining environmental balance because they are carbon fillers and biomass generators. Several
advantages of microalgae biomass production technology include that it is non-polluting, utilizes carbon
dioxide while producing oxygen, requires little water, and may occupy land unsuitable for agricultural crop
cultivation. Furthermore, the ease with which microalgae and cyanobacteria can be obtained makes them
viable candidates for several biotechnological applications such as food, feed, and fuel. However, many
microalgae strains remain unexplored to this day. Deviram et al. (2018) reported that more than 50,000

63



Syaza Syasya Lakman et al. / Science Letters, January (2025) Vol. 19, No. 1

microalgae species have been estimated to exist based on biodiversity studies, but only 30,000 have been
examined and documented. The lack of strain robustness or low productivity under outdoor conditions is
usually the reason these strains have not been studied and have not yet achieved commercial-scale
production.

Green microalgae

These characteristics describe the group known as Chlorophyta, or green algae: cells with
chlorophyll-A and B as pigments, thylakoids, true starch, cellulosic walls, and membrane-bound chloroplast
but with no external endoplasmic reticulum. Green algae can be found worldwide in fresh, salty, brackish
water bodies. Koliella antarctica, a psychrophilic species microalga, has recently piqued the interest of
researchers not only for its ability to produce important nutritional essential compounds (EPA, DHA,
astaxanthin, and lutein) but also its ability to grow at temperatures below 10-C. Moreover, Cuaresma et al.
(2011) found that Chlamydomonas acidophila can be found in a mining area in an acidic river that ranges
in pH from 1.7 to 3.1. Besides, at pH 2.5, C. acidophila can grow mixotrophically without carbon dioxide
and COz by utilizing different carbon sources, particularly starch, glucose, and glycerol. These adaptations
to extreme environmental conditions may be advantageous in industrial cultivation systems, where
microalgae are frequently subjected to fluctuations in low temperatures and pH, as well as variable salinity,
which can impact productivity.

Red microalgae

Rhodophyta, also known as red algae, is distinguished by chloroplasts with no external endoplasmic
reticulum, unstacked thylakoids, floridean starch, and the absence of flagella. Phycoerythrin is a major
phycobiliprotein accessory light-harvesting pigment that gives microalgae its characteristic red colour.
Moreover, two additional phycobiliproteins found in red microalgae are phycocyanin and allophycocyanin.
Among the industrially exploited microalgae, red microalgae are gaining popularity as a rich source of
compounds such as extracellular polysaccharides and long-chain PUFAs. Galdieria sulphuraria is a
fascinating species of red microalgae that has been discovered to have extreme growth properties. G.
sulphuraria can survive in highly acidic environments, with a pH as low as 1.8. Additionally, G.
sulphuraria exhibits thermophilic growth behaviour up to a temperature of 56°C (Selvaratnam et al., 2014).

Diatoms

Bacillariophyceae, also known as diatoms, are recognized by certain characteristics, such as four-
membraned chloroplasts, stacked thylakoids, and chrysolaminarin as the photosynthetic reserve product.
Ambati et al. (2018) reported that diatoms play a significant role in the ocean's biogeochemical cycling of
silicon (Si). Their external siliceous cell wall structures create distinctive morphologies that serve as
taxonomic keys. According to Artamonova et al. (2017), there are approximately 20,000 different species
of diatoms, each with a unique arrangement of pores in a rigid walled nanoarchitecture. In addition,
fucoxanthin, a pigment molecule from the carotenoids class that is abundant in diatoms, gives the
microalgae its distinctive golden-brown colour. They come in various shapes and sizes ranging from 2-200
um and are classified morphologically and molecularly. Besides, they are ubiquitous, photosynthetic
organisms that fix approximately 25% of atmospheric COz and produce a variety of biomolecules such as
proteins and lipids. Moreover, three common northern cold water (7°C) diatoms, Coscinodiscus concinnus,
Porosira glacialis, and Chaetoceros socialis, were analyzed by Artamonova et al. (2017) for phospholipids
and neutral lipids.

Dinoflagellates

64



Syaza Syasya Lakman et al. / Science Letters, January (2025) Vol. 19, No. 1

Dinoflagellates, or Pyrrhophyta, are classified by the presence of true starch, a theca covering, a
posterior flagellum, stacked thylakoids, and chloroplasts with three surrounding membranes. These
dinoflagellates can be identified by their golden-brown plastids (peridinin), distinctive swimming patterns,
and large nuclei containing visible chromosomes under the light microscope. Based on genomics analysis,
dinoflagellate DNA is associated with histone-like proteins (HLPs), like bacterial DNA binding proteins.
This type of microalgae can be found in a wide range of aquatic habitats, including oceans, brackish waters,
and freshwaters, and they play an important role in the cycling of aquatic carbon and nutrients.

Duran-Riveroll et al. (2019) reported that some species of benthic dinoflagellates thrive in low-light
conditions so that they can be found in tropical waters with higher transparency and withstand high
irradiance and salinity. Unlike other planktonic organisms such as chlorophytes, haptophytes, and diatoms,
dinoflagellates are less efficient at absorbing nutrients and grow slower. Furthermore, instead of "blooms"
in the water column, they form dense aggregations or colonies of attached cells. Dinoflagellates are known
to contain a high concentration of DHA. However, some species of dinoflagellate in the Gambierdiscus and
Fukuyoa genera produce neurotoxins (ciguatoxins and maitotoxins) that can contaminate marine food
chains and cause ciguatera fish poisoning (CFP).

Cyanobacteria

Cyanobacteria, also known as blue-green algae, are prokaryotes with the following features: cells
with no membrane-bound organelles, such as chloroplasts, unstacked thylakoids, phycobiliprotein
pigments, cyanophycean starch, and peptidoglycan walls. They are characterized by filamentous cells that
are occasionally large enough to be visible to the naked eye, especially during blooms. Cyanobacteria are
the only prokaryotic organisms capable of oxygenic photosynthesis and are thought to be the first life forms
responsible for oxygenating the atmosphere and oceans. They possess diverse cellular strategies,
physiological abilities, and adaptations that enable them to colonize various microenvironments worldwide.
As a sequence, cyanobacteria can thrive in various environments, including the ocean, land, freshwater,
and hot springs, and reside in nearly every terrestrial and aquatic. Moreover, cyanobacteria cells are an
excellent source of biotechnology because they do not require arable land for growth and can rapidly grow
on residual nutrients.

Besides, Kozak et al. (2019) stated that cyanobacteria are integral to numerous biological
monitoring programs used to determine drinking water quality. Demay et al. (2019) reported over 90
cyanobacteria genera with potentially beneficial compounds, most classified as Oscillatoriales, Nostocales,
Chroococcales, and Synechococcales. Meanwhile, other cyanobacterial orders' molecular diversity and
relative bioactivity (Pleurocapsales, Chroococcidiopsales, and Gloeobacterales) have been poorly studied.
Alkaloids, depsipeptides, lactones, peptides, terpenes, lipids, polyketides, portoamides, hierridin-B,
bartolosides, and sphaerocyclamides are among the cyanobacterial secondary metabolites with
biotechnological applications. On the other hand, some secondary metabolites may harm other organisms,
including humans.

Antibacterial activity of microalgae
Antibacterial activity of green microalgae

Dunaliella sp. is a well-known green microalgae species for its use in recovering valuable
compounds or as whole cells in various biotechnological processes. For instance, methanolic extracts of D.
primolecta exhibited significant activity against MRSA (Dewi et al., 2018). Moreover, supercritical carbon
dioxide (COz) extraction of D. salina was found to have antibacterial properties against E. coli and S. aureus
(Jafari et al., 2018). Furthermore, when silver is available in the nanometer range, its contact surface area
increases, increasing efficiency. Thus, the silver nanoparticles are highlighted, and biomass from
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microalgae such as Chlorella vulgaris (both live and dried) can be used to biosynthesize silver nanoparticles
(AGNPs). In addition, the extract of Tefraselmis sp. exhibited the highest antibacterial activity, with a
minimum inhibitory concentration (MIC) of 2.6 to 3.0 mg/mL extract culture for the three species of
bacteria studied, which are E. coli, P. aeruginosa, and S. aureus. Antibacterial activity against gram-
positive and gram-negative bacteria was observed by Navarro et al. (2017) in fatty acids extracts from
Coccomyxa onubensis, with the lowest MIC of 305 and 106 pg/mL against E. coli and Proteus mirabilis,
respectively. In addition, methanol extracts from the biomass of a local microalgae, namely Chlorella sp.
(UKMS), were screened by Shaima et al. (2021) for their antibacterial bioactive compounds and the extract
showed excellent activity against MRSA, S. epidermidis, S. aureus, Bacillus thuringiensis, P. aeruginosa,
E. coli, and B. subtilis.

Antibacterial activity of red microalgae

Bioactive compounds from red microalgae Dixoniella grisea and P. aerugineum were used to
develop hydrogels with promising antimicrobial properties in the study by Netanel Liberman et al. (2021).
The highest level of inhibition was observed against the gram-positive bacterium, B. subtilis, resulting in
the presence of the largest clear zone. Another study discovered that when zinc ions are combined with a
sulfated polysaccharide extracted from the red microalga Porphyridium sp., the resulting hydrogels exhibit
antibacterial activity against E. coli and B. subtilis (Netanel Liberman et al., 2021). Moreover, antimicrobial
effects have been attributed to phycobiliproteins, the light-harvesting proteins found in microalgae,
responsible for the microalgae's ability to absorb light. For instance, the Gram-positive bacterium S. aureus
has been reported to be inhibited by 7 pg/mL of phycobiliproteins (MIC level) compound extracted from
the P. aerugineum. In addition, phycobiliproteins of Porphyridium cruentum were found to be active
against S. aureus, and extracellular sulfated polysaccharides (1%) were found to be active against E. coli
and S. aureus (Dewi et al., 2018). Moreover, antibacterial activity against S. aureus, Streptococcus
pyogenes, B. cereus, and Salmonella typhimurium was observed in vitro using exopolysaccharides from the
red microalga Rhodella reticulata.

Antibacterial activity of diatoms

Diatoms have been reported to possess antibacterial activity against pathogenic bacteria. For
instance, Dewi et al. (2018) revealed that the n-hexane extracts of Chaetoceros calcitrans can inhibit S.
aureus, B. subtilis, and E. coli with a MIC level of 250 pug/mL. Moreover, antibacterial activity was
evaluated by comparing the antibacterial properties of diatom organic extracts against various pathogenic
bacteria such as Proteus sp., Salmonella sp., Staphylococcus sp., and Vibrio sp. The results indicated that
methanol extracts of Skeletonema costatum were the most effective against all bacteria tested. In contrast,
water extracts did not affect any of the bacteria tested, and ethanol extracts had a minimal impact on P.
mirabilis and Salmonella Paratyphi B. Other than that, according to the study by Al-Jbory & Al-Mayaly
(2019), the methanolic extract of Navicula sp. exhibited remarkable antibacterial activity against
Enterococcus faecalis, S. aureus, B. cereus, and Klebsiella pneumoniae with MIC values ranging from
2000 to 10000 pg/ml. Mishra et al. (2020) discovered three marine diatoms to synthesize AgNPs:
Chaetoceros sp., Skeletonema sp., and Thalassiosira sp. Diatom-based AgNPs are an excellent bactericidal
agent against gram-negative bacteria, including Aeromonas sp. and E. coli, or gram-positive bacteria, such
as B. subtilis or S. pneumonia.

Antibacterial activity of Cyanobacteria

Nanoparticles (NP) incorporated with bioactive compounds from microalgae are gaining
recognition as versatile materials because they have a higher surface-to-volume ratio, which is critical for
antimicrobial activity. Patel et al. (2015) reported that Anabaena sp., Cylindrospermopsis sp., Lyngbya sp.,
Limnothrix sp., Synechococcus sp., and Synechocystis sp. were the six strains of cyanobacteria that were
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evaluated for their ability to biosynthesize AgNPs. These nanoparticles were evaluated against harmful
bacteria such as Bacillus megaterium, Micrococcus luteus, B. subtilis, S. aureus, E. coli, and P. aeruginosa.
However, out of six strains tested, it was discovered that only one strain, Limnothrix sp., which synthesized
the larger nanoparticles, lacked antibacterial activity. Moreover, Karthika and Muruganandam (2019)
reported that Stigonema sp. extracts (100 pl) showed a significant inhibition zone when tested against some
bacteria species such as B. cereus, K. pneumoniae, Proteus vulgaris, P. aeruginosa, S. aureus. The n-hexane
extracts of Oscillatoria redekeii successfully inhibited the pathogenic bacterium, S. aureus, with a MIC of
less than 100g/mL. Additionally, the antibacterial metabolites determined from the methanolic extract of
Oscillatoria sp. are fatty acids, triazine derivatives, pyridine derivatives, and acridine derivatives. A total
of 411 cyanobacteria strains from Brazil were evaluated in vitro against various pathogenic bacteria in a
large screening study by Silva-Stenico et al. (2013).

Intracellular extracts of Phormidium autumnale, Myxosarcina sp., Gloeotrchia sp., Cyanobium
sp., and Cyanobacterium sp. were highlighted for their significant antibacterial activity. According to mass
spectrometry analysis, these cyanobacteria secreted compounds such as cyanopeptolin, microcystin,
aeruginosin, and cyanopeptolin that are responsible for preventing the growth of gram-negative and gram-
positive pathogenic bacteria by 49% and 35%, respectively. However, stability studies on these naturally
occurring antimicrobial compounds produced by microalgae are scarce. Furthermore, among three
cyanobacterial species, Anabaena oryzae, Oscillatoria sp., and Stigonema ocellatum, the acetone extract of
A. oryzae was found to show a maximum antimicrobial activity against tested human pathogenic bacterial
strains, Serratia marcescens. Anabaena circinalis buffer extract was most effective against Listeria
monocytogenes ATCC 7644, while Nostoc entophytum buffer extract was most effective against pathogenic
E. coli O 157:H7 in terms of antimicrobial activity. Antibacterial properties of Nostoc commune and
Lyngbya majuscula against pharmaceutically important microorganisms have been tested by Chauhan et
al. (2020), and their ethanolic extract has been tested using UV-HPLC and HPTLC analysis. Table 2
summarizes the antibacterial compounds of microalgae and cyanobacteria from previous studies.

Antifungal activity of microalgae
Antifungal activity of green and red microalgae

Green and Red microalgae have been reported to exhibit antifungal activity against pathogenic
fungi. For instance, benzene extracts of Chlorococcum humicola displayed the best antifungal activity
against Candida albicans, Aspergillus niger, and A. flavus. Moreover, the antifungal activity of P.
aerugineum and P. cruentum against C. albicans had MIC values of 2.1 and 7.0mg/mL, respectively
(Najdenski et al., 2013). Compared to other groups, only a few studies have been conducted on red
microalgae, perhaps because of the limited number of species available. Only two microalgae strains,
Heterochlorella luteoviridis and Porphyridium purpureum, out of 88 microalgal strains showed antifungal
activity against C. albicans in a large screening study conducted by Mudimu et al. (2014). The Chlorella
genus of green microalgae has been extensively studied to produce bioactive compounds with promising
antimicrobial activity. For instance, Vehapi et al. (2018) reported that Chlorella vulgaris and C. minutissima
extracts have a powerful antifungal effect against A. niger and Fusarium oxysporum when cultivated in
Iroko tree extract water and culture supernatants from C. vulgaris and C. ellipsoidea were found to be
fungicidal against Candida kefyr, A. fumigatus, and A. niger.

Table 2: Antibacterial compounds of microalgae and cyanobacteria

Microalgae Compounds Target bacteria Reference
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Dunaliella
primolecta

Tetraselmis sp.

Coccomyxa
onubensis

Chlorella sp. UKM8

y-linolenic acid

Palmitic acid, oleic acid and

linoleic acid

Palmitic acid (C16:0), oleic acid
(C18:1), linoleic acid (C18:2) and
(C18:3)

Phenol and hexadecanoic acid

MRSA

E. coli, P. aeruginosa, and S.
aureus

E. coli and P. mirabilis

S. epidermidis

(Dewi et al., 2018)
(Maadane et al.,
2017)

(Navarro et al., 2017)

(Shaima et al., 2021)

Dixoniella  grisea  Sulfated polysaccharides B. subtilis (Netanel Liberman et
and  Porphyridium al., 2021)
aerugineum
Porphyridium Phycocyanin S. aureus (Dewi et al., 2018)
aerugineum
Stigonema sp. Anthraquinones, amino acids, B. cereus, K. pnemoniae, P. (Karthika &
carbohydrates, flavonoids, vulgaris, P. aeroginosa, and ~Muruganandam,
phenols, proteins, steroid ~ S. aureus 2019)
hormones, saponin, tannin, and
terpenoids

Diacetone alcohol, acetic acid Serratia marcescens
butyl ester, mesityl oxide, and

heptadecane

Anabaena oryzae (Seddek et al., 2019)

Antifungal activity of diatoms and dinoflagellates

The in vitro antifungal tests were carried out by Dewi et al. (2018) using various organic extracts of
11 diatom species. Thalassiothrix frauenfeldii was the most effective antifungal agent against A. niger and
Candida neoformans. There are dinoflagellates in the genera Gambierdiscus and Fukuyoa that are known
to produce toxic metabolites, but some of these toxins have been shown to have antimicrobial properties.
Moreover, supercritical COz extracts from the marine diatom Chaetoceros muelleri are effective against C.
albicans (Mendiola et al., 2007). In addition, polysaccharides derived from Asterionella glaciallis,
Chaetoceros lauderi, and C. diadema were discovered to possess antifungal activity against a variety of
species, including Trichophyton rubrum, Fusarium fuhum, and Colletotrichum acutatum. Additionally,
toxicology studies on these microalgae-secreted antimicrobial compounds are lacking. Therefore, toxicity
testing is required, as it is critical to screening newly developed drugs before their use on living organisms.

Antifungal activity of Cyanobacteria

According to recent studies, Cyanobacteria, the blue-green algae, may contain bioactive compounds
with antifungal properties. For instance, Shishido et al. (2015) reported the antifungal activity of methanolic
extracts from 11 cyanobacterial strains belonging to the genera Nostoc sp., Anabaena sp., Scyfonema sp.,
and Fischerella sp. (originating in brackish, freshwater, and terrestrial environments). Cyclic glycosylated
lipopeptides produced by cyanobacteria are antifungal agents and have been identified in several
cyanobacteria strains from the genera Anabaena, Nostoc, Aphanizomenon, and Tolypothrix. Cyanobacterial
cyclic antifungal lipopeptide classes include hassallidin, pauwainaphycins, laxaphycins, and
anabaenolysins. Anabaena and Nostoc species produced the antifungal bioactive compound
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glycolipopeptide, inhibiting C. albicans and A. flavus growth. Another subtype of hassallidins, hassallidin
D, demonstrated significant antifungal activity against C. krusei, with MIC values of less than 2.8g/mL.

Another study found that cyclic antifungal lipopeptides isolated from the epilithic cyanobacterium
Hassallia sp. were effective against opportunistic human pathogens. However, Vestola et al. (2014)
reported that hassallidin D is ineffective against Aspergillus strains. The mechanism by which antifungal
cyclic lipopeptides from cyanobacteria work is mainly described by membrane disruption. Moreover,
Fischerella ambigua methanol extracts contained the antifungal compound with a MIC value of 20 pg/mL
and inhibited the growth of C. krusei. Acetone extract of three microalgae isolates, Gloeocapsa, Fischrella,
and Chlorella, yielded beta-carotene pigment. It was determined that Beta-carotene pigment was effective
in inhibiting the pathogenic fungi C. albicans and Fusarium solani (Al-taie and Al-katib, 2020).

Moreover, toxins commonly produced by Desmonostoc muscorum have been shown to have
remarkable inhibitory effects against plant pathogens. Seddek et al. (2019) revealed that 4. oryzae acetone
extract was found to be the most effective against the tested fungus out of three cyanobacterial species (4.
oryzae, Oscillatoria sp., and S. ocellatum) when tested for antimicrobial activity against pathogenic
microorganisms. Further, a gas Chromatography-mas spectrophotometer (GC-MS) analysis of the acetone
extracts was used to determine major compounds responsible for antifungal activities in cyanobacterial
species. Table 3 summarizes the antifungal compounds of microalgae and cyanobacteria based on the pieces
of literature.

Antibiofilm activity
Antibiofilm activity of microalgae and Cyanobacteria

Microalgae and cyanobacteria extracts have been reported to show an inhibitory effect against the
biofilm formation of various fungi and bacteria strains. It was found that the extracts from methanol and
ethyl acetate were the most capable of killing the microorganisms studied. In the case of the cyanobacterium
Sphaerospermopsis sp. (LEGE00249), the antibiofilm subfraction inhibited biofilm formation by 61%—
70% for Coagulase-negative Staphylococcus (CoNS) strains. The compound lysophosphatidylcholine
(C16:0 LPC) was found to have antibiofilm activity against K. pneumoniae, E. coli, S. epidermidis, and C.
parapsilosis. In contrast, fatty acids had no antibiofilm activity against the tested microorganisms. The
study by Gayatri et al. (2019) aimed to examine the anti-biofilm properties of Chlorella lyophilized extracts.
Based on MTT assay results, the lyophilized ethanolic extract of Chlorella inhibited biofilm formation by
as much as 85%. A paper by Lauritano et al. (2016) analyzed microalgae, including diatoms,
dinoflagellates, and flagellates, to determine if they possessed any biological activity. There was no
cytotoxicity in previous antibacterial tests, and the diatoms Leptocylindrus danicus and L. aporus genus
showed strong antibiofilm activity, preventing 90 percent bacterial growth in microalgae cultivated under
nitrogen stress. Moreover, Lopez & Soto (2019) reported that at a concentration of 4 mg/mL, an extract of
C. vulgaris demonstrated antibiofilm activity, and analysis of the extracts indicated that tannins, terpenoids,
and flavonoids are responsible for the extract's antimicrobial properties.

A concentration of 2 mg/mL of D. salina extract was required to inhibit biofilm growth, and extract
analysis revealed that compounds such as n-hexadecane, PUFAs, 3,3,5-trimethylheptane, neophytadiene,
and B-ionone from D. salina extract played a role to the antimicrobial properties. Moreover,
glucosyltransferases (GTF) secreted by C. vulgaris and D. salina have suppressive activity and are
responsible for their antibiofilm activity. Adebayo-Tayo et al. (2019) used silver nanoparticles (OsSNPs)
containing a methanol extract of the green microalgae Oscillatoria sp to identify novel bioactive compounds
with antibiofilm activity. The findings of this study indicated that biosynthesized silver nanoparticles
(OsSNPs) were the most effective antibiofilm against P. aeruginosa ATCC 27853, while Citrobacter was
the least inhibited. Unlike traditional antimicrobial agents, silver nanoparticles require low doses to treat
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disease. When silver nanoparticles encounter microorganisms, silver ions are released. Silver ions can kill
microbial cells by deactivating enzymes within the cell and disrupting the cell membrane, resulting in
apoptosis. Another important area of research is oral health. Because of their biofilm-forming activities, S.
mutans and Lactobacillus sp. are the most common bacteria linked to tooth decay and other oral diseases.
Ethanolic extracts of the green microalgae C. vulgaris and D. salina may facilitate reducing biofilm
formation. Scanning electron microscopy revealed that antibiofilm compounds reduced microcolony
formation and structural changes in exopolysaccharides, limiting growth and virulence properties in S.
mutans. Various antibiofilm compounds were identified from microalgae. However, additional research on
the modes of action of these compounds is required.

Table 3: Antifungal compounds of microalgae and cyanobacteria

Microalgae Compounds Target fungi Reference

Porphyridium  aerugineum  Phycobiliproteins C. albicans (Najdenski et al., 2013)

and P. cruentum

Gambierdiscus toxicus Gambierdic acids A. niger (Morohashi et al., 2000)

Hassallia sp. Hassallidins (A and B) A. fumigatus, C.  (Neuhofet al., 2005)
albicans

Anabaena sp, and Nostoc sp.  Hassallidin C. albicans and A. flavus ~ (Shishido et al., 2015)

Fischerella ambigua Parsinguine C. krusei (Dewi et al., 2018)

Anabaena oryzae Diacetone alcohol, acetic C. albicans (Seddek et al., 2019)

acid butyl ester mesityl
oxide, and heptadecane

CONCLUSION AND FUTURE PROSPECTS

Indeed, microalgae and cyanobacteria are excellent candidates for discovering significant
antimicrobial and antibiofilm compounds that will combat various multi-drug resistance strains to currently
existing antimicrobial drugs. As a result of the findings, several gaps in the research on microalgae bioactive
compounds have been identified that have not been adequately addressed. Future work should search for
more industrially robust microalgae strains capable of successfully manufacturing lucrative bioproducts.
Besides, methods for enhancing microbial yield to satisfy industrial needs must be developed. Current
biomolecular tools, such as CRISP-Cas9, are one strategy for increasing yield without requiring many
reagents or a lengthy process, thereby lowering the cost of this production. Moreover, future researchers
should conduct additional research on antibiofilm activity, emphasizing the mechanisms of action.
Furthermore, toxicity studies on antimicrobial compounds produced by microalgae are required because
toxicity testing aims to determine how safe a test substance is and to characterize the potential toxic effects
it may produce. In addition, a stability test on these antimicrobial compounds produced by microalgae is
required to ascertain how a pharmaceutical substance's quality is affected by several environmental factors.
Finally, in vivo studies are recommended in the future because they provide researchers with a better
understanding of the experiment's effects on the entire living organism.
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