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Abstract

Recently, special attention has been paid to marine origin compounds such as carbohydrates, peptides, lipids, and carot-
enoids, which are extracted from microalgae and have anticancer, anti-inflammatory, antimicrobial (e.g., anti-COVID-19
activity), and antioxidant properties in biomedicine and pharmaceutical biotechnology. In addition, these photosynthetic
marine microorganisms have several applications in biotechnology and are suitable hosts for the production of recombinant
proteins/peptides, such as monoclonal antibodies and vaccines. Silica-based nanoparticles obtained from diatoms (a micro-
algae group) are used as drug delivery carriers owing to their biodegradability, easy functionalization, low cost, and simple
features compared to synthetics, which make these agents proper alternatives for synthetic silica nanoparticles. Therefore,
diatom-based nanoparticles are a viable option for the delivery of anti-cancer drugs and reducing the side-effects of cancer

chemotherapy.
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Introduction

Microalgae are photosynthetic microorganisms, which are
classified into two categories of prokaryotes and eukaryotes.
Prokaryotic microalgae such as cyanobacteria are known as
blue-green algae, and eukaryotic microalgae comprise dia-
tom and green algae. These microorganisms could adapt to
mild and harsh conditions and survive in different environ-
ments [1-5]. Microalgae are capable of producing various
types of bioactive molecules, including carotenoids, poly-
saccharides, vitamins, and lipids. Furthermore, they have
potential uses as antioxidant, anti-inflammatory, antitumor,
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anticancer, antimicrobial, antiviral, and anti-allergy agents;
therefore, they play a key role in the biomedical and phar-
maceutical industry. Microalgae are also applied in cosmetic
products, environmental biotechnology, and animal feeds [1,
6-8].

In the past decade, microalgae-based nanoparticles have
been used in drug delivery systems. The main advantages
of these nanoparticles over other carriers are low toxicity,
biodegradability, and large surface area. Microalgae play a
pivotal role in medical and pharmaceutical biotechnology
and are used for the synthesis of growth factors, hormones,
antibodies, vaccines, and immune regulators [9, 10].

Today, cancer is considered to be a leading cause of death
across the world [11]. Current cancer treatments are surgery,
radiotherapy, and chemotherapy. One of the most important
challenges of chemotherapy is the associated complications
since in addition to tumor cells, chemotherapy drugs also
target non-tumor cells in the body. These complications
could be minimized by drug delivery systems and the spe-
cific targeting of tumor cells [12].

Diatom is a eukaryotic unicellular microalgae with a
unique cell wall known as frustule. Frustule structure is
composed of silica and has notable properties for drug deliv-
ery, such as highly-ordered three-dimensional (3D) pores,
chemical inertness, microchannel, and uniform nanopore
structure. Furthermore, frustules could be easily protected,
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functionalized, and engineered for successive drug loading
and delivery [13, 14] (Fig. 1).

Applications of microalgae
Food and human health

Microalgae such as Spirulina and Chlorella are consumed as
food and dietary supplements owing to their high nutritional
value. Microalgae are an important source of proteins, essen-
tial amino acids, carbohydrates (e.g., glucose and starch),
®-3 and ®-6 fatty acids, and vitamins B1, B2, B5, B6, B9,
A, C, and E. Spirulina has a high content of vitamins, miner-
als, proteins, and y-linolenic acid and has shown therapeutic
effects on various health issues, such as arthritis, diabetes,
cardiovascular diseases, and cancer.

Chlorella is another important microalgae in the food
industry, which has a high content of protein, carotenoids,
vitamins, and B-glucan (free radical scavenger and immune
system stimulator). Similar to Spirulina, Chlorella and
Dunaliella are used in the food and pharmaceutical industry,

Fig. 1 Graphical abstract of the
presented study
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with an annual global income worth hundreds of thousands
of dollars [9, 14].

Polyunsaturated fatty acids

Eicosapentaenoic acid and docosahexaenoic acid are the
most important ®-3 fatty acids in microalgae, which largely
benefit the development of the eyes and brain in infants,
while also contributing to the prevention of cardiovascular
diseases, blood coagulation, nervous system functions, and
blood pressure maintenance in adults. The microalgae that
produce these lipids are Haematococcus, Spirulina, Schi-
zachyrium, and Crypthecodinium [14-16].

Carbohydrates

Cyanobacteria are a major source of exocellular polysaccha-
rides, which are used as stabilizers in the food industry and
as hydrating agents in cosmetics and pharmaceuticals. Some
microalgae polysaccharides are also used in lotions and creams
given their antioxidant properties. Moreover, sulfated poly-
saccharides extracted from microalgae stimulate the human
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immune system. In-vivo and in-vitro studies have indicated
that the polysaccharides of some microalgae affect the herpes
simplex virus [16].

Amino acids, peptides, and proteins

Spirulina and Chlorella vulgaris have significant protein con-
tent. Proteins of Spirulina could reduce inflammation and
allergies, and peptides of C. vulgaris could prevent cell dam-
age. Furthermore, microalgae contain essential amino acids
that cannot be synthesized by mammals [15, 17].

Carotenoids

Carotenoids are the pigments polymerized from isoprene units.
Beta-carotene, astaxanthin, lutein, zeaxanthin, and lycopene
are important carotenoids of microalgae. Beta-carotene is used
in pharmaceutical industries owing to its antioxidant activity,
which prevents cancer. Astaxanthin is another carotenoid in
microalgae and a scavenger of free radicals, which has notable
properties such as skin protection, immune function improve-
ment, and protection against cancer and inflammatory diseases
[14, 16, 18].

Pharmaceutical applications

Microalgae are capable of producing bioactive compounds
such as antibiotics, subunit vaccines, monoclonal antibodies,
hepatotoxic and neurotoxic compounds, hormones, enzymes,
and other compounds with pharmaceutical and therapeutic
applications, which are not easily synthesized by chemical
methods [8]. Microalgae pigments also have health benefits
such as the prevention of cancer, cardiac diseases, neurologi-
cal disorders, and eye diseases. Microalgae are an ideal host
for the production of recombinant proteins given their unique
properties, such as the rapid growth rate and simple and low-
cost media, while their post-translational modifications are
rather similar to mammalian cells as opposed to bacterial cells
[19].

Chlamydomonas reinhardltii is the most popular microalgae
in pharmaceutical biotechnology. Antibodies [19], vaccines,
erythropoietin, and viral protein 28 (VP 28) are the recom-
binant proteins produced in this microalgae [9]. Chlorella,
Dunaliella, and Scenedesmus are other species that could pro-
duce recombinant proteins. For instance, D. salina produces
HBsAg and VP 28 in the nucleus and a-galactosidase and
phytase in the chloroplast [9, 20, 21].

Production of pharmaceuticals
and therapeutic proteins

Subunit vaccines

Microalgae (especially C. reinhardtii) are viable options to
be used as vaccine transporters as they are safe and contain a
single chloroplast, which expresses proteins with high accu-
mulation. Such examples of these recombinant proteins are
E2 protein, which is used in the vaccines against classical
swine fever virus, D2-CTB fusion protein (D2 fibronectin-
binding domain of S. aureus containing cholera toxin B
subunit), which is used in the oral vaccine against S. aureus,
and E7 oncoprotein, which is applied in the human papil-
lomavirus (HPV) vaccines [9, 22]. In a study in this regard,
Dermutas et al. inserted the gene of HPV16 E7 protein into
the genome of C. reinhardtii chloroplast, which expressed
E7GGG protein for therapeutic vaccines. Therefore, the
microalgae was reported to be a proper alternative of plant
hosts [23].

Monoclonal antibodies

Today, most monoclonal antibodies are produced in Chinese
hamster ovary cell lines and are highly costly and associ-
ated with the risk of contamination with human pathogens.
Owing to their benefits, microalgae are considered to be
effective alternative host cells. These eukaryotic microorgan-
isms are superior to bacterial cells in the post-translational
modifications of human recombinant proteins. Furthermore,
they are preferred to other eukaryotic hosts given their high
growth rate, convenient handling, and simple culturing. In
a research, Hampel et al. produced a monoclonal IgG anti-
body in engineered Phaeodactylum tricornutum against the
nucleoprotein of Marburg virus, which is a leading cause of
hemorrhagic fever in western Africa [24, 25].

Antimicrobial agents

Several microalgae extracts have antiviral, antibacterial,
antifungal, and antiprotozoal properties. Such examples are
indoles, phenols, fatty acids, and volatile halogenated hydro-
carbons. In addition, blue-green algae such as Ochromonas
sp. and Prymnesium parvum produce toxins with pharma-
ceutical applications [8].

Antiviral activities
In general, viral infections are divided into three stages. The

first stage involves attachment and the penetration of the
virus into the host cell, the second stage is the replication
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of the virus in the host cell, and stage three is the release of
the virus particles from the cell. The antiviral compounds
of microalgae affect different stages of viral infections. For
instance, sulfated polysaccharides interfere with the first
stage [2]. In a study in this regard, Hayashi et al. could
extract a monogalactosyl diacylglycerol (MGDG) from
Coccomyxa sp., which caused physical changes in HPV to
envelop. As a result, the virus could not attach to the host
cell, indicating the antiviral effects of MGDG [26].

Antibacterial activities

Today, antibiotic resistance is considered to be a significant
challenge in the treatment of infectious diseases. There-
fore, it is essential to discover novel antibiotics. In a study,
Pratt et al. produced a mixture of fatty acids from Chlorella,
which exerted inhibitory effects on bacteria. It seems that
the free fatty acids extracted from microalgae are able to kill
or inhibit the growth of different gram-positive and gram-
negative bacteria. In addition to the antibacterial activity of
microalgae, biocompounds have exhibited antibiofilm activi-
ties, which play a key role in the treatment of infectious dis-
eases. For instance, Streptococcus mutans and Lactobacillus
sp. are two bacteria that form biofilm on teeth and cause
the formation of dental plaque. C. vulgaris and D. salina
extracts could inhibit biofilm formation and prevent dental
caries [2, 27].

According to the study by Santoyo et al., the short-chain
fatty acids extracted from Haematococcus pelvis have anti-
bacterial activities against E. coli and S. aureus, and the
solvent used for their extraction could affect the intensity
of their antibacterial activities [28]. In this regard, Bhaga-
vathy et al. reported that Chlorococcum humicola extracts
exerted different antibacterial effects on six bacteria. In
the mentioned study, this antibiotic activity was associated
with the presence of phenol compounds and pigments such
as p-carotene and chlorophyll II, which are the pigments
extracted from Chlorococcum humicola with antibacterial
effects against Vibrio cholera, Salmonella typhimurium, S.
aureus, and Bacillus subtilis [2, 18, 28, 29].

Anti-inflammatory and anticancer properties

Some carbohydrates, lipids, and phycobiliproteins that are
extracted from microalgae have shown antiproliferative and
apoptotic effects on various cancers. Fucoidan is a sulfated
polysaccharide, which is extracted from different microal-
gae, such as Fucus vesiculosus, Sargassum henslowianam,
Cladosiphon fucoidan, and Coccophora longsdorfii, which
inhibit angiogenesis and metastasis through the down-regu-
lation of kinase activity and activation of caspase-3/7 in the
human lymphoma cell line, melanoma, human colon cancer,
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breast cancer, lung carcinoma, and human promyeloid leu-
kemia [18].

In a research in this regard, Miceliet al. reported that the
monoacylglycerides extracted from Skeletonema marinoi
could induce selective apoptosis through the activation of
caspase-3/7 in the colon cancer cell line (HCT-116) and
hematological cancer cell line (U-937), while no apoptosis
was induced in normal cells [30]. Furthermore, some micro-
algae lipids (e.g., polyunsaturated fatty acids) have shown
antitumor activities against cervical and breast cancer. Phy-
cocyanin is a phycobiliprotein extracted from microalgae
such as Arthronema africanum, Spirulina platensis, and
Porphyra haitanensis, which inhibit the growth of human
hepatocellular carcinoma, lung/colon cancer, and leukemia
cells [18].

Microalgae and COVID-19 treatment

Currently, coronavirus disease (COVID-19) is the most
important health issue across the world, and there is an
urgent need for finding effective treatments for this disease
and preventing hundreds of thousands of deaths [31]. Studies
have indicated that the acute respiratory distress syndrome
(ARDS) resulted from the cytokine storm syndrome is a
major cause of death in COVID-19 patients. In cytokine
storm, the level of pro-inflammatory cytokines (IL-1, IL-6,
TNF-a) and chemokines (CCL2, CCL3, CXCL10, CXCL9)
increase, thereby causing the hyperactivity of the immune
system and acute lung injury (ALI) [32].

Astaxanthin is a carotenoid with anti-inflammatory,
immunomodulatory, and antioxidative properties, as well
as other therapeutic activities. Haematococcus pluvialis is
a microalgae and a natural source of astaxanthin. Studies
have indicated that the administration of this carotenoid to
COVID-19 patients could alleviate cytokine storm, thereby
preventing ARDS and ALI [31].

Lectins are proteins that attach to specific mono and
oligosaccharides. Cyanovirin-N is a lectin extracted from
cyanobacteria (Nostoc ellipsosporum), which has exhibited
anti-viral activities against HIV, influenza, and the Ebola
virus. Carrageenan is a sulfated polysaccharide of micro-
algae origin, which is able to inhibit the attachment, tran-
scription, and replication of viruses in host cells [33]. In a
study, Koenighofer et al. produced a nasal spray containing
zanamivir (antiviral drug), and carrageenan was reported to
exert synergistic effects on the influenza virus [34].

Spirulina is a blue-green microalgae with high protein
content, several vitamins, y- linolenic acid, and tocopherol.
In addition, Spirulina has nutritional and therapeutic appli-
cations and is referred to as a *superfood’. Studies have indi-
cated that these microalgae have potent antiviral activities.
Calcium spirulan is a polysaccharide derived from spirulina,
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which inhibits the replication of several viruses, such as
influenza, mumps, and HIV [35]. Furthermore, S. platensis
could activate the immune system against viruses through
the activation of immune cells and inducing the production
of interferon-gamma, which is an important cytokine with
antiviral activity. Phycocyanin is also a pigment obtained
from spirulina and an inhibitor of NADPH oxidase with anti-
inflammatory activity. It seems that microalgae (especially
Spirulina) are effective candidates for the adjuvant therapy
of COVID-19 patients [35].

Microalgal-based micro-/nanocarriers
in drug delivery

Drug delivery systems are designed to target drugs or genes
to the target cells, such as cancer cells. Patients with genetic
disorders commonly have a defective or absent genome.
Gene delivery with silica nanoparticles (NPs) is consid-
ered to be an effective approach in this regard [36]. Today,
advanced drug delivery systems could overcome the limita-
tions of conventional drugs (e.g., poor solubility/stability
and high toxicity) as they carry drugs to specific tissues in
the body.

Liposomes, micelles, and silicon oxide NPs are among
commonly used drug carriers, which have advantages and
limitations. Silica-based NPs such as MCM-41 and SBA-15
have unique physical and chemical properties, such as a high
surface area, tailorable pore size, thermal ability, and high
loading capacity. As for the limitations of these NPs, it has
been reported that their synthesis is costly and time-consum-
ing and requires high energy and toxic materials [10, 37].

Today, emphasis is placed on the use of marine resources
in biomedicine [38]. In the past decade, diatom biotechnol-
ogy attracted great attention as an important area for the
research and production of high-value compounds with phar-
maceutical applications [39]. As mentioned earlier, micro-
algae are major sources of various polysaccharides, such as
alginate, carrageenan, laminarin, and fucoidan, which could
be converted into NPs and use hydrophilic groups on the
surface to interact with biomolecules [40].

Diatoms are brown algae with an amorphous silica exo-
skeleton, which have easy and costly cultivation. Their fos-
sils [diatomaceous earth (DE)/frustules] are a source of
porous silica (SiO,) NPs. Live diatoms and DE are consid-
ered to be sources of silica NPs, while DE contains more
quantities of frustules [37, 41]. In addition, silica NPs modi-
fied with cationic reagents (e.g., cationic amino silanes) are
used for gene delivery.

Functionalization with amino groups protects plasmid
DNA and delivers DNA to the nucleus. In a research in this
regard, Park et al. reported that receptor-mediated endocyto-
sis increased transfection efficacy and decreased cytotoxicity

[42]. Furthermore, Aw et al. investigated the oral delivery of
a hydrophobic drug (indomethacin) and a hydrophilic drug
(gentamicin) through porous silica diatoms and observed
that indomethacin loading (smaller than gentamicin) was
higher and had stronger interaction with DE, while the drug
release behavior of both drugs was similar [43]. In another
study, Bariana et al. used organosilanes and phosphonic acid
for modification of diatoms to use for co-delivery of hydro-
phobic (indomethacin) and hydrophilic (gentamicin) drugs.
They found hydrophilic modifications such as 16-PHA
(16-phosphono-hexadecanoic acid), and OTS (7-octade-
cyltrichlorosilane) improved drug loading and controlled
release of gentamicin, whereas hydrophilic modifications
such as APTES (3-aminopropyltriethoxysilane) and 2-CEPA
(2-carboxyethyl-phosphonic acid) enhanced drug loading
and controlled release of indomethacin [44].

Modifications could alter and improve the properties
of diatomaceous earth (Diatomite; DE); for instance, the
oligo(ethylene glycol) methacrylate copolymers on diatom
microcapsules render these agents stimulus-responsive car-
riers for the delivery of levofloxacin, which is an antibi-
otic used against S. aureus and Pseudomonas aeruginosa
[45]. Moreover, diatom frustules modified with DOPA/
Fe;0, (dopamine-terminated Fe;O, NPs) could control an
external magnetic field through their magnetic properties
[46]. In research in this regard, Sasirokha et al. performed
the chitosan functionalization of Amphora subtropica for
doxorubicin (DOX) loading and release [47]. In addition,
Janicijevi¢ et al. reported that diatomite modified with alu-
minum sulfate is an effective carrier for diclofenac sodium,
providing higher adsorbent loading and extended release
compared to control [48]. In another study, cargo mol-
ecules in biomimetic silica carriers (e.g., drugs, bioactive
peptides/proteins) were conjugated with RS silaffin peptide
via a disulfide linkage. Following that, R5-cargo conjugates
were entrapped in silica particles, and acidic and reductive
conditions were observed to be suitable for the release of
cargo from this complex [49].

Gnanomoothy et al. used natural silica NPs derived from
Coscinodiscus concinnus (diatom) for the delivery of strep-
tomycin (hydrophilic drug), observing that the drug release
efficiency time of the treated diatom was extended com-
pared to the untreated diatoms. In addition, streptomycin
was adsorbed inside the pores and into the hallow diatom
structure due to surface adsorption [50].

According to the study by Vona et al., increasing silanol
at the surface of diatom increased the drug encapsulation of
ophiobolin A, which is an anticancer molecule derived from
fungi. In the mentioned study, surface functionalization was
reported to be an effective measure for drug loading on dia-
toms, and ophiobolin A release was observed to be extended
[13, 51]. In the study conducted by Cicco et al., nanoporous
silica-based particles obtained from Thalassiosira weissflogii
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were functionalized with cyclic nitric oxide 2,6,6-tetrame-
thyl piperidine-N-oxyl and loaded with an antibiotic (cipro-
floxacin), exerting antioxidant and antibacterial effects on
fibroblast and osteoblast-like cell growth [52].

Bariana et al. investigated the combined effects of
the surface functionalization and morphology of dia-
toms on their drug loading and release properties [44].
Diclofenac sodium(DS) is a non-steroidal anti-inflammatory
drug(NSAID) that uses in painful and inflammation condi-
tions. This drug drawback is short biological half-life and
high metabolize rate in the liver, so it should be administered
frequently. diatomaceous earth(DE) particles modified with
xerogel could prolong and control the release of DS so are
suitable carriers for this drug [53].

Diatom-based nanocarriers in cancer
therapy

Cancer is the cause of 171.2 of 100,000 deaths each year.
Common anti-cancer drugs inhibit DNA synthesis and have
antimetabolite activities. However, a major challenge in can-
cer therapy is the impact of anticancer drugs on normal cells
and tissues. NPs are considered to be effective carriers for
the specific delivery of drugs to tumor cells. Using synthetic
NPs for the delivery of anticancer drugs is an important
approach to the improvement of chemotherapy effective-
ness. However, these materials may be toxic and have some
environmental disadvantages. In recent decades, the use of
biodegradable silicon NPs (SiNPs) has been replaced with
microalgae, which have cost-efficient manufacturing and
low toxicity. In a study, Maher et al. used the gas—solid dis-
placement method for the conversion of frustules into SiNPs,
while also using SiNPs loaded with DOX for cancer therapy.
The findings of the mentioned study indicated that the cyto-
toxic effects of DOX-SiNPs were superior to free DOX [54].

Several compounds derived from microalgae have shown
anti-cancer properties and are a viable option for cancer
therapy. Nevertheless, natural compound-based anticancer
drugs (e.g., camptothecin) have poor water solubility. The
encapsulation of camptothecin into NPs has been reported
to enhance its solubility, increase its half-life in the blood-
stream, and lead to the better accumulation of the drug in
cancer tissues.

Bioactive compounds of blue-green algae can induce
apoptosis and activate the protein kinase-c family in cancer
cells [55]. Using drug delivery systems is considered to be
an effective approach to the reduction of toxicity and improv-
ing the therapeutic efficacy of drugs, especially in cancer
therapy [56]. As mentioned earlier, diatomite silica NPs
(DSNis) are a proper candidate for cancer therapy. DSNs are
also efficient nanocarriers for the uptake of anticancer mol-
ecules into the cytoplasm of human epidermoid carcinoma
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cells [57]. Currently, delivery carriers such as liposomes and
polymeric nanoparticles [58] are applied in chemotherapy,
and two or more drugs may be used as dual drug delivery.
For instance, DOX and paclitaxel (PTX) have exhibited syn-
ergistic interactions in the treatment of solid tumors when
the concentration of DOX is higher than PTX. Notably, DE
particles are appropriate for the controlled release of these
drugs given their easy synthesis and self-assembly [59]. Ter-
racciano et al. used biofunctionalized diatom nanoparticles
(DNPs) for drug loading and release studies of sorafenib,
a poorly water-soluble anticancer drug. They found DNPs
functionalized with ATPES(3-Aminopropyl) triethoxysi-
lane and polyethylene glycol (PEG) showed excellent cel-
lular uptake and better-sustained drug release profile [60].
Curcumin has antioxidant, anti-inflammatory, and anticancer
properties. Meanwhile, using curcumin for therapeutic pur-
poses is associated with limitations such as rapid dimeration,
low bioavailability, and poor absorption. Natural diatoms
modified with polydopamine are efficient carriers for the
delivery of curcumin in cancer therapy [61]. Moreover,
diatomites activated by oxidizing acids have been used as
a carrier of ophiobolin A (anticancer compound of fungal
origin), extending the release of this agent [13]. According
to the research by Todd et al., diatoms loaded with iron oxide
NPs could be used as smart carriers for the delivery of small
molecules and drugs by controlling an external magnetic
field with their magnetic properties [62]. At the specific pH
of the gastrointestinal (GI) tract, this complex attaches to
HCT-116 colorectal cancer cells, and the anticancer drug is
slowly released under light irradiation, thereby increasing
cytotoxicity against HCT-116 two-fold [63]. On the other
hand, free diatoms have shown extremely low cytotoxicity
against Caco-2, HT-29, and HT-116 (colon cancer cells),
thereby enhancing the sustained release and permeation of
mesalamine and prednisone in the GI tract [64].

Diatom silica microparticles have been used for the deliv-
ery of two drugs in the treatment of GI diseases. Mesalamine
and prednisone have a prolonged release in GI disorders. In
addition, drug permeability across Caco-2/HI-29 cells has
been reported to improve, and these particles are regarded
as proper candidates for colon cancer treatment [64]. Diato-
mite NPs are also effective in the transport of siRNA inside
human epidermoid cancer cells (H1355) to silence gene
expression. These nanocarriers could also be loaded with
one or more different molecules and improve the delivery
of antitumor biomolecules and drugs [65].

Scytonemin regulates the formation of kinase and con-
trols the cell cycle; therefore, it has inhibitory activity
against human endothelial cells. Calothrixin B is a prod-
uct of calothrix and has antiproliferative activity against
HCT-11 colon cancer cells. Calothrixin B is obtained
from Calothrix, malyngamides is derived from Lyngbya
majuscula, merocyclophanes A and B are obtained from
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Nostoc sp., and hierridin B is derived from Cyanobacte-
rium sp., all of which have cytotoxic effects against colon
cancer cells. Lutein (polysaccharide extracted from C.
vulgaris) and violaxanthin derived from Chlorella ellip-
soidea have shown anti-proliferative activity against
HCT-116 cells [11]. In a study in this regard, Ragendran
et al. used Amphora subtropica functionalized with chi-
tosan for the delivery of DOX, reporting the improvement
of drug delivery to cancer cells. Furthermore, cytotoxic
effects were observed to enhance compared to free DOX
due to the sustained drug release from Chi@AF-DOX
[47] (Table 1).

Table 1 Various applications of microalgae in health

Conclusion

High-value products have been derived from microalgae
with numerous health and pharmaceutical applications.
Microalgae are microorganisms and biorefinery factories
for the production of recombinant proteins. In addition,
diatom shells have unique 3D structures and are used for
the production of NPs for drug and biomolecule delivery.
Different morphology and functionalization could enhance
drug loading and release from DE NPs. Several studies have
investigated modified DEMPs for the specific delivery of
drugs (DOX, camptothecin, paclitaxel) in the treatment of
colon and breast cancer, proposing positive outcomes. Fur-
ther investigation and clinical trials are still required in this
regard.

Application Metabolite Microalgae Action Ref.
Applications Polyunsaturated fatty acids (PUFA) Haematococcus, Spirulina, Schizachy- Prevention of cardiovascular disease [14, 15]
in food (EPA & DHA) rium, and Crypthecodinium in adults, blood coagulation, func-
and human tions of nervous system and blood
health pressure maintenance
Carbohydrates (sulfated polysaccha-  Porphyridium cruentum Stabilizers in the food industry, [15, 16]
rides) hydrating agents in cosmetics and
pharmaceuticals, stimulate the
human immune system
Amino acids, Peptides, and Proteins Spirulina and Chlorella vulgaris Reduce inflammation and allergies [15]
Carotenoids (B-carotene, astaxanthin,  Chlorella Antioxidant activity for the prevention [14, 16]
lutein, zeaxanthin, and lycopene) of cancer, skin protection, empower-
ing the immune system
Pharmaceu- Production of therapeutic proteins C. reinhardtii HPV vaccine (E7 oncoprotein) [9]
tica}l Appli- Phaeodactylum tricornutum Monoclonal IgG antibody against the — [24]
cations nucleoprotein of Marburg virus
Antimicrobial agents Coccomyxa sp (monogalactosyl dia- Physical changes in human papilloma- [27]
cylglyceride (MGDG) extract) virus (HPV) envelop
Chlorella vulgaris and Dunaliella Inhibit biofilm formation and prevent  [27]
salina dental caries
Haematococcus pluvialis Antibacterial activity against E. coli [28]
and S. aureus
Anti-cancer activity Fucoidan (Fucus vesiculus, Sargas- Inhibits angiogenesis and metastasis [18]
sum henslowianam, Cladosiphon
fucoidan)
Monoacylglycerides (MAGs) (skel- Induce selective apoptosis through [30]
etonema marinoi) activation of caspase 3/7
Drug delivery Amorpha subtropica, which function- Enhancing doxorubicin delivery to [63]
alized with chitosan (chi) cancer cells
Natural silica nanoparticles from Cos- Improving streptomycin delivery time [49]
cinodiscus concinnus (a diatom)
Nanoporous silica-based particles Enhancing antioxidant and antibacte-  [45]

from Thalassiosira weissflagii,
which functionalized with TEMPO

Natural diatoms modified with polydo-
pamine (PDA)

rial activity of ciprofloxacin

Suitable carriers for the delivery of
curcumin with the aim of cancer
therapy

[61]
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