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Abstract: Cancer is the second leading cause of death worldwide. Its incidence has been increasing in recent years, and it is becoming
a major threat to human health. Conventional cancer treatment strategies, including surgery, chemotherapy, and radiotherapy, have
faced problems such as drug resistance, toxic side effects and unsatisfactory therapeutic efficacy. Therefore, better development and
utilization of biomaterials can improve the specificity and efficacy of tumor therapy. Algae, as a novel living material, possesses good
biocompatibility. Although some reviews have elucidated several algae-based biomaterials for cancer treatment, the majority of the
literature has focused on a limited number of algae. As a result, there is currently a lack of comprehensive reviews on the subject of
anticancer algae. This review aims to address this gap by conducting a thorough examination of algal species that show potential for
anticancer activity. Furthermore, our review will also elucidate the engineering strategies of algae and discuss the challenges and
prospects associated with their implementation.
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Introduction

Cancer is the second leading cause of death worldwide, and the incidence continues annually. National cancer statistics
show that in 2016, the number of new cancers in China was 4.064 million, and the number of deaths from cancer was
2.414 million. According to the latest global cancer burden data released by the World Health Organization (WHO)’s
International Agency for Research on Cancer (IARC), 19.29 million new cancer cases were diagnosed worldwide in
2020. Notably, 4.57 million cancer cases were diagnosed in China, accounting for 23.7% of the world." In light of the
uncontrolled cell proliferation of cancer, cancer could also metastasize to other organs or tissues, posing a significant
threat to cancer patients.” Currently, basic and clinical research has been conducted extensively to develop new
therapeutic strategies to extend life expectancy and reduce cancer mortality. Surgical resection, radiotherapy and
chemotherapy remain the conventional treatment strategies for cancer at present. However, surgery, as one kind of
local treatment for cancer, is only effective for cancer patients at the early stage. Radiation therapy, although effective,
could inevitably pose significant unpleasant side effects on normal tissues. Chemotherapy could also systemically induce
nonspecific systemic toxicity, such as gastrointestinal adverse reactions and immune-related diseases, which severely
affect patients’ normal lives.” In general, conventional cancer treatments such as surgical resection, radiation, and
chemotherapy often lead to drug resistance and unpleasant side effects. However, in recent years, new anticancer
therapies have emerged, including small-molecule targeted therapies, immunotherapy, antiangiogenic therapy, peptide
or protein therapy, and gene therapy. Among these, natural products have gained attention because they tend to have
fewer side effects than synthetic drugs. The exploration of anticancer drugs derived from natural products has become
a hot topic in the field of cancer research both domestically and internationally. Algae, in particular, have shown

significant potential in exhibiting anticancer activities.
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China possesses abundant algae resources, presenting a significant potential for utilizing them to produce anticancer
substances. According to the National Cancer Institute (NCI), approximately 3.5% of marine plants, including algae,
exhibit anticancer or cytotoxic activity. Moreover, some algal species also possess antiviral and immunomodulatory
effects, further adding to their therapeutic potential. Additionally, the chloroplasts present in algae can serve as a source
of supplemental oxygen through photosynthesis, thereby aiding in the improvement of tumor hypoxia and inhibition of
tumor growth.* Photosensitizers in algae can be used in photodynamic therapy (PDT) to improve the efficiency of cancer
treatment. Photosynthetic pigments such as chlorophyll, which are rich in algae, can be used as natural photosensitizers.’
Under specific light irradiation, photosensitizers can generate significant levels of reactive oxygen species (ROS), which
possess the ability to induce cell death in tumor cells. It is worth noting that ROS can also play a role in supporting tumor
metabolism, promoting angiogenesis, and modulating immune responses by influencing the tumor microenvironment and
stromal cells.® Algae can also serve as an efficient cancer drug delivery system, delivering chemotherapy or genetic drugs
to cancer.” Some algal extracts have been demonstrated to inhibit cell proliferation, metastasis, and tumor angiogenesis
pathways while also promoting apoptosis, thereby exerting an anticancer effect. Algae are known to be rich in various
natural ingredients, such as polysaccharides, proteins, terpenoids, sterols, polyphenols, cyclic polysulfide compounds,
macrolides, and other bioactive substances. These components possess potent antiviral, anticancer, and antioxidant
properties. Additionally, algae can be utilized in tumor therapy for diagnostic purposes through imaging techniques.
To further enhance the biological activity and physical and chemical properties of algae, they can also be genetically
engineered for targeted tumor treatment. These advancements hold great potential in expanding the application of algae
in the field of cancer therapy.” In the field of tumor therapy, algae can be utilized for tumor diagnosis through imaging
techniques. They can be engineered to specifically target and identify tumor cells, aiding in the detection and localization
of tumors. Furthermore, algae can be genetically engineered to enhance their biological activity and modify their physical
and chemical properties, enabling them to effectively treat tumors. Algae have gained increasing attention as a significant
biological resource for natural medicine. Being renewable in nature, algae offer an abundant source of medicinal
substances. Thanks to advancements in modern biotechnology, the challenges associated with cultivating medicinal
algae have been overcome, ensuring a sufficient supply of materials for the research and development of algae-derived
anticancer substances. This breakthrough has opened up new avenues of exploration and possibilities for harnessing the
potential of algae in the development of novel anticancer therapies.® Furthermore, the improvement of modern separation
and analysis techniques and the application of high-throughput screening techniques have led to the rapid development of
algae as active anticancer substances. In view of the emerging field of algae, there have been several reviews on the
application of algae in the field of food sources and liver diseases.” However, to our knowledge, there has been no
comprehensive and systematic review on the types, modification strategies, and therapeutic mechanisms of algae in
cancer treatment. Therefore, we need a comprehensive overview of algae, as well as its application prospects and
challenges, which will accelerate our understanding of advanced therapies in the design, engineering, and application of
algae. We need to understand “how to classify algae”, “which engineering strategies could be used to modify algae”, and
“the application of different algae and algae extracts in anticancer activity”. This will accelerate our understanding of
advanced therapies for algal design, engineering and application while providing a comprehensive overview of these
elements as well as application prospects and challenges.

In this review, we intend to provide an overview of algae that can be used for anticancer purposes in recent years and
their anticancer properties, strategies for engineering algae, and applications in tumor therapy. (Figure 1). First, we will
provide an overview of the classification of algae and the engineering strategies employed in algae modification. This
will lay the foundation for a preliminary understanding of the potential of algae in anticancer therapies. Next, we will
present the latest research progress on the anticancer efficacy and mechanisms of algae. This will serve as a guide for
researchers to identify new avenues for utilizing algae in anticancer approaches, enhancing their understanding of the
field. Finally, we will discuss the prospects and challenges associated with the clinical translation of algae for cancer
treatment. This will stimulate new ideas and perspectives on using algae as a therapeutic tool for diseases, contributing to
advancements in the field. By combining these elements, we aim to provide a comprehensive understanding of the
therapeutic applications of algae in cancer treatment. This will enable researchers to delve deeper into the potential
benefits and challenges associated with algae-based therapies, fostering further innovation in the field.
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Figure | Mechanistic illustration of algae against tumors. The illustration mainly consists of different categories of algae, engineering strategies, and anticancer mechanisms.
Three engineering strategies, cell membrane coating, hydrogel loading and material modification, were adopted to realize sustained release, increased stability and enhanced
biological properties for better anticancer activities. The anticancer mechanisms of algae include (1) direct cytotoxic effects, (2) drug delivery systems, and (3) relief of
hypoxia and photodynamic therapy. Created with BioRender.com with enkaryotes and prokaryotes in the middle circle drawn by Adobe illulstrator.

Classification of Algae

Algae, as photosynthetic organisms, can grow well in aquatic environments. Research on algae began in the 1950s, when
researchers discovered that lipid-soluble extracts of Sphingomonas megasperma had antileukemic activity.'” This
phenomenon has stimulated the interest of algae in their anticancer activity study. Many algal species with anticancer
potential were identified from black seaweeds. The anticancer activity of 14 green algae, 23 brown algae, 23 cyano-
bacteria and 7 red algae was also found. Since the 1970s, components with anticancer activity have been isolated from
a variety of algae.'' In the early 1980s, American and Japanese scientists began to systematically screen cyanobacteria
and other algae for anticancer activity and discovered many new active compounds, such as scytophycin B extracted
from cyanobacteria, which has entered the clinical stage.'” Many other bioactive substances extracted from algae have
been clinically tested as anticancer drugs, and a significant portion of these substances from algae holds great potential
for the development of anticancer natural drugs. For instance, Halomon isolated from Pinellia is also in the stage of
preclinical pharmacological evaluation.'® Other anticancer substances from algae, such as cryptophycin, have been fully
understood in terms of their mechanism of action and pharmacological effects. Lai et al synthesized cryptophycin-55/52
as an antibody—drug conjugate (ADC). It was demonstrated that low concentrations of cryptophyll derivatives could
inhibit mitotic proliferation without significantly altering the organization of spindle microtubules.'* The structure of
malyngamide has been clarified, toxicological experiments have been completed, and in-depth studies have been
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conducted."® Furthermore, algae polysaccharides, as plant polysaccharides, contain various biological activities with
various functions, such as immunity, anticancer and antiradiation activity.'®

Scientists mostly advocate the classification of algae into 11 phyla: cyanobacteria, red algae, cryptophytes, methano-
gens, golden algae, yellow algae, diatoms, brown algae, nudibranchs, green algae, and rotifers.'” There are many types of
algae, and the first level of classification of algae is in accordance with the size of the algae, which can be classified as
microalgae or macroalgae. Microscopic unicellular algae are called microalgae. Large multicellular algae visible to the
naked eye are called macroalgae (seaweeds). The mega-algal family consists of Rhodophyta, Ochrophyta, and
Chlorophyta and can be subsequently classified according to their hue and other characteristics. For example, algae
can also be divided into three categories according to the color of their pigments: green algae, brown algae and red algae.
Algal plants are mainly found in fresh or sea water and can also be divided into freshwater algae and marine algae.
Among them, freshwater algae mainly include Chlamydomonas, Chlorella, Spirulina, macroalgae, and Rotifera. Marine
microalgae are an important major source of novel beneficial genes and metabolites. Marine microalgae mainly include
cyanobacteria, diatoms, green algae, etc.'”'® Algal extracts have a diversity of species and chemical compositions. Once
they have been separated or extracted from algae, they may show a different spectrum of biological activities, such as
antioxidant, antimicrobial, anticancer, antiallergy, antiviral and anticoagulant activities.'® Microalgal-derived phytochem-
icals are potentially biologically active in oxygen-producing photoreactivity and are often used to treat diseases
exacerbated by hypoxia, such as ischemic heart disease, diabetic foot ulcers and cancer. In this review, algae are divided
into prokaryotic algae and eukaryotic algae.?® Eukaryotic algae are a group of low-level autotrophic plants without root,
stem or leaf differentiation and capable of photosynthesis. Morphology includes single cells, various groups, filaments,
lobes, and tubular bodies. The size ranges from a few microns to several metermetres (kelp) and even a hundred
metermetres (macroalgae). Generally, its structure is simple and has no obvious tissue differentiation. A few species have
differentiation of the epidermis, cortex and pith, such as seaweed. Eukaryotic algae are usually divided into 10 phyla:
Chlamydomonas (Chlorella), Chlorella, Nudibranchia, Diatoms, Chrysophyta, Methanophyta, Xanthophyta, Brown
algae, and Red algae.”’ Compared with eukaryotes, prokaryotes are relatively simple algae with a wide distribution,
mostly in freshwater. Normally, they have single cells without a true nucleus, cell wall, populations or filopodia but no
chloroplast membrane and no chloroplast formation, which are mainly cyanobacteria phyla (Cyanobacteria, Candida).*
In addition, there are a variety of photosynthetic pigments, such as chlorophyll a, phycocyanin, carotene, and carotenoids.

Engineering Strategies of Algae

Although algae possess several distinct properties, such as oxygen-producing capacity, photosensitive effects and
biological effects, they often require further chemical or physical modification to improve their biological activities or
physicochemical properties for therapeutic applications (Figures 1 and 2). For example, OU experiments were conducted
using the polyaspartic acid (PASP) and Fe3+-mediated “Lego blocks” method with black phosphorus nanosheets
(BPNSs) functionalized with active photosynthetic green algae (Chlorella vulgaris, Chl) for photocatalytic oxygenation
for photosynthesis-enhanced synergistic photodynamic/chemodynamic/immunotherapy. Because most of the adminis-
tered nanoparticles are captured by the liver and spleen mononuclear phagocyte systems, only a small amount of the
agent can be deposited in the tumor, and therefore, the translational value of this approach is very limited.?® Thus, a series
of engineering strategies have been applied to improve the biological functions of algae, including prolonging circulation
or escaping clearance by the immune system in vivo, sustained release and stability enhancement by hydrogel
incorporation, or material modification.

Cellular membrane coating is a general strategy to prolong the circulation of nanoparticles or algae. For example,
Wang et al proposed a tumor oxygenation strategy for self-oxygenating green algae, developed surface-engineered green
algae, and constructed macrophage membrane-encapsulated Chlorella vulgaris (MCh 1) in this study, which can escape
clearance by the immune system in vivo and achieve targeted enrichment of tumor tissues in response to inflammatory
signals and continuously produce oxygen under laser transmission to improve the oxygen-depleted microenvironment in
tumors, affecting the expression of drug efflux-related proteins and immunosuppression-related proteins and enhancing
the anticancer efficacy of clinical first-line small molecule chemotherapeutic drugs and immunotherapeutic drugs,
a potential adjuvant for clinical anticancer drugs that may benefit human health.>>*® Erythrocyte membrane engineering
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Figure 2 Engineered algae could ameliorate hypoxia to improve radiotherapy and PDT. (A) lllustrative description of the process and treatment of algae engineering. (B)
Algal photograph. (C) SEM images of algae. (D) Engineered algae can effectively reach tumor sites and improve oxyhemoglobin after intravenous injection. (E) CD31 staining
of cancer microvessels. (F) Engineered algae can increase oxygen, enhance radiation therapy, release chlorophyll, and induce PDT. (G) Confocal fluorescence images show
elevated intracellular oxygen levels after treatment with engineered algae under hypoxic incubation conditions of the hypoxic probe. Reprinted from Qiao Y, Yang F, Xie T,
et al. Engineered algae: A novel oxygen-generating system for effective treatment of hypoxic cancer. Science Advances. 2020;6(21):eaba5996. Creative Commons.?*

could also be applied to escape clearance by the immune system in vivo. Qiao et al modified Chlorella with erythrocyte
membranes to effectively reduce the immunophagocytosis of Chlorella in immune cells and significantly decrease the
clearance of macrophages, thus delivering Chlorella to tumor tissues more effectively. Using fluorescence imaging, the
uptake of engineered Chlorella at the tumor site can be dynamically observed, and then the optimal time for radiotherapy
can be selected; the dynamic changes in the blood oxygen content of engineered Chlorella in the tumor tissue can be
observed by using photoacoustic imaging, which realizes real-time and dynamic monitoring of the tumor’s lack of
oxygen.**

In addition to cell membrane engineering, hydrogel engineering is also a promising strategy for realizing the sustained
release of algae and improving their stability. Hydrogels are polymer systems with a three-dimensional network structure
containing large amounts of water formed by the simple reaction of one or more monomers. As polymeric materials,
hydrogels swell with water and maintain large amounts of water in their structure but do not dissolve in water. To
establish a local moist high-pressure oxygen atmosphere with dissolved oxygen delivery, Chen et al developed a patch
wound dressing containing active elongated polycoccus. Apatch can enhance wound oxygenation, fibroblast prolifera-
tion, and angiogenesis, and it is nontoxic and immune inactive.?’

Biomaterial modification can also be used for engineering algae to enhance their biological functions. Li et al
obtained a biohybrid microalgae system by one-step biomimetic silicification of silica-coated Chlorella. Because of its
high permeability and long retention effect, it was injected into mice and enriched in tumor sites, and its external silica

coverage significantly reduced cytotoxicity and improved its bioactivity and tolerance in tumor areas. The increased
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oxygen concentration in tumor lesions and the release of chlorophyll enable cascade-enhanced radiotherapy and
photodynamic therapy to significantly inhibit tumor growth.*®

Application of Algae in Cancer Therapy

Application of Microalgae in Cancer Therapy

Microalgae are a common class of single-celled photosynthetic organisms, including prokaryotic algae (eg, cyanobac-
teria) and eukaryotic algae (eg, diatoms, green algae), which are widely found in ocean or freshwater lakes.'” In recent
years, researchers have gradually recognized the great potential of microalgae as biomaterials for medical applications.*’
Because microalgae are easy to obtain, easy to cultivate and have unique surface structures and abundant active
substances, they have shown great advantages in imaging, drug delivery, oxygen-depleted cancer therapy, and wound
healing.>® Microalgae strongly adsorb certain metal ions or micro- or nanoparticles, and the surface can be easily
modified for targeted delivery of drugs. In addition to enabling drug delivery to treat cancer, microalgae can also
photosynthesize and produce oxygen. Microalgae can photosynthesize with high photosynthetic efficiency and can
continuously convert carbon dioxide to oxygen under light conditions. It can be used for local oxygenation, thus
providing a source of reactive oxygen for highly oxygen-dependent treatments, for example, radiation therapy and
photodynamic therapy, thereby improving the effectiveness of treatment. Microalgae-mediated photosynthesis generates
oxygen in hypoxic cancer sites, significantly improving the hypoxic environment of cancers and the efficacy of radiation
therapy.®' In addition, photosynthetic pigments such as chlorophyll rich in microalgae can also be used as natural
photosensitizers, which not only further improve the efficacy of photodynamic therapy but also have fluorescence and
photoacoustic imaging capabilities. A variety of components, such as lipids, proteins, polysaccharides, vitamins and
antioxidants, are also present in microalgae. Increasing the activity of natural killer cells, activating the immune system,
and inhibiting the growth of cancer cells are all ways microalgae enhance host defense. Thus, microalgae are considered

to play an important role in cancer suppression.>>

Application of Spirulina in Cancer Therapy

Spirulina is a class of prokaryotic organisms composed of single or multicellular filaments in loose or tight regular spiral
shapes. The toxicity and side effects of radiotherapy and chemotherapy can be reduced, and immune function can be
improved. Due to its hollow microhelical structure, Spirulina has been used to synthesize microswimmers for drug
loading and cargo transport. Because of its structural and functional characteristics, Spirulina has some guidance for
potential anticancer applications. In vitro and in vivo, magnetite nanostructured porous and hollow spiral microswimmers
were fabricated from Spirulina for targeted delivery of therapeutic/imaging agents.”® Using Spirulina as a carrier, Zhong
et al delivered adriamycin to targeted tissues.?” Zhou et al prepared an orally deliverable spirulina-amphotericin delivery
system, SP@AMEF, by loading Spirulina platensis with the radiation protection drug amphotericin through a simple
dehydration-rehydration strategy.”’ Spirulina-derived magnetic spiral microrobots (MoSBOTSs) are being proposed by
Victor as biotemplates for cancer treatment and biometrics.>* Zhong constructed SP@Curcumin, and two intestinal
diseases can be treated with a drug delivery system, colon cancer and colitis, by using Spirulina platensis as a drug carrier
for curcumin.”® In addition to drug delivery applications, Spirulina extracts also have certain anticancer effects. Michael
et al found that carotene in spirulina kills tumor cells directly and prevents atherosclerosis. Liu et al also found that
polysaccharides and phycocyanin in spirulina have significant inhibitory effects on cancer cells.

Application of Chlamydomonas in Cancer Therapy

Chlamydomonas is a single-celled green plant that is a common freshwater green algae. It is known as green yeast
because it has characteristics similar to yeast, such as a simple growth cycle, fast growth, short generation time,
monoclonal formation on a tablet, or liquid culture. Chlamydomonas can show active mobility and oxygen-producing
photosynthetic activity, which suggests that Chlamydomonas can be used in the manufacture of microswimmers and
artificial photosynthetic systems that can generate oxygen and thus improve cancer hypoxia and achieve cancer
suppression. Chlamydomonas reinhardtii is a light-strategic green microalga that senses visible light and swims rapidly

5248  "es International Journal of Nanomedicine 2023:18
Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Xin et al

toward it. In C. reinhardtii, hydroxyproline-containing glycoproteins are dispersed on the negatively charged outermost
layer, and positively charged nanomaterials (eg, polymers and magnetic materials) can adhere to the surface. Likewise,
carbodiimide chemistry-mediated chemical conjugation allows for surface functionalization, and these advantages allow
the microbe to be used as a microswimmer for anticancer applications and as a basis for photosynthesis.

Application of Chlorella in Cancer Therapy

Chlorella is an oxygen-producing photosynthetic green algae that can also display photosynthetic activity. Because of this
feature, hypoxia-relieving cancer therapy can be delivered by actively producing O, in cancer tissue after hybridization
with functional substances. To help photosynthetic microorganisms (Chlorella) produce oxygen to enrich around the
photosensitizer and access a continuous supply of oxygen, Wang developed a novel light-controlled sustainable PDT.*
To alleviate cancer hypoxia, Zhong et al used live photosynthetic microalgaec (Chlorella vulgaris, C. vulgaris) as
oxygenators.>® A live photosynthetic microalgae (Chlorella vulgaris, C. vulgaris) was used as an oxygenator to alleviate
cancer hypoxia in Zhong et al. Chlorella AuNRs BSA-Gel, a BSA-PEG hydrogel reservoir system containing chlorella
and gold nanorods, was developed by Li et al. This is considered to be an effective system for the treatment of hypoxic
cancers.”” Ou et al used active photosynthetic green algae (Chlorella, Chl) functionalized with black phosphorus
nanosheets (BPNSs) for photocatalytic oxygen release by using polyaspartic acid (PASP) and the Fe’'-mediated
“Lego building block” method for photosynthesis-enhanced synergistic photodynamic/chemodynamic/immunotherapy.*
Zhou et al invented an innovative biologically produced nutrient material; a promising source of oxygen is the
autotrophic light-triggered green feeder engine (ALGAE) formed using chlorella and alginate by calcium cross-
linking.*® In addition to using photosynthetic activity to produce oxygen for anticancer activity, Chlorella contains rich
bioactive substances that can also be used for anticancer activity. Chlorella polysaccharides and glycoproteins showed
anticancer activity against ascites hepatocellular carcinoma AH44, AH41c, leukemia L-120, Ehrlich ascites carcinoma,
and Meth A cancer. The combination of Chlorella glycoprotein and other anticancer drugs can enhance immunity, reduce
the dosage of anticancer drugs, and improve the efficacy of treatment.

Application of Diatoms in Cancer Therapy

Diatoms are unicellular photosynthetic algae encased in siliceous outer walls. Siliceous cell walls are also called shells.
Shell is a porous material in nature composed of silica, and mesoporous diatoms are mainly used in biosensing,
photocatalysis and drug delivery. Natural silica is biocompatible, thermally stable, and chemically inert compared to
synthetic silica.>® Since diatoms are highly porous, they provide multiple adsorption sites for chemotherapeutic agents
and other nanoparticles, making them useful for cargo delivery.

Diatoms can also act directly as physisorbents, and surface chemical modifications of diatoms have been widely
studied for cancer localization in animal models. Diatom cells as nanoparticles for chemotherapy drugs can kill cancer
cells very precisely without harming normal cells. Australian scientists have modified diatoms so that antibodies and
antigen-binding proteins are created on the surface of the shell. The shell surface produces binding proteins, and when
the base-modified diatoms loaded with chemotherapy drugs are injected into patients, the antibodies only bind to
molecules on cancer cells, delivering the drugs directly to the target cells.*® To deliver chemotherapeutic drugs to cancer
cells, Delalat et al used diatom microalgae-derived nanoporous biosilica.*® Todd et al addressed the problem of in vivo
delivery in complex environments by using diatoms as novel silica carriers.*' Diatoms are single-celled photosynthetic
algae with silica shells encapsulated in porous 3D nanostructures called “truncates”. The shells of diatom truncates
consist of biosilica self-assembled into complex porous shells with unique properties, such as customizable surface
chemistry, thermal stability and high mechanical properties for chemical reactions. Diatom truncated bodies of richly
available mineral deposits (diatomaceous earth or diatomaceous earth; DE) are used for the manufacture of diatom silica
synthetic porous silica natural substitutes for biomedical, environmental, agricultural and energy applications. Shaheer
et al summarized the applications of natural DE silica materials in biomedicine, focusing on drug delivery biosensing,
tissue engineering and coagulation.*> Maher et al mechanically fragmented and transformed diatom silica structures into
a novel mesoporous biodegradable silicon nanoparticle (SiNP), a drug carrier, by a magnesium thermal reduction
process. The pH-dependent and sustained release of SiNPs loaded with adriamycin enhances the cytotoxicity of this

International Journal of Nanomedicine 2023:18 https: 5249
Dove:


https://www.dovepress.com
https://www.dovepress.com

Xin et al Dove

drug in vitro. It has a significant increase in the cytotoxicity of cancer cells and considerable potential as a therapeutic

diagnostic nanocarrier for chemotherapy.*>**

Application of Brown Algae in Cancer Therapy

In cold sea areas, brown algae are widely distributed, mainly including the genera Sargassum and Mercuria. The
anticancer properties of brown algae are mainly achieved through their active substances. Brown algae contain fucoidan,
which has anticancer properties and has been extensively researched, with the earliest research appearing in the 1980s.*
Numerous studies have shown that rockwort glycol can directly induce apoptosis and inhibit the cell cycle. It can also
indirectly exert anticancer effects by activating natural killer cells and macrophages.*® Angiogenesis can also be
inhibited, which reduces the growth and metastasis of cancer cells.*” Furthermore, rockweed polysaccharides have
a wide range of biological activities. It has anti-inflammatory, antioxidant, anticoagulant, antithrombotic, antiviral,
antiangiogenic, and anti-H. pylori properties.

Application of Cyanobacteria in Cancer Therapy

As gram-negative photoautotrophic prokaryotes without flagella, cyanobacteria are also known as blue—green algae,
containing chlorophyll a but not chloroplasts, which can photosynthesize and release oxygen to improve the hypoxic
cancer environment.* Using an electrostatic drop technique, Li prepared photosynthetic microcapsules (PMCs) by
encapsulating cyanobacteria and UCNPs in alginate microcapsules (MCs). A durable oxygen supply was achieved. In
addition to achieving an oxygen supply, cyanobacteria can be used as photosensitizers to enhance PDT for photodynamic
therapy.*® Shih’s team constructed a photosensitizer dihydroporphyrin (ce6) hybridized with a cyanobacterium
(Polypodium elongatum) for photosynthesis-enhanced PDT treatment of cancers under light excitation.”® To develop
efficient strategies that can continuously improve the oxygen environment within cancers. To display good biocompat-
ibility, Two-dimensional phosphorus nanosheets (BPNSs) was modified by photosynthetic cyanobacteria, thus construct-
ing a novel bioreactor, Cyan@BPNSs.*** In this study, we provide a new strategy for the development of efficient and
highly biocompatible photodynamic therapy platforms and further expand the application of microbial nanomedicines by
hybridizing microorganisms with inorganic nanophotosensitizers.>

Application of Algae Extracts in Cancer Therapy

As a result of their large number of molecules, algae extracts have a high value, such as carbohydrates, proteins, peptides,
lipids (including oils and polyunsaturated fatty acids, PUFAs), minerals, iodine, phenols (polyphenols, tocopherols),
alkaloids, terpenes and pigments (eg, chlorophylls, carotenoids and phycocyanins). A compound’s biological activity
may vary once it has been properly isolated or extracted from algae; these include antioxidants, antimicrobials, anticancer
agents, antiallergic agents, antivirals, and anticoagulants.”’'~>* Natural extracts are superior to chemically synthesized
drugs because they have high biological activity, wide sources, low resistance to drugs, and low side effects.

They can be used as novel anticancer drugs or as adjuvants in combination with anticancer drugs, such as algal
polysaccharide complexes, mainly by enhancing immune system activity.” Table 1 shows some anticancer mechanisms of
algae extracts. Algae extracts have shown promising potential in fighting tumors through various mechanisms. These
include inducing cell cycle block, triggering apoptosis (programmed cell death), inhibiting angiogenesis (the formation of
new blood vessels), suppressing metastatic signaling pathways, regulating proteins involved in the cell cycle machinery,
causing pathological alterations and DNA breaks, and inhibiting cellular activity (Figure 3).

Microalgae have valuable medicinal properties. Among them, the growth of algal-derived compounds has received
great attention in the pharmaceutical industry, and many cellular and molecular studies have shown that algal-derived
compounds have naturally effective anticancer activity.*' Insights into novel cancer treatments may be improved by
accumulating data on algae-derived anticancer resources.®

The carotenoid laminaria, found in microalgae, diatoms, and brown seaweed, has a variety of biological functions,
such as anti-inflammatory, antioxidant, antidiabetic, hepatoprotective and anticancer activities, and it shows powerful
anticancer properties by inhibiting cancer cell growth, stimulating oncogenes and blocking the cell cycle.’” In a variety of
cancer cells, leptin induces apoptosis and cell cycle arrest, including human colon cancer (HCT116), human
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Table | Anticancer Mechanism of Algae Extracts

Algal Source Mechanisms of Action Types of Cancer Cells Molecular Pathways
Extract
Fucoidan Brown algae Induce cell cycle arrest Bladder cancer cells Downregulation of Cyclin ECDK,
CDK4.>
T lymphoma cell Activate Caspase 9.
Human hepatocellular Undefined activation.>*
carcinoma cells
Human breast cancer cell Activate Caspase 8, 9.54
MCF-7
Induction of apoptosis Human colon cancer cell Upregulation of Levels of receptors
Fas, DR5 and TRAIL>
Breast cancer cell Downregulation of Antiapoptotic
cellBcl-2.>*
Inhibit angiogenesis 4T| mouse breast cancer Downregulation of VEGF
cells expression.53
Inhibition of metastasis Breast cancer cell Suppressor P protein.?’
Signal pathway HL-60 Leukemic cell Promote ERK /2 phosphorylation.®?
Carotenoid | Microalgae Block cell cycle KATO-IIl and SNU-1 cell lines | Prevent cell proliferation.“’
Regulation of ERK and cell cycle | KATO-IIl and SNU-1 cell lines | Increase the expression of p27
mechanism proteins protein.55
Phycocyanin | Spirulina Induce pathological changes and | Hela and MCF7 cell lines Upregulation of Fas, ICAM,
DNA fragmentation Downregulation of Bcl2.3®
Cucarin-A Blue—green microalgae | Inhibition of cell activity Several types of tumor cells Selectively inhibits several types of
tumor cells.>

hepatocellular carcinoma (HepG2), human prostate cancer (LncaP and DU145), human promyelocytic leukemia (HL-60)
and cervical cancer (HeLa) cells. Furthermore, it reduced Bcl-2 protein expression in antiapoptotic cells in prostate
cancer and human promyelocytic leukemia, thus promoting apoptosis of cancer cells and exerting anticancer effects.’’
Fucoidan from brown algae is used as an adjuvant for new anticancer drugs or in combination with anticancer drugs due to
its high biological activity, wide availability, low drug resistance and low side effects. In terms of biological properties, it has
anti-inflammatory, antiviral, antiangiogenic, immunomodulatory, anticoagulant and anti-adhesive effects.”® The anticancer
activity of rockweed etiolated glycans is achieved through their ability to interfere with cancer initiation, development
and progression through various mechanisms, including the proliferation and differentiation of cells, apoptosis, angiogenesis
and metastasis.” There are four main anticancer mechanisms of rockweed etiolated glycan. First, by inhibiting normal mitosis
and regulating the cancer cell cycle, rockweed etiolated glycan can inhibit cancer cell proliferation. In a study by Alekseyenko
et al, rockweed was injected into C57BL/6 mice transplanted with lung cancer; as a result, Rockweed et al demonstrated that it
inhibited cancer cell metastasis and growth. Second, through related pathways, rockweed etan can activate the apoptotic signal
of cancer cells and induce apoptosis, thus producing anticancer effects.’® Kim et al cocultured HT-29 and HCT 116 human
colon cancer cells with rockweed etiolated glycans extracted from Morinda citrifolia. The results showed that rockweed
etiolated glycan induced apoptosis in HT-29 and HVT 116 cells through cystatin-8 and —9-dependent pathways.>* Third,
etiolated glycan in rock algae can inhibit the formation of VEGF (angiogenic endothelial factor), thus inhibiting angiogenesis,
cutting off the supply of nutrients and oxygen to cancers, reducing the size of cancers, and blocking the spread and metastasis
of cancer cells. By reducing the size of cancers and blocking their spread and metastasis. A study by Huang et al showed
significantly lower levels of VEGF in the serum and lung tissue of mice implanted with lung cancer cells after receiving
rockulan, and potent therapeutic effects could also be observed in mice transplanted with B16 melanoma, suggesting that the
anticancer activity of rockweed etiolated glycan is related to its antiangiogenic effect.®” Fourth, rockweed glycan can also
activate the body’s immune system and kill cancer cells by enhancing natural killer cells and T cells.*® In a study by Farzaneh

et al, fucoidan sulfate was given to mice transplanted with acute promyelocytic leukemia cells, and rockweed etiolated glycans
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Fucoidan

Apoptosis

Figure 3 Observations of the anticancer mechanism of algal extracts and their efficacy after treatment. (A) Molecular mechanism of the anticancer activity of algal extracts.
Reprinted from Lin Y, Qi X, Liu H, et al. The anticancer effects of fucoidan: a review of both in vivo and in vitro investigations. Cancer Cell Int. 2020;20:154. Creative
Commons.? (B) Detection of apoptosis using live-dead cell cytostaining and flow cytometry. (a, AuNCs/HA upon NIR irradiation; b, DOX/AuNCs/HA; ¢, DOX/AuNCs/HA
upon NIR irradiation; d, Reproduced with permission; doxorubicin (DOX); Gold nanorods (AuNRs); hyaluronic acid (HA)). Reprinted from Sun R, Chen H, Sutrisno L, et al.
Nanomaterials and their composite scaffolds for photothermal therapy and tissue engineering applications. Sci Technol Adv Mater. 202 1;22(1):404—428. Creative Commons.*®
(C) Representative images of tumor immunohistochemical staining. (near-infra-red (NIR), photosynthesis microcapsule (PMC)). Reprinted from Wang W, Zheng H, Jiang J,
et al. Engineering micro oxygen factories to slow tumor progression via hyperoxic microenvironments. Nature communications. 2022;13(1):4495. Creative Commons.*®

were found to enhance cell killing.®' Rockweed et al also showed that etiolated glycan inhibits the cell cycle and induces
apoptosis in cancer cells, resulting in anticancer activity. Rockweed polysaccharide significantly inhibited growth and induced
apoptosis in human hepatocellular carcinoma SMMC-7721 cells. Histological analysis of apoptosis in SMMC-7721 cells from
hepatocellular carcinoma tissue was induced by rockweed etiolated glycan via the ROS-mediated mitochondrial pathway.®*
Jang et al investigated the effect of rockweed etiolated glycan in human hepatocellular carcinoma cells and found that it
significantly upregulated microRNA-29b (miR-29b). MiR-29b was dose-dependently induced by inhibition of its downstream
target DNA methyltransferase 3B (DNMT3B). The protein levels of DNMT3B-suppressed messenger RNA and cancer
metastasis suppressor gene 1 (MTSS1) were significantly increased by treatment with rocket algae etiolated glycans.® In
addition, rockulose downregulated transforming growth factor (TGF) receptors and SMAD signaling in hepatocellular
carcinoma cells.® The effects of these compounds inhibited the degradation of extracellular matrix and reduced HCC cell
invasion. In BEL-7402 and LM3 cell lines treated with rockulose, p38MAPK/ERK pathway inhibition of cell proliferation
was observed.®* Rockweed etiolated glycan inhibits PI3K activation, leading to ERK inhibition and MAPK activation.
According to the results, there was a reduction in the ratio of Bel-2 to Bax, leading to mitochondrial dysfunction, followed by
increased caspase release, leading to apoptosis.®
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Carotenoids are well-known antioxidants with anticancer activity. There are many types of carotenoids derived from
microalgae, such as astaxanthin, which have anticancer properties. Human gastric cancer cell lines KATO-III and SNU-1
were found to be inhibited by astaxanthin in a dose-dependent manner. During the GO/G1 phase, the cell cycle was
blocked.®® In addition, by regulating extracellular signal-regulated kinases (ERK) and cell cycle machinery proteins, it
can increase the expression of p27 protein in gastric cell lines. Astaxanthin is a potent antioxidant that prevents oxygen-
mediated genotoxicity and cytotoxicity, and hepatic xenotoxic metabolizing enzymes stimulate immunity against
cancer.”!

It is well known that blue—green microalgae are neurotoxic with anticancer capabilities, and many active biological
products can be isolated from them. For example, cryptophycin 1, derived from Nostoc sp. GSV 224, exhibits anticancer
activity against solid cancers and human cancer cell lines. Cryptophycin-8, a semisynthetic form of cryptophycin, can
show more potent antiproliferative effects in vivo.®” Another form of blue—green microalgae is Cucarin-A isolated from
Lyngbya majuscule, which can selectively inhibit various types of cancer cells.* For example, Cucarin-A could inhibit
the growth of kidney, colon and breast cell lines by inhibiting the activity of microtubulin polymerization. In addition,
various benthic cyanobacterial strains may also show some anticancer effects on AML cells but not on noncancerous
cells (eg, heart and liver cells).*?

Calothrixins A and B from microalgae are phenanthridine alkaloids derived from Calothrixins sp., which have
cytotoxic effects on human HeLa cells. Scytonemin is derived from Stigonema sp. and has shown antiproliferative
effects on various forms of human fibroblasts and endothelial cells. Mitosis and the cell cycle are regulated by it.°®
Another compound extracted from Symploca sp. is LU 103793. It has anticancer effects and interferes with the synthesis
of microtubules.®” Largazole was also extracted from Symploca sp., and it showed strong anticancer effects, leading to
the downregulation of type 1 histone deacetylase (HDAC).”® Phycocyanin is extracted from the microalga Spirulina and
causes pathological changes and DNA fragmentation, upregulates Fas and ICAM expression, downregulates Bcl2
expression, and activates cystatin proteases in HeLa and MCF7 cell lines. An ethanolic extract of Aphanizomenon flos-
aquae showed inhibitory effects on AML cells at the GO-G1 stage, as well as potent anticancer effects against MV-4-11
and HL-60 cells.*

However, obtaining biologically active substances is still difficult, and the small number of active compounds in the
extracts, the failure to find adequate isolation and purification procedures, the possible toxicity of the compounds, the
sustainability of the compounds, and the speed of their production are still problems that need to be solved.

Anticancer Mechanisms of Algae
Algae, as a biological material, can exert potent anticancer activity by a variety of mechanisms. In the following section,
the anticancer mechanisms of algae will be categorized in terms of direct cytotoxic effects, drug delivery systems,
photodynamic therapy and alleviation of hypoxia, and cancer imaging. (Figure 4).

Table 2 shows some examples of the anticancer mechanisms of algae.

Direct Cytotoxic Effects
The process of programmed cell death is known as apoptosis and refers to a physiological process in which normal cells
are regulated by multiple genes under physiological conditions.*” Numerous genes have been reported to promote or
inhibit apoptosis. Two types of genes play a regulatory role in the apoptotic process: cell death genes (Ced), such as the
p53, Fas and cmyc oncogenes, and apoptosis suppressor genes, such as the bcl-2 gene family. Anthocyanins induce
apoptosis in cancer cells mainly by regulating the expression levels of pro-apoptotic and anti-apoptotic genes%’72
Seaweed possesses biologically active compounds that promote apoptosis of cancer cells to make cancer cells more
sensitive to chemotherapy drugs. A growing body of evidence has increasingly confirmed that compounds derived from
algae can act as anticancer agents in several ways. For example, they inhibit cancer cell reproduction, invasion and
metastasis and induce cell death through endogenous or exogenous apoptotic pathways, ultimately by the caspase
pathway (cystatin protease).”

CD59 is a complement regulatory protein that is closely related to trauma, immune disorders and carcinogenesis and
can protect blood cells while inhibiting the formation of the membrane attack complex (MAC), further promoting the
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Figure 4 Ideas and possible mechanisms of algae in tumor therapy. (A) Algae-based composite nanoparticles loaded with photodynamic chemotherapeutic immunomodula-
tion to enhance tumor oxygenation and stimulate anticancer immune responses for cancer therapy. Aggregates specifically at the tumor site and penetrates flexibly into the
tumor mass, thereby increasing the oxygenation state of the tumor. Adapted with permission from American Chemical Society: ACS Nano, Oxygen-delivering polyfluor-
ocarbon nanovehicles improve tumor oxygenation and potentiate photodynamic-mediated anticancer immunity. Wang Z, Gong X, Li J, et al. Copyright® 2021 ACS Nano.”'
(B) Possible mechanism of engineered algae-mediated combination therapy: Reduced HIFI and VEGF protein levels promote apoptosis and necrosis. Reprinted from Qiao Y,
Yang F, Xie T, et al. Engineered algae: A novel oxygen-generating system for effective treatment of hypoxic cancer. Science Advances. 2020;6(21):eaba5996. Creative
Commons.?* (C) Engineered algae-mediated RT and PDT can effectively inhibit tumor growth after intravenous injection. Average cancer growth curve. (I, control; 2, laser
alone; 3, RBCM-Algae alone; 4, x-ray irradiation (RT) alone; 5, RT + laser; 6, RBCM-Algae + laser; 7, RBCM-Algae + RT; and 8, RBCM-Algae + RT + laser. Student’s two-tailed
t test, not significant P = 0.05; *P < 0.05; ***P < 0.001; photodynamic therapy (PDT); red blood cell membrane (RBCM)). Reprinted from Qiao Y, Yang F, Xie T, et al.
Engineered algae: A novel oxygen-generating system for effective treatment of hypoxic cancer. Science Advances. 2020;6(21):eaba5996. Creative Commons.?* (D) Kaplan—
Meier curve showing the survival rate of the indicated rabbits at 140 days. (near-infra-red (NIR), photosynthesis microcapsule (PMC), the data are presented as *p < 0.05).
Nat Commun. 2022 Aug 2;13(1):4495. Open Access.*® (E) A regimen in which engineered algae-mediated RT and PDT can effectively inhibit tumor growth after intravenous
injection. Reprinted from Qiao Y, Yang F, Xie T, et al. Engineered algae: A novel oxygen-generating system for effective treatment of hypoxic cancer. Science Advances.
2020;6(2 1):eaba5996. Creative Commons.?* (F) Effect of algae in a hyperoxic microenvironment on cancer. Representative axial CT images of tumor growth. (near-infra-red
(NIR), photosynthesis microcapsule (PMC)). Reprinted from Wang W, Zheng H, Jiang |, et al. Engineering micro oxygen factories to slow tumor progression via hyperoxic
microenvironments. Nature communications. 2022;13(1):4495. Creative Commons.*®

immune escape of cancer cells.* Phycocyanin exerts a dose-dependent anticancer effect on HeLa cells containing the
CD59 gene. Some findings revealed that phycocyanin, as a mitogen, binds to the mitogen receptors on the surface of
cancer cells, cross-linking the receptors with protein kinase activation, promoting intracellular CD59 protein transcrip-
tional expression, inducing activation of the death structure domain and promoting cancer cell apoptosis.>”

Drug Delivery Systems

Targeted drug delivery is the directed delivery or action of drug molecules to target tissues or cells. The common
disadvantages of current drug delivery systems include poor drug solubility, short effective action time, and low
bioavailability. Good biocompatibility makes microalgae an attractive drug delivery system, low cost, large surface
area and active surface, and phototropism. Shchelik et al developed a novel microalgae-based drug delivery system that

could release vancomycin under light conditions and synergize with UV therapy, and infections of the skin can be treated
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Table 2 Anticancer Mechanisms of Algae

Action Mechanisms

Detailed Mechanisms

Classification

Principles and Advantages

Direct cytotoxic effects

Drug delivery systems

Relief of hypoxia

Photodynamic therapy

The apoptotic process of cancer cells was induced
by regulating the expression levels of pro-
apoptotic genes and anti-apoptotic genes

Targeted drug delivery is the directed delivery or
action of drug molecules to target tissues or cells.

Tumor hypoxia will greatly affect the therapeutic
effect of oxygen-dependent therapies such as
radiotherapy and photodynamic therapy.

In situ oxygen production by microalgae can be
used to improve tumor hypoxia and improve
tumor treatment effect.

The specific wavelength of laser irradiation can
stimulate the photosensitizer absorbed by tissues
and generate highly active monomer oxygen.
Monomer oxygen reacts with adjacent
biomacromolecules to produce cytotoxic effects,
and then leads to cell damage and even death

Phycocyanin

Anthocyanin

Microalgae

Chlamydomonas

Diatom

Spirulina

Spirulina

Chlorella

Algal compound

Cyanobacteria

Spirulina

Chlorella

Algal compound

Cyanobacteria

It showed dose-dependent anticancer effect on
Hela cells containing CD59 gene.”>”?

It can bind to the mitogen receptor on the surface
of cancer cells, make the receptor and protein
kinase activate crosslinking, promote the
transcription and expression of CD59 protein in
cells, induce the activation of death domain, and
promote the apoptosis of cancer cells.>>

Microalgae are one of the most promising drug
delivery systems in recent years due to their good
biocompatibility, low cost, large surface area and

active surface, and phototropism.”*”®

Chlamydomonas shows active mobility and oxygen-
producing photosynthetic activity.?*7®

With high porosity, it provides multiple adsorption
sites for physical interactions with
chemotherapeutic drugs and other nanoparticles

and can be widely used in cargo delivery systems.””

There are abundant channels and connecting pores
on the cell membrane of Spirulina, which can not
only adsorb the positively charged DOX molecules
to the negatively charged cell membrane but also
wrap the cyanobacteria inside the cyanobacteria),
thus achieving high drug loading efficiency.”®

The fluorescence intensity of apoptotic cells was
enhanced.’’

Oxygen is produced under red light induced
photosynthesis to relieve hypoxia in tumor tissue.®’
Biocompatible and biodegradable, it can produce
a lot of oxygen around tumor tissue when
irradiated.”®

The chlorophyll in cyanobacteria can continuously
improve the oxygen environment in the tumor.*
Chlorophyll, which is rich in Spirulina, is released
after radiation irradiation and acts as

a photosensitizer to kill tumor cells by generating
reactive oxygen species under laser irradiation,
thus enabling photodynamic therapy. The efficient
synergy of radiotherapy/photodynamic therapy can
greatly enhance its ability to kill tumor cells.?
Rich in chlorophyll, reactive oxygen species (ROS)
are released to kill tumor cells during
photodynamic therapy (PDT) laser irradiation.
Under the condition of laser irradiation, oxygen
can accumulate at the tumor site and produce,
which is conducive to tumor radiation response.®'
Contains natural photosensitizer.>®

Under laser irradiation, phycocyanin induces
cytotoxic stress through ROS, and the
photosensitizers can achieve photosynthesis and
photosensitizers activation under the excitation of
a single light source, thus effectively killing tumor
cells.>®

with this medication.”* Weibel et al designed a drug-carrying microswimmer using the abovementioned properties of

microalgae. The microalgae are guided to the target site by their inherent phototropism, irradiated with ultraviolet light

and controlled drug release.”” Akolpoglu et al used chitosan-coated iron oxide nanoparticles to modify the surface of
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Chlamydomonas reinhardtii and construct a drug-loaded microphoresis apparatus. Improving the adhesion ability of
nanoparticles while maintaining their inherent phototropism and migration.”

Chlamydomonas (single-celled and photosynthetic microalgae) shows active mobility and oxygen-producing photo-
synthetic activity, and C. reinhardtii is a light-strategic green microalga that senses visible light and swims rapidly toward
it. Experimentally fabricated biohybrid microswimmers have shown excellent on-demand drug delivery capabilities to
SK-BR-3 cancer cells and can be used for effective delivery of chemotherapeutic cargo.’ Sitti’s team developed
a biohybrid microalgal microswimming system. Photolyzed iron oxide nanoparticles were also attached to chitosan in
a biohybrid microphoresis apparatus to change the DOX loading, which exhibited excellent targeted drug delivery to
cancer cells and were able to achieve on-demand drug release. This confirms that the developed microalgae-based
microswimmers can be used for the delivery of active chemotherapeutic agents that can be used. Since C. reinhardtii is
a phototropic green microalgae, it is capable of sensing visible light and swimming toward it at high speeds.”® Surface
chemistry could be used to attach it to polystyrene (PS) beads, perform photomigration and microscale loading, and
release the attached loading drugs by photochemistry.*’

With their inherent high porosity, diatoms can adsorb many nanoparticles and chemotherapeutic drugs. In cargo
delivery systems, chitosan can be widely used. Chemical modifications can be made to the surface of diatoms. Diatoms
can be modified with dopamine and iron oxide nanoparticles to provide fine-tuned and magnetically guided drug delivery.
Using diatom shells as a drug delivery system, without the use of other chemicals, layers of chitosan can be created to act
as pH-responsive nanovalves to regulate drug doses in cancer. Magnetized diatoms can be loaded with large quantities of
drugs and controlled by magnetic fields for targeted drug transport and slow release. Yasa et al coincubated polyelec-
trolyte-functionalized 1 pum diameter magnetic polystyrene particles with Chlamydomonas reinhardtii, and the two were
combined by noncovalent interactions to form a biohybrid microphoresis apparatus, which enables targeted delivery of
magnetic particles under the action of a magnetic field.*> Losic et al attached dopamine-modified ferric tetroxide
magnetic nanoparticles to diatoms by a simple one-step electrostatic self-assembly method and verified the drug delivery
effect with indomethacin and gentamicin.”” Using nanoporous biosilica derived from diatom microalgae, Bahman et al
delivered chemotherapeutic drugs to cancer cells.*®> Todd et al addressed the problem of in vivo delivery in complex
environments by using diatoms as novel silica carriers. Diatoms as carriers can be loaded with much higher payloads than
ordinary silica nanoparticles.*' Shaheer et al summarized the applications of natural DE silica materials in biomedicine,
focusing on drug delivery biosensing, tissue engineering, and coagulation.*> Maher et al mechanically fragmented and
transformed diatom silica structures into a novel mesoporous biodegradable silicon nanoparticle (SiNP), a drug carrier,
by a magnesium thermal reduction process. SiNPs loaded with adriamycin released the drug in vitro in a pH-dependent
manner and showed enhanced cytotoxicity against cancer cells. In addition to enhanced cytotoxicity against cancer cells,
it has considerable potential as a therapeutic diagnostic nanocarrier for chemotherapy.****

Spirulina’s cell membrane is rich in channels and pores. In addition to adsorbing positively charged DOX molecules
to negatively charged membranes, it can also encapsulate cyanobacteria (molecules entering the periplasm of the cell),
and the drug loading efficiency was 85%, resulting in a high drug loading efficiency.’® Zhong et al used Spirulina
platensis (a type of cyanobacteria) as a carrier to achieve targeted delivery of adriamycin. A noncovalent electrostatic
interaction between positively charged adriamycin and negatively charged Spirulina platensis surface enabled drug
loading. The water channels and pores on the surface of Spirulina platensis allowed the entry of small molecules, thus
further increasing the drug loading rate.”® For therapeutic and biometric applications, de la Asunciéon-Nadal et al
proposed the use of MoS2-based magnetic spiral microrobots (MoSBOTSs) of the cyanobacterium Spirulina. They are
cytocompatible and can harvest MoS2 photothermal activity in near-infrared radiation. MoSBOT’s light absorption
properties enable targeted photothermal ablation of cancer cells and real-time biometrics. Zhong et al used Spirulina
platensis (Spirulina obtusa) as a drug carrier for curcumin to develop a drug delivery system. Two intestinal diseases,

colon cancer and colitis, can be treated with SP@curcumin.?*-*

Relief of Hypoxia and Photodynamic Therapy
Tumor cells proliferate rapidly, and abnormal blood vessels form. There is widespread hypoxia in rapidly growing solid
tumors. Radiation therapy and photodynamic therapy are adversely affected by tumor hypoxia. Therefore, improving the
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hypoxic microenvironment of tumors would greatly enhance the effectiveness of radiotherapy/photodynamic cancer
therapy. Previous studies have attempted to use nanoparticles to generate oxygen or administer oxygen in situ to tumors
with the aim of improving the therapeutic effect. (Figure 5). However, in the liver and spleen, mononuclear phagocytes
capture most nanoparticles. Only approximately 2% can successfully reach the tumor site, resulting in high-dose delivery
and systemic toxicity that limit their application. In recent years, many studies have utilized the photosynthetic in situ

oxygen production of microalgae to improve tumor hypoxia and enhance tumor therapeutic effects.

The chlorophyll in Spirulina acts as a photosensitizer to kill tumor cells by generating reactive oxygen species under
laser irradiation, thus enabling photodynamic therapy. The efficient synergy of radiotherapy/photodynamic therapy can
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Figure 5 Algae combined with photodynamic anticancer experiments and cell validation experiments. (A) Schematic diagram of algae-based PDT to enhance anticancer
effects. Reprinted from Wang H, Liu H, Guo Y, et al. Photosynthetic microorganisms coupled photodynamic therapy for enhanced antitumor immune effect. Bioact Mater.
2022;12:97-106. Creative Commons.®* (B) Photograph of the tumor at the end point. (PBS, PBS plus laser irradiation (PBS+L), nanoparticles (PDG), PBS plus laser
irradiation (PDG+L), gemcitabine (Gem), sensitive prodrug of chemo-immunomodulatory gemcitabine (PFI IDG), the treatment of PFI DG plus laser irradiation (PFI 1DG
+L). Adapted with permission from American Chemical Society: ACS Nano, Oxygen-delivering polyfluorocarbon nanovehicles improve tumor oxygenation and potentiate
photodynamic-mediated anticancer immunity. Wang Z, Gong X, Li J, et al. Copyright® 2021 ACS Nano.”' (C) Scratch experiments were used to demonstrate the cellular
effects of infrared light irradiation signaling pathways. (near-infra-red (NIR), photosynthesis microcapsule (PMC). Reprinted from Wang W, Zheng H, Jiang J, et al. Engineering
micro oxygen factories to slow tumor progression via hyperoxic microenvironments. Nature communications. 2022;13(1):4495. Creative Commons.*® (D) To demonstrate
in vivo tumor targeting, permeability, etc. In vivo tumor accumulation of photodynamic agents in mice under an in vivo imaging system. Adapted with permission from
American Chemical Society: ACS Nano, Oxygen-delivering polyfluorocarbon nanovehicles improve tumor oxygenation and potentiate photodynamic-mediated anticancer
immunity. Reprinted from Wang W, Zheng H, Jiang |, et al. Engineering micro oxygen factories to slow tumor progression via hyperoxic microenvironments. Nature
communications. 2022;13(1):4495. Creative Commons.”' (E) Staining of new daughter cells, confocal visualization. (near-infra-red (NIR), photosynthesis microcapsule (PMC)).
Reprinted from Wang W, Zheng H, Jiang ], et al. Engineering micro oxygen factories to slow tumor progression via hyperoxic microenvironments. Nature communications.
2022;13(1):4495. Creative Commons.*® (F) Cell proliferation assessment Photosynthetic microcapsules prepared from algae are less cytotoxic and can inhibit cancer cells in
the presence of infrared light. (near-infra-red (NIR), photosynthesis microcapsule (PMC), the data are presented as mean + SD. ***p < 0.001 compared to control cells
according to two-tailed Student’s t-test). Reprinted from Wang W, Zheng H, Jiang |, et al. Engineering micro oxygen factories to slow tumor progression via hyperoxic
microenvironments. Nature communications. 2022;13(1):4495. Creative Commons.
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Figure 6 In addition to anticancer activity, algae exhibit hemostatic, antibacterial and prorepair-oriented anticancer effects postoperatively, and other issues need to be
studied in depth. (A) Schematic representation of the main mechanism of action of antimicrobial compounds derived from macroalgae. Reprinted from Silva A, Silva SA,
Carpena M, et al. Macroalgae as a Source of Valuable Antimicrobial Compounds: Extraction and Applications. Antibiotics (Basel). 2020;9(10). Creative Commons.®® (B)
Schematic diagram of the combination of algae and hydrogel for wound hemostasis. Reprinted from Zou CY, Lei XX, Hu ], et al. Multicrosslinking hydrogels with robust
bioadhesion and pro-coagulant activity for first-aid hemostasis and infected wound healing. Bioact Mater. 2022;16:388-402. Creative Commons.®” (C) Schematic diagram of
algae promoting chronic wound repair. Reprinted from Chen H, Cheng Y, Tian J, et al. Dissolved oxygen from microalgae-gel patch promotes chronic wound healing in
diabetes. Science advances. 2020;6(20):eaba43 1 . Creative Commons.>® (D) The shallower wounds are covered by algae, thus maintaining a good moist environment and
promoting wound repair and healing. Reprinted from Chen H, Cheng Y, Tian J, et al. Dissolved oxygen from microalgae-gel patch promotes chronic wound healing in
diabetes. Science advances. 2020;6(20):eaba431 1. Creative Commons.*®

greatly enhance its ability to kill tumor cells.** Under red light-induced photosynthesis, Qiao et al proposed an innovative
method for producing O, in mouse tumors in situ.*”

Conditions, it can accumulate at the tumor site and produce oxygen to facilitate the tumor’s response to radiation.
Additionally, it contains chlorophyll, a natural photosensitizer. When laser radiation is applied to the tumor site, it can
accumulate and produce oxygen to facilitate the response to radiation.®' Lee et al developed a hydrogel system
containing Chlorella and gold nanorods, which was injected in situ into the tumor sites of 4T1 mammary carcinoma
mice and was able to increase the local oxygenated hemoglobin in the mice tumors by generating large amounts of
oxygen through photosynthesis under 660 nm laser irradiation. Chlorella vulgaris was encapsulated in red blood cell
membranes (RBCMs) by Zhou et al. An oxygen-producing biohybrid system could be successfully delivered to tumor
tissues under red light-induced photosynthesis to achieve hypoxia relief and enhance radiation treatment. Subsequent
release of chlorophyll from microalgae after laser irradiation can generate ROS, which further confers PDT, leading to
further complete tumor ablation.°® In addition, the Algae@SiO2a natural photosensitizer chlorophyll is found in
Chlorella vulgaris, which can be used in photodynamic therapy (PDT).”” Ou et al used active photosynthetic green
algae (Chl) functionalized by black phosphorus nanosheets (BPNSs) to achieve synergistic enhancement of
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photodynamic/chemodynamic/immunotherapy on photosynthesis. A major benefit of Chl is that it has a positive effect on
cancer tissue hypoxia, enhances immune cell infiltration, and stimulates the proliferation and maturation of immune cells.
BPNSs are loaded on the surface of Chl cells and can be used for oxygen production and release, thereby increasing the
efficiency of light conversion and offering great potential for photodynamic and immunosynergistic therapeutic clinical
applications.”

Zhou et al invented ALGAE, a nutritious light-triggered green feed engine, where protein-nucleated Chlorella is
cross-linked with alginate by calcium.®® It is a bio-oxygenation engine for the treatment of hypoxia-resistant cancer. In
addition, the green oxygen-producing engine is biocompatible and biodegradable, which can generate large amounts of
oxygen around tumor tissue when irradiated while enhancing PDT. It can also produce long-term repeated oxygen
supplementation to reduce tumor hypoxia, downregulate the expression of HIF-1a and VEGF, and increase the expres-
sion of calreticulin (E-cadherin), thus inhibiting tumor cell metastasis and eradicating cancer.”® In Wang’s experiments,
light was used to help Chlorella produce oxygen, leading to the development of a new light-controlled sustainable PDT,
which can continuously provide oxygen to the photosensitizer, prevent local hypoxia caused by PDT and promote DC
activation. The new strategy improves PDT in hypoxic tumors in a simple and effective manner. Boosting anticancer
immunity may be an effective strategy against drug resistance in advanced cancer patients.*>

Under 625 nm laser irradiation, phycocyanin (C-PC) induced cytotoxic stress via ROS, and apoptotic cell death
phenomena such as cell shrinkage, cytoplasmic agglutination, nuclear division, and apoptotic vesicle formation
occurred after laser treatment.* Shi’s team constructed a photosensitizer dihydroporphyrin (ce6) hybridized with
a cyanobacterium (Polyphyllum elongatum) for photosynthesis-enhanced PDT treatment of tumors under light
excitation. Based on the similarity between the chlorophyll structure of cyanobacteria and the photosensitizer
structure, this photosensitized bacterium can achieve photosynthesis and photosensitizer activation under a single
light source excitation (660 nm) to cause efficient killing of tumor cells.* To develop efficient strategies that can
continuously improve the oxygen environment within tumors. Lin et al used inorganic two-dimensional black
phosphorus nanosheets (BPNSs) to modify photosynthetic cyanobacteria with good biocompatibility, thus con-
structing a novel bioreactor, Cyan@BPNSs. Under laser irradiation, cyanobacteria can continuously generate
oxygen by photosynthesis, and subsequently, BPNSs will photosensitively activate oxygen to generate singlet
oxygen (10,). It can accumulate in large numbers in tumor sites and show a strong killing effect on tumor cells.°

Application of Algae in Cancer Imaging
Imaging plays a very important role in cancer diagnosis and treatment, and imaging examinations are indispensable for both
the initial diagnosis and review of cancer. For example, lung cancer patients usually undergo chest CT to determine the site of
the lesion in the initial diagnosis and to compare whether the cancer has progressed in the review, including interstitial
pneumonia, pulmonary fibrosis and other lung complications, which can be helped by CT examination.®> MRI imaging has
better contrast between lesions and normal tissue, making it easier to detect small lesions.*® The image comparison before and
after contrast injection can be used to observe the travel and distribution of blood vessels and assist in diagnosis. Ultrasound
examination has the advantages of high safety, ease of use and low cost. Ultrasound is commonly used by lung cancer patients
to detect whether there are distant metastases, such as liver, kidney, and lymph nodes around the abdominal artery.*’
Microalgae can be applied to bioimaging due to their easy culture, good biocompatibility, complex and precise
active surface, and rich chlorophyll content. Carbon quantum dots and multivacancy carbon made from microalgae
by a one-step hydrothermal method have high cellular uptake, low toxicity and two-photon fluorescence properties,
which have high translational potential for cellular imaging. Zhong et al used live photosynthetic microalgae
(C. vulgaris) as an oxygenator to experimentally modify the surface of the photosynthetic microalgae and form
a bionic system (CV@CaP) to regulate tumor hypoxia for image-guided collaborative treatment. Photosynthesis of
CV@CaP can alleviate oxygen production by in situ tumor hypoxia and significantly improve the effect of RT.*
The bioengineered diatoms show IgG platforms that can be easily functionalized with appropriate functional
materials. Todd et al used diatoms encapsulated with a dye molecule, iron oxide np, which combines the advantages
of FL and MR imaging and can be used to identify cancers in animals.*’
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The chlorophyll in Chlorella is autofluorescent and is visible through in vivo fluorescence imaging systems. Li et al
prepared Algae@SiO2 based on Chlorella vulgaris, and algae@SiO2 has UV—vis absorption similar to that of algae.
According to the UV—vis spectrum and Algae@SiO2, 680 nm was observed as the maximum absorption peak. Using
the photoacoustic effect, photoacoustic (PA) imaging can be performed. This can create a visual diagnosis by
converting pulsed laser excitation into detectable ultrasound signals. It allows imaging deep into the tissue while
maintaining high spatial resolution. Therefore, Algae @SiO2 can be used as an exogenous contrast agent for PA
imaging.”’

Cyanobacteria can photosynthesize and release oxygen. Spirulina is a subspecies of cyanobacteria. Using Spirulina as
a driver, Zhou et al constructed a photosynthetic biohybrid microswimmer (pbn) by functionally transforming Fe;O,4
nanoparticles into microalgae cells to enable in vivo cancer targeting and MR imaging. Spirulina can also synthesize the
natural photosensitizer chlorophyll for photosynthesis, producing oxygen in situ to improve cancer hypoxia and enhance
RT efficacy, enhancing PDT effects by producing cytotoxic ROS under laser irradiation.

According to the summary of algae in imaging, we found that algae are also very widely used in cancer imaging; they
can localize cancer cells due to their own fluorescence properties, can produce oxygen to enhance the PDT effect, can be
combined with other biological materials to localize cancers or for imaging guidance, and can also participate in
radiotherapy as contrast agents. However, the number of algal species that we can use for cancer imaging is relatively
small and needs to be further investigated.

Challenges and Opportunities

While algae show potential in fighting tumors, there are still challenges that need to be addressed. Limited survival of
algae due to light conditions and incubation temperatures, as well as high production costs and imperfections in culture
and extraction techniques, hinder the industrialization of algae. Additionally, the active substances found in algae may
exhibit toxicity toward humans. The use of algae in drug delivery for anticancer purposes may face issues such as particle
aggregation and reduced efficacy. Furthermore, there is a risk of infection, inflammation, and immune response
associated with the use of algae with photodynamic systems for treating tissue hypoxia.

Despite these challenges, increasing concerns about climate change and sustainable development have led to the
promotion of algae as a strategy for carbon neutrality, which may foster innovative techniques for algae industrialization.
The oxygen-supplying capacity of algae can help combat multidrug resistance and immunosuppression caused by the
tumor microenvironment. The active ingredients in algae can enhance the sensitivity of tumor cells to chemotherapeutic
agents by altering cellular drug transport mechanisms. Algae’s biosafety and biodegradability reduce the risk of side
effects, making them a promising microplatform for lung-targeted drug delivery and fluorescence imaging-guided
chemotherapy for cancer lung metastases.

In addition to their potential in antitumor applications, algae have shown promise in hemostasis, antimicrobials, and
tissue repair. Certain types of algae components can promote blood clotting and constrict blood vessels, aiding in wound
healing and stopping bleeding. Algae also possess antioxidant properties and exhibit bactericidal activity against certain
strains of bacteria. With their favorable hydrophilicity and biocompatibility, algae can effectively cover shallow wounds,
maintaining a moist environment conducive to wound repair and healing (Figure 6).

Overall, while there are challenges and limitations, engineered algae hold promise in the integration of tumor therapy
and tissue repair. Further research and optimization are needed to fully exploit their potential in these areas.

Conclusion and Outlook
The current review highlights the promising research on the use of algae for anticancer therapy, indicating a bright future
in this field. Algae offer a new direction for the development of novel anticancer drugs due to their effectiveness and low
side effects. Their easy availability and reproducibility make them abundant sources of anticancer substances, providing
ample materials and possibilities for research.

Algae exhibit various anticancer mechanisms, such as improving the hypoxic tumor environment, enhancing photo-
dynamic therapy, acting as carriers for drug delivery, serving as natural photosensitizers in tumor imaging, and impacting
the cell lineage and cell cycle of tumors. These diverse mechanisms greatly enhance the anticancer efficacy of algae.
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However, there are still challenges to overcome in the field of algae-based anticancer therapy. Many algae still rely on
a single mechanism of action, and there is room for exploring their synergistic anticancer activity. The stability of algae
and algal extracts needs further verification, and the engineering modifications of algae remain limited and require more
research. Additionally, most anticancer studies of algae are restricted to small animal models, and further data are needed
to support their clinical application. Moreover, when combined with biomaterials, the safety of these materials needs to
be rigorously evaluated. The translation of algae from basic research to clinical application still has a long way to go.

With the increasing demand for sustainable development and environmental protection, the use of algae and research
in this area will continue to be promoted. The active ingredients in algae, such as polysaccharides and polyphenols,
possess a wide range of medicinal properties, including anti-inflammatory, antioxidant, anticancer, and immunomodu-
latory activities. They hold great potential as sources for drug development and therapy. Moreover, algae can find
applications in biotechnology, including biosensors, biodyes, and biomaterials. As new diseases emerge, there will
undoubtedly be increased research on marine medicines for better disease treatment.

In conclusion, the use of algae for anticancer therapy shows great potential, but there are still challenges to be
addressed. Further research and development are necessary to fully exploit the benefits of algae in this field and translate
them into clinical practice.
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