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A B S T R A C T

Cyanobacteria are the only prokaryotes capable of performing oxygenic photosynthesis on Earth. Besides their
traditional roles serving as primary producers, cyanobacteria also synthesize abundant secondary metabolites
including carotenoids, alkaloids, peptides, which have been reported to possess medicinal potentials. More
importantly, the advancement of synthetic biology technology has further expanded their potential biomedical
applications especially using living/engineered cyanobacteria, providing promising and attractive strategies for
future disease treatments. To improve the understanding and to facilitate future applications, this review aims to
discuss the current status and future prospects of cyanobacterial-based biomedical engineering. Firstly, specific
properties of cyanobacteria related with biomedical applications like their natural products of bioactive com-
pounds and heavy metal adsorption were concluded. Subsequently, based on these properties of cyanobacteria,
we discussed the progress of their applications in various disease models like hypoxia microenvironment alle-
viation, wound healing, drug delivery, and so on. Finally, the future prospects including further exploration of
cyanobacteria secondary metabolites, the integration of bioactive compounds synthesized by cyanobacteria in
situ with medical diagnosis and treatment, and the optimization of in vivo application were critically presented.
The review will promote the studies related with cyanobacteria-based biomedical engineering and its practical
application in clinical trials in the future.

1. Introduction

The discovery of secondary metabolites, such as antibiotics in mi-
croorganisms, has been instrumental in saving countless lives. On one
hand, this advancement enables the direct use of microorganisms that
produce beneficial secondary metabolites in disease diagnosis and
treatment. On the other hand, these discoveries deepen our under-
standing of microorganisms, thereby facilitating the synthesis of these
secondary metabolites in non-host organisms through cutting-edge
technologies like synthetic biology. For instance, Paddon and Keasling
et al. achieved a groundbreaking milestone by ingeniously engineering
the fermentation process of Saccharomyces cerevisiae to produce arte-
misinic acid [1]. This was followed by extraction and chemical con-
version to produce the antimalarial drug artemisinin. The semi-synthetic

method offers an alternative route for artemisinin production, supple-
menting the existing plant-based approach and contributing to the
global supply of artemisinin. Additionally, Davar et al. reported the first
human clinical trial of live bacteria fecal microbiota transplantation
(FMT) with living bacteria for anti-PD-1 immunotherapy in patients with
metastatic melanoma [2], which showed evidences of clinical benefit in
a subset of treated patients. An increasing number of studies have
demonstrated the promising future for the biomedical application of
microorganisms.
Cyanobacteria, commonly known as blue-green algae, are the sole

prokaryotes capable of performing oxygenic photosynthesis on Earth
[3]. They are among the earliest organisms to inhabit the Earth,
appearing as early as 3.3 to 3.5 billion years ago [4]. Cyanobacteria are
significant producers of oxygen and fixers of nitrogen, playing a crucial
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role in shaping ecosystems and the biosphere [5]. They have been
extensively studied by researchers as model microorganisms, particu-
larly in the areas of photosynthesis [6–8], CO2 fixation [9–11], and
circadian rhythm [12–14]. Traditionally, cyanobacteria are also abun-
dant in secondary metabolites, including carotenoids [15], alkaloids
[16], peptides [17], which have been reported to possess medicinal
potential. Among them, Arthrospira (Spirulina) is one of the most suc-
cessful cases of commercialization due to their abundant accumulation
of protein, vitamins and minerals [18,19], which has also been
employed in various clinical treatments [20–22]. The advancement of
synthetic biology technology has further expanded the potential
biomedical applications of cyanobacteria [23], including treatment of
tumor models [24], heavy metals [25], wound healing [26], drug de-
livery [26], etc. The studies demonstrated significant potentials in uti-
lizing cyanobacteria (both biologically active compounds and living
cells) for disease treatment or as adjuvant therapy. In addition, the
advancement of novel technologies like 3D bioprinting and micro-
fluidics has significantly advanced the utilization of microorganisms,
including cyanobacteria, in biomedicine. One representative example is
the 3D printing of photosynthetic microorganisms as living materials,
commonly employed for oxygen delivery and wound healing [27,28].
These living materials exhibit high biocompatibility and photosynthetic
activity, offering a promising solution to address hypoxia in biomedical
applications.
To improve the understanding and to facilitate future applications,

this review aims to discuss the status and future prospects of
cyanobacterial-based biomedical engineering especially using living
and/or engineered cyanobacteria constructed via synthetic biology,
which is an important complementation and update to related reviews
published in recent years [23,29,30]. Specifically, the properties of

cyanobacteria relevant to biomedical applications, such as their pro-
duction of bioactive compounds and ability to adsorb heavy metals,
were reviewed with a particular focus on the latest developments.
Subsequently, based on these properties of cyanobacteria, we discussed
the advancements in their applications, particularly those driven by
synthetic biology and emerging technologies such as 3D bioprinting and
microfluidics. These applications include various disease models, such
as alleviating hypoxic microenvironments, wound healing, and drug
delivery. Finally, the prospects were critically presented. Further
exploration of cyanobacteria secondary metabolites (such as cyano-
toxin), the integration of bioactive compounds synthesized by cyano-
bacteria in situ with medical diagnosis and treatment, and the
optimization of in vivo application, will better promote the practical
application of cyanobacteria in clinical trials.

2. Potential biomedical properties of cyanobacteria

2.1. Natural products of cyanobacteria

Numerous studies have examined a wide range of natural products
from cyanobacteria, primarily encompassing the following aspects
(Fig. 1): i) bioactive compounds such as terpenoids, pigment proteins,
alkaloids, and lipopeptides synthesized within the cell; ii) oxygen pro-
duction; iii) exopolysaccharides (EPS), a water-soluble polysaccharide
secreted into the extracellular space; iv) extracellular vesicles (EVs)
secreted outside the cell. Currently, over 2000 cyanobacterial secondary
metabolites have been identified from various sources. These data have
been compiled in several databases, including Antibase, MarinLit, Cya-
nomet, and CyanoMetDB [31]. Many of these compounds like scyto-
scalarol, phycocyanin, and tjipanazoles have been evaluated for their

Fig. 1. Potential biomedical properties of cyanobacteria including natural products, heavy metals absorption, and CO2 conversion.
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antibacterial, anti-inflammatory, and antiviral properties [32]. Cyano-
bacteria, the sole prokaryotic microalgae capable of producing oxygen,
exhibit remarkable rates of photosynthetic oxygen production. Their
efficiency surpasses that of land plants by a factor of 10 and exceeds that
of algae by a factor of two [10]. Leveraging the inherent
oxygen-generating capacity of cyanobacteria, they can be served as
oxygen donors, providing a sustainable source of reactive oxygen for
oxygen-depleted diseases [33]. Cyanobacteria have evolved the capa-
bility to synthesize and release EPS into the cell periphery and sur-
rounding environment as an adaptive mechanism to cope with complex
and variable environments. The anionic nature of most cyanobacterial
EPS is attributed to the presence of charged groups, such as uronic acid
and sulfate groups, which are also responsible for the antiviral proper-
ties of polysaccharides. Consequently, EPS derived from cyanobacteria
holds promise for applications in pharmaceuticals and other industries
[34]. Bacterial-synthesized compounds can be released from the cell
membrane in the form of vesicles to form EVs. While many
bacterial-derived EVs have been employed for biomedical applications,
the applications of cyanobacterial EVs have been less documented [35].
Nevertheless, given the appealing characteristics of cyanobacterial EVs,
promising applications can still be anticipated. This section will high-
light recent research advancements related to the synthesis of afore-
mentioned natural products.

2.1.1. Bioactive compounds
Cyanobacteria have the capability to synthesize a wide array of

bioactive compounds in response to various environmental stresses,
enabling their widespread geographical distribution. Key bioactive
substances found in cyanobacteria encompass terpenoids, pigment
proteins, alkaloids, and lipopeptides, etc. (representative compounds
were listed in Table 1). These compounds contribute to the diverse
biochemical potential of cyanobacteria, presenting numerous opportu-
nities for application across various fields, particularly in biotechnology
and biomedicine [36].
Terpenoids, also known as isoprenoids, form the largest class of

natural products with a broad range of commercial uses, including
pharmaceuticals, food additives, and industrial chemicals. Among the

most extensively studied terpenoids in cyanobacteria are squalene,
amorphadiene, farnesene, isoprene, beta-phellandrene, geranyllinalool,
limonene, bisabolene and astaxanthin [36,58]. Among them, Kazunori
et al. reported the effectiveness of squalene in reducing neuro-
inflammation and modulating neurotransmitter systems [59]. Addi-
tionally, Callie et al. illustrated that astaxanthin possesses
anti-inflammatory and antioxidant properties, making it a potential
agent for inflammation prevention [37].
Pigments derived from cyanobacteria and microalgae, such as chlo-

rophyll, carotenoids, and phycobilin, exhibit valuable properties for
industrial and biomedical applications [60]. The terpenoids mentioned
above include β-carotene and astaxanthin, which are both carotenoids.
Phycobilin, also known as phycobiliproteins (PBPs), are produced by
various algae, including Cryptomonads, Glaucophytes, Rhodophyta, and
particularly cyanobacteria. PBPs consist of phycocyanin, allophyco-
cyanin, and phycoerythrin, with phycocyanin being the most prevalent
and widespread [15]. The cyanobacterium Arthrospira platensis is the
primary source for phycocyanin production, and extensive research has
been conducted in this area [61–64]. Furthermore, the synthesis of
phycocyanin in other algae has also been documented, such as Syn-
echocystis [65], Synechococcus [66], Phormidium [67], Plectonema [68],
and Pyropia yezoensis [69].
Alkaloids, a class of nitrogen-containing organic compounds, are

commonly found in nature, primarily in plants, animals, and cyano-
bacteria. They typically exhibit complex ring structures, with nitrogen
predominantly present within the ring. Alkaloids are significant active
components in Chinese herbal medicine, with the isolation of key al-
kaloids like morphine and quinine driving significant progress of med-
icine in the 19th century. Consequently, alkaloids will continue to serve
as valuable biological tools in the development of new drugs [16].
Cyanobacteria are known to naturally produce various alkaloids [16,
70], including anatoxin, saxitoxin, β-N-methylamino-L-alanine, cylin-
drospermopsin, and indole alkaloids. These cyanobacterial alkaloid
metabolites possess distinct chemical structures and exhibit diverse
biological activities, offering promising avenues for physiological and
pharmacological research.
Lipopeptide compounds exhibit significant diversity and hold

Table 1
Biomedical properties of bioactive compounds from cyanobacteria. (N/A, not available).

Compounds Species Properties Test strategy Doses Ref.

Terpenoids
Astaxanthin N/A Anti-inflammatory Incubation 25 μM [37]
Carotenoids Nodosilinea antarctica Anti-inflammatory Incubation 100 μg dry extract/mL [38]
Carotenoids Pseudanabaena

Spirulina
Lyngbya

Anti-inflammatory N/A 40 mg dry extract/mL [39]

Scytoscalarol Scytonema Anti-bacteria Microdilution method 40 μg crude extract/mL [40]
Cybastacines Nostoc Anti-fungal Kirby-Bauer agar disk diffusion method ≤2 μg/mL [41]
Scytonemides Scytonema hofmannii Anti-cancer Injection >20 μg/mL [42]

Pigment proteins
Phycocyanin Limnothrix Anti-cancer Incubation, 250 μg/mL, [43]
Phycocyanin Anabaena oryzae Anti-bacteria Agar well-diffusion assay, hydrogels 100 μg/mL,

100 μL
[44,45]

Alkaloids
Tjipanazoles Calothrix Anti-cancer Incubation 58 nM [46]
Welwitindolinone N/A Anti-cancer N/A 0.1 μM [47,48]

Lipopeptides
Pseudo-dysidenine and dragonamide Lyngbya majuscula Anti-cancer N/A >1 μg/mL [49]
Somocystinamide A L. majuscula Anti-cancer Incubation,

N/A,
≥3 nM,
100 nM,

[50,51]

EPS Crypthecodinium cohnii Anti-inflammatory Incubation, 800 μg/mL [52]
Chlorella pyrenoidosa
Scenedesmus
Chlorococcum

Anti-cancer Incubation 0.6 mg/mL [53]

Gyrodinium impudicum Anti-virus MTT assay 26.9 μg/mL [54]
Cochlodinium polykrikoides, Anti-virus MTT assay 100 μg/mL [55]
Aliinostoc Wound healing Incubation 10 μg/mL [56]
Nostoc Wound healing Hydrogels 1%w/v [57]
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substantial potential for applications in antibiotics, pharmaceuticals,
and biocontrol agents. Xue et al. reviewed 18 cyclic lipopeptides and 13
linear lipopeptides sourced from cyanobacteria, as well as various
cyanobacteria-derived compounds [71]. Notably, pseudo-dysidenine
and dragonamide, both derived from Lyngbya majuscula, demonstrated
potent inhibitory effects on cancer cells [49]. Additionally, somocysti-
namide A and Kalkitoxin, also isolated from the same species, exhibited
strong anticancer properties as well [50,72].

2.1.2. Photosynthetic oxygen production capacity
Oxygenic photosynthesis is a crucial metabolic process that has

significantly influenced the evolution of life and ecology on Earth. This
process has led to the accumulation of oxygen in the atmosphere, which
has had a profound impact on the planet’s history [73]. The Great
Oxygenation Event (GOE), occurring approximately 2.4 billion years
ago, marked a significant increase in atmospheric oxygen levels [74].
Cyanobacteria, as one of the primary agents of oxygenic photosynthesis,
play a pivotal role in this process. Both geological evidence [75] and
genomic studies [76] indicate that the ancestors of cyanobacteria likely
initiated oxygenic photosynthesis approximately 500 million years
before the GOE. The increasing application of cyanobacteria in
biotechnology is closely linked to its photosynthetic efficiency. Cyano-
bacteria utilize only a fraction of sunlight due to the limited light
wavelength of absorption range (approximately 400–700 nm) of the
pigments in their cells [77]. While the theoretical maximum photosyn-
thetic energy conversion efficiency of cyanobacteria and microalgae can
reach 4.5%–9%, this efficiency will decrease to less than 3% in bio-
reactors [78], leaving significant room for improvement. Numerous
studies have focused on enhancing the photosynthetic capacity of cya-
nobacteria, including efforts to broaden the light absorption spectrum
[79] and mitigate energy loss caused by photoinhibition or oxidative
stress [80,81]. In recent years, the advancement and utilization of
diverse biomaterials have led to the widespread application of cyano-
bacteria and other algae in addressing hypoxia diseases, including tumor
[82] and wound healing [83] et al., owing to their inherent photosyn-
thetic oxygen production capabilities. Of interest, Maharjan et al.
demonstrated the 3D fabrication of a perfused vascularized tissue
construct using Chlamydomonas reinhardtii [84], which served as sus-
tainable biomimetic oxygen concentrators to enhance the viability and
function of human hepatocytes in vitro. Microalgae, particularly cya-
nobacteria, are primary producers responsible for generating 50%–80%
of the Earth’s oxygen [85]. Consequently, extensive research has been
conducted on cyanobacterial oxygen evolution. For instance, Liang et al.
overexpressed carbon flux control enzymes in Synechocystis sp. PCC
6803 [86], resulting in a 115% increase in intracellular oxygen evolu-
tion. Similarly, Porcellinis et al. achieved enhanced photosynthetic ca-
pacity and oxygen evolution in Synechococcus sp. PCC 7002 by
overexpressing a bifunctional diphosphatase [87]. Furthermore, Kędzior
et al. developed a method for quantitatively determining the photo-
synthetic oxygen evolution rate of S. elongatus PCC 7942 using oxygen
electrodes [88], providing a valuable framework for studying cyano-
bacterial oxygen evolution.

2.1.3. Exopolysaccharides (EPS)
Since the 1960s, over 200 species of cyanobacteria have been iden-

tified as capable of secreting extracellular polysaccharides [34].
Notably, polysaccharides from classes like Nostoc, Arthrospira and
Microcoleus have been the focus of numerous studies. The intricate and
varied structures of EPS, coupled with their easy accessibility in the
extracellular milieu, have garnered interest across various fields and
industries. For instance, EPS find extensive applications in numerous
chemical products such as gums, bioflocculants, biosorbents, and soil
conditioners [89].
The earliest investigations into EPS production by microalgae trace

back to 1964, where a monosaccharide component was discovered in
the mucosal polymer of Palmella mucosa [90]. Subsequent research over

the decades has highlighted significant EPS accumulation in various
species including Anabaena, Calothrix marchica, Cyanospira capsulate,
Cyanothece, Leptolyngbya, Plectonema, and Nostoc [91]. Additionally,
Synechococcus [92], Oscillatoria [92], Synechocystis [93], and Cyanobium
[93] have been identified as promising candidates for EPS production.
As a matter of fact, the application of bacterial-derived EPS in
biomedical research has been more extensively explored compared to
microalgae-derived EPS [94]. For instance, a recent study on marine
bacteria Alteromonas sp. PRIM-28 revealed that the EPS produced by this
strain were biocompatible [95]. The EPS effectively stimulated the
proliferation and migration of epidermal fibroblasts and keratinocytes,
indicating the potential of this EPS as a bioactive agent in wound healing
applications. In addition, Niknezhad et al. synthesized an ultra-elastic
hydrogel utilizing EPS extracted from Pantoea sp. BCCS 001. This
hydrogel was then employed in the treatment of volumetric muscle loss
in rats [96]. Similarly, numerous cyanobacteria and microalgae have
also demonstrated the ability to produce EPS, with reported
anti-inflammatory and antioxidant properties. For instance, EPS derived
from Crypthecodinium cohnii have been shown to inhibit inflammation by
modulating toll-like receptor 4 (TLR4) [52]. Furthermore, Zhang et al.
reported that Chlorella pyrenoidosa, Chlorococcum, and Scenedesmus
produce EPS with antioxidant properties [53]. Additionally, some
cyanobacteria-derived EPS have been used to develop insecticide
encapsulated nanocarriers to enhance the effect of insecticides due to
their bioactive functions and favorable material characteristics [97].
Consequently, EPS have emerged as promising candidates for biomed-
ical uses owing to their distinct biological activities.

2.1.4. Extracellular vesicles (EVs)
EVs are spherical structures ranging from approximately 20 to 400

nm in diameter, consisting of vesicles enclosed by a phospholipid bilayer
and lacking the ability to self-replicate. EVs contain a variety of bio-
molecules, including soluble proteins, lipids, membrane proteins,
nucleic acids, and other metabolites, acting as carriers for intercellular
transport [98]. Initially discovered in the outer membrane, EVs are
commonly referred to as outer membrane vesicles (OMVs). However,
recent studies have unveiled other vesicle formation processes. Based on
their formation pathways, vesicles are further classified as
outer-inner-membrane vesicles (OIMVs), explosive outer-membrane
vesicles (EOMVs), and tube-shaped membranous structures (TSMSs)
[99]. Regardless of their synthesis pathway, all these vesicles fall under
the category of EVs.
Numerous reports have documented EVs produced by cyanobacteria.

For instance, Biller et al. [100] detected and compared the proteomes
associated with EVs produced by two distinct Prochlorococcus strains
(MED4 and MIT9313). These vesicles were found to contain a diverse
array of proteins, including nutrient transporters, proteases, porins,
hydrolases, and many proteins of unknown function. Furthermore,
Pardo et al. [101] identified OMVs in the freshwater algae Synechocystis
sp. PCC 6803, excluding the presence of cytoplasmic and thylakoid
membrane components, thus confirming the outer membrane origin of
these vesicles. This represents the first related report in this bio-
technologically important species. Additionally, EVs have been detected
in Synechococcus sp. PCC 7002 [102], Synechococcus sp. WH8102 [100],
S. elongatus PCC 7942 [103], Cyanothece sp. CCY 0110 [104], Jaaginema
litorale LEGE 07176 [105], Anabaena sp. PCC 7120 [106], Cylin-
drospermopsis raciborskii CYRF-01 [107], and Azolla microphylla [108].
EVs exhibit the capacity to package and transport cargo to other targets.
Their external features can be engineered and loadedwith cargo through
bioengineering and synthetic biology techniques. Consequently,
EV-based nanotechnology has rapidly advanced and found applications
in various biotechnology fields, holding promise for significant contri-
butions to biological clinical research [35].

T. Zhang et al.
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2.2. Heavy metal adsorption and accumulation capacity

Heavy metals pose a global threat to humans and the environment,
with cadmium (Cd), mercury (Hg), lead (Pb), and arsenic (As) being the
most common toxic heavy metals that endanger human health and the
ecological environment. Even at low concentrations, they exhibit highly
toxic, carcinogenic, and teratogenic properties [109]. Conventional
heavy metal treatment methods are costly and inefficient, and tradi-
tional metal ion chelating agents are not suitable for addressing sub-
chronic and chronic heavy metal toxicity [110,111]. Cyanobacteria
have been utilized in soil and water pollution control due to their
photosynthetic autotrophic ability to thrive in various extreme envi-
ronments [112]. Additionally, cyanobacteria exhibit high affinity and
multiple binding sites for heavy metals, making them valuable in heavy
metal bioremediation efforts [113,114].
Cyanobacteria adsorb heavy metal ions through covalent bond for-

mation, ion exchange between ionized cell walls and heavy metal ions,
or by binding heavy metal cations to negatively charged exopoly-
saccharides (EPS) [115,116]. Cyanobacteria commonly utilize the sec-
ond binding mode for heavy metal adsorption [117]. Numerous studies
have demonstrated that different functional groups of EPS, such as
amide, carbonyl, carboxylic acid, ether, and hydroxyl group, enhance its
adsorption capacity [118,119]. This underscores the cyanobacteria’s
ability to effectively adsorb heavy metals. Heavy metals can infiltrate
cyanobacterial cells, and certain substances within the cytoplasm can
bind these metals, preventing them from reaching toxic levels.
Metal-binding proteins (MBPs) represent a significant group of cyto-
plasmic metal-binding entities in cyanobacteria, with metallothioneins
(MTs) being the largest subgroup, capable of binding heavy metals
through the sulfhydryl group of their cysteine [120]. Cyanobacterial
cells also harbor polyphosphate bodies that can serve to enrich heavy
metals within the cells [121]. Furthermore, phytochelatins (PCs),
well-known metal-binding peptides in higher plants, eukaryotic algae,
and fungi, can also bind heavy metals intracellular [122].

2.3. CO2 conversion capacity

Cyanobacteria have the capacity to harness light energy and CO2 for
photosynthetic autotrophic growth, leading to the production of various
beneficial chemicals through their metabolic processes. An increasingly
prominent approach involves the utilization of genetically modified
cyanobacteria to convert CO2 into biofuels and other valuable chemical
products through photosynthesis [123].
Several cyanobacteria strains have been investigated for their po-

tential in chemical production [123,124]. Many of these strains are
easily genetically manipulable, and as interest in engineering cyano-
bacteria grows, the available metabolic engineering tools for such
strains are expanding [125]. The production of chemicals has also been
largely confirmed in cyanobacteria. Here, we mainly discuss some ex-
amples of cyanobacteria producing medicinal functional chemicals. For
instance, Hilzinger et al. [126] demonstrated the synthesis of acet-
aminophen in A. platensis, a common drug ingredient for analgesia and
antipyresis. Additionally, astaxanthin, a natural carotenoid with potent
antioxidant, anti-tumor, anti-inflammatory, and immune stimulatory
properties, has been successfully produced byH. pluvialis, reaching up to
4 % by dry cell weight (DCW) and is widely used for industrial astax-
anthin production [127]. Furthermore, Diao et al. [128] achieved the
production of 29.6 mg/gDCW of astaxanthin in Synechocystis sp. PCC
6803. Another example is the production ofmyo-inositol, widely used in
functional food and pharmaceutical industries due to its potential role in
treating Alzheimer’s disease and hyperglycemia. Wang et al. [129]
achieved the production of 12.72 mg/L myo-inositol also in the cyano-
bacterium Synechocystis sp. PCC 6803. Furthermore, using S. elongatus
UTEX 2973 as a chassis, Sun et al. achieved real-time regulation using
multiple artificial small RNAs and myo-inositol sensors, ultimately
achieving a myo-inositol production of 262.6 mg/L [130]. Moreover,

certain cyanobacteria strains have demonstrated the ability to produce
significant amounts of sugars, particularly sucrose, through synthetic
biology approaches. Santos-Merino et al. have provided a comprehen-
sive review on this topic [131]. Sucrose, a fermentable disaccharide, can
be utilized as a carbon source by many heterotrophic bacteria. Conse-
quently, it’s expected to develop an artificial co-culture systems
comprising sucrose-secreting cyanobacteria and heterotrophic micro-
organisms to realize the one-step conversion of cyanobacterial-secreted
sucrose to high-value products. It also provides a new reference for
designing artificial microbial alliances for medical applications in the
future.

3. Advances in biomedical applications of cyanobacteria

3.1. Biomedical applications of cyanobacterial natural products

Extensive research on cyanobacteria has increasingly unveiled the
unique structure and multifunctional biological activities of their natu-
ral products [132]. These compounds have garnered significant interest
across various fields, particularly in medicine [133]. They exhibit
important medical properties, including antibacterial, antifungal, anti-
cancer, immunosuppressive, anti-inflammatory, and antioxidant effects
[134,135]. For instance, cyanobacteria are rich sources of omega-3 fatty
acids such as eicosapentaenoic acid (EPA) and docosahexaenoic acid
(DHA), which offer protection against cardiovascular disease [136].
Table 2 summarizes the biomedical applications of cyanobacteria and
their bioactive compounds. Numerous pertinent reviews are available
and will not be reiterated here [24,137,138].

3.1.1. Biomedical applications of bioactive compounds
Carotenoids and their derivatives from five cyanobacteria have high

levels of superoxide anion radical (O2•− ) scavenging activity and po-
tential applications in psoriasis treatment. Lopes et al. [38] evaluated
their anti-inflammatory effects on LPS-induced macrophages (RAW
264.7), with an IC50 of 0.3 mg/mL. In another case, Paliwal et al. [39]
extracted carotenoids from Pseudanabaena, Arthrospira, and Lyngbya and
tested them in vitro as effective agents against urinary calculi. Moreover,
Schwartz and Shklar [139] suggested using a carotenoid-rich extract
(from A. platensis and D. salina) as an antineoplastic agent against 7,
12-dimethylbenzanthracene (DMBA)-induced hamster tumors, result-
ing in local regression of cancer cells within 4–8 weeks. Furthermore,
other terpenoids such as scytoscalarol, cybastacines and scytonemides,
exhibited antibacterial, antifungal and anticancer activity [40–42].
Phycocyanin, like carotenoids, exhibits potent antioxidant effects

[158]. Gdara et al. [140] proposed that phycocyanin mitigates liver
injury by reducing the activity of oxidative stress-activating enzymes,
such as alkaline phosphatase and liver transaminase. In a study by
Gantar et al. [43], a type of prostate cancer cell was treated with a
combination of the anticancer drug topotecan and phycocyanin (derived
from Limnothrix). Similarly, Saini et al. [141] observed a 70 % increase
in efficacy when combining piroxicam and phycocyanin compared to
using the single drug for treating colon cancer in mice. Additionally,
phycocyanin demonstrated significant anti-inflammatory effects. Daily
supplementation of selenium-enriched phycocyanin (150 mg/kg) from
A.platensis effectively suppressed colitis, bloody diarrhea, and weight
loss in mice [142]. In addition to the aforementioned functions,
phycocyanin also plays a role in antibacterial activity and promoting
wound healing [44,45]. Indoles alkaloids represent the most commonly
employed alkaloids in pharmaceutical research. Tjipanazoles exhibit an
IC50 of approximately 100 nM against Plasmodium falciparum, and this
category of indole alkaloids also hinders the proliferation of HeLa cancer
cells with an IC50 of 40 nM [46]. The semi-inhibitory concentration of
Welwitindolinone in breast and ovarian cancer cells also reaches the μM
level [47,48]. In addition to the anticancer properties described above,
lipopeptide compounds derived from cyanobacteria mainly exhibit sig-
nificant therapeutic potential in the treatment of parasitic and bacterial

T. Zhang et al.
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infections [71,159].

3.1.2. Cyanobacteria based bio-oxygen pump
Organ damage and organ failure are significant medical concerns. A

crucial issue in human tissue injury, affecting organs such as the brain,
heart, skin, muscle, and pancreas, is the continuous supply of oxygen
and nutrients to prevent severe hypoxia during culture, a process known
as oxygenation [26]. Cyanobacteria exhibit high photosynthetic effi-
ciency and can continuously convert H2O into oxygen under light con-
ditions. This ability makes them suitable for providing local oxygen
supply. Consequently, they can serve as sources for highly

oxygen-dependent treatments such as reactive oxygen therapy and
photodynamic therapy, thereby improving therapeutic outcomes (see
Fig. 2) [33].
Tumors often face local hypoxia, presenting a significant challenge in

cancer treatment, particularly for radiotherapy (RT) and photodynamic
therapy (PDT) [160]. Addressing hypoxia-based resistance to conven-
tional cancer therapies requires effective reoxygenation of tumors
[161]. Qiao et al. [33] introduced a method to generate O2 in situ within
mice tumors through red light-induced photosynthesis. They employed
red cell membrane (RBCM) to encapsulate C. vulgaris, delivering
RBCM-microalgae to the tumor, resulting in O2 generation under red

Table 2
The utilization of cyanobacteria and their bioactive compounds in the field of biomedicine. (N/A, not available).

Species Properties Model Diseases Test strategy Doses Ref.

Aurantiochytrium Anti-inflammatory Mice Neuroinflammation Oral 100 mg/kg [59]
Arthrospira platensis,
Dunaliella Salina

Anti-cancer Hamster Tumors Injection 350 μg/0.3 mL [139]

Spirulina platensis N/A Rats Liver injury Liver perfusion 0.1 and 0.2 mg/ml/g
of liver

[140]

S. platensis Anti-cancer Rats Colon cancer Oral 200 mg/kg [141]
S. platensis Anti-inflammatory Mice Colitis Oral 150 mg/kg [142]
Lyngbya majuscula Anti-cancer Mice Breast cancer Incubation,

Injection
80 nM-3 μM,
10 mg/kg

[50,72]

Porphyridium Anti-virus Rats and rabbits Herpes simplex viruses Injection/
scratching

100 μg/mL [143]

Phormidium Anti-inflammatory Zebrafish N/A Incubation 6.25–100 μg/mL [144]
Synechocystis Toxicity Zebrafish N/A Immersion trials 250 and 500 μg LPS/

mL of EVs
[145]

Synechococcus elongatus Wound healing Mice N/A Injection 105 cells/100 μL [103]
Chlorella vulgaris Oxygen therapy Mice Cancer Injection,

Injection,
Injection

106 cells/mL,
8 × 106 cells/mL,
107 cells/mL

[33]
[146,
147]

S. elongatus Oxygen therapy Mice Myocardial injury Injection 106 cells [148]
S. elongatus Oxygen therapy Mice Rheumatoid arthritis Injection 108 cells [149]
S. elongatus Oxygen therapy Rats Anaerobic infectious keratitis and

infected periodontitis
Hydrogel 4 × 107 cells/mL [150]

C. reinhardtii
Synechocystis

Oxygen therapy Xenopus laevis
tadpoles

Neuronal hypoxia Injection 1010 cells/mL [151]

C. pyrenoidosa Oxygen therapy/wound
healing

Mice Diabetic wounds Hydrogel 105-107 cells/mL [152]

C. vulgaris Heavy metal
biosorption

Mice Lead poisoning Gavage 8 mg/mL [153]

S. elongatus Provide carbon source Rats Skin defect Hydrogel 1.5 × 108 cells/mL [154]
S. platensis Drug delivery Mice Diabetic wounds Hydrogel 800 μg/mL [155]
S. platensis Drug delivery Mice Cancer Injection 500 μg (DCW) [156]
S. platensis Drug delivery Mice Radiation-induced injury Oral 0.5 mg/mL [157]

Fig. 2. Applications of cyanobacteria-based biomedical engineering via animal models.
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light irradiation, thereby enhancing tissue oxygenation and improving
RT. Li et al. [146] and Zhong et al. [147] have also proposed a
microalgae-based RT/PDT combination therapy, similar to Qiao et al.
[33], but with surface modification using medically common
non-immunogenic and environmentally friendly biomaterials such as
silica and calcium phosphate. In a study by Zhou et al. [162], the
application of Chlorella and calcium alginate as oxygen-supplying agents
in PDT treatment of 4T1 tumor model in mice resulted in significant
tumor regression around the treated area. The use of algae implanted
near the tumor site enhanced the effectiveness of the PDT treatment,
leading to notable improvements in tumor response. Additionally, Sun
et al. [163] utilized S. elongatus as a bio-oxygen pump and incorporated
indocyanine green (ICG) as a photosensitizer loaded on mesoporous
silica nanoparticles (MSN) within hydrogels. These hydrogels were then
administered via injection into breast tumor mice, resulting in notable
therapeutic effects on the tumors. This innovative cancer treatment
approach holds promise for replacing current treatment methods in the
future.
The use of oxygen-releasing therapy represents a recent advance-

ment in ischemic diseases. Cohen et al. [148] reported the successful
application of S. elongatus to mitigate myocardial injury following
ischemia. S. elongatus, in the absence of blood flow, can absorb CO2
produced by ischemic cardiomyocytes in vivo and produce O2 through
photosynthesis to support metabolic activity. Building on this research,
Stapleton et al. [164] enhanced the therapeutic efficacy of cyanobac-
teria by encapsulating them in alginate microgels.
Furthermore, cyanobacteria have also shown promise in addressing

other hypoxia diseases. For instance, Guo et al. [149] developed a
cyanobacteria micro-nano device to continuously generate oxygen in
rheumatoid arthritis (RA) joints, leading to the down-regulation of
hypoxia-inducible factor-1α (HIF-1α). This approach reduces the num-
ber of M1 macrophages and induces the polarization of M2 macro-
phages, offering potential for treating RA. The hypoxic environment in
refractory infections, such as refractory keratitis and periodontitis, poses
challenges for the application of PDT. In a study by Wang et al. [150], S.
elongatus PCC 7942 was delivered into anaerobic infectious keratitis and
infected periodontitis rat models using the photosensitizer (Ce6) and
ultra-small Cu5.4O nanoparticles (Cu5.4O USNPs) with peroxidase ac-
tivity as a carrier. The results demonstrated a significant alleviation of
the restriction of PDT by the hypoxic environment, with a positive effect
on inflammation. Additionally, the ability of cyanobacteria to act as
bio-oxygen pumps in vivo was highlighted in another study by Özugur
et al. [151]. In this study, C. reinhardtii and Synechocystis sp. PCC6803
were injected into the brains of hypoxic Xenopus laevis tadpoles. The
study showed that when neuronal activity ceased completely due to
hypoxia, the oxygen produced by photosynthetic microorganisms reli-
ably triggered neuronal restart and rescue. As an additional compelling
example, Wang et al. proposed a novel living photosynthetic scaffold
designed to adapt to irregularly shaped wounds and enhance their
healing through the utilization of an in situ microfluidic-assisted 3D
bioprinting strategy [152]. By directly applying a complete layer of live
microalgae support onto diabetic wounds, they can effectively alleviate
local hypoxia, stimulate angiogenesis, and promote extracellular matrix
(ECM) synthesis, thereby significantly accelerating the closure of
chronic wounds.

3.1.3. Biomedical applications of cyanobacterial EPS
Cyanobacterial EPS have garnered increasing attention due to their

renewability, rheological properties, high yield, and their potential ap-
plications in various biotechnological fields, particularly in biomedi-
cine. They have been recognized for their pharmacological roles as
antioxidants, antiviral, antibacterial, antitumoral, and immunomodu-
latory agents [34]. For instance, EPS derived from Porphyridiummarinum
exhibited minimal inhibitory concentrations (MIC) of 0.125 g/L against
Staphylococcus aureus, and demonstrated effectiveness against Escher-
ichia coli, Salmonella enteritidis, and Methicillin-Resistant S. aureus.

Several EPS isolates from cyanobacteria and microalgae have also
shown antiviral activity against respiratory viruses, influenza virus,
HIV-1 virus, herpes virus, and encephalomyocarditis virus [54,55,143].
Moreover, Zhang et al. [53] reported the use of EPS produced by C.
pyrenoidosa, Scenedesmus, and Chlorococcum in treating human colon
cancer cell lines HCT116 and HCT8, demonstrating anti-tumour activity.
Zampieri et al. [144] extracted EPS components from Phormidium and
tested their anti-inflammatory and pro-catabolic activities on zebrafish
inflammation models, revealing positive effects on inflammation and
non-toxicity to zebrafish. Additionally, EPS from Nostoc, and Alinostoc
have shown bioactivity in promoting wound healing [56,57]. Despite
the various pharmacological properties of cyanobacterial EPS, many
therapeutic mechanisms remain to be fully elucidated. Nonetheless, this
does not diminish the potential of cyanobacterial EPS as a highly
promising drug for biomedical applications.

3.1.4. Biomedical applications of cyanobacterial EVs
In recent years, EVs have been increasingly investigated as strong

candidates for biomedical applications, especially for certain gram-
negative bacteria [165,166]. However, most reports on cyanobacterial
EVs focus on the physiological characteristics of EVs. In the future, tools
for the application of cyanobacterial EVs may be developed based on
research into the application of other types of bacteria. Matinha-Cardoso
et al. [145] conducted a study in which they co-cultured Synechocystis
EVs with zebrafish fry. The results indicated that the Synechocystis EVs
were biocompatible with the fish and did not induce toxicity. Addi-
tionally, reporter proteins were employed to evaluate the delivery of the
EVs in zebrafish. This study offers initial evidence supporting the po-
tential of cyanobacterial EVs as carriers for drug delivery, thus estab-
lishing a basis for future related research. Yin et al. [103] demonstrated
the potential of cyanobacterial EVs for biomedical applications by using
EVs secreted by S. elongatus PCC 7942 to promote endothelial cell
angiogenesis interleukin-6 (IL-6), resulting in wound repair and regen-
eration in mice skin.
It is worth noting that cyanobacterial LPS is significantly less toxic

than LPS from other Gram-negative bacteria and also possesses potential
anti-inflammatory and other medical properties [167,168]. Addition-
ally, cyanobacteria naturally synthesize compounds with medicinal ef-
fects. These substances can be incorporated into EVs through genetic
engineering, which may become a research focus in the biomedical field
for cyanobacterial EVs in the future.

3.2. Cyanobacteria-based heavy metal treatments

Biosorption, which harnesses the natural adsorption capacity of
microorganisms to remove heavy metals from the environment, presents
a promising remediation method for heavy metal contamination. While
various microorganisms such as cyanobacteria (microalgae), bacteria,
fungi, and yeasts exhibit biosorption capabilities, not all are suitable for
in vivo heavy metal detoxification studies, as some may be pathogenic
[169]. Notably, microalgae, including cyanobacteria, demonstrate
exceptional heavy metal ion adsorption capacity, along with greater
biosafety and broader healthcare applications compared to other mi-
croorganisms [33,170,171]. However, research related to the detoxifi-
cation of heavy metals by microalgae remains limited to mechanistic
studies and environmental remediation, with only a few studies
exploring medical and healthcare applications. For instance, Liu et al.
[153] developed an oral, cross-linked microalgal hydrogel system
comprising C. vulgaris (CV) and berberine (BBR) that degrades lead. In
their study, the microalgae hydrogel degraded in the alkaline environ-
ment of the mice gut, gradually releasing BBR and CV. CV facilitated
biosorption and maintained a healthy intestinal microenvironment,
while BBR bolstered antioxidant defenses for tissues and organs. The
biological gel effectively removed lead ions, inhibited lead-induced
inflammation in the liver, kidney, and colon, reduced tissue damage,
and demonstrated biodegradability and high biosafety, thus holding
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potential for clinical applications. Recently, Sun et al. genetically engi-
neered the cyanobacterium Synechocystis sp. PCC 6803 by introducing
genes encoding phytochelatins (PCSs) and metallothioneins (MTs)
[172]. To facilitate the application of Synechocystis, a sodium
alginate-based hydrogel embedding technique was employed in
conjunction with 3D printing. The modified bacteria demonstrated
remarkable efficacy in rescuing zebrafish from Cd2+ contaminated water
in vitro, as well as significantly reducing Cd2+ content in mice and
restoring their normal activity behavior. We anticipate that these ex-
amples will serve as a starting point for the medical application of
cyanobacterial biosorption of heavy metals. Furthermore, we expect
that there will be further exploration in this field in the future, driven by
the advantages of cyanobacterial biosorption.

3.3. Cyanobacteria-based microbial consortia therapy

Microbial consortia have existed for a long time, such as natural flora
in soil or intestinal flora in animals, but they have gained significant
attention in recent years [173]. Combinations or associations of mi-
croorganisms often result in metabolic capacities that are different and
more robust than those of a single strain. Various studies have explored
engineered microbial communities that maintain structural stability
through strategies such as mutualism and symbiosis [174,175]. Cyano-
bacteria, through photosynthesis, can convert CO2 to other hydrocar-
bons, particularly sugars, which can serve as a carbon source for other
heterotrophic microorganisms. Additionally, the cultivation cost of
cyanobacteria is very low, making it highly suitable for co-culture with
other microorganisms. Cyanobacteria-based microbial consortia have
been designed with bacteria, yeast, and other microalgae [176–180].
While existing studies are primarily focused on metabolic engineer-

ing, it is these foundational and physiological activity studies that can
offer valuable references for the use of cyanobacteria-based microbial
consortia for treatment. Notably, Li et al. [154] recently designed and
fabricated a photoautotrophic "living" bandage containing engineered
microbial flora. The microbial consortia consisted of S. elongatus PCC
7942, which produces sucrose, and heterotrophic engineered bacteria
(E. coli or Lactococcus lactis) that utilize sucrose as a carbon source and
synthesize functional biomolecules. Subsequently, its role in promoting
wound healing was demonstrated in a full-thickness rat skin defect
model. This study serves as an excellent example of the application of
cyanobacterial-based microbial consortia in disease treatment.

3.4. Drug delivery

Current drug delivery systems often suffer from several common
drawbacks, including poor drug solubility, short effective duration of
action, and low bioavailability [181]. In recent years, cyanobacteria
(microalgae) have emerged as one of the most promising drug delivery
systems due to their good biocompatibility, low cost, large surface area
with active surface, phototropism, and high propulsion [182,183].
Shchelik et al. [184] developed a novel drug delivery system by

covalently linking vancomycin to the surface of C. reinhardtii, using
azadibenzocylooctyne-amine (DBCO) as a chemical adhesive. This sys-
tem can release vancomycin under light conditions and synergize with
ultraviolet therapy to treat skin infections. Hu et al. [155] loaded
berberine (BBR), an antibacterial agent, into S. platensis and combined it
with carboxymethyl chitosan/sodium alginate to form a bioactive
hydrogel. Under laser irradiation, the composite gel can continuously
release BBR and produce reactive oxygen species. This study verified
that the composite gel can promote angiogenesis, skin regeneration, and
inhibit inflammation, thus aiding in the healing of methicillin-resistant
S. aureus (MRSA)-infected diabetic wounds. Zhong et al. [156] also
utilized Arthrospira as a carrier to achieve targeted delivery of doxoru-
bicin. Drug loading was achieved through noncovalent electrostatic in-
teractions between positively charged doxorubicin and negatively
charged Arthrospira surfaces. This approach demonstrated excellent

targeted therapy ability in the 4T1 breast cancer lung metastasis mice
model. Recently, Zhang et al. [157] employed the same algae combined
with astaxanthin nanoparticles to construct an oral
microalga-nanocomposite system, which showed promising
anti-inflammatory effects. The unique biological structure and move-
ment ability of microalgae, such as cyanobacteria, provide new ideas for
the design of precise targeted drug delivery systems. Their active surface
can efficiently load small molecule drugs, avoiding the complex steps of
chemical synthesis and expensive raw materials, making algae have
broad application prospects in the field of drug delivery.

4. Future prospective and direction

4.1. Development of novel secondary metabolites

In addition to the natural products mentioned earlier, cyanobacteria
can produce various secondary metabolites, primarily cyanotoxins,
some of which have demonstrated pharmacological effects (see Fig. 3)
[185]. Over the past few decades, an increasing number of studies have
focused on cyanotoxins, including identifying their chemical structures,
elucidating biosynthetic pathways, exploring toxic effects, and investi-
gating biotechnology applications [31]. Recent studies have suggested
that cyanotoxins may also be potential candidates in drug development
due to their biological activity. For instance, saxitoxin can be used as an
anesthetic in combination with other drugs to enhance the anesthetic
effect by blocking nerve channels [186]. Additionally, apratoxin and
cryptophycin have demonstrated the ability to combat cancer cells [187,
188]. However, to fully utilize the medicinal properties of cyanobacteria
secondary metabolites, more attention should be given to exploring
cyanobacteria as a source of medical compounds, screening novel
antibacterial compounds, and fully understanding the mechanism of
action of cyanobacteria secondary metabolites. Further studies are still
needed to achieve these goals.

4.2. Medical testing of engineered cyanobacteria

Cyanobacteria, as photosynthetic autotrophic prokaryotes, have
been a significant focus of research in synthetic biology due to their
potential for various biological applications, such as environmental
remediation and chemical production [189]. However, to date, the use
of engineered cyanobacteria in medical research, particularly in the
treatment of heavy metal ions, has been limited, with most studies
concentrating solely on their environmental applications. Furthermore,
there is limited documentation on the in-situ synthesis of bioactive
compounds by engineered cyanobacteria for diagnosis and treatment.
The current practice primarily involves the utilization of wild-type
cyanobacteria as carriers for drug delivery or as suppliers of oxygen in
specific hypoxia conditions. At most, engineered cyanobacteria are
utilized to provide a carbon source for other heterotrophic microor-
ganisms capable of producing bioactive substances. The potential of
cyanobacteria for medical applications remains largely unexplored, and
there has been minimal research in this area [3]. In the future, it is
crucial to integrate engineered cyanobacteria with medical testing to
explore their potential in medical research. This integration will pro-
mote to unlock new opportunities for the use of cyanobacteria in
medicine.

4.3. Optimization of in vivo applications

Cyanobacteria rely on continuous exposure to light for their culti-
vation and various physiological and biochemical activities, particularly
oxygen production. However, in the process of diagnosis and treatment,
especially in vivo applications, it is challenging for light to penetrate
through the skin and other tissues into the body. Developing novel
lighting technologies that address issues such as light penetration
through different tissues presents further challenges. Among them, red
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light and near-red light (NIR) have been utilized for cyanobacteria-
based diagnosis and treatment due to their superior ability to pene-
trate the skin compared to other wavelengths of light. For instance,
Zhang et al. [190,191] applied red light in cyanobacterial hydrogel
tumor therapy and a probiotic system that modulates the gut-brain axis
respectively. Wang et al. [192], on the other hand, developed
NIR-driven oxygenic cyanobacteria for ischemic stroke treatment while
Liu et al. [193] employed NIR-driven cyanobacterial nanocapsules for
prevention and treatment of myocardial infarction. Nevertheless,
although these studies addressed concerns regarding light transmission,
they were conducted using mouse models as therapeutic targets. In
contrast, human skin is denser and less permeable to light penetration.
Moreover, since most human tissues are not adapted to cope with optical
radiation effectively yet phototoxicity remains unclear in this context.
Therefore, there is still a need to develop a customized lighting strategy
capable of inducing photosynthetic oxygen production in both internal
and external organs of the human body.

4.4. In vivo biosafety of engineered cyanobacteria

The use of genetically engineered microorganisms for diagnosis and
treatment presents significant biosafety concerns, which may entail
potential risks to human health and the environment [194]. Further-
more, their genomic instability and the potential to initiate new diseases
have impeded their clinical application. To address the issues of cell
leakage and uncontrolled proliferation of therapeutically engineered

cyanobacteria for implantation, strategies involving physical contain-
ment have been explored. For instance, hydrogels with highly hydrated
polymer networks are commonly utilized for cell encapsulation [195].
Another significant biosafety concern is antibiotic resistance result-

ing from horizontal gene transfer. This poses a substantial risk to the
genetic stability of ecosystems, a process that may be accelerated by
advances in synthetic biology [196]. To tackle these issues, strategies
such as physical encapsulation, active anchoring of bacteria, auxot-
rophy, and suicide switches can be individually or collectively applied to
confine genetically engineered cyanobacteria and address safety con-
cerns [197].
While cyanotoxins produced in cyanobacteria exhibit potent bio-

logical activities, they are highly toxic to mammals. Despite a few cya-
notoxins entering clinical trials, only a few have gained approval from
the FDA. Consequently, the modification or elimination of cyanotoxins
is unavoidable for the further utilization of cyanobacteria in clinical
therapy. Accelerating the annotation of the biosynthetic pathway and
structure of cyanotoxins is imperative to determine their toxicity.
Additionally, genetic engineering technology can be employed to
modify or eliminate the highly toxic cyanotoxins, thereby regulating and
mitigating their toxicity. This would reduce cyanobacteria toxicity,
facilitating their potential application in clinical medicine.
The human body harbors diverse microbial populations, many of

which play a role in regulating human metabolism and conferring
benefits. However, cyanobacteria contain various antibacterial sub-
stances, such as terpenoids and peptides. When these substances enter

Fig. 3. Future prospects of cyanobacteria-based biomedical engineering.
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the human body, they may cause irreversible damage to the body’s
probiotic community, impacting microbial diversity and disrupting
human metabolism, thus posing a risk to health. Therefore, further
investigation into the interaction mechanism between cyanobacteria
bioactive compounds and human microorganisms is necessary. Subse-
quently, synthetic biology methods can be employed to adjust the ef-
fects, facilitating the potential application of cyanobacteria in vivo.
In summary, genetically engineered microorganisms must undergo

biosafety assessments before practical use. Additionally, the develop-
ment of standards is imperative to classify different therapeutic micro-
organisms, and the establishment of new legislative and regulatory
constraints is crucial to evaluate the biosafety and ethical considerations
of research and the clinical translation of these innovative diagnostic
and therapeutic organisms.

4.5. Clinical trials

Cyanobacteria (microalgae), have been regarded as promising can-
didates for drug development since their discovery. However, compre-
hensive clinical evaluations of cyanobacteria are still necessary prior to
their approval for diagnostic purposes. The unique characteristics of
cyanobacteria as microorganisms complicate their preclinical and clin-
ical analysis, necessitating more extensive investigation and posing
challenges in fitting them into a rigid regulatory framework. Currently,
only A. platensis, A. maxima, H. pluvialis, Schizochytrium, and Ulkenia
woken have obtained food safety certifications from the US and EU
authorities. Among these species, only Arthrospira has been utilized in a
limited number of clinical trials [20–22,198]. Recent studies have
shown the advantages of Arthrospira in treating obesity, hypertension,
and diabetes [199]. A randomized double-blind trial investigated the
combined impact ofArthrospira supplementation (4.5 g/day for 6 weeks)
and a structured exercise regimen in dyslipidemic individuals [20]. The
study revealed synergistic advantages, with Arthrospira supplementation
alone leading to reductions in total cholesterol, low-density lipoprotein
cholesterol (LDL-C), and triglyceride levels, alongside an increase in
high-density lipoprotein cholesterol (HDL-C) within the 6-week period
compared to the control group. Moreover, a recent randomized
double-blind placebo-controlled trial involved 60 type 2 diabetes pa-
tients receiving standard metformin treatment [200]. Results demon-
strated that consuming 2 g of spirulina before meals significantly
enhanced blood glucose parameters, including glycosylated hemoglobin
(HbA1c) and fasting blood glucose levels (FBS), compared to the placebo
group receiving metformin alone. These clinical investigations affirm
the safety of Arthrospira consumption and showcase its beneficial effects
in various diseases, thereby encouraging its potential for future clinical
applications. Conversely, studies on numerous other cyanobacteria are
still far from reaching the stage of clinical trials. Despite some validation
in mice models, the actual application in human clinical research re-
mains distant and significantly delays the evaluation of their potential.
In the future, there is also a need to enhance our understanding and
design bioactive engineered cyanobacteria to fill the developmental
pipeline.

5. Conclusions

This article provides an overview of the application of cyanobacteria
(microalgae) in the biomedical field. Firstly, the abundant library of
secondary metabolites like bioactive compounds, EPS, EVs and O2 pro-
vided important candidates for biomedicines. Among them, EVs have
been demonstrated efficient for chemical or nucleic drugs delivery. In
addition, biomedical applications of cyanobacteria achieved significant
progresses in cancer therapy, wound healing and heavy metals biore-
mediation using different models. Among them, Arthrospira, as one of
the leading microalgae strains, has successfully progressed to clinical
trials, with several studies showcasing its advantageous role in treating
obesity and cardiovascular disease. While the literature reviewed

emphasizes the potential benefits of cyanobacteria and microalgae, it is
important to note that in vitro assays and animal models may not fully
reflect the complexity of human diseases. Pharmacokinetic issues such
as product bioavailability, efficacy, and safety also pose challenges.
Another significant obstacle is the presence of neurotoxins in many
active compounds derived from cyanobacteria, complicating their use in
medical applications. Furthermore, factors such as race, lifestyle,
behavior, and gender-specific differences can influence the physiolog-
ical response to treatment and should be considered in large-scale
studies to enhance efficacy and safety.
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Extracellular biopolymers produced by freshwater cyanobacteria: a screening
study, Chem. Pap. 73 (3) (2019) 771–776, https://doi.org/10.1007/s11696-018-
0625-1.

[93] J.D. Cruz, C. Delattre, A.B. Felpeto, H. Pereira, G. Pierre, J. Morais, E. Petit,
J. Silva, J. Azevedo, R. Elboutachfaiti, I.B. Maia, P. Dubessay, P. Michaud,
V. Vasconcelos, Bioprospecting for industrially relevant exopolysaccharide-
producing cyanobacteria under Portuguese simulated climate, Sci. Rep. 13 (1)
(2023), https://doi.org/10.1038/s41598-023-40542-6.

[94] M. Mohd Nadzir, R.W. Nurhayati, F.N. Idris, M.H. Nguyen, Biomedical
applications of bacterial exopolysaccharides: a review, Polymers 13 (4) (2021),
https://doi.org/10.3390/polym13040530.

[95] T.G. Sahana, P.D. Rekha, A bioactive exopolysaccharide from marine bacteria
Alteromonas sp. PRIM-28 and its role in cell proliferation and wound healing in
vitro, Int. J. Biol. Macromol. 131 (2019) 10–18, https://doi.org/10.1016/j.
ijbiomac.2019.03.048.

[96] S.V. Niknezhad, M. Mehrali, F.R. Khorasgani, R. Heidari, F.B. Kadumudi,
N. Golafshan, M. Castilho, C.P. Pennisi, M. Hasany, M. Jahanshahi, M. Mehrali,
Y. Ghasemi, N. Azarpira, T.L. Andresen, A. Dolatshahi-Pirouz, Enhancing
volumetric muscle loss (VML) recovery in a rat model using super durable
hydrogels derived from bacteria, Bioact. Mater. 38 (2024) 540–558, https://doi.
org/10.1016/j.bioactmat.2024.04.006.

[97] S. Falsini, M.C. Rosi, E. Ravegnini, S. Schiff, C. Gonnelli, A. Papini, A. Adessi,
S. Urciuoli, S. Ristori, Nanoformulations with exopolysaccharides from
cyanobacteria: enhancing the efficacy of bioactive molecules in the
Mediterranean fruit fly control, Environ. Sci. Pollut. Control Ser. 30 (35) (2023)
83760–83770, https://doi.org/10.1007/s11356-023-28180-x.

[98] S.J. Biller, M.D.C. Munoz-Marin, S. Lima, J. Matinha-Cardoso, P. Tamagnini,
P. Oliveira, Isolation and characterization of cyanobacterial extracellular vesicles,
J. Vis. Exp. 180 (2022), https://doi.org/10.3791/63481.

T. Zhang et al.

https://doi.org/10.1007/s10126-003-0002-z
https://doi.org/10.1007/s10126-003-0002-z
http://refhub.elsevier.com/S2590-0064(24)00213-8/sref55
http://refhub.elsevier.com/S2590-0064(24)00213-8/sref55
http://refhub.elsevier.com/S2590-0064(24)00213-8/sref55
http://refhub.elsevier.com/S2590-0064(24)00213-8/sref55
https://doi.org/10.3390/biom11010028
https://doi.org/10.1016/j.carbpol.2020.117303
https://doi.org/10.1016/j.carbpol.2020.117303
https://doi.org/10.1007/s00425-018-3047-y
https://doi.org/10.1371/journal.pone.0218923
https://doi.org/10.1371/journal.pone.0218923
https://doi.org/10.1007/10_2022_211
https://doi.org/10.3390/foods11121752
https://doi.org/10.3390/foods11121752
https://doi.org/10.1016/j.algal.2021.102391
https://doi.org/10.1016/j.algal.2021.102391
https://doi.org/10.1016/j.foodchem.2020.126374
https://doi.org/10.1016/j.foodchem.2020.126374
https://doi.org/10.1016/j.biortech.2008.01.028
https://doi.org/10.1016/j.biortech.2021.126459
https://doi.org/10.1016/j.biortech.2021.126459
https://doi.org/10.1016/j.cep.2021.108563
https://doi.org/10.1007/s10811-022-02770-7
https://doi.org/10.1007/s10811-021-02649-z
https://doi.org/10.1007/s10811-020-02208-y
https://doi.org/10.1007/s10811-020-02208-y
https://doi.org/10.1039/d1np00007a
https://doi.org/10.1016/j.peptides.2018.08.002
https://doi.org/10.3390/ijms24021207
https://doi.org/10.1111/nph.16249
https://doi.org/10.1111/nph.16249
https://doi.org/10.1038/nature02260
https://doi.org/10.1038/ngeo2122
https://doi.org/10.1093/molbev/msv024
https://doi.org/10.1111/tpj.15552
https://doi.org/10.1111/tpj.15552
https://doi.org/10.1126/science.118900
https://doi.org/10.1007/s11120-019-00653-6
https://doi.org/10.1007/s11120-019-00653-6
https://doi.org/10.1104/pp.112.210260
https://doi.org/10.1016/j.bbabio.2013.11.011
https://doi.org/10.1016/s1535-6108(03)00336-2
https://doi.org/10.1111/iwj.12852
https://doi.org/10.1016/j.matt.2020.10.022
https://doi.org/10.1016/j.matt.2020.10.022
https://doi.org/10.1016/j.envpol.2023.121628
https://doi.org/10.1016/j.envpol.2023.121628
https://doi.org/10.1016/j.ymben.2016.06.005
https://doi.org/10.1016/j.ymben.2018.03.001
https://doi.org/10.1016/j.ymben.2018.03.001
https://doi.org/10.21769/BioProtoc.4199
https://doi.org/10.21769/BioProtoc.4199
https://doi.org/10.3390/polysaccharides3020027
https://doi.org/10.1007/bf00422139
https://doi.org/10.1007/bf00422139
https://doi.org/10.1016/j.carbpol.2023.121686
https://doi.org/10.1016/j.carbpol.2023.121686
https://doi.org/10.1007/s11696-018-0625-1
https://doi.org/10.1007/s11696-018-0625-1
https://doi.org/10.1038/s41598-023-40542-6
https://doi.org/10.3390/polym13040530
https://doi.org/10.1016/j.ijbiomac.2019.03.048
https://doi.org/10.1016/j.ijbiomac.2019.03.048
https://doi.org/10.1016/j.bioactmat.2024.04.006
https://doi.org/10.1016/j.bioactmat.2024.04.006
https://doi.org/10.1007/s11356-023-28180-x
https://doi.org/10.3791/63481


Materials Today Bio 27 (2024) 101154

13

[99] M. Toyofuku, N. Nomura, L. Eberl, Types and origins of bacterial membrane
vesicles, Nat. Rev. Microbiol. 17 (1) (2019) 13–24, https://doi.org/10.1038/
s41579-018-0112-2.

[100] S.J. Biller, F. Schubotz, S.E. Roggensack, A.W. Thompson, R.E. Summons, S.
W. Chisholm, Bacterial vesicles in marine ecosystems, Science 343 (6167) (2014)
183–186, https://doi.org/10.1126/science.1243457.

[101] Y.A. Pardo, C. Florez, K.M. Baker, J.W. Schertzer, G.J. Mahler, Detection of outer
membrane vesicles in Synechocystis PCC 6803, FEMS Microbiol. Lett. 362 (20)
(2015), https://doi.org/10.1093/femsle/fnv163.

[102] Y. Xu, L. Tiago Guerra, Z. Li, M. Ludwig, G. Charles Dismukes, D.A. Bryant,
Altered carbohydrate metabolism in glycogen synthase mutants of Synechococcus
sp. strain PCC 7002: cell factories for soluble sugars, Metab. Eng. 16 (2013)
56–67, https://doi.org/10.1016/j.ymben.2012.12.002.

[103] H. Yin, C.Y. Chen, Y.W. Liu, Y.J. Tan, Z.L. Deng, F. Yang, F.Y. Huang, C. Wen, S.
S. Rao, M.J. Luo, X.K. Hu, Z.Z. Liu, Z.X. Wang, J. Cao, H.M. Liu, J.H. Liu, T. Yue,
S.Y. Tang, H. Xie, Synechococcus elongatus PCC7942 secretes extracellular vesicles
to accelerate cutaneous wound healing by promoting angiogenesis, Theranostics
9 (9) (2019) 2678–2693, https://doi.org/10.7150/thno.31884.

[104] R. Mota, R. Vidal, C. Pandeirada, C. Flores, A. Adessi, R. De Philippis, C. Nunes,
M.A. Coimbra, P. Tamagnini, Cyanoflan: a cyanobacterial sulfated carbohydrate
polymer with emulsifying properties, Carbohydr. Polym. 229 (2020) 115525,
https://doi.org/10.1016/j.carbpol.2019.115525.

[105] A. Brito, V. Ramos, R. Mota, S. Lima, A. Santos, J. Vieira, C.P. Vieira, J. Kastovsky,
V.M. Vasconcelos, P. Tamagnini, Description of new genera and species of marine
cyanobacteria from the Portuguese Atlantic coast, Mol. Phylogenet. Evol. 111
(2017) 18–34, https://doi.org/10.1016/j.ympev.2017.03.006.

[106] P. Oliveira, N. Martins, M. Santos, N. Couto, P. Wright, P. Tamagnini, The
Anabaenasp. PCC 7120 exoproteome: taking a peek outside the box, Life 5 (1)
(2015) 130–163, https://doi.org/10.3390/life5010130.

[107] V. Zarantonello, T.P. Silva, N.P. Noyma, J.P. Gamalier, M.M. Mello, M.
M. Marinho, R.C.N. Melo, The cyanobacterium Cylindrospermopsis raciborskii
(CYRF-01) responds to environmental stresses with increased vesiculation
detected at single-cell resolution, Front. Microbiol. 9 (2018) 272, https://doi.org/
10.3389/fmicb.2018.00272.

[108] W. Zheng, B. Bergman, B. Chen, S. Zheng, G. Xiang, U. Rasmussen, Cellular
responses in the cyanobacterial symbiont during its vertical transfer between
plant generations in the Azolla microphylla symbiosis, New Phytol. 181 (1)
(2009) 53–61, https://doi.org/10.1111/j.1469-8137.2008.02644.x.

[109] J. Cui, Y. Xie, T. Sun, L. Chen, W. Zhang, Deciphering and engineering
photosynthetic cyanobacteria for heavy metal bioremediation, Sci. Total Environ.
761 (2021) 144111, https://doi.org/10.1016/j.scitotenv.2020.144111.

[110] A. Ayangbenro, O. Babalola, A new strategy for heavy metal polluted
environments: a review of microbial biosorbents, Int. J. Environ. Res. Publ.
Health 14 (1) (2017), https://doi.org/10.3390/ijerph14010094.

[111] S.Y. Cheng, P.L. Show, B.F. Lau, J.S. Chang, T.C. Ling, New prospects for modified
algae in heavy metal adsorption, Trends Biotechnol. 37 (11) (2019) 1255–1268,
https://doi.org/10.1016/j.tibtech.2019.04.007.

[112] J.S. Singh, A. Kumar, A.N. Rai, D.P. Singh, Cyanobacteria: a precious bio-resource
in agriculture, ecosystem, and environmental sustainability, Front. Microbiol. 7
(2016) 529, https://doi.org/10.3389/fmicb.2016.00529.

[113] A.A. Al-Homaidan, J.A. Alabdullatif, A.A. Al-Hazzani, A.A. Al-Ghanayem, A.
F. Alabbad, Adsorptive removal of cadmium ions by Spirulina platensis dry
biomass, Saudi J. Biol. Sci. 22 (6) (2015) 795–800, https://doi.org/10.1016/j.
sjbs.2015.06.010.

[114] H.W. Kwak, M.K. Kim, J.Y. Lee, H. Yun, M.H. Kim, Y.H. Park, K.H. Lee,
Preparation of bead-type biosorbent from water-soluble Spirulina platensis extracts
for chromium (VI) removal, Algal Res. 7 (2015) 92–99, https://doi.org/10.1016/
j.algal.2014.12.006.

[115] Y.K. Leong, J.S. Chang, Bioremediation of heavy metals using microalgae: recent
advances and mechanisms, Bioresour. Technol. 303 (2020) 122886, https://doi.
org/10.1016/j.biortech.2020.122886.

[116] S. Tiwari, P. Parihar, A. Patel, R. Singh, S.M. Prasad, Metals in cyanobacteria:
physiological and molecular regulation, Cyanobacteria (2019) 261–276, https://
doi.org/10.1016/b978-0-12-814667-5.00013-1.

[117] K.R. K, U.R. Sardar, E. Bhargavi, I. Devi, B. Bhunia, O.N. Tiwari, Advances in
exopolysaccharides based bioremediation of heavy metals in soil and water: a
critical review, Carbohydr. Polym. 199 (2018) 353–364, https://doi.org/
10.1016/j.carbpol.2018.07.037.

[118] S. Ozturk, B. Aslim, Z. Suludere, S. Tan, Metal removal of cyanobacterial
exopolysaccharides by uronic acid content and monosaccharide composition,
Carbohydr. Polym. 101 (2014) 265–271, https://doi.org/10.1016/j.
carbpol.2013.09.040.

[119] L. Shen, Z. Li, J. Wang, A. Liu, Z. Li, R. Yu, X. Wu, Y. Liu, J. Li, W. Zeng,
Characterization of extracellular polysaccharide/protein contents during the
adsorption of Cd(II) by Synechocystissp. PCC6803, Environ. Sci. Pollut. Res. Int. 25
(21) (2018) 20713–20722, https://doi.org/10.1007/s11356-018-2163-3.
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