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Abstract: Cyanobacteria are a promising and sustainable source of numerous bioactive compounds, 

including phycobiliproteins (PBPs). PBPs are a group of water-soluble pigments that serve as a critical 

component in the accessory light-harvesting system in cyanobacteria. PBPs are composed of 

chromophore-binding proteins such as phycocyanin, phycoerythrin, and allophycocyanin, which 

exhibit distinctive structural and functional properties. PBPs aggregate into larger structures called 

phycobilisomes, located on the thylakoid membrane of cyanobacteria, consisting of rod and core 

subunits. PBPs scavenge free radicals and reduce oxidative stress, which plays a pivotal role in the 

pathogenesis of numerous chronic diseases such as cancer, diabetes, cardiovascular disorders, and 

neurodegenerative conditions. Due to their pharmacological properties, outstanding therapeutic value, 

and ecological significance, they have garnered considerable scientific interest in recent years. In this 

review, we provide an in-depth examination of the structural attributes of PBPs and explore their 

promising biotechnological applications, offering insights into current developments, challenges, and 

future directions for utilizing PBPs in scientific and industrial fields. 
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1. Introduction 

Cyanobacteria, unique photosynthetic organisms, inhabit almost all kinds of environments, 

natural and artificial [1]. Although they can be unicellular, filamentous, or colonial, they occasionally 
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grow large enough to be visible to the naked eye, especially during blooms. Cyanobacteria have been 

studied extensively for their morphology, certain aspects of their structure, nitrogen fixation, and their 

mechanism of photosynthesis. Most secondary metabolites can be beneficial to people, whereas some 

may be harmful to organisms, including people [2,3]. 

Three principal light-harvesting systems, which comprise two major photosystems and a 

phycobilisome (PBS), make up the cyanobacterial photosynthetic apparatus. The PBS is characteristic 

of cyanobacteria and is mainly composed of phycobiliproteins (PBPs). The composition of PBS, being 

inconsistent, differs from species to species. PBPs are a class of disk-shaped, colored, and water-

soluble macromolecular proteins composed of proteins and chromophores, called phycobilins. These 

phycobilins have open-chain tetrapyrroles that remain covalently bound to PBPs via the amino acid 

cysteine. Since their discovery, the structure, function, and applications of PBPs have been the subject 

of extensive research [4]. Single-particle cryo-electron microscopy was used to determine the structure 

of a PBS that was extracted from the red algae Griffithsia pacifica. The PBS had a molecular mass of 

16.8 MDa [5]. PBS vary widely in size, ranging from approximately 4.6 to 18 MDa, and may contain 

nearly 900 polypeptide subunits while accommodating over 2000 chromophores [6]. 

PBPs are mostly classified into four types: phycocyanin (PC), allophycocyanin (APC), 

phycoerythrin (PE), and phycoerythrocyanin (PEC). These PBPs classes are distinguished by their 

absorption maxima: PC (λmax = 610–625), PE (λmax = 490–570), PEC (λmax = 560–600), and APC (λmax 

= 650–660 nm) [7]. PBPs are ubiquitous in cyanobacteria. While all cyanobacteria contain PC, only a 

subset possesses PE. In recent decades, the pursuit of bioactive compounds has led to increased interest 

in the study of microorganisms such as cyanobacteria. These organisms are of commercial interest due 

to their wide-ranging applications in nutrition, healthcare, wastewater management, energy generation, 

and the chemical and pharmaceutical sectors [8]. PBPs are of significant biotechnological interest due 

to their pronounced biological and pharmaceutical activities. In particular, PC is commercially 

important due to its nutraceutical and therapeutic properties, notable antioxidant, anti-inflammatory, 

and anticarcinogenic activities, superior fluorescent features, and its use as a natural colorant [9]. Upon 

exposure to external stimuli like temperature, pH, or ionic composition, PBPs can maximize their 

absorption. This signifies the structural stability of PBPs. In terms of energy distribution and transfer, PE 

and PEC are the first PBPs to absorb light and then radiate energy to PC and APC, respectively [10]. The 

two distinct polypeptides, denoted by α and β, that make up each PBP have a similar sequence and are 

the result of ancient gene duplication events. Each α- or β-subunit carries at least one phycobilin. PBPs 

are typically shown as hexamers (αβ)6 or trimers (αβ)3 that are connected by certain proteins [11]. 

Due to the potential for commercial use in a variety of fields, including nutrition, human and 

animal health, wastewater treatment, energy production, and the chemical and pharmaceutical 

industries, the hunt for bioactive compounds has intensified in recent decades, sparking an increased 

interest in the study of microorganisms like cyanobacteria. More precisely, research on PBPs and 

phycobilins has demonstrated their capabilities as anti-inflammatory, anti-cancer, antibacterial, and 

antioxidant substances. Cyanobacteria produce high-value natural compounds called PBPs, which 

have drawn interest due to their potential applications in a variety of sectors, including pharmaceuticals, 

food, feed, cosmetics, and nutraceuticals [12]. The mechanism of PBS assembly is poorly understood, 

and the energy transfer routes within PBSs are not well defined. 

In this review, we aim to examine the types of cyanobacterial PBPs and highlight the key 

biotechnological properties of PBPs, with special emphasis on their bioactivities. Particularly for PBPs, 

emphasis is placed on optimizing their manufacturing, extraction, and purification processes. 
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Additionally, a brief discussion of economic factors and prospects for the field is given. 

2. Structural properties of PBPs 

Cyanobacterial PBPs possess a unique ability to capture light, thereby expanding the range of 

photosynthetically active radiation (PAR) and enabling these organisms to survive in extreme 

environments where higher plants are unable to grow [13]. Unlike plants, cyanobacteria cannot rely 

solely on chlorophyll-based light-harvesting antennae to sustain photosynthesis in highly variable 

environments such as hot springs, glaciers, deep-sea regions, and deserts [14]. Cyanobacteria use an 

additional light-harvesting complex, the PBS, to enhance their light absorption. This large, multi-

protein complex is located on the thylakoid membrane and enables the cells to absorb solar radiation 

in the 450–660 nm range. 

The PBS consists of two major protein types: PBPs and linker proteins (LPs). With the help of 

LPs, PBPs are organized into two structural components: The core, which attaches to the thylakoid 

membrane, and the rods, which extend outward from the core [6]. Each PBP typically consists of two 

polypeptide chains, the α and β subunits. These subunits are colorless apoproteins that contain 

covalently attached linear tetrapyrrole chromophores, which are responsible for light absorption. 

Chromophores are attached to cysteine residues through thioether linkages [15]. The number of 

chromophores present can differ among PBPs. According to their structural features, these 

chromophores are classified into four major types: phycocyanobilin (PCB), phycoerythrobilin (PEB), 

phycoviolobilin (PVB), and phycourobilin (PUB) (Figure 1). 

 

Figure 1. Molecular structure of cysteine-linked chromophores in PBP complexes. 

The assembly of PBP trimers and hexamers into the core and rod structures is stabilized by LPs. 

These LPs not only provide structural integrity to the PBS but also ensure its proper organization on 

the thylakoid membrane, thereby enabling efficient energy transfer. According to their position and 

function, LPs are categorized into four types: Group I- rod linkers (LR) located in the rods; Group II- 
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rod-core linkers (LRC) connecting rods to the core; Group III- core linkers (LC) found within the core; 

and Group IV- membrane linkers (LCM) that anchor the PBS core to the thylakoid membrane [7]. 

Cryo-EM study on Thermosynechococcus vulcanus showed that its phycobilisome features a 

pentacylindrical APC core with PC rods. The analysis also revealed key linker-chromophore 

interactions and the pathways guiding energy transfer to PSII (Figure 2) [16]. Cryo-EM was further 

used to analyze the PBS associated with ferredoxin-NADP+ oxidoreductase (FNR), a vital enzyme for 

cyclic electron transfer in Synechocystis sp. PCC 6803 [17]. 

 

 

Figure 2. Schematic representation of the PBS structure on the thylakoid membrane 

showing rod subunits PC and PE and core subunits APC connected by linker polypeptides 

and basic-PBP composition found in cyanobacteria (a). Schematic illustration of energy 

transfer steps, including charge separation (photochemical reaction) at the photosystem II 

reaction center (PSII RC) for the cyanobacteria (b), modified from Aryee et al. [18]. 
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2.1. Allophycocyanin 

APC resides in the core of the PBS and is universally present in organisms that contain PBPs. It 

occurs in three subtypes: APC, APC-B, and the APC-Lcm, among which APC is the predominant PBP 

within the core. While APC assembles into core cylinders, APC-B and APC-Lcm contribute to the 

formation of the two basal cylinders. Each α and β subunit binds a PCB chromophore via conserved 

cysteine residues located at positions α-84 and β-84. APC is typically purified in its trimeric form, 

(αβ)₃, exhibiting a primary absorption peak at 650 nm and a secondary shoulder at 620 nm. At low 

concentrations, however, the trimer dissociates into αβ monomers, resulting in a shift of the absorption 

maximum from 650 nm to 618 nm [19]. 

In certain cyanobacteria, the photosynthetic machinery can undergo remodeling under far-red 

light (FRL), enabling more efficient utilization of FRL for photosynthesis [20]. Li et al. [21] reported 

a novel PBS-derived complex composed exclusively of APC core subunits, characterized by red-

shifted absorption peaks at 653 and 712 nm. These red-shifted PBP complexes were obtained from the 

chlorophyll f-containing cyanobacterium Halomicronema hongdechloris. Studies revealed that the 

protein environment around the pyrrole ring A of PCB in the APC α-subunit plays the primary role in 

FRL absorption. 

2.2. Phycocyanin 

PCs are present in nearly all PBP-containing organisms, such as cyanobacteria, red algae, 

glaucophytes, and certain cryptophytes. Based on spectral characteristics, PCs are classified into three 

subtypes: (1) C-PC (λmax = 610–625 nm), found exclusively in cyanobacteria; (2) PEC (λmax = 560–600 

nm), restricted to certain cyanobacteria; and (3) R-PC (λmax = ~615 nm), predominantly occurring in 

red algae [7]. PCs absorb light in the range of 580-630 nm and typically emit fluorescence with a peak 

between 635 and 645 nm. A PC molecule generally binds one PCB at α-84 and two PCBs at β-84 and 

β-155. Studies on chromophore energy transfer have shown that the α-84 PCB and β-155 PCB function 

as excitation energy donors, while the β-84 PCB serves as the terminal energy acceptor [11]. When 

separated from the PBS, PC occurs as a hexameric complex (αβ)6 at pH 5.0-6.0 and as a trimeric 

complex (αβ)3 at pH 7.0. Among the PBPs, PC is one of the most extensively studied due to its diverse 

biological and pharmacological activities [22]. 

2.3. Phycoerythrin 

PEs are the most abundant PBPs in many red algae and some unicellular cyanobacteria. Compared 

to APC and PC, they contain more phycobilins, enabling them to absorb more light per mole. The 

chromophores attached to apo-PBPs can be PEB or PUB. The phycobilin composition varies 

depending on whether cyanobacteria live in freshwater, soil, or marine environments. PEs from 

freshwater and soil cyanobacteria usually only have PEB chromophores and show absorption maxima 

near 565 nm [19]. PEs from marine unicellular strains of Synechococcus and Synechocystis attach PUB 

chromophores at specific cysteine residues. Generally, a PE molecule carries five chromophores, with 

additional phycobilins linked to α-143 and a PEB doubly attached to β-50 and β-61. The α and β 

subunits of PE assemble into trimers, which then aggregate face-to-face to form disk-shaped hexamers, 

facilitated by a specialized linker peptide called the γ subunit. In some cyanobacteria, the chromophore 
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composition of PE can change based on light quality, a process known as complementary chromatic 

adaptation, thought to play a key role in global primary productivity [23]. 

3. Biotechnological applications 

PBPs exhibit a highly organized structure that is directly linked to their biological functions. 

Structural variations among PBPs determine their absorption maxima, enabling efficient light 

harvesting and thus enabling cyanobacteria to adapt to diverse light environments. Beyond their 

primary role in photosynthesis, the presence of specific functional groups and well-defined tertiary 

structure of PBPs contributes to their diverse bioactive potential. These structural features facilitate 

interactions with reactive oxygen species (ROS) and cellular biomolecules, thereby underpinning their 

antioxidant activity and associated protective effects. Furthermore, PBPs can modulate key cellular 

signaling pathways involved in inflammation, apoptosis, and oxidative stress, which explains their 

reported anticancer, anti-inflammatory, anti-aging, and neuroprotective activities [24,12,25–29]. In 

addition, the intrinsic fluorescence and stability of native PBPs support their long-standing applications 

as food additives, natural colorants, and fluorescent probes (Figure 3). 

 

Figure 3. PBPs (APC, PC, and PE) are used as food additives, natural pigments, and 

fluorescent markers, and have pharmaceutical applications. 

3.1. Anti-diabetic effects 

These bioactive substances, widely distributed in cyanobacteria such as Spirulina platensis and 

Anabaena, have garnered significant interest due to their potential medical applications, particularly 

in the treatment of metabolic diseases like diabetes mellitus [30]. The anti-diabetic effects of PBPs are 

mostly ascribed to their capacity to protect pancreatic β-cells, control glucose metabolism, and reduce 

oxidative stress [31]. PC, as a diabetic-resistant candidate, inhibits α-amylase and β-glucosidase in in 

vitro conditions, reducing the amount of starch that is absorbed, and promotes the uptake of glucose in 

the insulin-resistant cell line [32]. It was also found that PC enhances insulin sensitivity and the cellular 
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utilization of glucose, particularly in insulin-resistant cells and mice with type 2 diabetes mellitus 

(T2DM) treated orally with 200 mg·kg−1. This is achieved by activating serine/threonine kinase 1 

(AKT), which is a component of the phosphatidylinositol-3 kinase (PI3K) pathway and is essential in 

the regulation of glyco-metabolism, and AMP-activated protein kinase (AMPK), which, once active, 

promotes autophagy [33]. PC improves the glucose tolerance and fasting serum insulin levels of 

diabetic mice while lowering fasting blood glucose and serum biochemical markers such as 

triglycerides (TG), total cholesterol (TC), aspartate aminotransferase (AST), and alanine 

aminotransferase (ALT) in mice with high-glucose, high-fat diet-induced diabetes mellitus. 

Furthermore, a molecular investigation showed that PC prevents diabetes mellitus by triggering the 

AKT and AMPK signaling pathways in the insulin-resistant SMMC-7721 cell model and the animal 

model produced by a high-glucose, high-fat diet [33]. PBPs have been shown in numerous in vivo 

experiments employing diabetic mouse models to effectively lower fasting blood glucose levels, 

enhance glucose tolerance, and maintain the structure of the pancreatic islets. Wistar rats with diabetes 

produced by streptozotocin (STZ) were used to test PC's capacity to block glycation and prevent 

diabetes. PC was given orally to STZ-induced diabetic rats. After receiving 100–200 mg·kg−1 of PC 

daily, the high levels of glycated haemoglobin (HbA1c) in STZ-induced diabetic rats dropped. The 

levels of serum glutamic-oxaloacetic transaminase (SGOT), alkaline phosphatase (ALP), aspartate 

aminotransferase (SGPT), TC, TG, LDL-C, and total bilirubin were also decreased, indicating that PC 

may have a hepatoprotective role as a potential defense against complications from diabetes [34]. In 

insulin-resistant hepatocytes, PC controls glucose homeostasis through the SIRT1/LKB1/AMPK and 

IRS-2/PI3K/Akt pathways [35]. A decrease in β-cell apoptosis, an improvement in their function, and 

a control of the hepatic glucose metabolism are the major processes implicated in PC activity, 

according to the molecular mechanisms underlying the anti-diabetic actions of PC [36]. Moreover, 100 

mg·kg−1 of PC increased the levels of GK and glucokinase regulatory protein (GKRP) in the pancreas 

and liver of mice with alloxan-induced diabetes. These findings imply that PC may stimulate the 

insulin signaling pathway and the expression of GK in the liver and pancreas of diabetic mice [37]. In 

vitro, PC also produced a protective effect through the activation of nuclear erythroid-related factor 

(Nrf2), which raised the production of the antioxidant enzymes glyoxalase (Glo) and heme-oxygenase 

(HO). These enzymes regulate inflammation and oxidative stress, two factors that contribute to the 

development of diabetes [38]. PBPs have been shown to decrease the enzymatic activity of dipeptyl-

peptidase (DPP)-IV in two recent in vitro experiments. Moreover, inhibiting DPP-IV, an enzyme 

involved in the metabolism of incretins (metabolic hormones that promote a drop in blood glucose 

levels), is one of the cutting-edge methods being used to prevent the onset of diabetes. On human 

enterocyte cells, the inhibitory effects of PC and APC hydrolysates were noted [39,40]. PBPs can also 

help peripheral tissues take up more glucose by increasing the expression of glucose transporters (like 

GLUT-4). They may also have insulin-mimetic effects in tissues that are resistant to insulin. Because 

they come from nature and are not very toxic, PBPs are good candidates for use as supplements to 

diabetes treatments, potentially revolutionizing the field of diabetes management. 

3.2. Neuroprotective and hepatoprotective effects 

The neuroprotective effect of PC was shown in rats with kainate-induced brain damage. Oral 

delivery of PC suppressed the activation of microglia and astroglia caused by kainic acid, suggesting 

that certain metabolites of this protein were could cross the hemato-encephalic barrier and provide 
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antioxidant protection in the hippocampus. Furthermore, PC is proposed as a potential therapeutic 

agent for oxidative stress-related neuronal damage in neurodegenerative disorders like Alzheimer’s 

and Parkinson’s diseases. In rat cerebellar granule cell cultures, PC demonstrated neuroprotective 

activity by counteracting 24-hour potassium and serum deprivation and inhibiting apoptosis triggered 

by this condition [41]. 

According to Pentón-Rol et al. [42], administration of PC, whether before or after the onset of 

injury, led to a significant decrease in infarct size. Beyond reducing tissue damage, PC also provided 

neuroprotection by limiting neuronal loss in the hippocampus. Additionally, it suppressed lipid 

peroxidation, thereby reducing oxidative stress, and enhanced the antioxidant capacity, as reflected by 

the increased ferric reducing ability of plasma in serum and brain tissue homogenates. These results 

indicate that PC holds promise as a preventive and acute disease-modifying drug candidate for stroke 

treatment. In SH-SY5Y neuronal cells, exposure to tert-butylhydroperoxide caused a marked decline 

in cell viability; however, this effect was effectively counteracted by PC treatment at low micromolar 

concentrations. PC showed a pronounced inhibitory action on the electrochemically induced Fenton 

reaction. Thus, it is suggested that PC could serve as a neuroprotective agent in ischemic stroke by 

limiting neuronal oxidative damage and preserving mitochondrial function [43]. The neuroprotective 

action of PC appears to be largely associated with its antioxidant capacity, though its anti-inflammatory 

and immunomodulatory effects may also play a significant role in contributing to this protection 

(Figure 4) [42]. 

 

Figure 4. Biomedical potentials of PBPs, modified from Jha et al. [7]. 

Studies have shown that oral administration of PE produced beneficial effects on hepatocellular, 

hepatobiliary, renal, and redox biomarkers in rats exposed to CCl4-induced toxicity [19]. It was 

concluded that orally administered PE may undergo degradation in the gastrointestinal tract by 
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proteolytic enzymes, generating low-molecular-weight proteins and bilirubin, which in turn mediate 

its pharmacological effects. Ou et al. [44] demonstrated that PC protected against CCl4-induced 

hepatocyte injury in vitro and in vivo. The protective effect is thought to involve shielding hepatocytes 

from free radical damage generated by CCl4 (Table 1). Additionally, through its anti-inflammatory 

properties, PC may reduce inflammatory infiltration by suppressing the expression of TGF-1 and HGF 

during CCl4-induced liver injury. 

Table 1. Therapeutic effects of PBPs and their proposed applications. 

PBP Biological acti ity Source of PBP Applications Reference 

PC Neuroprotective Arthrospira 

platensis 

EAE indued male Lewis rats and 

femaleC57BL/6mice: MDA assay. 

PP assay. FRA assay. ELISA (IL-17, 

IL-6, IFN-γ). 

[45] 

Synapse protection Nostoc 

sphaeroides 

DOX+CP-induced C57BL/6 male 

mice (MWM, TNF-α, IL-1β, IL-6, 

MDA, GSH and SOD levels). 

[46] 

Neuroprotective - C-PC acts as an antioxidant in the 

CNS, targeting the myelin and axonal 

damage associated with EAE in 

Lewis rats. 

[42] 

Neuroprotective - C-PC enhances the expression of 

antioxidant enzymes like SOD and 

catalase, boosts neurotrophic factors 

including BDNF and NGF, and 

simultaneously reduces inflammatory 

mediators such as IL-6, IL-1β, and 

glial scar formation. 

[47] 

Hepatoprotective 

effect 

Spirulina 

platensis 

PC minimized the loss of microsomal 

cytochrome P450, glucose-6-

phosphatase, and aminopyrine-N-

demethylase, demonstrating its 

protective effect on hepatic enzyme 

systems. 

[48] 

Hepatoprotective 

effect 

Arthrospira 

maxima SAG 

25780 

Hepatoprotective against CCl4-

induced toxicity in Wistar rats. 

[49] 

PE Hepatoprotective 

effect 

Phormidium 

tenue 

Protective effect against CCl4-

induced hepatic and renal toxicity in 

rats. 

[50] 

APC Hepatoprotective 

effect 

Spirulina 

platensis 

Hepatoprotective effect on HepG2 

human hepatocarcinoma cell line. 

[51] 
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3.3. Immunomodulatory effects 

It is well recognized that immune regulation plays a crucial role in protecting the body against 

diseases. The disease-fighting effects of PBPs are mainly linked to their immunomodulatory activities. 

Researchers reported that tumor-bearing mice receiving dietary supplementation with PC showed a 

markedly higher survival rate compared to untreated groups. This aligned with the observed variations 

in lymphocyte activity across the groups, suggesting that PC exerted stimulatory and enhancing effects 

on the immune system [19]. Nemoto-Kawamura et al. [52] proposed that PC strengthens biological 

defense mechanisms against infectious diseases by maintaining mucosal immune functions while 

alleviating allergic inflammation through the inhibition of antigen-specific IgE antibodies. Pentón-Rol 

et al. [42] showed that PC could prevent or reduce the severity of experimental autoimmune 

encephalitis and promote a regulatory T cell response in peripheral blood mononuclear cells of multiple 

sclerosis patients. 

The immunomodulatory effects of PBPs may be linked to their antioxidant potential. Ivanova et 

al. [53] reported that PC enhanced the lymphocyte antioxidant defense system in individuals with 

occupational exposure. Similarly, Lee et al. [54] demonstrated that PBPs might safeguard cells against 

oxidative damage by modulating immune function and promoting cellular repair capacity. Moreover, 

studies have revealed that the immune mechanisms of PBPs are closely linked to their anti-

inflammatory actions at cellular and genetic levels. Chen et al. [55] demonstrated that PC could trigger 

the secretion of inflammatory cytokines such as TNF-α, IL-1β, and IL-6. Moreover, PC treatment 

elevated proIL-1β and COX-2 protein expression in a dose-dependent fashion and promptly activated 

the phosphorylation of key inflammation-related signaling molecules, including ERK, JNK, p38, and 

IκB. Grover et al. [56] reported that PC displayed immunomodulatory effects by dose-dependently 

inhibiting the production of pro-inflammatory cytokines, including interferon-γ (IFN-γ) and tumor 

necrosis factor-α (TNF-α), in Balb/c mice. 

When human mononuclear cells are exposed to PC, Treg cell generation is induced, resembling 

the effect triggered by HO1 induction. Biliverdin, the product of HO1, shares structural similarity with 

phycobilins and is quickly converted to bilirubin by biliverdin reductase in animal cells. Notably, 

bilirubin injection in mice stimulates Treg cell formation. Based on these findings, it has been 

suggested that phycobilins may mimic the action of biliverdin in promoting Treg induction [57]. 

3.4. Anti-tumor effects 

PBPs have a strong antitumor effect because of their significant antioxidant activity, which 

scavenges reactive species such as hydroxyl, superoxide, and peroxyl radicals [19]. Cancer, a major 

cause of death globally, arises when cells proliferate uncontrollably, evade normal cell death, and 

invade areas where they are not supposed to spread. For this reason, treating cancer often involves 

either preventing the cancer cells from spreading, stopping their growth, or forcing them to die (a 

process known as apoptosis). Studies have demonstrated that PBPs possess anticancer properties 

against multiple types of cancer, including breast, liver, lung, colon, leukemia, and bone marrow 

malignancies (Table 2) [26,58]. Crucially, even at high doses, no serious side effects or mortality have 

been observed with PBP in animal studies [59]. As an illustration, Jiang et al. [60] discovered that a 

form of PBP known as PC, extracted from the algae Arthrospira platensis, might inhibit the 

proliferation of certain leukemia cells (known as K562 cells). Because they were unable to continue 
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their cycle, these cells became trapped in the early G1 phase. In other experiments, the number of cells 

in a later phase (G2/M) decreased when PC from a different species of algae (Oscillatoria tenuis) was 

applied to lung cancer cells (A549) and colon cancer cells (HT-29). The fact that more cells were 

discovered in the G0/G1 and S phases at the same time indicated that the cells had ceased to go through 

the cycle normally [60]. For example, leukemia K562 cells showed signs of programmed cell death 

after PC treatment, including cytochrome c release and PARP cleavage. The balance shifted in favor of 

cell death as a result of the treatment's reduction of Bcl-2, a protein that typically prevents cell death [61]. 

Another study revealed that the inhibitory effect of PC on HeLa cervical cancer cells was dose-

dependent: The higher the concentration, the stronger the suppression. Treated cells showed DNA 

condensation, membrane changes, and shrinkage (hallmarks of apoptosis) under microscopy, while 

DNA assays confirmed fragmentation, a sign of programmed cell death [62]. Moreover, the activation 

of several caspase enzymes, key mediators of cell death, confirmed that the cells were undergoing 

apoptosis [63]. By altering the growth and behavior of cancer cell types, PC has demonstrated potent 

anti-cancer actions. It functions by reducing or halting the growth of cancer cells, halting their spread, 

and causing them to perish naturally through processes like necrosis or cell death (apoptosis) [26,64]. 

Gantar and colleagues [65], for instance, discovered that when used in conjunction with the 

chemotherapeutic drug topotecan (TPT), PC from a kind of cyanobacteria (Limnothrix sp. 37-2-1) was 

more effective than TPT alone in treating prostate cancer cells (LNCaP). The combination destroyed 

more cancer cells, even at a lower dose. It reduced the negative effects of TPT, increased ROS, and 

activated the cell-death proteins caspase-9 and caspase-3 [65]. Moreover, scientists discovered that 

MDA-MB-231 breast cancer cells were also affected by PC. It produced apoptosis and caused the cells 

to stop in the early stage (G0/G1) of their cycle, in addition to stopping the cells from developing. This 

result was brought about by activating the JNK and p38 MAPK pathways, which aid in cell death, and 

deactivating the ERK pathway, which promotes cell growth [60]. 

Table 2. Anticancer effects of PBPs and their applications (adopted and modified from 

Singh et al. [66]). 

PBP Biological activity Source of PBP Application Reference 

PC Anticancer Limnothrix sp. Regulates anti- and pro-apoptotic genes by increasing 

levels of Bax and Apaf-1 and activates caspase-8, 

caspase-9, and caspase-3. Decreasing expression of 

Bcl-2, Mcl-1, and survivin. In combination with 

Topotecan, increased expression of the death receptor 

FAS and cleaved PARP. 

[64] 

PC Anticancer Spirulina sp.  Induce apoptosis and suppressed the growth of NSCLC 

cells by downregulation of TIRAP/NF-jB activity. 

[58] 

PC Anticancer Spirulina 

platensis  

Anti-proliferative effect against HepG-2 cell lines. [67] 

PC Anticancer Limnothrix sp. 

NS01  

Anti-cancer effect on human breast cancer (MCF-7) 

cells 

[68] 

Continued on next page 
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3.5. Bioluminescent marker effects 

The breakdown or synthesis of tetrapyrrole macrocycles leads to the formation of open-chain 

tetrapyrroles, commonly referred to as bilins. Today, it is well understood that bilins participate in a 

wide range of biological functions, such as cellular signaling, photomorphogenesis, redox reactions, 

and light capture within PBSs. Their absorption characteristics, which depend on the extent of 

conjugation, span the visible, ultraviolet, and near-infrared (NIR) regions, resulting in diverse colors 

ranging from red to orange to blue/green. Since bilins generally exhibit very weak fluorescence, the 

number of available spectral data sets is limited. Interestingly, when their structures are made more 

rigid, their fluorescence can be markedly enhanced. This property underpins the extensive use of 

biliproteins as fluorescence probes. As a result, substantial research efforts have been dedicated to 

optimizing biliproteins as fluorescent fusion tags, especially because they can absorb wavelengths that 

extend into the infrared region [71]. 

Consequently, open-chain tetrapyrroles are utilized across domains. Their applications range from 

serving as chromophores in engineered fluorescent proteins [72], natural food colorants [73], and 

cosmetic formulations [74], to functioning as photosensitizer in photodynamic therapy (PDT) [75], 

fluorescent probes [76], and light-absorbing components in dye-sensitized and genetically modified 

solar cells [77], among several other technological areas. PDT is an emerging modality for tumor 

treatment that involves laser irradiation of photosensitizers. Upon excitation, photosensitizers 

transition from the ground state to an excited state, generating energy and reactive oxygen species 

(ROS) [78]. In comparison to conventional chemotherapy, PDT selectively targets and eradicates 

tumor cells while sparing normal tissues. It has demonstrated favorable therapeutic outcomes in the 

treatment of skin tumors [79], lung tumors [80], oral and gastric tumors [81], as well as condyloma 

acuminatum, acne [82], and other diseases. APCs serve as fundamental components of PBPs, the large 

light-harvesting antenna complexes present in cyanobacteria and red algae [83]. The α- and β-subunits 

of APC, known as ApcA and ApcB, pair together to create heterodimers, which then spontaneously 

assemble into disk-like (αβ)3 trimers. These ApcA/ApcB trimers occupy the central region of the PBS 

core. The core structure also incorporates linker proteins such as ApcE (or LCM), ApcD, and ApcF. 

Owing to the natural fluorescence of APC trimers, they are widely employed as markers in 

immunofluorescence techniques [84]. In APCs, the conserved cysteine residue forms a thioether 

     

PBP Biological activity Source of PBP Application Reference 

PC Anticancer Spirulina 

platensis  

Anti-proliferative and anti-migratory function by the 

reduction of RIPK1/NF-jB activity in the NSCLC 

cells. 

[58] 

PC Anticancer Galdieria 

sulphuraria 

Aqueous extract containing C-PC has antioxidant 

activity and exerts cytotoxic activity in the human 

adenocarcinoma A549 cells. 

[69] 

PE Anticancer Gracilaria 

lemaneiformis 

Inhibits growth and induces apoptosis of SKOV-3 

cells. The ROS/JNK/Bcl-2 signaling pathway, 

upregulation of JNK, GADD45A, and RAD23, and 

downregulation of XBP1 and OS9 are critical in PE-

induced apoptosis in this cell. 

[70] 
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linkage with the C31 atom of pyrrole ring A of the PCB chromophore. ApcE attaches PCB through an 

autocatalytic thioether bond involving Cys196. In contrast, ApcA, ApcB, ApcD, and ApcF depend on 

bilin lyases to correctly attach PCBs by forming a thioether bond with the conserved Cys81 residues [85]. 

All APCs share a similar structural organization: They contain an APC-like domain composed of seven 

α-helices arranged in a globin-like fold, along with an N-terminal extension primarily involved in 

oligomer formation [86,87]. In E. coli, APCs can be produced as red fluorescent proteins through the 

co-expression of PCB-producing enzymes along with the necessary bilin lyases [88]. Importantly, the 

spectral properties of APCs can vary depending on their source. For example, “ApcD from Nostoc sp. 

shows a fluorescence peak at 663 nm, whereas recombinant ApcD from Synechocystis sp. emits a 

fluorescence with a peak at 642 nm” [85]. ApcE is a large, membrane-associated protein featuring an 

APC-like domain at its N-terminus. When expressed as a fluorescent protein in E. coli, this domain 

exhibits a quantum yield of 15% and a fluorescence maximum at 672 nm. By removing the 

hydrophobic loop and specific N-terminal residues, researchers have generated monomeric, soluble 

ApcE-based fluorescent proteins with a quantum yield of 6% and an emission peak at 663 nm [89]. 

The ApcA protein from Trichodesmium erythraeum was engineered to develop the far-red fluorescent 

protein smURFP. Through targeted mutagenesis, specific amino acid substitutions enabled TeApcA to 

bind the tetrapyrrole biliverdin (BV) without requiring bilin lyases. Although smURFP can fluoresce 

in mammalian cells supplied with high levels of external BV, its brightness is lower than that of BphP-

derived near-infrared fluorescent proteins, such as the miRFP family [72]. APCs exhibit strong natural 

fluorescence and have evolved to optimize fluorescence resonance energy transfer. Taken together, 

their properties make APCs valuable molecular frameworks for designing further red-shifted NIR 

fluorescent proteins. 

3.6. Cosmeceutical effects 

PC has gained considerable attention in the cosmetic industry due to its bright pigment and rich 

natural bioactive properties. Among cosmetic formulations, PC-based lip balms have achieved notable 

popularity, with multiple companies producing them and a growing number of consumers adopting 

these products [90]. When combined with an appropriate developer and mordant, PC exhibited strong 

potential as a hair-dye ingredient, retaining nearly 50% of its coloration even after five shampoo 

washes. In stability assessments involving repeated heating and cooling cycles, it also showed a 

gradual and consistent fading pattern. PC is suitable for incorporation into anti-aging creams because 

its strong antioxidant activity helps neutralize ROS, a key contributor to skin aging. Feng et al. [91] 

investigated the anti-aging potential of PC using in vivo (Drosophila melanogaster) and in vitro (H2O2-

induced HUVEC cells) experimental models. Wu et al. [92] demonstrated the anti-melanogenic effect 

of PC, showing that it downregulates tyrosinase gene expression and consequently reduces melanin 

production. This characteristics positions PC as a promising cosmetic ingredient, particularly for use 

in sunscreen formulations. Nihal et al. [93] also documented the anti-acne potential of PC, reporting 

its inhibitory activity against two acne-causing bacterial strains Propionibacterium acnes and 

Staphylococcus epidermidis. Several commercial brands have begun incorporating PC into their 

formulations. For instance, Beauty Relay London offers face creams, facial kits, and hair masks 

featuring PC as a key ingredient (https://www.beautyrelay.com/), while the Lip Balm Company has 

introduced PC-enriched lip balms (https://thelipbalmco.in/) [94]. 

 

https://thelipbalmco.in/)
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3.7. Nutraceutical applications 

Food colorants, or coloring additives, are compounds used to enhance the color of foods and 

beverages. In the food industry, appearance, especially color, is a critical quality attribute, as it strongly 

influences consumer perception and acceptance [95]. Food colorants are typically classified into two 

groups: natural and synthetic. Commonly used synthetic dyes include Sunset Yellow FCF (E110), 

Tartrazine (E102), Allura Red AC (E129), Carmoisine (E122), and Brilliant Blue [96]. Microorganisms, 

particularly microalgae, serve as an excellent alternative source of natural food colorants, as they 

overcome many limitations associated with pigments obtained from plants or animals. They can be 

produced year-round, offer low cultivation costs, and are well-suited for large-scale production [97]. 

PC has been tested in a variety of food formulations, including jelly candies [98], and dairy-based 

products, such as yoghurt [99] and skim milk [100], as well as ice creams and beverages [101]. 

PC was incorporated as a coloring agent into three beverage types, including wine, isotonic drinks, 

and tonic beverages, and its color stability was monitored over a 15-day period. The findings indicated 

that the pigment remained stable, demonstrating its potential as a natural substitute for conventional 

synthetic colorants [101]. Galetović et al. [100] developed a skim milk product enriched with PBPs, 

demonstrating notable functional attributes, remaining intact at 138°C for 4 seconds. PC was further 

incorporated into ice cream, and assessments of color retention and antioxidant capacity were 

conducted. Results indicated that the pigment remained stable for up to 182 days, with only minimal 

color degradation afterward, while the antioxidant activity was approximately thirteen times higher 

than that of the control. 

4. Challenges and future prospects 

PBPs are water-soluble but extremely sensitive to pH, light, and temperature. Maintaining 

structural integrity during extraction, purification, and storage is challenging and requires costly 

chromatographic techniques to achieve high purity [102]. Moreover, PBPs are important biological 

resources used in the food, cosmetic, and biomedical sectors. Although PBPs represent a valuable 

resource for biomedical applications, their large-scale commercial production remains a significant 

challenge. While laboratory-scale extraction and purification are achievable, several limitations such 

as low selectivity, high energy requirements, and substantial capital investment in equipment like 

chromatographic systems hinder the commercialization of cyanobacterial PBP production [103]. These 

limitations can be addressed through stronger collaboration between laboratory scientists and industrial 

technologists. Although cyanobacteria require only minimal inputs such as light, water, CO2, and basic 

nutrients, the main challenge lies in designing industrial-scale bioreactors that provide appropriate light 

exposure and intensity. Bioreactors must ensure uniform light distribution, as sufficient illumination is 

essential for cyanobacterial growth, and excessive light intensity may result in photoinhibition or 

overheating [104]. PBPs consequently must be produced on a large scale, and the choice of high-yield 

algae strains determines the PBP output. Several challenges need to be addressed and resolved to 

enable a wider application of PBPs as natural colorants and alternative dietary proteins, particularly if 

the full biomass or raw extracts are to be utilized. These may be categorized according to the quantity 

and purity of PBPs, biomass cultivation, safety concerns, and bioavailability. The economic factors that 

contribute to PBPs' high pricing are linked to these. It is also necessary to take into account several factors 

related to the hazards of cyanobacteria and algae production. These include negative impacts on 
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biodiversity and pollution hazards [105]. Numerous pollutants, such as heavy metals, high iodine 

concentration, radioactive isotopes, ammonium, pesticides, dioxins, and anti-nutritional factors, can be 

found in edible seaweed, whereas the cultivation climate has a significant impact on seaweed safety 

[106,107]. Contamination with heavy metals is the greatest threat factor. It is also necessary to select 

a reactor that takes into consideration the circumstances required for the reactor to attain high 

efficiency while taking into account the production scale needs and development habits of the strains 

of algae. The mixotrophic approach is, without a doubt, the best culture technique for promoting PBP 

accumulation. An eco-friendly method of achieving economical multifunctional resource usage is to 

use saltwater and industrial effluent as sources of fertilizers. 

However, wastewater's high levels of pollutants and salt may have an effect on cyanobacterial 

growth. Physical equipment for recovering biomass is expensive, even though using chemical 

flocculation to gather biomass has shown significant advantages [108]. It is feasible to extract and 

purify cyanobacterial PBPs on a laboratory scale, but commercializing their production is challenging 

due to a number of obstacles, such as low selectivity, high energy costs, and a significant investment 

in equipment like chromatographic methods [109]. These limitations can be addressed by establishing 

connections between industry technicians and laboratory researchers. The difficulty is in designing the 

industrial bioreactor according to the necessary light exposure and intensity, even though 

cyanobacteria just need light, water, CO2, and other nutrients to survive. It is important to construct a 

bioreactor with evenly distributed light intensity [110]. 

Moreover, cryo-EM has made it possible to compare the structural organization of PBPs across 

cyanobacterial species, revealing how environmental conditions shape their assembly patterns, 

chromophore arrangement, and efficiency of energy transfer. These structural insights create new 

opportunities for designing PBPs with greater stability, altered light-absorption properties, or 

customized photophysical features for biotechnological uses [111]. With ongoing improvements in 

cryo-EM such as higher resolution, better sample handling, and more advanced data analysis, the 

techniques are expected to become essential for linking detailed structural information with the 

functional and applied potential of phycobiliproteins. 

Furthermore, the advancement of synthetic biology techniques opens new avenues for PBP 

biosynthesis optimization [112]. Recombinant strains with improved productivity, more chromophores, 

or altered protein component composition can be created using genetic engineering. An alternative to 

traditional algae culture is the rerouting of metabolic fluxes toward PBP pathways through the 

application of metabolic engineering techniques in model organisms like Synechocystis or E. coli. 

Furthermore, genome-scale metabolic models and CRISPR-Cas technologies can be used to further 

optimize these strains and accelerate their growth. To satisfy worldwide demands, it is crucial from an 

industrial standpoint to incorporate these modified strains into bioreactor systems that are designed for 

the economical and scalable production of PBPs. For the transfer from bench to market, it will be 

crucial to address issues with manufacturing costs, downstream processing, regulatory acceptability, 

and scaling-up. Furthermore, researchers ultimately to establish automated, continuous, and industrial 

production of PBPs by combining process engineering, biotechnology, and sustainability concepts. 

5. Conclusions 

PBPS are distinctive pigment-protein complexes that play a vital role in photosynthetic light-

harvesting while possessing bioactive properties. Their unique structural arrangements, such as 
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trimeric and hexameric forms, provide stability and functional versatility, supporting a wide array of 

biotechnological applications. PBPs exhibit notable therapeutic potentials, including anti-diabetic, 

antitumor, neuroprotective, hepatoprotective, and immunomodulatory effects, mostly through their 

antioxidant, anti-inflammatory, and cytoprotective mechanisms. These multifunctional characteristics 

make PBPs highly promising for use in pharmaceutical, nutraceutical, and biomedical fields. In 

summary, the combination of their structural distinctiveness and bioactive properties establishes PBPs 

as valuable natural biomolecules with extensive biotechnological significance. Despite extensive 

research, the contributions of amino acids and the structural stability of PBPs to energy storage and 

transfer remain unclear. With the growing global energy demand causing a rapid depletion of fossil 

fuels, identifying renewable energy alternatives has become essential to prevent future energy crises. 

Understanding the energy-harvesting mechanisms in cyanobacteria is particularly important for 

advancing sustainable energy production. Therefore, challenges lie in exploring PBP-chlorophyll 

integrated systems to develop efficient green energy devices. 
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