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Introduction

Cancer ranks as the second leading cause of death globally, with 
incidence rates showing a persistent upward trend year on year [1]. 
National cancer statistics reveal that approximately 10 million people 
die from cancer annually, with global cancer cases projected to rise 
to 28.4 million by 2040 [2]. Cancer cells pose a major threat to the 
life and health of patients due to their uncontrolled proliferation 
and easy metastasis to other organs or tissues. However, traditional 
therapies such as chemotherapy and radiotherapy often have limited 
clinical efficacy due to poor specificity, strong systemic toxicity, and 
tumor drug resistance [3-5]. In recent years, new anticancer therapies 
have been emerging. Among them, biological targeted therapy can 
achieve the dual goals of accurately killing cancer cells and protecting 
normal tissues, and its side effects are significantly lower than those 
of synthetic drugs, which has attracted wide attention. ITs are a 
typical representative of this strategy [6-9]. Composed of a targeting 
moiety (usually a monoclonal antibody or antibody fragment) and a 
cytotoxic payload (such as gelonin toxin or Pseudomonas aeruginosa 
exotoxin A) via chemical conjugation or recombinant fusion, they can 
selectively induce cell death by recognizing specific antigens on the 
surface of cancer cells (Figure 1) [10,11], providing a highly efficient 
targeted approach for cancer therapy [12]. Although preclinical 
studies of ITs have shown good prospects, its clinical application is 
still restricted by multiple factors [13]: (1) Systemic toxicity caused 
by nonspecific binding to normal cells; (2) It is easily degraded by 
protease in the blood; (3) The toxin induces neutralizing antibodies 
and induces immunogenicity; (4) low penetration efficiency for solid 
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tumors; (5) It is difficult to maintain its biological activity during large-
scale production. Among these, two issues are particularly prominent: 
the high immunogenicity induced by exogenous toxins and the lack 
of a suitable large-scale production platform. The former readily 
triggers an anti-ITs anti-body response in the body, accelerating drug 
clearance and increasing the risk of adverse reactions such as allergies 
and cytokine release syndrome; The latter limitation arises from 
traditional platforms failing to meet the production requirements 
for soluble expression and low toxin residue levels of ITs, thereby 
hindering industrialization progress [14,15].

To address these challenges, there is an urgent need to develop 
highly efficient integrated drug “production-delivery” systems 
that enhance the stability, targeting, and bioavailability of ITs while 
overcoming bottlenecks in large-scale production. As a kind of diverse 
photosynthetic microorganisms, microalgae have become a research 
hotspot of new biological carriers due to their inherent advantages 
[16,17]. More importantly, as an expression platform with both 
eukaryotic modification ability and low-cost culture characteristics, 
eukaryotic microalgae can not only directly produce the core functional 
modules of ITs (such as targeting fragments, toxic molecules, and 
immune activation elements), but also provide an important reference 
for the optimization of ITs by developing special expression systems 
and delivery technologies. In recent years, relevant research results 
have preliminarily verified its feasibility (Table 1). In addition, 
microalgae can regulate the tumor microenvironment (TME) and 
tumor-associated microbiome (TAM) through engineering, creating 
favorable conditions for ITs to play a therapeutic role [18-20].
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Figure 1: Schematic diagram of IT structure and tumor targeting mechanism. A. Structure of IT B. Tumor Targeting Mechanism: 1. The target molecule of IT binds specifically to the antigen 
(or receptor) on the surface of tumor cells. 2. ITs are internalized into tumor cells by receptor-mediated endocytosis. 3. Upon entry into the cell, the IT is transported to the lysosome where it 
undergoes degradation to release the free cytotoxic payload. 4. The cytotoxic payload acts in the cytoplasm: it either disrupts the DNA strand or inhibits protein synthesis. 5. Apoptosis of tumor 
cells was induced to complete targeted killing.

Recombinant protein Function Expression host Genome engineered Core Highlights References
IT components

CD22-targeting 
ITs (αCD22PE40, 
αCD22CH23PE40)

Treatment of B-cell 
lymphoma

Chlamydomonas 
reinhardtii 
Chloroplast

Chloroplast

Expresses both monomeric and dimeric forms, which are soluble and 
enzymatically active; specifically binds CD22-positive B cells for efficient 
killing; significantly prolongs survival of tumor-bearing mice; avoids in vitro 
chemical conjugation, reducing off-target toxicity

(Tran et al., 
2013) [21]

Human IgG antibody 
against Hepatitis B Virus 
surface protein (CL4mAb)

Prevention of 
Hepatitis B virus 
infection

Phaeodactylum 
tricornutum Nuclear genome

Efficiently secretes fully assembled functional antibodies, with a maximum 
concentration of 2550 ng/mL in culture medium; high purity of secreted 
antibodies eliminates complex purification steps, enabling low-cost production

(Hempel and 
Maier, 2012) 
[22]

Attenuated E7 protein of 
Human Papillomavirus 16 
(E7GGG)

Prevention of HPV-
related lesions and 
cancer

C. reinhardtii 
Chloroplast Chloroplast

High solubility and strong immunogenicity; induces specific antibody 
production and T-cell proliferation; provides effective protection against 
HPV-related tumors; can be produced under sterile and controlled conditions 
complying with Good Manufacturing Practice(GMP) standards

(Demurtas et 
al., 2013) [23]

Fusion protein of multiple 
antihypertensive peptides 
(RPLKPW, LKPNM, 
AINPSK)

Treatment of 
hypertension

C. reinhardtii 
Chloroplast Chloroplast

Fusion expression of multiple angiotensin-converting enzyme inhibitory 
peptides; in vivo experiments confirm antihypertensive effect, with the most 
significant blood pressure reduction 6 hours after oral administration; suitable 
for direct development of functional foods without complex purification

(Carrizalez-
López et al., 
2018) [24]

Major birch pollen allergen 
(Bet v 1.0101)

Allergen 
immunotherapy (AIT) 
for allergic diseases

C. reinhardtii 
Chloroplast Chloroplast

Similar secondary structure and immunological activity to Escherichia coli-
expressed counterparts; effectively binds human IgE and mouse-specific IgG; 
serves as a safe and efficient production platform for oral desensitization vaccines

(Hirschl et al., 
2017) [25]

Other Functional Proteins

Plasmodium falciparum 
PfCelTOS-IL2 antigen-
adjuvant fusion protein

Malaria prevention 
(pre-erythrocytic and 
transmission-blocking 
vaccine)

C. reinhardtii 
Chloroplast Chloroplast

Mixotrophic culture (low light) promotes protein accumulation; the fusion 
protein is soluble, correctly folded, and immunologically active; IL-2 adjuvant 
enhances antigen immunogenicity

(Shamriz and 
Ofoghi, 2018, 
2019) [26-27]

White Spot Syndrome Virus 
(WSSV) VP28 protein

Prevention and 
control of WSSV 
infection in shrimp

C. reinhardtii 
Chloroplast Chloroplast

Codon optimization enables efficient expression; the algal strain tolerates the 
weakly acidic environment (pH 4.0) and 0.3% bile salts in shrimp digestive 
tracts; oral administration results in a shrimp survival rate of 87%, serving as a 
carrier for aquatic animal oral vaccines

(Kiataramgul 
et al., 2020) 
[28]

Hyperthermophilic 
endoglucanase (CelB)-
PTXD chimeric protein

Lignocellulosic 
degradation, biofuel 
production

C. reinhardtii 
Chloroplast Chloroplast

Cultivable in non-sterile, phosphite-containing medium to avoid contamination; 
enzyme activity reaches 7.37–8.57 U/g dry weight; PTXD endows the algal strain 
with phosphorus source selectivity, ensuring culture stability

(Cutolo et al., 
2021) [29]

Table 1: IT functional components and other functional proteins produced by eukaryotic microalgae.
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The engineering strategy further expands the potential of 
microalgae as IT delivery vectors, and surface modification technology 
can enhance the specific binding to tumors by coupling targeting 
ligands [30]. Genome engineering can achieve stable expression of 
ITs in the chloroplast or nucleus [31,32]. Microalgae-based micro-
robots have the ability of autonomous movement and responsiveness 
to environmental stimuli, and can actively navigate to tumor sites 
[33,34]. These engineered microalgal systems not only protect ITs 
from degradation but also reduce off-target toxicity, increase tumor 
accumulation, and synergistically regulate anti-tumor immune 
responses [35,36]. In this review, we systematically review the latest 
progress of engineered microalgae in IT-mediated tumor therapy, 
including the inherent characteristics of vectors, targeted engineering 
strategies, synergistic mechanisms, challenges, and prospects, in order 
to provide a prospective reference for technological innovation and 
clinical translation in this field.

The Core Potential of Eukaryotic Microalgae as an Integrated 
“Production-Delivery” Platform for ITs

Recent advances in biopharma have laid the foundation for the 
research and development of complex protein drugs. However, 
due to the structural characteristics of macromolecules, industrial 
production of these drugs is still facing challenges. Cell-free protein 
synthesis cannot achieve large-scale manufacturing at present, and 
the production of protein drugs (such as ITs) mainly relies on living 
cell-based expression systems. Different expression systems have their 
own advantages and disadvantages (Table 2) [37-41]. Eukaryotic 
microalgae have unique advantages, such as prokaryotic operation 
convenience and eukaryotic modification ability, which are extremely 
promising alternative platforms. Their core advantages are reflected in 
the synergistic adaptation of “production” and “delivery” dimensions.

These photosynthetic microorganisms belong to the kingdom 
Protista, encompassing two major groups: prokaryotic cyanobacteria 
(blue-green algae) and eukaryotic microalgae. They are widely 
distributed across marine, terrestrial, and extreme ecosystems, 

and their rich species diversity enables adaptation to diverse 
applications [42]. Most clinically relevant species (e.g., C. reinhardtii, 
Dunaliella salina, Chlorella vulgaris, Haematococcus pluvialis) are 
FDA-approved Generally Recognized as Safe (GRAS) level, with 
no human pathogen host risk and outstanding biosafety [43]. Its 
chloroplasts can stably express foreign proteins, and the correct 
folding rate of over 90% can be achieved by the eukaryotic folding 
system, and the products are not contaminated by endotoxin. It 
has the ability of post-translational modification, such as disulfide 
bond formation, and there is no transgene silencing mechanism. 
It has successfully expressed SCFV, full-length human IgG1, and 
a variety of recombinant proteins [44,45]. The nuclear genome 
also supports efficient transformation. Although the amount of 
protein accumulation is slightly lower than that of the chloroplast, 
the resources of alternative markers, promoters, and reporters are 
abundant, and the expression efficiency can be improved through 
strategies such as codon optimization [46,47]. Genetic modification 
techniques for microalgae have become increasingly sophisticated, 
with transformation methods including DNA-coated nanoparticle 
uptake, CRISPR-Cas9-mediated transformation, electroporation, 
gene gun delivery, and Agrobacterium-mediated transformation 
[48,49]. In addition, the nuclear genome, chloroplast genome, and 
mitochondrial genome can all realize foreign gene integration, which 
goes far beyond some expression platforms that can only undergo 
nuclear transformation [50]. C. reinhardtii, as a model organism, 
possesses comprehensive molecular genetic tools and genomic 
databases. It exhibits rapid growth rates (doubling every 8 hours) and 
can be cultured under phototrophic, mixed-trophic, or heterotrophic 
conditions. Non-toxic and capable of low-cost protein secretion, 
its chloroplasts have successfully synthesized complex therapeutics 
such as foot-and-mouth disease virus VP1-toxin fusion proteins 
[51]. Diatoms (e.g., P. tricornutum) have attracted attention due to 
their silicified cell walls and unique ecological functions. Both the 
nuclear genome and plastidial genome have been stably transformed, 
and functional monoclonal antibodies can be efficiently secreted and 
expressed [52,53], providing more species options for IT production. 

Evaluation Indicator Eukaryotic Microalgae 
(e.g. C. reinhardtii)

Bacteria (e.g. 
Escherichia coli)

Yeast (e.g. Saccharomyces 
cerevisiae)

Transgenic Plants 
(e.g. Tobacco)

Plant Viruses (e.g. 
Tobacco Mosaic Virus)

Mammalian Cells 
(e.g. CHO Cells)

Transgenic Animals 
(e.g. Cattle and Sheep)

Glycosylation Ability Eukaryotic: mammalian 
- like; Prokaryotic: None None Incorrect (high - mannose 

type)
Correct 

(mammalian - like)
Correct (mammalian 

- like)
Correct 

(mammalian - like)
Correct (mammalian 

- like)
Target Protein Folding 

Quality Good Poor Medium Good Good Excellent Excellent

Genetic Manipulation 
Convenience Highly Convenient Highly Convenient Relatively Convenient Highly Convenient Relatively Convenient Moderately 

Convenient Highly Convenient

Scale up production 
feasibility Easily Achievable Easily Achievable Easily Achievable Easily Achievable Easily Achievable Moderate Difficulty Good Feasibility

Proliferation Rate Rapid Extremely Fast Relatively Fast Slow Relatively Fast Slow Slow

Product Output Level Medium Extremely High Relatively High Relatively High Extremely High Relatively Low Relatively Low

Cost of cultivation Extremely Low Extremely Low Relatively Low Relatively Low Relatively Low High High

Biosafety Level High Safety Low Safety Safety Unknown High Safety High Safety Moderate Safety High Safety

Potential 
Contamination Type

Low Contamination 
Risk

Endotoxin 
Contamination Low Contamination Risk

May contain 
pesticides, 

herbicides and 
toxic plant 
metabolites

Unknown 
Contamination Status

May carry viruses, 
prions and 

oncogenic DNA

May carry viruses, 
prions and oncogenic 

DNA

Table 2: Comparison of different recombinant protein expression systems.
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Prokaryotic cyanobacteria have also been genetically engineered 
to achieve the synthesis of biofuels, bioplastics, and secondary 
metabolites [54]. Their genetic manipulation technologies (such as 
plasmid expression systems and homologous recombination) have 
laid the foundation for the subsequent expression of Its [55].

Biocompatibility and Low Immunogenicity Biocompatibility 
and Low Immunogenicity

Most clinically relevant microalgae are of the FDA-approved 
GRAS grade and have a long history of use in the field of food 
supplements. Their core advantage lies in the dual biocompatibility 
encompassing production host tolerance and in vivo therapeutic 
safety. At the production level, microalgae can tolerate the expression 
of complex ITs by means of the chloroplast sequestration mechanism 
[21]. At the level of in vivo application, its cell wall polysaccharide 
(predominantly β-1,3-glucan), photosynthetic proteins (sharing 30%-
40% similarity with human homologous proteins), and phospholipid 
composition similar to that of human cell membranes can minimize 
immune rejection to the greatest extent [56]. They can also be 
enzymatically cleaved into non-toxic metabolites, combining host 
tolerance with in vivo therapeutic safety. Unlike traditional hosts, 
they do not rely on protease-deficient mutations or balanced lethal 
systems to circumvent toxin toxicity [57]. In the C57BL/6 mouse 
model, the drug delivery system constructed with microalgae showed 
no obvious inflammatory response within 72 hours after intravenous 
injection (the serum IL-6 level increased by ≤15% compared with 
the control group), and no inflammatory infiltration was observed 
in liver tissue sections [58]. By comparison, traditional expression 
systems have significant limitations: ITs expressed by Escherichia coli 
are prone to residual endotoxins, which can trigger inflammatory 
reactions such as fever and vascular leak syndrome [59]. The high-
mannose glycan modification of Pichia pastoris tends to induce 
anti-carrier antibodies, with the antibody positive rate increasing 
with the frequency of administration [60]. Mammalian cells (e.g., 
CHO cells) are liable to retain animal-derived components, which 
increases the risk of allergies [61]. Microalgal microrobots can also 
be engineered to enhance safety: erythrocyte membrane, macrophage 
membrane, or PEG molecules can be coated on the surface to achieve 
immune escape, reduce macrophage phagocytosis rate, and prolong 
the circulation half-life [62]. Biodegradable materials such as GRAS 
strain and Fe₃O₄@SiO₂ are selected to ensure that the carrier is 
enzymatically metabolized without long-term accumulation, which 
makes it suitable for intravenous, oral, local injection, and other 
routes of delivery [63]. For example, oral administration of microalga-
adriamycin complex can avoid intestinal mucosal injury and penetrate 
the intestinal barrier, providing new possibilities for the treatment of 
gastrointestinal tumors [64-66].

Surface Modification of Microalgae: A Key Support for 
Targeted Delivery of ITs

The surface of microalgae cells is naturally rich in active 
functional groups. Through a variety of flexible ways, such as 
covalent coupling, electrostatic interaction, membrane coating, and 
bioorthogonal reaction, microalgae can modify antibodies, peptides, 

aptamers, and other targeting elements to significantly improve the 
specific binding and enrichment ability of ITs to tumor tissues. In 
traditional modification strategies, microalgae such as C. reinhardtii 
and Arthrospira platensis are naturally negatively charged on their 
surfaces, enabling them to efficiently adsorb positively charged ITs 
(e.g., PE38 toxin domain, saponin) or targeting ligands through 
electrostatic interaction [67]. For instance, the spirulina-based drug 
delivery system (SP@Dox) developed by Zhou Min’s team from 
Zhejiang University achieved targeted tumor accumulation in a 
breast cancer lung metastasis model. Compared with the unmodified 
group, the tumor selectivity was increased by 2-3 fold, and the drug 
accumulation in normal lung tissues was reduced by more than 40% 
[68]. The chlorella-based biomimetic carrier coated with macrophage 
cell membrane can precisely deliver ITs by virtue of its inflammation-
homing property. This not only increases the drug concentration 
in inflammation-associated tumor tissues by 3.2-4.5 fold but also 
reduces the non-specific distribution in normal organs such as the 
liver and kidneys [69]. In addition, microalgae can be adapted to 
different tumor targets to form a “one carrier and multiple targets” 
mode, which can be conjugated with trastuzumab, hyaluronic acid, 
and cetuximabfor HER2-positive breast cancer, CD44 high expression 
pancreatic cancer, and EGFR positive lung cancer, respectively, and 
the preparation cost is more than 40% lower than that of synthetic 
vectors such as liposomes [70-72].

Different from traditional systems that can only produce ITs, 
microalgae can achieve the integration of “production-modification”. 
For example, C. reinhardtii chloroplast can stably express ITs, and 
the carboxyl group on ITs surface can be directly covalently coupled 
with RGD peptide without additional purification steps [73], and the 
specific binding rate is over 85%; The modification of ITs expressed 
in Escherichia coli requires at least five steps of inclusion body 
dissolution, renaturation and multiple chromatography, which easily 
leads to the loss of toxin activity [74]. The targeted modification 
of ITs expressed in mammalian cells is easily interfered with by 
serum components [75]. The emerging bioorthogonal reaction 
(click chemistry) further amplifies the advantages of microalgae 
modification: Cu (I) -catalyzed azido-alkyne cycloaddition (CuAAC) 
can form a stable covalent bond between the targeted molecules 
and microalgae, and the tumor cell binding rate is 5-7 times higher 
than that of the unmodified group [76]; Strain-enhanced azido - 
alkyne cycloaddition (SPAAC) can achieve specific coupling under 
physiological conditions without metal catalyst [77], and retain 
ITs activity and carrier biocompatibility to the greatest extent. 
The surface modification of microalgae not only achieves efficient 
targeted delivery of ITs but also simplifies operation and reduces cost 
through an integrated process, which provides key technical support 
for the clinical transformation of ITs.

Structural Stability and High Loading Capacity of Microalgae: 
The Key to Efficient Delivery of ITs

The unique multi-level cellular structure of microalgae (rigid 
cell wall, phospholipid bilayer cell membrane, chloroplast and other 
intracellular compartments) can not only provide a physical barrier 
for ITs to resist acid-base environment and enzymatic degradation, 
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but also achieve high-capacity loading by means of porous structure 
and intracellular storage, simultaneously solving the core defects of 
ITs which are easy to degrade and conformational instability. At the 
same time, it reduces the process complexity of in vitro loading and 
provides a double guarantee for efficient delivery.

(1) The multilayered structure confers strong stability and 
prolongs the active period of ITs

The rigid cell wall (containing cellulose, peptidoglycan, silica, and 
other components) acts as a “first line of defense” to physically isolate 
proteases, nucleases, and acidic environments in the blood [78], such 
as the siliceous shell of diatoms and the model toxin encapsulated by 
the cellulose-pectin complex cell wall of Chlorella. After incubation 
in the simulated fluid containing 1mg/mL trypsin for 72 hours, the 
activity retention rate was more than 70%, which was much higher 
than 15%-20% of the free toxin [79]; Spirulina-peptidoglycan cell wall 
could reduce the contact between protease and intracellular toxin, 
and the toxin activity could maintain more than 65% after 48 hours 
of incubation in pH 5.0 acidic environment [80]; The phospholipid 
bilayer can isolate pH-sensitive toxins (e.g., Pseudomonas aeruginosa 
exotoxin A) from the acidic environment of endosomes and lysosomes 
through hydrophobic interaction, resulting in a 3.3-fold longer half-
life in vivo than the free form [81,82]; The thylakoid membrane of 
chloroplast can also provide a “secondary protection”, which can 
achieve a continuous and slow release of ITs in the cytoplasm even 
if the microalgal cell membrane is destroyed by lysosomes, avoiding 
toxic burst or rapid degradation [83]. In contrast, ITs expressed by 
Escherichia coli (e.g., PE38, DT388) require additional modification 
with BSA or PEG to resist degradation, with a half-life of only 2-4 
hours [84]. ITs expressed by Pichia pastoris lose more than 60% of 
their activity within 24 hours in a simulated intestinal environments 
[85]. For ITs expressed by mammalian cells (e.g., CHO cells), 
low-temperature storage and stabilizers are necessary. Moreover, 
their stability decreases significantly in the presence of an acidic 
environment and proteases, making them unable to tolerate the 
complex tumor microenvironment [86,87]. In contrast, microalgae 
can achieve the stable existence of ITs without additional modification 
by virtue of their natural structure.

(2) Multiple load mechanism to achieve high-capacity delivery 
and adapt to different types of ITs

Microalgae support three loading modes, including physical 
encapsulation, chemical conjugation, and intracellular expression and 
storage, which can be flexibly adapted according to the hydrophilicity, 
hydrophobicity, and molecular size of ITs. The loading capacity of 
microalgae is significantly higher than that of synthetic vectors and 
traditional expression system-derived vectors. In terms of physical 
encapsulation, the porous silica shell of diatoms and the intracellular 
cavity of Chlorella can encapsulate small-molecule toxins or bioactive 
conjugates in batch, and the loading capacity of some microalgae-
based carriers is better than that of traditional liposomes [88]. In the 
chemical coupling mode, the active groups, such as the hydroxyl group 
and the carboxyl group, on the cell wall surface could form covalent 
bonds with ITs to achieve stable loading. Microalgae such as Spirulina 
had high coupling efficiency and could well retain the loading 

molecular activity [89]. Under the mode of intracellular expression 
and storage, the chloroplast genome of microalgae can directly 
express ITs and store them [90]. The chloroplast of C. reinhardtii has 
been proven to be an efficient expression platform for recombinant 
therapeutic proteins. The products exhibit excellent solubility and 
comparable activity to those from traditional systems. Meanwhile, the 
thylakoid membranes of the chloroplast can provide protection for the 
expressed products, endowing them with greater advantages in activity 
retention compared to prokaryotic expression systems. Additionally, 
mild ultrasonic treatment can form nanoscale micropores in the 
chlorella cell wall to enhance encapsulation efficiency. Regulating 
the nitrogen source concentration in the culture medium can induce 
microalgae to accumulate lipid droplets, significantly increasing their 
loading capacity for hydrophobic molecules [91].

(3) Synergy of Stability and Loading Capacity, Adapting to 
Diversified Therapeutic Scenarios

In local long-acting tumor therapy, embedding the microalgae-
bioactive molecule complex in sodium alginate bio-degradable 
hydrogel and implanting it locally at the tumor site can not only 
protect the loaded molecules from degradation by hydrolytic enzymes 
but also achieve sustained release through the porous structure, 
thereby extending the local effective treatment cycle [92]; In the 
scenario of systemic delivery, bioactive molecules encapsulated by 
spirulina can resist degradation by metabolic enzymes in the body 
after intravenous injection, enhance the enrichment efficiency at 
tumor sites, and alleviate off-target toxicity to organs such as the 
kidneys [93,94]. Traditional expression systems have long faced the 
core bottleneck of stability and load imbalance. Microalgae, through 
the synergistic advantages of structural protection and high capacity 
loading, simultaneously solve the key problems of insufficient stability 
and low delivery efficiency of ITs, providing a more suitable integrated 
solution for diverse clinical scenarios.

Complementary Applications of Microalgae and Conventional 
Platforms

Different expression platforms exhibit distinct adaptabilities, 
and there is no absolute superiority or inferiority among them: the 
microalgae platform is suitable for ITs that do not require complex 
glycosylation and demand low-cost, large-scale production (e.g., 
CD22-targeted ITs). Its culture cost is only 1/5 to 1/3 of that of 
Escherichia coli and more than 80% lower than that of CHO cells 
[95]; Mammalian cells are still the preferred choice for highly active 
ITs requiring precise glycosylation, which can achieve complex 
post-translational modifications and ensure ITs in vivo stability and 
targeted binding activity [96]. E. coli can be used for rapid expression 
of short peptide toxin fragments with a short turnaround time (only 
24-48 hours), which is suitable for preliminary functional verification 
in the laboratory stage [97]. For practical applications, a strategy of 
“segmented production + in vitro assembly” can be used, such as 
microalgae expressing the target ligand and toxin backbone, followed 
by mild chemical coupling (e.g., SPAAC click chemistry) to achieve 
functional assembly, which takes both production cost and product 
activity into consideration.
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Limitations of Existing Loading Strategies and 
Breakthroughs in Microalgal Recombinant Expression 
Systems

The production and delivery of traditional targeted drugs 
(including “magic bullet” drugs such as ITs) have long faced core 
technical bottlenecks, which seriously restrict their clinical translation 
efficiency. Currently reported microalgae-based microrobots (Figure 
2), while integrating the natural motility of microalgae with engineered 
modification properties, achieve autonomous movement driven by 
flagella and can be precisely regulated via external stimuli such as light 
and magnetic fields [98,99]. These robots offer a promising solution 
for the active navigation and targeted delivery of ITs. However, such 
systems primarily achieve targeted drug delivery through chemical 
modification strategies like covalent binding and electrostatic 
adsorption, or physical loading methods such as biomembrane 
encapsulation [100,101], and thus still possess significant inherent 
limitations.

The first is the “single-use” limitation. The microalgae and the 
drug are not integrated in the design, and the micro-algae carrier has 
no regenerative loading capacity after the loaded part works, which is 
eventually removed by immune cells and cannot be reused. For example, 
the C. reinhardtii -red blood cell membrane-coated nanoparticle robot 
developed by the University of California, San Diego, can specifically 
deliver doxorubicin to lung metastatic tumor sites, significantly 

reduce tumor volume, and extend the median survival time of model 
mice from 27 days to 37 days [102]. However, it still fails to overcome 
this limitation. Second, large-scale production is limited, chemical 
modification requires secondary treatment, and biofilm encapsulation 
is limited by capacity, proliferation, and transmission, which leads 
to a cumbersome process and about 40% reduction in efficiency 
[103]. Thirdly, there is insufficient loading stability and adaptability. 
Chemically modified drugs are prone to detachment, leading to off-
target toxicity. Biomembrane encapsulation has a narrow adaptability 
range for drugs with different molecular weights and hydrophilic-
hydrophobic properties. For instance, ITs with a molecular weight 
greater than 100 kDa are difficult to load efficiently, while the loading 
rate of chemically modified small-molecule toxins may drop to less 
than 50% of the initial value after 24 hours of in vivo circulation [104]. 
For example, in the spirulina delivery system modified with Fe₃O₄ 
nanoparticles, the detachment rate of the loaded doxorubicin reaches 
58% after 24 hours of in vivo circulation, resulting in toxic reactions 
induced by drug accumulation in some normal tissues [105].

The recombinant expression system in eukaryotic microalgae 
provides an innovative way to break through these limitations and is 
expected to solve the key challenge of the lack of efficient adaptation 
production platforms for ITs. The core breakthroughs focus on three 
aspects: first, the integrated production of carrier and drug. Microalgae 
are genetically engineered to directly express ITs or functional 
antibodies, and then stably stored or directed released by means of 

Figure 2: schematic depicts the natural properties, actuation methods, functionalization strategies, and biomedical applications of microalgae-based robots.
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chloroplast isolation, signal peptide-mediated secretion, and other 
mechanisms, without in vitro modification or encapsulation steps, 
to avoid the loss of drug activity and the risk of contamination. For 
example, Synechocystis sp. PCC 6803 ex-pression system constructed 
by Zhang et al. successfully expressed phycocyanin (C-PC) and 
prepared polyclonal anti-bodies with a titer as high as 1: 1,025,000. 
Western blot analysis confirmed its high specificity, and due to the 
absence of in vitro chemical modification throughout the process, the 
antibody activity retention rate exceeded 95% [106]. Another study 
confirmed that when using chloroplast engineering technology to 
express fish virus subunit vaccines, the isolation and protection effect 
of the thylakoid membrane could make the antigen activity retention 
rate up to 94%, and the production efficiency was 38% higher than 
that of the traditional process [107]. Second, it possesses the capability 
of sustainable proliferation and stable expression. The engineered 
microalgae, after modification, can reproduce repeatedly under simple 
conditions, and their progeny can still stably carry and express ITs, 
achieving “one-time modification and continuous production.” This 
eliminates the need for repeated synthesis and significantly simplifies 
the production process. For example, the glass bead transformation 
method established by Kindle et al. successfully achieved nuclear 
transformation of Chlamydiae reinhardtii, which provided a reliable 
technical basis for the introduction of exogenous genes [108,109] further 
optimized the exogenous gene expression system of C. rhinophylla 

by inserting endogenous regulatory elements into the transgenic 
sequence, which significantly improved the expression stability. 
After successive passages, the expression of exogenous genes in the 
recombinant algal strain did not decrease significantly, and the growth 
rate was consistent with that of the wild-type algal strain [109]. Third, 
it enhances delivery safety and efficiency. ITs are expressed and stored 
by microalgae themselves, avoiding the reduction in biocompatibility 
caused by chemical modification. Meanwhile, by integrating the natural 
motility of microalgae with engineered navigation modules such as 
light and magnetic responsiveness, it enables full-chain controllable 
delivery encompassing “autonomous movement - targeted enrichment 
- endogenous release.” For example, the functionalized diatom delivery 
system constructed by De la Soie et al., which is modified with vitamin 
B₁₂-targeting molecules and a light-responsive module on its surface, 
achieves a 2-fold increase in targeted enrichment and photoactivated 
toxicity against colorectal cancer cells [110].

Although there is no direct study on the delivery of ITs mediated 
by microalgae, microalgae, as a natural delivery carrier with excellent 
biocompatibility, have accumulated a large number of successful cases 
in the delivery of “magic bullet” drugs (targeted chemotherapy drugs, 
immunomodulators, etc.), which provides an important reference for 
the application of ITs (Table 3). The nuclear and chloroplast genomes 
of the model microalgae have been transformed efficiently, and the 
CRISPR-Cas9 precision editing technology is mature. The chloroplast 

Microalgae Category Modification Techniques Carrier Substances Targeting Methods Clinical Application References

C. reinhardtii Electrostatic interaction load Doxorubicin Light signal-regulated guidance Bioactive substance delivery (Akolpoglu et al., 2020b) [111]

Click on chemical coupling Ciprofloxacin Passive enrichment in lung 
capillaries

Acute bacterial pneumonia 
intervention (Zhang et al., 2022b) [112]

Click chemical modification Vancomycin + Ciprofloxacin Light-controlled targeted 
delivery

Bacterial infectious disease 
prevention and treatment (Shchelik et al., 2021) [113]

Cell-penetrating modification Functional drugs Magnetic field-driven navigation Bioactive substance delivery, 
fluorescence tracing (Santomauro et al., 2018) [114]

C. pyrenoidosa Electrostatic adsorption 
loading Doxorubicin In situ direct injection Osteosarcoma targeted therapy (Liang et al., 2024b) [115]

Electrodeposition 
modification Doxorubicin Magnetic field-regulated 

navigation
Targeted drug delivery efficacy 

enhancement (Gong et al., 2022) [116]

Calcium phosphate coating 
modification / Active dispersion targeting Improvement of radiotherapy 

resistance in hypoxic tumors (Zhong et al., 2021b) [117]

Cell membrane coating 
process

Chloroquine + 
Hematoporphyrin 
dihydrochloride

Immune-mediated targeting Antitumor immunotherapy 
efficacy enhancement (Gao et al., 2023) [118]

Hydrogel composite 
modification Doxorubicin In situ injection administration Hypoxic breast cancer 

treatment (Lee et al., 2019) [119]

Spirulina Electrostatic adsorption 
loading Doxorubicin Passive targeting to lung 

capillaries
Breast cancer lung metastasis 

treatment (Zhong et al., 2020) [120]

Electrostatic interaction-based 
loading Doxorubicin In situ injection administration Osteosarcoma clinical 

treatment (An et al., 2024) [121]

Electrostatic adsorption 
technology Astaxanthin Passive entrapment by intestinal 

villi
Radiotherapy-related injury 

protection (Zhang et al., 2023) [122]

Cell encapsulation technology Curcumin Passive retention by intestinal 
villi

Oral drug delivery for intestinal 
diseases (Zhong et al., 2021d) [123]

Cell encapsulation process Amifostine Passive entrapment by intestinal 
villi

Intestinal radiotherapy injury 
protection (Zhang et al., 2022a) [124]

Cell encapsulation technology Metformin In situ injection administration Targeted intervention for 
osteoarthritis (Liang et al., 2024d) [125]

Electrodeposition 
modification process Doxorubicin Magnetic field-driven navigation Chemo-photothermal 

synergistic therapy (Wang et al., 2019) [126]

Hydrogel composite 
modification Resveratrol Floating retention in gastric juice Alcohol-related disease 

treatment (Hua et al., 2024) [127]

Table 3: Targeted delivery and clinical application of microalgae-based robots.
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expression system has no transgene silencing and can complete key 
post-translational modifications. The commercial application of 
large-scale culture technology lays a solid foundation for the mass 
production of ITs. This integrated mode of “production-delivery” not 
only breaks through the limitations of existing microalgal robotics but 
also builds a low-cost, sustainable, and high-safety system, which is 
expected to become an ideal platform for the production and delivery 
of ITs. Subsequent optimization of microalgal surface targeting 
modifications (such as coupling with specific ligands, such as anti-
CD22 and anti-HER2) and IT expression systems (such as chloroplast 
promoter optimization and signal peptide screening) can achieve 
synergistic optimization of efficient production and precise delivery, 
providing a new path for the clinical transformation of “magic bullet” 
drugs.

Mechanisms of Enhanced Efficacy in Engineering 
Microalgae-Mediated IT Therapy

Engineered microalgae can significantly improve the therapeutic 
effect of ITs through multidimensional mechanisms such as enhancing 
tumor penetration, regulating tumor microenvironment and tumor-
associated microbiome, and cooperative immune regulation. It 
can effectively solve the key bottleneck of clinical application of 
traditional ITs and provide core technical support for their clinical 
transformation.

Enhancement of Tumor Penetration

Microalgae-based microrobots, leveraging the advantages of 
natural flagella-driven autonomous motility and small size (1-10 μm), 
exhibit superior penetration capability into solid tumors compared to 
passive delivery systems such as liposomes and nanoparticles. McCord 
et al. confirmed via optical tweezers technology that the flagellar 
propulsive force of wild-type C. reinhardtii is significantly higher than 
that of flagellar structure-deficient mutants, providing a dynamic 
basis for its penetration through dense biological matrices [128]; 
Related studies have shown that C. reinhardtii can effectively cross the 
physical barrier composed of collagen fibers and glycosaminoglycans 
in the tumor extracellular matrix (ECM) by means of the voluntary 
movement driven by two flagella, and its tissue penetration ability 
is significantly better than that of static nanoparticles [129]. The 
advantages of self-driven microrobots in solid tumor penetration have 
been demonstrated in many studies. For example, the Fe₃O₄-mediated 
self-driven nanobots constructed by Banerjee et al. can penetrate into 
the core of the tumor in the HCT116 colorectal cancer tumor sphere 
in vitro, and the drug distribution is significantly better than that of 
free drug delivery and passive delivery vehicles. The disintegration 
of tumor spheres can be induced within 72 hours, which effectively 
solves the problem of uneven distribution of therapeutic agents and 
insufficient killing of deep cells, and significantly improves the killing 
efficiency of tumor cells [130].

Regulation of Tumor Microenvironment and Tumor-
associated Microbiome

Polysaccharides, proteins, and antioxidant substances in 
microalgae can reduce inflammatory response, alleviate tumor hypoxia, 

and enhance anti-tumor immunity. In terms of microenvironment 
regulation, studies have shown that spirulina can significantly 
reduce the levels of TNF-α and other pro-inflammatory cytokines 
in tissues by inhibiting the NF-κB signaling pathway, and play an 
anti-inflammatory role [131]; Seaweed polysaccharides can inhibit 
macrophage activation by blocking the nuclear translocation of NF-
κB, thereby reducing the release of IL-6 and TNF-α [132]; In addition, 
spirulina polysaccharides can effectively inhibit the polarization of 
tumor-associated macrophages (TAM) towards the tumor-promoting 
M2 phenotype (an anti-inflammatory macrophage subtype that 
promotes tumor angiogenesis, invasion, and metastasis), thereby 
collectively improving the tumor inflammatory microenvironment 
[133]. More importantly, the photosynthesis of microalgae can 
produce oxygen continuously in the tumor site, which not only 
enhances the killing activity of ITs against hypoxic cancer cells but 
also enhances the activity of immune cells. In terms of microbiome 
regulation, Ge et al. [134] confirmed that oral administration of 
spirulina can selectively regulate the structure of intestinal flora and 
increase the abundance of beneficial bacteria through its rich β-glucan 
and other prebiotics, thereby improving the body’s immune function 
[134]. Relevant studies have further confirmed that the increase 
in the abundance of beneficial intestinal bacteria can promote the 
maturation of dendritic cells and indirectly enhance the anti-tumor 
immune response of immunotherapy, which provides a mechanism to 
support the synergistic effect of engineered spirulina [135].

Synergistic Immunoregulatory Effects

The engineered characteristics of microalgae not only enhance 
their ability as IT delivery vectors, but also achieve synergistic effects 
with ITs through a variety of ways to improve the effect of anti-tumor 
immunity. Bioactive components released by microalgae can directly 
affect the function of immune cells. Polysaccharides (such as β-glucan) 
can bind to innate immune cell receptors, activate macrophages and 
dendritic cells, and induce the secretion of key cytokines, including 
IL-12 and TNF-α, which lay the foundation for the initiation of the 
acquired immune response. Enhance the body’s recognition and 
attack of tumor cells [136]; At the same time, its specific compounds 
can regulate the production of cytokines, reduce the level of 
immunosuppressive factors in the tumor microenvironment, inhibit 
the activity of MDSC (tumor-associated myeloid suppressor cells), 
and create favorable conditions for T cells and NK cells to exert anti-
tumor effects [137,138]. Engineered microalgae also have the potential 
to activate long-term memory immune cells, such as memory T cells, 
which provides the possibility of improving the long-term efficacy of 
treatment and enhancing the immune system’s long-term monitoring 
and elimination ability against cancer cells. This direction is worthy of 
further exploration [139-141]. Additionally, microalgae can combine 
with immune-activating particles, such as CpG oligonucleotides, to 
further stimulate the anti-tumor activity of immune cells. Through the 
coordination of delivery systems and immune activation mechanisms, 
microalgae can significantly enhance cell-specific immune responses 
[142]. In the combination therapy scenario, microalgae can achieve an 
amplification of efficacy when combined with other cancer therapies, 
such as checkpoint inhibitors and CAR-T cell therapy. This combi-
nation can not only provide sustained release of immunomodulatory 
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factors but also efficiently deliver ITs to form synergistic effects 
through multiple mechanisms [143,144]. Through continuous 
improvement of the coordination strategy of microalgae and ITs, the 
killing ability of tumor cells can be greatly improved, and exploring 
the differences in the roles of different microalgae species in activating 
different immune pathways also opens up a new direction for follow-
up research in this field.

Challenges and Future Prospects

Although engineered microalgae have shown significant potential 
in IT production, they still face several technical bottlenecks. Firstly, 
the expression efficiency is low. At present, the expression level of 
microalgal recombinant proteins is generally low, which is difficult 
to meet the needs of large-scale clinical application; Secondly, the 
purification process is complex, the microalgae cell wall structure is 
dense, which increases the difficulty of protein extraction, and the 
traditional fragmentation method may also lead to the degradation 
of the target protein; In addition, the immunogenicity problem 
should not be ignored. The glycosylation pattern of the microalgae 
expression system is different from that of mammalian cells, which 
may cause the expressed ITs to trigger non-specific immune responses 
in the host. In terms of targeted delivery, the tumor enrichment 
efficiency of microalgal vectors still needs to be improved. During 
oral administration, gastric acid and digestive enzymes in the 
gastrointestinal tract will cause significant damage to microalgal 
cells, resulting in low bioavailability. When injected intravenously, 
unmodified microalgae are easily cleared by the reticuloendothelial 
system and shorten the half-life of blood circulation. Synthetic biology 
technology has provided a clear optimization path to solve the above 
bottlenecks. By introducing heterologous signal peptide genes into 
model microalgae such as C. reinhardtii and reconstructing the ER-
Golgi secretion pathway, the secretion efficiency and extracellular 
recovery rate of recombinant proteins can be significantly improved 
[145]; At the same time, the central carbon metabolism network and 
amino acid synthesis pathway were optimized to increase the supply 
of key amino acids and provide raw material support for the efficient 
synthesis of special structure Its [146].

The development of intelligent delivery systems is also the core 
of future research. The integration of blue-light-inducible promoters 
can realize the precise activation and release of ITs by light [147], and 
the pH-sensitive modification technology can make the microalgal 
vectors respond to the acidic tumor microenvironment to achieve 
targeted release and increase the local therapeutic concentration 
[148]. Advancing clinical translation requires multidisciplinary 
collaboration, with breakthroughs focused on three key areas. 
First, establish GMP-compliant large-scale microalgae cultivation 
and purification processes. Optimize parameters in closed 
photobioreactors—including light intensity (120–150 μE·m⁻²·s⁻¹), 
temperature (25±1°C), and pH (7.0–7.5)—to ensure batch consistency 
of products (purity ≥95%, coefficient of variation in activity ≤10%) 
[149]; second, enhancing immunogenicity-related research by 
conducting systematic safety evaluations (including acute toxicity, 
chronic toxicity, and immunogenicity assessments) and developing 
standardized clinical assessment methods (e.g., measuring anti-

microalgal carrier IgG and IgE antibody titers in patient serum) [150]; 
Third, optimize the administration method by using enteric coating or 
targeted nano-suspensions to increase oral bioavailability from 10%–
15% to over 30%, thereby reducing the required dosage and the risk of 
adverse reactions [151,152].

At present, preliminary progress has been made in the 
preclinical study of microalgae-mediated ITs. For example, anti-
CD22 ITs expressed by C. reinhardtii were intraperitoneally injected 
consecutively at a dose of 10 mg/kg for 4 weeks in a mouse model 
of B-cell lymphoma; the tumor inhibition rate reached 58%-72%, 
with no significant weight loss or liver and kidney function damage 
observed. In the future, combination therapy and personalized 
treatment will become the core development direction. Micro-algal 
IT combined with CAR-T cell therapy can alleviate tumor hypoxia 
through microalgal oxygen generation, inhibit M2 macrophage 
polarization, and increase the infiltration rate of CAR-T cells by 2-3 
times [153]; Based on patient-derived tumor organoids, suitable 
combinations of microalgae-expressing ITs (such as anti-HER2 ITs + 
immune activation module for HER2-positive breast cancer) can be 
rapidly screened to achieve “tailored” precision treatment and reduce 
the incidence of adverse reactions [154].

Conclusion

Engineered microalgae, as an emerging platform for IT production 
and delivery, offer innovative solutions for cancer treatment through 
their exceptional biosynthetic capabilities, outstanding cost-
effectiveness, and favorable biocompatibility. From fundamental 
research to clinical translation, this platform has achieved significant 
progress in IT design, efficient production, and elucidation of 
the mechanism of action, demonstrating remarkable potential, 
particularly in targeted therapies for hematological malignancies 
and solid tumors. In the future, with the continuous development of 
synthetic biology, gene editing and nanobiotics, engineered microalgal 
systems will be iteratively upgraded to the direction of intelligence and 
precision. By optimizing expression efficiency, innovating delivery 
systems and developing combined treatment strategies, microalgal 
IT expression is expected to become one of the core technologies of 
the next generation of cancer immunotherapy. It provides a new way 
to solve the key problems such as drug resistance and side effects in 
current cancer treatment.
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