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ABSTRACT

Clustered regularly interspaced short palindromic repeats (CRISPR) has emerged as a transformative
tool in biotechnology, providing precision in DNA modification through guide RNA (gRNA)-directed
Cas9 nuclease. It surpasses previous genome editing techniques due to its simplicity in gRNA design
and the ability to target multiple genes concurrently. This review explores the profound impact of
CRISPR on research and clinical applications, particularly in the field of therapeutic protein
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systems, burdened by limitations and contamination risks. In this context, microalgae provide a )
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and high-volume production of valuable products while thriving in diverse aquatic environments.
They utilize renewable resources like sunlight and carbon dioxide, aligning with eco-friendly
production principles. Microalgae's capacity to yield substantial quantities of proteins, lipids, and
carbohydrates makes them an economically attractive and ecologically responsible platform for
various industries. This review presents a comprehensive overview of recent advancements and
challenges in CRISPR-engineered microalgae for therapeutic protein production. It discusses the
advantages and drawbacks of various microalgal species, CRISPR tools, and delivery methods, as well
as protein expression. Furthermore, it highlights the potential applications and advantages of
microalgal biopharmaceuticals and offers insights into future directions to enhance the efficiency,
safety, and scalability of CRISPR-based microalgal biotechnology.
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Introduction

Clustered regularly interspaced short palindromic repeats
(CRISPR) technology has transformed biotechnology by
enabling precise DNA modifications using guide RNA (gRNA)
to direct Cas9 (CRISPR-associated protein 9) nuclease to target
sequences [1]. This technique surpasses earlier methods like
zinc finger nucleases (ZFNs) and transcription activator-like
effector nucleases (TALENSs) due to its simplicity in designing
gRNAs and the ability to target multiple genes simultaneously
[2]. CRISPR's impact extends to research and clinical
applications, including developing gene therapies for conditions
such as cancer, blood disorders, and infectious diseases. It's also
utilized to produce valuable products like biofuels, biomaterials,
and pharmaceuticals [3]. Additionally, CRISPR enhances
therapeutic protein production, a major class of drugs used to
treat various diseases. The global therapeutic protein market is
projected to reach $487 billion by 2025, driven by the rising
prevalence of chronic diseases [4].

Currently, therapeutic protein production relies on complex
and costly mammalian cell culture, which has limitations and
susceptibility to contamination. However, microalgae provide a
promising alternative [5]. These unicellular organisms boast
exceptional growth rates, enabling rapid and high-volume
production of valuable products [6]. They thrive in diverse
aquatic environments, from freshwater to wastewater, and

depend on renewable resources like sunlight and carbon
dioxide, promoting eco-friendly production [7]. Microalgae's
capacity to yield substantial quantities of proteins, lipids, and
carbohydrates makes them an economically attractive and
ecologically responsible platform for various industries,
reducing their environmental impact [8].

This review summarizes recent progress and hurdles in
CRISPR-engineered microalgae for therapeutic protein
production, shedding light on the advantages and drawbacks
of various microalgal species, CRISPR tools, and delivery
methods. It also discusses protein expression and purification
systems, emphasizing microalgal biopharmaceuticals'
potential applications and advantages. Additionally, it
provides insights into future directions and suggestions to
enhance the efficiency, safety, and scalability of CRISPR-based
microalgal biotechnology.

Methodology

Relevant information from academic sources was retrieved
using specific keywords, such as "CRISPR-engineered
microalgae,” "therapeutic protein production,” "genome
editing," "microalgal biopharmaceuticals," "bioreactors," and
"downstream processing". Research papers were sourced from
reputable databases such as PubMed, Google Scholar, and
Web of Science, known for their biological and
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biotechnological ~research  content. Inclusion criteria
encompassed studies published between 2013 and 2023 in
English, focusing on CRISPR-Cas systems, microalgae, and
therapeutic protein production. Exclusion criteria included
studies unrelated to the research topic or lacking full-text
availability.

Articles were screened based on titles and abstracts, with
selected articles undergoing a comprehensive full-text review.
Relevant data were extracted, covering CRISPR applications,
microalgal species, therapeutic proteins, and associated
challenges. Data were synthesized into key themes, including

CRISPR utilization, microalgae diversity, and challenges in
therapeutic protein production. Quality assessment was
conducted, considering study design and source credibility.
This review culminated in a narrative summary of findings,
offering insights into the current state of research and
highlighting recommendations for future studies in this
evolving field.

Various Nuclease-Based Molecular Genome Editing
Techniques

There are a number of nuclease-based techniques used to
manipulate the desired genome. Table 1 presents and

Table 1. Comparison of engineered nucleases.

compares the salient features of these techniques.

Feature Zinc Finger Nucleases Transcription Activator-Like Mega-nucleases [11]

(ZFNs) [9] Effector Nucleases (TALENSs)
[10]

Components Eukaryotic transcription Transcription activator-like LAGLIDADG enzyme family
factor DNA binding effectors (TALEs and FokI) members like I-Crel and I-
domains, FokI nuclease restriction enzyme cleavage Scel
domains and ZFN domains

DNA Recognition Each ZFN dimerizes and TALEs have 33-35 amino acid ~ Recognize substantial DNA
binds opposite DNA repeats. Rely on repeat variable ~ sequences spanning 14-44
strands Possess 3-6 zinc residues (RVDs) at positions 12 base pairs
fingers and recognizes 9 to  and 13 for precise nucleotide
18 bp sequences selectivity

Targeting Density Low Enhanced selectivity Limited target sequence

mismatches

Complexity Complex Simplicity Compact and versatile

Off-Target Mutation Yes Potential off-target effects Challenges in designing

Risks novel specificities

Advantages Capable of recognizing 9 to  Enhanced selectivity with Compact size compatible
18 bp sequences and well- construction simplicity with gene delivery methods
established technology

Challenges Low targeting density, Larger size and Potential off- Separation of DNA binding

Complexity and Off-target

target effects

and cleavage domains and

mutation risks

Designing proteins with
novel specificities

CRISPR-Cas nucleases

CRISPR-Cas nucleases, RNA-guided programmable enzymes
derived from bacteria and archaea, consist of an endonuclease
CRISPR-associated protein (CAS) and gRNA [12]. The Cas
system comprises three key stages: spacer integration, primary
transcript processing, and DNA (or RNA) interference,
enabling precise genome manipulation [12]. Prokaryotes,
encompassing bacteria and archaea, host these systems. Key
players in adaptation are CRISPR-associated 1 (Cas1) and Cas2
proteins, responsible for integrating foreign DNA, known as
protospacers, into CRISPR cassettes [13]. In the second stage,
primary transcripts are converted into guide CRISPR RNAs
(crRNAs) through RNA endonuclease action. Type I and IIT
CRISPR-Cas systems assemble effector complexes comprising
multiple Cas proteins, targeting specific DNA or RNA [14]. In

contrast, type II systems rely on a single Cas protein, Cas9,
linked to mature crRNA for precision genome editing.
Effector complexes, powered by helicase and nuclease
activities, grant bacteria adaptive immunity. The discovery of
Cas9's RNA-guided endonuclease capability propelled
genome engineering forward [15]. Researchers simplified this
system by merging crRNA and transactivating crRNA
(tracrRNA) into a single guide RNA (sgRNA) while altering
gRNA sequences that redirected Cas9/gRNA complexes to
new targets [16].

CRISPR-Cas systems can be delivered into cells using
various cargo methods. Common approaches include DNA
plasmids encoding gRNA and Cas9, mRNA encoding Cas9
and a distinct gRNA, and Cas9 proteins with gRNAs [17].
Physical delivery methods like microinjection and
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electroporation dominate, while viral vectors (e.g., AAV,
adenovirus, lentivirus) are favored for in vivo work [18,19].

Various organisms harbor distinct CRISPR-Cas system
types, with Type II standing out as a prominent subject of
research [20]. Type II CRISPR systems comprise TracrRNA,
crRNA, and Cas9, a multi-domain RNA-dependent
endonuclease [20]. These components form a ribonucleic
complex known as dual RNA-Cas9 at the protospacer adjacent
motif (PAM), a conserved sequence downstream of the target
dsDNA's non-complementary strand [21]. The PAM sequence
plays a crucial role in distinguishing self from nonself DNA. It
binds to Cas9, facilitating DNA unwinding and target cleavage
[22].

Table 2. Drawbacks of different expression systems.

To reduce off-target effects, researchers explore Cas9 mutants
that induce single-strand DNA nicks instead of double-strand
breaks [23]. Pairing Cas9 with nuclease-dead Cas9 or FokI
domains can also enhance specificity. Longer protospacers and
PAMs in certain CRISPR-Cas systems improve targeting
accuracy [24].

Various Hosts as Platforms for Heterologous Protein
Producttion

Various host organisms serve as platforms for heterologous
protein production, each with its own unique characteristics.
Table 2 compares various protein expression systems,
highlighting their major drawbacks. It provides valuable
insights into the challenges and considerations when selecting
an appropriate system for protein production.

Protein Expression System

Major Drawbacks

Bacteria [25] 1.

Lack of post-translational modifications like N-glycosylation

Difficulty in folding complex proteins

2
3. Toxicity from excessive protein buildup
4

Insoluble, aggregated proteins

N-glycans rich in mannose residues (potential immunogenicity)
Challenges with complex protein assembly

Protein misfolding

3. Ineflicient intracellular trafficking

Hyper-mannosylation in N-glycan processing (potential

immunogenicity)

2. Proteases degrading expressed proteins

Allergenic paucimannose glycosylation profiles (potential

immunogenicity)

Yeast [26] 1.
2.
Filamentous Fungi [27] 1.
Baculovirus-infected Insect Cells [28] 1.
2.
3.
Mammalian Cells [29,30] 1.
2.
3.
4,
Transgenic Animals L.
[31,32] 2.

Late-stage expression concurrent with cell lysis
Protease degradation of expressed proteins

Slow cellular growth

Complex cloning and purification procedures
Vulnerability to pathogen contamination
High cultivation medium costs

Adverse effects on animal health, lactation, and egg production
Prolonged and labor-intensive process

3. High animal-related expenses for upkeep and purification

Microalgae as an expression platform

Microalgae, a diverse cohort of photosynthetic microorganisms
thriving in both freshwater and saline environments,
encompass essential constituents, including pigments (e.g.,
[-carotene and astaxanthin), various vitamins, and lipids (e.g.,
Eicosapentaenoic acid (EPA) and docosahexaenoic acid) [33].

Utilizing microalgae as host organisms for protein
production provides numerous advantages. These unicellular
organisms exhibit an exceptional ability to rapidly proliferate,
with modest nutritional requirements, consisting solely of light,
water, and basic nutrients [34]. Microalgae's inherent
photoautotrophic capabilities enable efficient solar energy
utilization [35]. With a swift transformation-to-production
timeline, they accelerate recombinant protein synthesis [36].
Notably, their distinct lack of common pathogens with humans

qualifies them as "generally regarded as safe" (GRAS) by the
U.S. Food and Drug Administration (FDA), allowing for the
direct oral administration of proteins, particularly vaccines
[36]. Moreover, microalgae's proficiency in closed bioreactor
cultivation under sterile conditions ensures compliance with
stringent good manufacturing practice (GMP) standards,
yielding high-quality recombinant biologics [34]. Most
impressively, microalgae demonstrate the capacity to produce
and assemble complex proteins, such as monoclonal
antibodies (mAbs), in soluble forms either intracellularly or
through secretion into the culture medium, expanding their
versatility in biopharmaceutical production [35].

Therapeutic protein production by microalgae
Selection of microalgae species for protein production

Microalgae species can be genetically transformed and used as

Innov. Mol. Biotechnol., 2023, 1, 1-6

© Reseapro Journals 2023
https://doi.org/10.61577/imb.2023.100004



INNOVATION IN MOLECULAR BIOTECHNOLOGY
2023,VOL. 1,ISSUE 1

RESEAPRO

JOURNALS

bioreactors to produce recombinant proteins, such as mABs,
vaccines, hormones, and pharmaceutical proteins [37].
However, not all microalgae species have the same protein
content and quality, so selecting the most suitable ones for
protein production is important [37]. Several criteria have been
proposed for selecting microalgae species for protein
production, such as biomass productivity, protein content and
composition, cultivation conditions, genetic engineering
potential, and downstream processing feasibility [37]. Biomass
productivity is determined by microalgae growth rate and
biomass yield, which depend on the availability of light, CO2,
nutrients, and other environmental factors [38]. Protein content
and composition vary among different microalgae species and
are affected by the cultivation conditions, such as temperature,
pH, salinity, and nutrient stress. Some of the most widely used
microalgae for protein-rich feed supplements include species of
Chlorella, Arthrospira, Dunaliella, Tetraselmis,
Phaeodactylum, Skeletonema, and Scenedesmus [39]. These
species have high protein content (up to 70% of dry weight),
balanced amino acid profile, and essential micronutrients,
making them suitable for protein production. Cultivation
conditions also influence the solubility, stability, and
functionality of microalgal proteins, which are important for
their applications [39].

Genetic engineering potential refers to the ability of
microalgae to be transformed and express recombinant proteins
of interest. Downstream processing feasibility involves
microalgal protein extraction, purification, and characterization
[37].

Genome manipulation of microalgae

Microalgae have the potential to be used for a variety of
industrial applications, including the production of high-value
proteins [40]. However, the natural production of proteins in
microalgae can be limited by various factors, such as slow
growth rates and low protein yields. Genome manipulation
using CRISPR-Cas9 technology can be used to overcome these
challenges and enhance protein production in microalgae [41].

In a significant 2017 study conducted by Greiner and
colleagues, CRISPR/Cas9 technology played a central role in
precisely targeting and disrupting specific photoreceptor genes
within Chlamydomonas reinhardtii, an essential organism in
fundamental research. The researchers utilized genetically
encoded Cas9 proteins from Staphylococcus aureus and
Streptococcus pyogenes, alongside custom-designed gRNA, to
form ribonucleoprotein complexes (RNPs) that specifically
directed their focus to the desired photoreceptor gene
sequences, including genes like COP1/2, COP3, COP4, COPS5,
PHOT, UVRS8, VGCC, MAT3, and aCRY. This approach
successfully disrupted these key photoreceptor genes, providing
valuable insights for physiological studies and expanding our
knowledge of Chlamydomonas biology across diverse strains
[42].

Shin et al. introduced an innovative strategy employing
Cas9 RNPs to deliver the Cas9 protein and gRNAs targeting
genes such as MAA7, CpSRP43, and ChIM. This approach
yielded remarkable improvements, elevating targeted
mutagenic efficiency by up to 100-fold compared to
conventional vector-driven Cas9 expression. Notably, the
study's findings also shed light on the predominant integration

of unrelated vectors at the Cas9 cleavage sites, indicative of
NHEJ-mediated knock-in events. Furthermore, the adoption
of Cas9 RNPs demonstrated a substantial reduction in
off-target effects and mitigated Cas9-associated toxicity [43].

Nymark et al. introduced codon optimization to enhance
genetic engineering in marine algae Phaeodactylum
tricornutum. They meticulously designed a diaCas9 protein
customized for genetic code by referencing codon usage tables
from GenBank. This specialized diaCas9 gene, controlled by
the P. tricornutum LHCF2 promoter and LHCFI terminator,
aimed to boost Cas9 protein expression and functionality
within the organism, particularly for CRISPR/Cas9-mediated
gene editing. This study exemplifies the precision and
sophistication of advancing genetic engineering techniques in
marine algae research [44].

Several studies have demonstrated the feasibility of
CRISPR-Cas9-mediated gene editing in microalgae, resulting
in highly efficient targeted mutagenesis. Other studies have
shown that CRISPR-Cas9 can be used to modify microalgae
genes to improve their therapeutic protein production.
CRISPR-Cas9 technology can potentially revolutionize the
production of therapeutic proteins in microalgae. By targeting
specific genes, CRISPR-Cas9 can be used to engineer
microalgae strains that are more efficient at producing specific
therapeutic proteins. This could lead to the development of
new and innovative therapies for various diseases.

Challenges and Limitations

The utilization of CRISPR-Cas engineered microalgae for
enhanced protein production holds immense promise but is
beset with multifaceted challenges and limitations. Foremost
among these is the imperative need for precise and efficient
delivery of CRISPR-Cas components into microalgae cells.
Achieving this remains a formidable obstacle, as the intricate
cellular barriers of microalgae often impede the seamless
integration of foreign genetic material [45].

Furthermore, the prospect of off-target effects presents a
persistent and concerning issue. The remarkable power of
CRISPR-Cas9 is accompanied by a propensity for unintended
genetic modifications, potentially compromising the stability
and safety of engineered microalgae [46]. The integrity of the
microalgal genome is at stake, demanding meticulous scrutiny.
Environmental concerns raise significant doubts about this
technology. The inadvertent release of genetically modified
microalgae into the ecosystem poses an ecological puzzle,
warranting stringent containment strategies and risk
assessments. Sustaining optimal protein expression levels over
time is an ongoing puzzle, underscoring the need for robust
and stable production systems [47].

This necessitates a deep understanding of microalgal
genetics and metabolism, a terrain less explored compared to
other model organisms. Regulatory hurdles must not be
underestimated. Ensuring the safety and purity of therapeutic
proteins derived from CRISPR-Cas engineered microalgae
calls for rigorous scrutiny and harmonization of regulatory
frameworks [48].

Conclusions

CRISPR-engineered microalgae have emerged as a highly
promising platform for producing therapeutic proteins,
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revolutionizing biopharmaceutical manufacturing. Microalgae
offer many advantages as bioreactors, making them increasingly
attractive for protein production. Their rapid growth rate,
cost-effectiveness, scalability, photosynthetic efficiency, and
biosafety credentials make them stand out in the field. Recent
strides in applying CRISPR-Cas systems have empowered
scientists to precisely edit the genomes of diverse microalgal
species, enabling the expression of intricate and functional
proteins that were once challenging to produce in alternative
systems. Notably, this technology has paved the way for
producing recombinant antibodies, vaccines, enzymes,
hormones, and growth factors using microalgae as versatile
biofactories.

However, the journey toward making microalgae a
competitive and dependable source of biopharmaceuticals is not
without its challenges and limitations. Efforts must continue to
improve the efficiency and specificity of genome editing,
optimize protein expression and secretion, enhance protein
stability and quality, and ensure microalgal products' safety and
regulatory compliance. Additionally, further research is
essential to explore the diversity and functionality of microalgal
proteins and their interactions with human cells and tissues.
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