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Abstract: Phosphonates derivatives are compounds of interests and are applied as drugs of, e.g.,
antibacterial antiviral activities, connected with their inhibitory activity towards different enzymes,
which is related to the configuration of particular compound isomers. The biological synthesis of
such molecules is the method of choice and can be carried out using enzymes or whole cells from
organisms. Photobiocatalysts employed in the bioconversion of epoxymethyl dimethyl phosphonate
are able to convert this substrate into a pure geometric isomer of the unsaturated product, dimethyl
(1E)-3-hydroxyprop-1-enylphosphonate, which is a rare and expensive compound of high added
value. Six different strains were screened towards dimethyl epoxy phosphonate and in the case of
Synechococcus bigranulatus, over 99% conversion was achieved. The product structure was confirmed
with Mass Spectroscopy (MS); 1H, 13C, 31P, and 2D Nuclear Magnetic Resonance (NMR); and Infrared
Spectroscopy (IR).

Keywords: biotransformation; cyanobacteria; high value-added compounds; phosphonates;
photobiocatalysts

1. Introduction

Organophosphorus compounds, especially phosphonates, are significant in a wide
array of industrial, agricultural, and pharmaceutical applications due to their unique
chemical and biological activities. The stable carbon–phosphorus (C–P) bond in phospho-
nates imparts excellent resistance to both chemical hydrolysis and enzymatic degradation,
making these compounds highly valuable. This stability is important for improving bio-
logically active molecules, including enzyme inhibitors (by imitating the transition state
of phosphorylated intermediates), antimicrobial agents, and antiviral drugs [1]. The syn-
thesis and application of phosphonates in pharmaceuticals influence their ability to mimic
natural phosphate esters, thereby inhibiting a wide range of enzymes and initiating path-
ways for treating several ailments, including infectious diseases, cancer, and inflammatory
disorders [2–5].

Epoxymethyl dimethyl phosphonate (EMDP) represents a crucial intermediate in
organophosphorus chemistry as its unique structure, characterized by an epoxide group
and a phosphonate moiety, provides extensive reactivity and versatility in synthetic appli-
cations. The epoxide group is exceptionally remarkable for its nucleophilic ring-opening
reactions, while the phosphonate group contributes to the stability and bioactivity of the
resulting molecules [6]. EMDP can be exploited as a precursor in the synthesis of several
phosphonates, including hydroxyalkyl and vinyl phosphonates, which are fundamental in
the development of pharmaceuticals and agricultural chemicals [7–9]. The availability of
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the epoxide group in phosphonates can enhance the formation of new stereocenters, a fea-
ture that is vital for drug discovery and development [10]. Conventional chemical synthesis
of phosphonates from EMDP often requires harsh conditions, such as strong acids or bases,
elevated temperatures, and environmentally hazardous solvents. These conditions can lead
to undesired side reactions and low selectivity [11,12], prompting the current research for
greener, more feasible approaches. Hence, biocatalysis, which employs enzymes or whole-
cell systems, has emerged as a promising alternative to conventional chemical synthesis.
Biocatalysis renders the benefits of ecofriendly reaction conditions, higher selectivity, and
fewer by-products, aligning with the principles of green chemistry [13–15].

The final obtained product, dimethyl (1E)-3-hydroxyprop-1-enylphosphonate (DMHP),
synthesized from EMDP via photobiocatalytic processes, is a phosphonate of significant
interest due to its biological and pharmacological prospectives (Figure 1). The obtained
product is a precursor of dimethyl (1E)-3-oxoprop-1-enylphosphonate used in the synthe-
sis of β-lactams with antibacterial properties [16]. This compound presents a hydroxyl
group adjacent to an unsaturated carbon–phosphorus bond which is relatively stable and
resistant to hydrolysis, distinguishing it from more common carbon–oxygen–phosphorus
(C–O–P) bonds available in phosphates, making it a versatile intermediate for further
functionalization and drug development [17,18]. The structural properties of dimethyl
(1E)-3-hydroxyprop-1-enylphosphonate allow its application as a scaffold for designing
enzyme inhibitors and other biologically active molecules, particularly in antiviral and
anticancer research [3,5,19]. The availability of the hydroxyl group conveys the compound
with potential reactivity in condensation reactions, allowing for the formation of hydrogen
bonds, influencing its solubility and interaction with biological targets such as the active
sites of enzymes, potentially inhibiting key biological processes. For instance, it can act as
a transition-state analog in the inhibition of phosphatases or other enzymes that process
phosphate esters [20,21]. The presence of a double bond between the second and third
carbon atoms signals a degree of unsaturation, making the molecule more reactive in certain
types of chemical reactions, including addition and oxidation reactions. The phosphonate
group imparts several vital properties, including acidity (due to the presence of acidic
protons on the phosphonic acid moiety), coordination ability with metal ions, and potential
bioactivity due to its imitation of phosphate esters, which are common in biological systems.
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Applications of DMHP in pharmaceuticals, agrochemicals, and research and devel-
opment highlight its economic value. DMHP as a phosphonate derivative, could serve
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as a precursor or intermediate in producing bioactive compounds, especially for antiviral
and anticancer drugs. Its structure and configuration make it valuable in synthesizing
analogs of natural metabolites, contributing to the development of enzyme inhibitors and
potential therapeutic agents. It could also be useful in producing herbicides and pesticides,
improving crop yields and addressing food security challenges. DMHP’s potential role in
chemical synthesis makes it indispensable in creating novel compounds, and enhancing
advancements in biotechnology. Despite the high value of dimethyl (1E)-3-hydroxyprop-1-
enylphosphonate, its large-scale production utilizing standard chemical methods is quite
challenging. Problems associated with stereoselectivity and yield make it difficult to achieve
high purity and efficiency [22–24]. This challenge has drawn attention to biocatalysis as an
alternative production method.

Cyanobacteria are photosynthetic microbes that have received attention for their po-
tential in biotechnological applications as biocatalysts due to their ability to convert light
energy into biochemical processes. The strains investigated in this study include Synechococ-
cus bigranulatus, Nostoc cf-muscorum, Limnospira indica, Limnospira maxima, Leptolyngbya
foveolarum, and Nodularia moravica, and represent a diverse selection of cyanobacteria, each
with unique metabolic characteristics influencing their usefulness as photobiocatalysts.
Synechococcus species are well-known for their fast growth rates, effective photosynthetic
systems, and metabolic flexibility. Synechococcus bigranulatus demonstrated a high potential
for photobiocatalysis in this study [25]. This strain’s photocatalytic potential can be as-
cribed to its efficient light-harvesting competences and robust metabolic pathways, which
optimize energy transfer for enzymatic reactions and reinforce the transformation of several
substrates [26,27]. In addition, genetic engineering research has improved the photosyn-
thetic efficiency and biocatalytic capacities of Synechococcus strains, making them attractive
microorganisms for industrial applications [28,29]. Nostoc cf-muscorum is a filamentous
cyanobacterium known for its nitrogen-fixing abilities and flexibility under low light, nutri-
ent availability, and robust environmental adaptability [30]. The lower biocatalytic activity
observed in this study may result from its slower growth rates and reduced photosynthetic
efficiency under laboratory conditions [31,32]. Nostoc species often distribute significant
metabolic resources to nitrogen fixation, which may constrain their capacity for other bio-
catalytic processes [30]. Thus, Nostoc strains might be appropriately suited for applications
requiring stress tolerance and nitrogen fixation rather than high-rate chemical conversions.
Limnospira species, earlier classified under the Spirulina genus, are identified for their
high biomass productivity and adaptability. Both Limnospira indica and Limnospira maxima
achieved significant conversion rates as Synechococcus bigranulatus in this study. Their high
efficiency in photobiocatalysis is probably due to their effective photosynthetic machinery
and ability to grow well under diverse controlled intensities of light [33–36]. Limnospira
species are generally employed in industrial applications for biofuel production, nutraceu-
ticals, and high-value chemicals due to their photosynthetic efficiency and scalability [37].
Leptolyngbya foveolarum is a filamentous cyanobacterium identified for its resistance in
extreme environments, such as thermal springs and hypersaline conditions [38]. Although
less studied in the context of biocatalysis, Leptolyngbya species have demonstrated promise
in environmental applications, including the bioremediation of heavy metals and organic
pollutants [39,40]. In this study, Leptolyngbya foveolarum demonstrated efficient conversion
competence for EMDP, implying that its metabolic pathways assist organophosphorus
transformations, although at a lower rate compared to Synechococcus and Limnospira strains.
Future research could focus on optimizing reaction conditions and potentially engineering
Leptolyngbya strains to boost their photobiocatalytic performance [41,42]. Nodularia species
are primarily acknowledged for their nitrogen-fixing capacities and symbiotic relation-
ships with plants in nutrient-deficient environments [43,44]. Nodularia sp., a filamentous
strain, has been investigated for ecological applications, such as biofertilization and soil
conditioning [45,46]. In the context of biocatalysis, Nodularia sp. exhibited reasonable
conversion rates for EMDP, while not as efficient as Synechococcus strain or Limnospira
strains in photobiocatalytic processes, Nodularia’s unique metabolic attributes, including



Symmetry 2024, 16, 1676 4 of 12

nitrogen fixation and tolerance to low-nutrient environments, could make it valuable for
applications requiring multifunctional biocatalysis [47].

Comparative analysis of the cyanobacterial strains in this study features significant
variations in their competencies for the photobiocatalytic conversion of EMDP to dimethyl
(1E)-3-hydroxyprop-1-enylphosphonate. Synechococcus bigranulatus and Limnospira species
exhibited great conversion rates and limited side reactions, attributed to their efficient
photosynthetic systems and metabolic flexibility [48–53]. In contrast, Nostoc cf-muscorum,
Leptolyngbya foveolarum, and Nodularia sp. exhibited moderate conversion efficiencies,
possibly due to their metabolic focus on nitrogen fixation or resilience in extreme environ-
ments rather than high-rate biocatalysis of phosphonates [25,54–56]. In addition, previous
research emphasizes the capabilities of Leptolyngbya foveolarum, Nostoc cf-muscorum, and
Nodularia sp. as promising biocatalysts, particularly in the enantioselective synthesis of
chiral phosphonates [25]. Nodularia species in previous investigation demonstrated a
significant degree of conversion and optical purity in producing diethyl (S)-2-hydroxy-2-
phenylethylphosphonate, indicating its potential in biocatalysis despite metabolic adapta-
tions toward resilience in extreme conditions like nitrogen fixation [25]. Recent develop-
ments in synthetic biology and metabolic engineering can offer promising prospects for ad-
vancing the performance of cyanobacteria in biocatalytic applications, enabling the feasible
production of high-value products like dimethyl (1E)-3-hydroxyprop-1-enylphosphonate.
For instance, research has revealed that engineered Synechococcus elongatus can efficiently
produce C3 platform chemicals like glycerol, dihydroxyacetone, and 3-hydroxypropionic
acid, which serve as precursors for biofuels and biodegradable materials [57]. This integra-
tion has the potential to minimize carbon footprints while generating valuable chemicals
through photosynthesis [57–59]. In another development, the integration of Green Chem-
istry Technologies (such as cyanobacterial systems) with other sustainable technologies,
such as enzyme immobilization or continuous flow reactors will further advance process
efficiency and scalability of high-value organophosphorus compounds in a sustainable
means [59–62].

This study aims to harness photobiocatalytic processes to facilitate the complete
conversion of epoxymethyl dimethyl phosphonate into dimethyl (1E)-3-hydroxyprop-
1-enylphosphonate. This is a rare compound with remarkable value due to its unique
chemical structure and versatile potential in advanced pharmaceutical, agricultural, and
industrial applications. By exploiting this innovative technique, future research could
significantly advance the green synthesis of valuable phosphonates.

2. Materials and Methods

The organic substrate employed in the photobiocatalysis technique was epoxymethyl
dimethyl phosphonate, sourced from SPECIFIC POLYMERS (Castries, France). Growth me-
dia components were purchased from Sigma Aldrich (St. Louis, MI, USA), Chempur
(
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skie, Poland), Avantor Performance Materials (Gliwice, Poland). The biomass of
cyanobacterial strains and their growth media used include Synechococcus bigranulatus—
CCALA 187 (BG-11 medium), Nostoc cf-muscorum—CCALA 129 (BG-10 medium), Lim-
nospira indica—PCC 8005 (Spirulina medium), Limnospira maxima—CCALA 27 (Spirulina
medium) Leptolyngbya foveolarum—CCALA 76 (BG-11 medium), and Nodularia moravica—
CCALA 114 (BG-11 medium). These strains were obtained from the Culture Collection of
Autotrophic Organisms (CCALA) at the Institute of Botany, Czech Academy of Sciences.
The analytical instruments used include Mass Spectrometry (MS), Infrared Spectroscopy
(IR), High-Performance Liquid Chromatography (HPLC), and Nuclear Magnetic Reso-
nance (NMR). NMR spectra were measured on a Bruker Avance™ 600 (Billerica, MA, USA)
at 600.58 MHz for 1H and 243.12 MHz for 31P or on a Jeol ECZ 400 S (Tokyo, Japan) at
161.92 MHz for 31P. Chemical shifts (δ) were reported in ppm and coupling constants (J)
were given in Hz. MS spectra were obtained using high-resolution mass spectrometer with
analyzer time-of-flight (TOFMS) from Waters LCT PremierTM XE (Milford, MA, USA).
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Growth media were prepared according to standard laboratory protocols [63]. Each
strain was inoculated into separate 250 mL Erlenmeyer flasks containing 100 mL of the
appropriate growth medium. The growth of the strains was monitored under a controlled
photobioreactor (growth chamber) conditions: continuous illumination at 15–22 µmol
photons/m2/s (Power Glo fluorescent bulb, 30W, Hagen, QC, Canada) at 29 ◦C ± 1 ◦C
under sterile conditions for 21 days. The photobiocatalytic reaction was initiated by adding
15 µL (16.6 mg) of epoxymethyl dimethyl phosphonate to each 100 mL cyanobacterial
biomass solution, followed by gentle mixing to achieve a uniform substrate concentration
of 1 mM. The cultures were then maintained under consistent photobioreactor conditions
for 1 to 7 days to optimize conversion rates. Each experiment was conducted in triplicate.
After biotransformation, the reaction mixture from each strain was centrifuged at 4000 rpm
for 10 min, and the supernatant was collected. The supernatant was subjected to extraction
twice using 50 mL of ethyl acetate. The organic layer was dried over anhydrous MgSO4 for
24 h, and then filtered. The ethyl acetate was evaporated under reduced pressure using
a rotary evaporator at 60 ◦C. The resulting oil residue (product) was purified using High
Pressure Preparative Liquid Chromatography System (Teledyne ISCO ACCQPrep HP125,
Lincoln, NE, USA) with reversed phase column RediSep Prep C18, 5 µm, 250 mm (Teledyne
ISCO, Lincoln, NE, USA). General procedure of purification using HPLC: 10 min of isocratic
flow of 10% of acetonitrile in water, 5 min of 15% of acetonitrile in water, 5 min from 15 to
30% of acetonitrile in water, 10 min of isocratic flow of 30% of acetonitrile in water; flow
5 mL/min, Rf1 = 23 min. The obtained products were analyzed by Mass Spectroscopy
(MS), Infrared Spectroscopy (IR), Nuclear Magnetic Resonance Spectroscopy (NMR)—MS
(TOF MS ES+) Calcd for C5H11O4P [M + H]+ 167.0473; found: 167.0481; IR: 3362 (OH),
1638 (CH=CH) cm−1; 31P NMR (CDCl3, δ, ppm): 22.64; 1H NMR (CDCl3, δ, ppm): 3.69 (d,
J = 11 Hz, 6H, 2×P(O)OCH3), 4.26–4.31 (m, 2H, CH2OH), 5.96 (ddt, J = 2, 17, 21 Hz, 1H,
P-CH=CH), 6.86 (ddt, J = 3, 17, 23 Hz, 1H, P-CH=CH); 13C NMR (CDCl3, δ, ppm): 52.58 (d,
J = 6 Hz, 1C, POCH3), 62.36 (d, J = 22 Hz, 1C, HOCH2CH=CH), 113.22 (d, J = 191 Hz, 1C,
P-CH=CH), 153.69 (d, J = 5 Hz, 1C, P-CH=CH) [64].

The assignment of signals on 1H and 13C NMR were further confirmed by 1-1H
COSY, 1H-13C HMQC, and 1H-13C HMBC spectra. The product was also synthesized by a
chemical method [63]: sodium methoxide in methanol (0.1 equiv) was added dropwise to
epoxymethyl dimethyl phosphonate (3.01 mmol; 500 mg) at 0 ◦C under stirring. After the
addition, the reaction was stirred for 1 h at room temperature. Then, 2.00 g of Dowex 50W-
X8 (H+) resin (200–400 mesh) (Sigma-Aldrich, St. Louis, MO, USA), previously washed with
methanol, was added and the mixture was stirred for 15 min. Afterwards, the resin was
filtered off, washed with methanol, and the combined filtrate was evaporated to dryness
to give the crude product (490 mg). After synthesis, the products were purified using
Flash Chromatography System: Combi Flash® Rf 150 (Teledyne ISCO, Lincoln, NE, USA)
and reversed phase column PuriFlash C18-HP, 15 µm, 25 g (Teledyne ISCO, Lincoln, NE,
USA). The general procedure of purification included isocratic flow of pure water, flow
10 mL/min, Rf = 2.5 min. The product was analyzed by NMR, the assignment of signals
on 1H and 13C NMR were further confirmed by 1-1H COSY, 1H-13C HMQC, and 1H-13C
HMBC spectra. The spectroscopic characterization was in agreement with the data reported
earlier in the literature [64]. This synthetic approach allowed the obtainment of the desired
product in 81.4% yield with 85% purity.

3. Results

Bioconversion results were thoroughly analyzed using Mass Spectroscopy (MS); 1H,
13C, 31P and 2D Nuclear Magnetic Resonance (NMR); and Infrared Spectroscopy (IR).
Figure 2 highlights key findings from the 31P NMR and IR analyses.
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Figure 2. Spectral analysis of the bioconversion process: (a) 31P NMR spectrum of the substrate,
epoxymethyl dimethyl phosphonate; (b) 31P NMR spectrum of the fully converted product, dimethyl
(1E)-3-hydroxyprop-1-enylphosphonate; (c) 31P NMR spectrum depicting partial substrate conversion;
(d) IR spectrum of the fully converted bioconversion product.

3.1. Comparative Bioconversion Rates of Cyanobacterial Strains

Figure 3 shows the comparative bioconversion efficiency of six cyanobacterial strains—
Synechococcus bigranulatus, Nostoc cf-muscorum, Limnospira indica, Limnospira maxima, Lep-
tolyngbya foveolarum, and Nodularia moravica—in the conversion of epoxymethyl dimethyl
phosphonate (EMDP) into dimethyl (1E)-3-hydroxyprop-1-enylphosphonate. The figure
reveals a time-dependent increase in bioconversion across all strains, with conversion
degrees evaluated at intervals up to 7 days. The data indicate that Limnospira strains
(Limnospira indica and Limnospira maxima) and Synechococcus bigranulatus all achieved the
highest conversion efficiency, 99% after 3 days, and maintained this efficiency through
subsequent days. However, Limnospira strains demonstrated rapid bioconversion rates,
achieving 99% after 24 h and sustaining these levels. The high efficiency of these strains
suggests a robust capability for photobiocatalysis, likely facilitated by their optimized
photosynthetic pathways and compatibility with the experimental light conditions used.

In contrast, Leptolyngbya foveolarum and Nodularia moravica exhibited slower conversion
rates, achieving 96% and 75% bioconversion, respectively, by day 7. Nostoc cf-muscorum
showed the least conversion, with only 14% bioconversion by day 7, which may be at-
tributed to inherent metabolic or structural limitations within this strain that affect substrate
uptake or enzyme activity relevant to the transformation of EMDP. This variance among
strains underscores the importance of strain-specific metabolic features in determining
bioconversion efficiency.
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3.2. Spectral Characterization of Biotransformation

Thorough spectral characterization of the bioconversion process, using both 31P NMR
and IR spectroscopy is presented in Figure 2. The spectral data provides insight into the
structural changes occurring as EMDP is transformed into dimethyl (1E)-3-hydroxyprop-
1-enylphosphonate. Figure 2a presents the 31P NMR spectrum of the initial substrate,
EMDP, with typical peaks that align with the characteristic phosphonate spectral signatures.
Figure 2b displays the 31P NMR spectrum following complete bioconversion to the target
product. Here, notable shifts in the 31P signal indicate successful transformation, corre-
sponding to structural alterations involving the formation of an unsaturated C=C bond and
the introduction of a hydroxyl group. Figure 2c shows the spectrum of a partially converted
sample, where residual substrate peaks are visible alongside product signals, providing
an intermediate perspective on the bioconversion process. This spectrum illustrates the
sequential conversion stages and is useful in understanding the kinetics of the reaction.
Figure 2d presents the IR spectrum of the fully converted product, indicating key vibra-
tional modes that confirm the presence of both a hydroxyl group and an unsaturated C=C
bond in the final product structure. The presence of these functional groups aligns with the
proposed structure of dimethyl (1E)-3-hydroxyprop-1-enylphosphonate and corroborates
findings from the NMR spectra [65–67]. Therefore, the data presented in Figure 2 con-
firms the structural integrity and reliability of the bioconversion process, with the spectral
signatures validating the transition from EMDP to the targeted high-value-added phospho-
nate product. These results provide a fundamental understanding of how cyanobacterial
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systems can be harnessed for efficient biocatalytic transformation of organophosphorus
compounds, with each spectral shift marking a critical step in the pathway.

4. Discussion

The research’s findings highlight the effectiveness of cyanobacterial strains as biocata-
lysts in transforming epoxymethyl dimethyl phosphonate into dimethyl (1E)-3-hydroxyprop-
1-enylphosphonate (Figure 2a–d). Among the six strains tested, Synechococcus bigranulatus
and Limnospira strains achieved an exceptional conversion rate (Figure 3). This exceptional
performance emphasizes the metabolic adaptability and photosynthetic competence of
these strains, predominantly their capability to harvest light energy and optimize energy
transfer for biotransformation processes. The performance of Synechococcus aligns with pre-
vious research which demonstrated that Synechococcus photoautotrophic abilities, coupled
with genetic engineering, improve the synthesis of high-value-added biochemicals under
controlled light conditions [68]. For example, engineered Synechococcus elongatus strains
have been advanced for the effective generation of high-value compounds like succinic
acid, highlighting the potential of Synechococcus in scalable chemical production [68,69].
Limnospira strains which were formerly classified under Spirulina have shown promise in
renewable energy applications, including their contribution to bioethanol and biodiesel pro-
duction [70–72]. The strong photosynthetic machinery and adaptability of Limnospira strains
to diverse light intensities make them highly suitable for biocatalytic applications [73]. In
addition, the high biomass productivity of Limnospira sp makes them cost-effective options
for industrial-scale production and their applicability in photobiocatalysis [25].

Other strains such as Leptolyngbya foveolarum and Nodularia moravica exhibited moder-
ate conversion efficiencies while Nostoc cf-muscorum exhibited the least conversion efficiency.
Although previous investigation demonstrated that these strains show potential in enan-
tioselective synthesis of chiral phosphonates [25,61,74]; however, their performance in this
study was limited, possibly due to their slower growth rates and metabolic path toward
nitrogen fixation. Nostoc species, for example, direct significant metabolic resources to-
wards nitrogen fixation, that may constrain high-rate biocatalysis for phosphonates [25].
Previous studies have also highlighted Nostoc’s applications in nutrient-deficient environ-
ments where nitrogen fixation is prioritized over other metabolic functions [75,76]. Hence,
while these strains may be less efficient for EMDP conversion, they could serve specialized
roles in environments that require multifunctional biocatalysis or bioremediation [76–78].
Cyanobacterial species, like Nostoc and Nodularia, can synthesize chiral hydroxyphospho-
nates via enantioselective bioreduction, suggesting further investigation of these strains for
diverse chiral synthesis applications [49].

Prospective research efforts could focus on advancing genetic engineering techniques
to improve biocatalytic efficacy across various cyanobacterial strains. For instance, offering
metabolic pathways for advanced phosphonate synthesis in strains such as Leptolyngbya and
Nodularia could increase their applicability. In addressing challenges faced by conventional
chemical synthesis of phosphonates in terms of selectivity and environmental impact,
incorporating these cyanobacterial systems with green chemistry practices, like enzyme
immobilization or continuous flow reactors, could significantly boost process scalability
and efficiency in eco-friendly production of high-value-added phosphonates [79–82].

5. Conclusions

This research presents a pioneering exploration of cyanobacteria as biocatalysts for the
eco-efficient transformation of epoxymethyl dimethyl phosphonate into the valuable prod-
uct dimethyl (1E)-3-hydroxyprop-1-enylphosphonate. Notably, Synechococcus bigranulatus
and Limnospira strains emerged as highly effective agents, demonstrating the potential of
cyanobacteria to revolutionize biocatalysis through natural photosynthetic mechanisms.
These findings highlight a feasible approach to chemical production, with significant
implications for the pharmaceutical and agricultural industries. The scalability and cost-
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effectiveness of cyanobacteria underscore their promise for industrial applications, offering
an environmentally friendly alternative to traditional synthetic methods.

Future research should prioritize advanced genetic and metabolic engineering strate-
gies to further enhance biocatalytic efficiency and expand the utility of cyanobacteria
in complex synthetic pathways, including chiral phosphonate production. This innova-
tive pathway could establish a greener, more resourceful framework for the synthesis
of valuable compounds, positioning cyanobacteria as integral to the future of feasible
biochemical products.
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