‘:. .l"” . . 5 -
oY International Journal of Life Science Research Archive

&5 s
= ISSN: 0799-6640 (Online)
SCIENTIFIC Journal homepage: https://sciresjournals.com/ijlsra/

RESEARCH ARCHIVES

(REVIEW ARTICLE) W) Check for updates

Polyphosphates: Essential bioenergetic reservoirs and their role as critical nutrient
depleters in biological systems

Kelvin E Vulla 1%, Beatrice Francis 2, Richard S Komba 2 and Zabron Janes 2

1 Department of Food Biotechnology and Nutritional Sciences, The Nelson Mandela African Institution of Science and
Technology (NM-AIST), P.O. Box 447, Arusha, Tanzania.

2Department of Global Health and Biomedical Sciences, The Nelson Mandela African Institution of Science and Technology
(NM-AIST), P.O. Box 447, Arusha, Tanzania.

International Journal of Life Science Research Archive, 2025, 08(01), 019-032
Publication history: Received on 23 December 2024; revised on 02 February 2025; accepted on 05 February 2025

Article DOI: https://doi.org/10.53771 /ijlsra.2025.8.1.0024

Abstract

Polyphosphates are linear polymers of inorganic phosphate that play a pivotal role in cellular bioenergetics and
metabolism across a wide range of organisms. This review article explores the multifaceted functions of polyphosphates
as essential bioenergetic reservoirs, highlighting their ability to store and release energy, thereby facilitating various
biochemical processes. We discuss the synthesis and degradation pathways of polyphosphates, their influence on ATP
metabolism, and their regulatory roles in cellular signaling and stress responses. Additionally, we examine how
polyphosphates act as critical nutrient depleters in biological systems, impacting phosphate homeostasis. The interplay
between polyphosphate metabolism and nutrient availability is scrutinized, with implications for microbial ecology,
agricultural practices, and biotechnological applications. By integrating current research findings, this review
emphasizes the significance of polyphosphates not only as energy reservoirs but also as key players in nutrient cycling
and environmental sustainability, underscoring their importance in both basic and applied biological sciences.
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1 Introduction

Polyphosphates are linear polymers composed of multiple phosphate residues, playing pivotal roles in a myriad of
biological processes (Achbergerova & Nahdlka, 2011). As essential bioenergetic reservoirs, polyphosphates not only
serve as a primary energy source but also function as critical signaling molecules that influence cellular metabolism,
growth, and differentiation (Rao et al., 2009; Achbergerova & Nahalka, 2011). Their unique structural properties enable
them to store energy in a readily mobilizable form during periods of heightened metabolic demand, making them
indispensable across a wide range of organisms, from prokaryotes to eukaryotes.

The structure of polyphosphate, as described by Achbergerova and Nahdlka (2011) and illustrated in Figure 1, is
characterized by a linear arrangement of phosphate groups linked by high-energy phosphoanhydride bonds. This
polymeric form of inorganic phosphate exhibits notable biochemical versatility, playing crucial roles in various cellular
processes, including energy metabolism, signaling pathways, and the regulation of enzymatic activity. The distinct
structural features of polyphosphate not only contribute to its functional diversity within biological systems but also
underscore its significance in microbiology and biotechnology.
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Figure 1 The structure of polyphosphate

The presence of phosphate compounds in biological materials has been documented since the 19th century, primarily
through investigations into cellular biochemistry and the identification of ATP (adenosine triphosphate) as a key energy
carrier (Walsh, 2020; Pasek & Kee, 2011). In the mid-20th century, researchers began to gain a deeper understanding
of the significance of polyphosphate. While ATP and its derivatives were thoroughly studied, polyphosphates received
comparatively less attention in the early stages. A pivotal moment in this field was the successful isolation and
characterization of polyphosphates in microorganisms, marking a significant advancement in our comprehension of
phosphate biology.

The 20th century witnessed significant advancements in chromatographic techniques, spectroscopy, and molecular
biology methods, enabling scientists to accurately identify and investigate polyphosphate molecules. High-performance
liquid chromatography (HPLC) and nuclear magnetic resonance (NMR) emerged as essential tools for elucidating the
structure and function of these biomolecules within cells (Mopper et al.,, 2007; Seger et al.,, 2013). In addition, the
development of genetic engineering and molecular biology techniques has allowed researchers to manipulate
polyphosphate metabolism across various organisms. This progress has facilitated in-depth studies on the specific roles
of polyphosphates in diverse biological contexts, including stress responses, biofilm formation, and metabolic
regulation (Gray & Jakob, 2015; Downey, 2019; Bhalla et al., 2022).

Polyphosphates are vital components of cellular metabolism, serving as key molecular entities in a wide array of
biochemical processes. These versatile polymers of phosphate function not only as energy reservoirs and phosphate
donors but also play essential roles in regulatory and signaling pathways that modulate enzyme activity and metabolic
pathways. Their involvement in critical cellular functions such as energy production, stress responses, and ion transport
regulation underscores their importance in maintaining cellular homeostasis and viability. Recent studies indicate that
polyphosphates hold promising therapeutic potential (Chaubal et al., 2003; Chen et al., 2023; Kulakovskaya et al., 2012;
Schepler et al,, 2021), positioning them as significant subjects for investigation in enhancing our understanding of
cellular functions and developing innovative treatment strategies for various diseases. Thus, a deeper exploration of
polyphosphates is likely to yield valuable insights into the intricate networks of cellular metabolism and their
implications for health and disease.

This review reflects the growing recognition of polyphosphates in cellular functions, their ecological interactions, and
their potential applications in health and industry. As research on polyphosphates continues to advance, it reveals
intricate details regarding the complexity and significance of these molecules in the biological realm, further
establishing their role as essential components in the overarching landscape of cellular biochemistry. Thus,
polyphosphate research not only enhances our understanding of fundamental biological mechanisms but also opens
avenues for potential biotechnological and therapeutic innovations.

2 Types of Polyphosphates

Polyphosphates can be classified into two main types: short-chain polyphosphates and long-chain polyphosphates. They
differ significantly in their structure, solubility, and applications.

2.1  Short-Chain Polyphosphates

Short-chain polyphosphates consist of a limited number of phosphate groups, typically ranging from two to about ten
units. Common examples include diphosphate (pyrophosphate, PPi) and triphosphate (ATP). Their structure involves a
backbone of phosphate groups linked by oxygen atoms, which can exist in either linear or cyclic forms depending on
the number of units. These polyphosphate chains are highly soluble in water. This solubility facilitates their role in
biological processes, particularly in energy transfer and storage (Bonora et al., 2012). They serve critical functions in
biochemistry, such as energy metabolism, nucleotide synthesis, and as signaling molecules. For instance, ATP is the
primary energy currency in cells, participating in a variety of biochemical reactions (Ackerman & Tzagoloff, 2005).
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Moreover, short-chain polyphosphates tend to undergo hydrolysis more readily than long-chain variants, releasing
inorganic phosphate that can be reused in metabolic processes.

2.2  Long-Chain Polyphosphates

Long-chain polyphosphates consist of more than ten phosphate units, often extending into hundreds or thousands of
phosphates. They can form branched or linear structures and may be synthesized through various chemical processes.
Their molecular weight can vary significantly, influencing their physical and chemical properties. Long-chain
polyphosphates are generally less soluble than short-chain polyphosphates and can form gel-like structures when
concentrated. This property makes them useful in applications where thickening or gelling agents are needed (Franco
et al,, 2020). They are utilized in a range of applications, including fertilizers, food additives, water treatment, and
detergents. In agriculture, they enhance nutrient retention in soil (Guelfi et al., 2022). Long-chain polyphosphates can
be utilized as an energy source by various microorganisms in wastewater treatment processes, aiding in the removal of
contaminants (Zhang et al., 2023). In biochemical contexts, long-chain polyphosphates can provide structural integrity
to polysaccharides and enhance the functionality of certain enzymes and proteins (Azevedo & Reis, 2005).

3 Physicochemical Properties that Facilitate Polyphosphates Roles in Bioenergetics

Polyphosphates are linear or cyclic polymers of inorganic phosphate that play significant roles in bioenergetics,
particularly in cellular energy storage and transfer processes. The following are physicochemical properties that
facilitate their roles:

e High energy density. Polyphosphates, particularly long-chain polyphosphates, possess a high energy density
due to the high-energy phosphoanhydride bonds that can be hydrolyzed to release energy (Pasek, 2019; Miiller
et al,, 2019; Fontecilla-Camps, 2022). This property is crucial in energy metabolism as it provides readily
accessible energy for various biochemical reactions.

e Hydrophilicity. The presence of multiple phosphate groups gives polyphosphates a hydrophilic nature, making
them soluble in aqueous environments (Omelon & Grynpas, 2008). This solubility is essential for their
mobilization and interaction with enzymes and other biomolecules in the cell.

e Polyanionic character. Polyphosphates are highly negatively charged due to the ionization of their phosphate
groups. This polyanionic character allows them to participate in electrostatic interactions with positively
charged biomolecules, such as proteins and metal ions, facilitating various metabolic processes (Cini & Ball,
2014; Semenyuk & Muronetz, 2019).

e Reactivity and versatility. According to Achbergerova & Nahalka (2011), polyphosphates can undergo various
hydrolytic and phosphorylation reactions making them versatile in their biochemical functions. They can serve
as donors for phosphate groups in phosphorylation reactions, which are crucial in multiple signaling pathways.

e Structural role. Polyphosphates can also contribute to the regulation of enzyme activities and the stabilization
of protein structures (Albi & Serrano, 2016), possibly by functioning as structural scaffolds or as components
of larger biological complexes.

e Biological compatibility. Polyphosphates are naturally occurring in many organisms and exhibit low toxicity,
which makes them compatible with biological systems (Azevedo & Saiardi, 2017; Bowle et al., 2010;
Desfougeéres et al., 2020; Borghi & Saiardi, 2023)). Their incorporation into cellular processes allows them to
function without disrupting normal cellular functions.

3.1 Mechanisms of polyphosphate synthesis and degradation

Polyphosphate synthesis is primarily facilitated by enzymes known as polyphosphate kinases (PPKs), as illustrated in
Figure 2. These enzymes catalyze the transfer of phosphate groups from ATP or other nucleoside triphosphates to the
growing polyphosphate chains. In addition to PPKs, other kinases utilizing varied substrates also contribute to
polyphosphate synthesis, highlighting the complexity and diversity of biochemical pathways involved in polyphosphate
accumulation. The regulation of polyphosphate synthesis is intricately controlled by a variety of environmental and
cellular signals, underscoring its significance in physiological adaptations and responses to stress (Riemer et al., 2022).

On the other hand, polyphosphate degradation is mediated by an array of enzyme systems, chiefly polyphosphatases
and exopolyphosphatases, which degrade polyphosphate chains into shorter oligomers or release free inorganic
phosphate. This hydrolytic process is crucial for the turnover of phosphate reserves and plays a key role in cellular
signaling. The delicate equilibrium between synthesis and degradation is essential; dysregulation can lead to metabolic
disorders and disrupt cellular homeostasis (Di Domenico & Lanzillotta, 2022). Furthermore, ongoing research is
revealing additional roles of polyphosphates in modulating microbial physiology and influencing pathogenicity,
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indicating their importance beyond mere energy storage and as a source of phosphate. The mechanistic insights into
both synthetic and degrading pathways offer promising avenues for targeted therapeutic strategies aimed at diseases
linked to polyphosphate dysregulation (Travers, 2015).
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Figure 2 Schematic illustration of seven enzymes involved in polyphosphate synthesis (Wang et al., 2018). PPK1
represents the synthesis enzyme for polyP metabolism while other six enzymes, PPK2, PAP, SurE, GPPA, NadK, and
PPGK, have preferences for polyP degradation although the reactions are reversible. Synthesis pathway is linked to

red oval while degradation pathways have linkages with blue oval

3.2 Role of polyphosphates as energy reserves and their interaction with ATP

Polyphosphates (polyPs) are linear chains of inorganic phosphates (Pi) that play significant roles in various cellular
processes, and are considered important intracellular energy reserves and have been shown to interact in various ways
with adenosine triphosphate (ATP), the primary energy currency of the cell.

Polyphosphates serve as important energy reserves by storing energy in the form of phosphoanhydride bonds. When
these bonds are hydrolyzed, they release inorganic phosphate and energy that can be utilized by the cell, particularly in
conditions where ATP levels are low or during periods of cellular stress (Miiller et al., 2019). In biochemical reactions,
the hydrolysis of polyphosphates also releases energy that can drive various metabolic processes. For instance, they act
as substrates for the phosphorylation of proteins and other biomolecules, thereby playing a critical role in signaling
pathways and metabolic regulation (Cleland & Hengge, 2006). Additionally, in certain organisms, including bacteria and
yeast, polyphosphates can enhance ATP utilization during times of high-energy demand. They facilitate the regeneration
of ATP from ADP, thereby helping to sustain cellular energy levels (Sanz-Luque et al., 2020; Miiller et al., 2019; Keasling
etal,, 2000; Kulaev et al.,, 1999).

The interaction between ATP and polyphosphates (polyPs) plays a crucial role in cellular metabolism due to their
competitive binding to various enzymes, which can significantly affect metabolic processes. Elevated levels of polyPs
can lead to a decrease in ATP availability, subsequently impairing essential cellular functions (McIntyre & Solesio, 2021;
Solesio et al., 2021). Notably, certain enzymes that hydrolyze ATP can also utilize polyPs as substrates, allowing polyPs
to modulate ATP availability by engaging in the same metabolic pathways. Furthermore, under specific conditions,
polyphosphates may facilitate ATP synthesis through the action of polyphosphate-ATP kinases found in certain
organisms (Sanz-Luque et al., 2020). This interplay between ATP and polyPs extends to cellular signaling pathways,
where the relative levels of ATP and polyPs can influence various signaling cascades, thereby reflecting the cellular
energy status and responding to environmental conditions (Borden et al., 2020).

3.3 Comparison of polyphosphate functions across different organisms

Polyphosphate (polyP) is a linear polymer composed of phosphate residues linked by alternating phosphoanhydride
bonds. It plays a critical role in various biological processes across different organisms, including bacteria, fungi, plants,
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and animals. The functions of polyP can vary significantly depending on the organism and context, though some
common roles can be highlighted.

3.3.1 Bacteria

In bacteria, polyphosphate (polyP) plays a crucial role in several essential functions, including energy storage.
Polyphosphates serve as an energy reserve; when hydrolyzed, they release energy that can be harnessed for cellular
metabolism (Morya et al., 2021). Additionally, polyP functions as a cofactor or regulator for various enzymes, thereby
influencing metabolic pathways and physiological responses (Aceto et al., 2020). Furthermore, in response to
environmental stresses such as nutrient deprivation, bacteria synthesize and accumulate polyP, which aids in their
survival and adaptation (Foster, 2007).

3.3.2  Fungi

Fungi also utilize polyphosphate (polyP), although its functions in these organisms differ significantly from those
observed in bacteria. One key role of polyP in fungi is in cellular signaling; it has been shown to be involved in various
signaling pathways that influence gene expression and promote cell growth (Shin et al., 2016; Chiarella et al., 2020).
Additionally, fungi use polyphosphate to sequester metal ions, which is essential for nutrient uptake and maintaining
metal homeostasis within the cell (Albi & Serrano, 2016).

3.3.3  Plants

In plants, polyphosphate (polyP) plays multifaceted roles, including energy conservation and phosphate storage, similar
to its functions in bacteria, particularly during stress conditions ((Lorenzo-Orts et al, 2020; Khan et al, 2023).
Additionally, polyP is believed to be involved in cell signaling processes that regulate stomatal movement and other
physiological responses (Seufferheld & Curzi, 2010). Furthermore, polyP influences root architecture and biochemistry,
thereby supporting nutrient acquisition from the soil (Khan et al., 2023).

3.3.4 Animals

Polyphosphate (polyP) plays a significant role in various physiological processes in animals. In mammals, it is crucial
for coagulation and hemostasis, acting as a procoagulant that facilitates platelet activation (Morrissey & Smith, 2015).
Additionally, polyP is implicated in a range of cellular signaling pathways that influence cell proliferation and survival
(Mutch, 2016). Furthermore, it may also contribute to bone mineralization processes, a process which is important in
maintaining skeletal health (Morrissey & Smith, 2015).

3.4 Role of polyphosphates in signaling pathways and cellular responses

Polyphosphates play a crucial role in various signaling pathways and cellular responses across different organisms.
These molecules serve as versatile signaling molecules that can modulate a range of biological processes, including cell
growth, differentiation, and stress responses. In bacteria, for instance, polyphosphates are involved in the regulation of
metabolic pathways and can act as a reservoir of inorganic phosphate, which is essential for ATP production and other
cellular functions (Sanz-Luque et al, 2020). In eukaryotic cells, polyphosphates have been shown to influence
intracellular signaling by interacting with proteins and influencing their activity. For example, polyphosphates can bind
to kinases and phosphatases, thereby modulating phosphorylation states of target proteins, which is a critical
mechanism in signal transduction (Kritmetapak & Kumar, 2021). Additionally, polyphosphates are implicated in the
regulation of apoptosis and cell survival, as they can activate or inhibit key signaling pathways that determine cell fate
(Brown & Kornberg, 2008). Recent studies have also highlighted their role in immune responses, where they can act as
signaling molecules that modulate the activity of immune cells (Kus et al., 2022; Suess, 2022).

3.5 Interaction of polyphosphates with proteins and enzymes
Polyphosphates interact with proteins and enzymes, particularly kinases and phosphatases. The interaction can be
discussed as follow;

3.5.1 Interaction with Kinases

Kinases are enzymes that catalyze the transfer of phosphate groups from high-energy donor molecules like ATP to
specific substrates, typically proteins, thereby modulating their activity. Polyphosphates can enhance the activity of
certain kinases by providing additional phosphate groups that serve as substrates or allosteric activators. In some cases,
polyphosphates can stabilize the active conformation of kinases, facilitating their interaction with target proteins. This
interaction can be critical in cellular signaling pathways where rapid phosphorylation is necessary for responding to
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external stimuli. Furthermore, polyphosphates can influence the specificity of kinases by altering their substrate
recognition, potentially leading to different downstream effects depending on the polyphosphate chain length and
structure.

3.5.2  Interaction with Phosphatases

On the other hand, phosphatases are enzymes that remove phosphate groups from proteins, effectively reversing the
action of kinases. The interaction between polyphosphates and phosphatases can be complex. In some cases,
polyphosphates may inhibit phosphatase activity by binding to the enzyme and preventing it from interacting with its
substrate. This inhibition can lead to an accumulation of phosphorylated proteins, thereby amplifying signaling
pathways that are dependent on phosphorylation states. Conversely, polyphosphates can also serve as substrates for
certain phosphatases, further diversifying their roles in cellular signaling. The dynamic balance between kinases and
phosphatases, influenced by polyphosphate interactions, is essential for maintaining cellular homeostasis and
responding to environmental changes.

3.5.3  Regulatory Mechanisms

The regulatory mechanisms involving polyphosphates are multifaceted. The structure and length of polyphosphate
chains can dictate their interaction with specific proteins and enzymes. For instance, shorter chains may preferentially
interact with certain kinases, while longer chains may engage with phosphatases. This specificity can affect downstream
signaling outcomes. Additionally, polyphosphate levels within the cell can fluctuate in response to metabolic changes,
further modulating the activity of kinases and phosphatases. This intricate interplay suggests that polyphosphates act
not merely as passive substrates but as active regulators of enzymatic activity, influencing various signaling cascades
that govern cellular behavior.

3.54  Biological Implications

The implications of polyphosphate interactions with proteins and enzymes are significant in various biological contexts.
For example, in the context of cancer, dysregulation of kinase and phosphatase activities can lead to uncontrolled cell
growth. Understanding how polyphosphates influence these enzymes could provide insights into novel therapeutic
approaches. Additionally, in microbial systems, polyphosphates are involved in stress responses, energy conservation,
and biofilm formation. Their role in these processes underlines the evolutionary importance of polyphosphate
interactions in both prokaryotic and eukaryotic organisms.

4 The role of polyphosphate in stress response and adaptation

Under stress conditions such as nutrient deprivation, oxidative stress, or extreme temperatures, cells mobilize polyP as
a signaling molecule and energy reservoir. One of the primary functions of polyP is to modulate cellular processes,
including the regulation of enzyme activities and the stabilization of proteins and nucleic acids. This adaptability is
particularly vital for survival in fluctuating environments.

In bacteria, for instance, polyP accumulation is often observed during periods of phosphate starvation, allowing cells to
store energy and maintain metabolic functions despite limited resources. PolyP also acts as a buffer against oxidative
stress by scavenging reactive oxygen species, thereby protecting cellular components from damage. Furthermore, polyP
influences the activation of stress-responsive pathways, such as the stringent response, which helps cells adapt to
nutrient scarcity by altering gene expression and metabolic activities. In eukaryotic cells, polyP is involved in signaling
cascades that promote cell survival and repair mechanisms in response to stress. Overall, polyphosphate serves as a
multifunctional molecule that enhances cellular resilience, enabling organisms to adapt and thrive in challenging
environmental conditions.

4.1 How polyphosphates depletes critical nutrients in biological systems

Polyphosphates can influence nutrient dynamics in biological systems, particularly in aquatic environments and soil
ecosystems. The detailed explanation of how polyphosphates can deplete critical nutrients like phosphorus and
nitrogen is explained as follow:

4.1.1  Nutrient Locking

Polyphosphates can bind to free phosphorus in the environment, forming complexes that are less bioavailable to
organisms (Wang et al., 2019; Li et al., 2019). This "locking" mechanism can limit the availability of phosphorus for
uptake by plants and microorganisms, which in turn affects overall productivity in ecosystems.
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4.1.2  Microbial Competition

Polyphosphates can alter microbial community compositions by promoting the growth of certain microorganisms that
can utilize these compounds efficiently (Mo et al., 2023; Weerasekara et al., 2016; Wang et al., 2018). This can lead to a
competitive disadvantage for other organisms that rely on more traditional sources of phosphorus and nitrogen.

4.1.3  Eutrophication

In aquatic systems, the introduction of polyphosphates can lead to eutrophication, which is characterized by excessive
nutrient loading. This can cause algal blooms that deplete oxygen levels when they die and decompose, leading to
hypoxic conditions (Ortiz-Reyes & Anex, 2018; Ngatia & Taylor, 2018). This process can indirectly deplete nitrogen as
well, as nitrogen-fixing microorganisms may be outcompeted or die off in low-oxygen conditions.

4.1.4 Chemical Reaction with Other Nutrients

Polyphosphates can react chemically with other nutrients, leading to precipitation or complexation (Wan et al., 2021).
For instance, they can interact with calcium or magnesium, leading to the formation of insoluble compounds that are
not accessible to plants and microbes.

4.1.5  Soil Dynamics

In soil systems, the addition of polyphosphates can influence soil chemistry and biology, potentially leading to nutrient
imbalances. For example, soils may become more acidic or alkaline depending on the polyphosphate applied, affecting
the solubility and availability of other nutrients, including nitrogen (Erel et al., 2023; Khourchi et al., 2023; Arai & Sparks,
2007).

5 Applications of Polyphosphates in Biotechnological Processes

Polyphosphates have significant applications in biotechnological processes, including bioremediation and
bioproduction. These compounds have gained attention due to their unique chemical properties, biological functions,
and their ability to store and release energy.

5.1 Bioremediation

Bioremediation is a critical process that utilizes microorganisms or plants to remove or neutralize environmental
contaminants, and polyphosphates play several significant roles in enhancing this process (George & Wan, 2023;
Raklami et al., 2022). Firstly, polyphosphates serve as a vital source of phosphate for microbial communities involved
in bioremediation, as phosphate is essential for microbial growth and metabolism, thereby promoting the degradation
of pollutants such as heavy metals and hydrocarbons (Aragaw, 2021). Additionally, certain microbes known as
polyphosphate-accumulating organisms (PAOs) can utilize polyphosphates as an energy source, allowing them to thrive
and enhance biodegradation processes through the release of phosphates during their metabolism (Ruiz-Haddad et al.,
2024; lorhemen et al,, 2022). Furthermore, polyphosphates have the ability to chelate heavy metals, which increases
their bioavailability for microbial uptake, thereby facilitating detoxification in contaminated environments where heavy
metals may otherwise inhibit microbial activity (Zhou et al., 2022). Lastly, polyphosphates can promote biofilm
formation, which is advantageous in bioremediation applications. Biofilms create a stable environment that supports
microbial communities, enhancing their capacity to degrade pollutants effectively (Morya etal., 2021; Yadav & Chandra,
2020).

Overall, the incorporation of polyphosphates in bioremediation strategies can significantly improve the efficiency of
contaminant degradation and detoxification.

5.2 Bioproduction

Bioproduction harnesses biological systems to generate valuable compounds, such as biofuels, bioplastics, and
pharmaceuticals (Ogundele et al., 2024). Among these, polyphosphates play a crucial role in several applications. They
serve as energy storage molecules in microbial systems, participating in ATP synthesis, the primary energy currency in
cells, thereby enhancing the energy storage capacity of microorganisms and increasing biomass yields and production
rates of desired compounds (Albi & Serrano, 2016). Additionally, polyphosphates can be utilized in the production of
biodegradable plastics like polyhydroxyalkanoates (PHAs), as certain microorganisms can use polyphosphates as a
carbon source, providing a sustainable alternative to petroleum-based plastics (Gomes Gradissimo et al, 2020).
Furthermore, polyphosphates can influence enzymatic activity and stability in biocatalytic processes, acting as cofactors
or stabilizers that enhance enzyme performance in various bioprocesses (Li et al., 2020). According to Yin et al. (2024),
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metabolic engineering can also manipulate polyphosphate metabolism in microorganisms to optimize the production
of specific metabolites, allowing for the diversion of metabolic flux towards the synthesis of valuable compounds.

6 Polyphosphates Potential in pharmaceutical developments and health applications

Polyphosphates, linear or cyclic polymers of phosphate units, have garnered significant attention in pharmaceutical
developments and health applications due to their unique chemical properties and biological functionalities (Englert et
al,, 2018; Strasser & Teasdale, 2020). These compounds exhibit a range of beneficial effects, including their ability to
modulate cellular signaling pathways, enhance drug delivery systems, and serve as biocompatible excipients in
formulations. For instance, polyphosphates can act as carriers for therapeutic agents, improving their solubility and
stability while facilitating targeted delivery to specific cell types, thereby minimizing side effects and enhancing
therapeutic efficacy (Mahendran, 2020; Yilmaz & Jéréme, 2016). According to Miiller et al. (2025), polyphosphates role
in cellular metabolism and energy transfer makes them attractive candidates for applications in regenerative medicine
and tissue engineering, where they can promote cell proliferation and differentiation. Furthermore, polyphosphates
have been studied for their potential in vaccine formulation, acting as adjuvants that can elicit stronger immune
responses (Khademi et al., 2018; Kovacs-Nolan et al,, 2009). These diverse applications underscore the versatility of
polyphosphates in modern medicine, highlighting the need for further research to fully exploit their potential in
innovative therapeutic strategies.

6.1 Emerging Technologies for the Study of Polyphosphate

Recent advancements in genomic, proteomic, and metabolomic approaches have significantly enhanced our
understanding of polyphosphate dynamics in various biological systems. Genomic techniques, such as next-generation
sequencing, allow for the identification of genes involved in polyphosphate metabolism and transport, revealing the
regulatory networks that govern their synthesis and degradation (Roy et al., 2021). Proteomic methods, including mass
spectrometry, enable the characterization of proteins associated with polyphosphate metabolism, providing insights
into their functional roles and interactions within cellular pathways (Varas et al., 2017; Guitart-Mampel et al., 2022).
Additionally, metabolomic analyses facilitate the quantification of polyphosphate levels in various cellular
environments, offering a comprehensive view of how these molecules influence metabolic processes. These emerging
technologies not only assist in elucidating the biochemical pathways involving polyphosphate but also help to identify
potential biomarkers for various diseases where polyphosphate dysregulation may play a role ((Brown, 2023; Da Costa
& Solesio, 2024; Zareba et al., 2021; Peng et al.,, 2024).

6.2 Identified Knowledge Gaps and Potential Areas for Future Research

Despite significant progress in the study of polyphosphate, several knowledge gaps remain that need more
investigation. One critical area is the understanding of the precise mechanisms by which polyphosphate interacts with
other cellular components, including proteins and nucleic acids. Additionally, the role of polyphosphate in various
cellular contexts, such as stress responses and cell signaling, is not yet fully understood. Moreover, the diversity of
polyphosphate structures and their functional implications across different organisms presents an opportunity for
comparative studies that could reveal conserved and unique features of polyphosphate metabolism. Future research
could also explore the therapeutic potential of modulating polyphosphate levels in various diseases, including metabolic
disorders and neurodegenerative diseases. These investigations underscore the need for a more integrated approach
to polyphosphate research, combining insights from genomics, proteomics, and metabolomics to bridge the existing
knowledge gaps.

6.3 The Importance of Interdisciplinary Research in Understanding Polyphosphate Dynamics

Interdisciplinary research plays a crucial role in advancing our understanding of polyphosphate dynamics, as it
integrates diverse scientific disciplines such as molecular biology, biochemistry, and bioinformatics. By fostering
collaboration among researchers with expertise in different areas, it becomes possible to develop comprehensive
models that account for the complex interactions involving polyphosphate. For instance, combining genomic data with
proteomic and metabolomic insights allows for a holistic view of polyphosphate function within cellular systems. This
integrative approach not only enhances the accuracy of experimental findings but also facilitates the development of
innovative methodologies and technologies for studying polyphosphate. Moreover, interdisciplinary research can lead
to the discovery of novel applications of polyphosphate in biotechnology and medicine, particularly in areas such as
drug delivery systems and biosensors. As the significance of polyphosphate continues to emerge in various fields, the
collaboration between disciplines will be essential for uncovering the full potential of this fascinating molecule.
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7  Conclusion

In conclusion, polyphosphates serve as vital bioenergetic reservoirs that play a crucial role in cellular metabolism and
energy transfer. Their ability to store and release phosphate groups makes them indispensable in various biochemical
pathways, supporting not only energy production but also the regulation of metabolic processes. However, the role of
polyphosphates extends beyond energy storage; they are also critical nutrient depleters that can impact cellular
homeostasis and nutrient availability. By influencing the dynamics of phosphorus in biological systems, polyphosphates
affect ecosystem productivity and sustainability. Understanding the dual role of polyphosphates as both energy
reservoirs and nutrient regulators provides valuable insights into their significance in physiology and ecology,
highlighting the need for further research into their multifaceted functions and potential applications in biotechnology
and environmental management
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