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Abstract: Inorganic polyphosphates (polyP) are long-chain polymers of orthophosphate residues, which, depending on the external
conditions, can be present both physiologically and synthetically in either soluble, nanoparticulate or coacervate form. In recent years,
these polymers have received increasing attention due to their unprecedented ability to exhibit both morphogenetic and metabolic
energy delivering properties. There are no other physiological molecules that contain as many metabolically utilizable, high-energy
bonds as polyP, making these polymers of particular medical interest as components of advanced hydrogel scaffold materials for
potential applications in ATP-dependent tissue regeneration and repair. However, these polymers show physiological activity only in
soluble form and in the coacervate phase, but not as stable metal-polyP nanoparticles. Therefore, understanding the mechanisms of
formation of polyP coacervates and nanoparticles as well as their transformations is important for the design of novel materials for
tissue implants, wound healing, and drug delivery and is discussed here.
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Highlights

e Polyphosphates are physiological inorganic polymers composed of orthophosphate residues linked via high-energy
phosphoanhydride bonds.

e These polymers are unique in their ability to exhibit both morphogenetic and metabolic energy delivering activity.

e The polyanionic polyphosphate is able to form a coacervate in the presence of simple counterions such as calcium
ions.

e The polyphosphate coacervate is the biologically active form of the polymer.

e Polyphosphate coacervation can be divided into distinct phases driven by enthalpy and entropy changes.

e Polyphosphate can also be prepared in an inactive nanoparticulate form (storage form).

e Polyphosphate-containing hydrogels are promising materials for bone and cartilage tissue engineering/repair,
wound healing, and drug delivery.

e The transformation of polyphosphate nanoparticles integrated in these hydrogels into the biologically active
coacervate can be triggered by pH changes or protein contact.

Introduction

In recent years, a group of polymers has attracted increasing attention due to their unique ability to provide
metabolic energy needed for tissue regeneration and repair in addition to morphogenetic activity. These polymers,
inorganic polyphosphate (polyP), are polyelectrolytes composed of multiple phosphate (P;) residues linked by
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high-energy phosphoanhydride bonds' > (Figure 1A). Structurally, the polyP chains are composed of tetrahedrally
coordinated P; units that are interconnected to one another via shared oxygen atoms (Figure 1B).*

Coacervate formation with metal ions is a characteristic property of polyP molecules, which is crucial for their
biological function and their application as a biomaterial in regenerative medicine and tissue engineering. Only as
a coacervate does polyP show morphogenetic activity and can serve as a donor of metabolic energy, but not as nano- or
microparticles of the metal salts of the polymer.**

In general, two types of coacervates can be distinguished: simple coacervates formed between identical macromo-
lecules and complex coacervates formed between different types of macromolecules such as between polyanionic and
polycationic polymers (Figure 1C and D).° While the formation of the first type of coacervates is primarily associated
with a reduction in the interactions of the polymer with the solvent, the formation of the second type of coacervates is
based on the association of differently charged macromolecules.
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Figure | Inorganic polyphosphate (polyP) and types of coacervate formation. (A) Structural formula of the polyanionic linear polymer. (B) Ball-and-stick model of polyP. The
PO, tetrahedra are linked via their shared oxygen atoms giving the molecule rotational flexibility. (C) Simple coacervation between identical macromolecules. (D) Complex
coacervation between different types of macromolecules such as polyanionic and polycationic polymers.
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The formation of coacervates is based on liquid—liquid phase separation of an initially homogeneous aqueous solution
of macromolecules into two liquid phases, a more concentrated phase, the coacervate, and a diluted phase.”® A variety of
macromolecules are capable of coacervate formation, including both natural molecules such as nucleic acids, poly-

saccharides and proteins’ '

and synthetic polymers, particularly combinations from oppositely charged
polyelectrolytes.””'* The formation of coacervates has been implicated in an increasing number of biological
processes,” including processes involved in protein aggregation.'?

In this review, we summarize the current state-of-the-art on coacervate formation from polyP, in particular the
formation of simple coacervates of the polymer, the underlying mechanism, and potential applications and biological

effects of the polyP coacervates as a component of novel implant materials, gels and drug delivery systems.

Coacervates
Physiologically, coacervates are found both intracellularly and extracellularly. Examples of intracellular coacervates are
membraneless organelles such as stress granules, nucleoli or Cajal bodies, which are formed by the assembly of small
nuclear ribonucleoprotein particles.®®'*'® Compartmentalization via the formation of cell-like coacervate droplets has
also been implicated in the origin of life,'” and there is increasing interest in peptide-based coacervates as primitive
protocell models.'®!'? Due to their special properties, coacervate materials that mimic natural systems have opened new
applications in biomedicine and technology.”® For example, polyelectrolyte-based coacervates secreted by sandcastle
worms>' have been used as a model for the development of biomimetic underwater adhesives.*>

Compared to complex coacervates, which are composed of two or more types of polyelectrolytes with opposite charges,
natural or synthetic, there have been relatively few studies on simple coacervates, which consist of only one type of
macromolecule, with the exception of simple coacervates or condensates formed by proteins containing intrinsically
disordered regions.>**> The formation of simple coacervates is characterized by hydrophobic interactions, in contrast to
complex coacervation, which is driven by the initial electrostatic attraction between oppositely charged polyelectrolytes
and entropy due to the release of bound counterions and the reorganization of the surrounding water molecules. 20262
Consequently, in addition to pH, temperature and the concentrations and concentration ratios of the polyelectrolytes, the
ionic strength and the charge density of the polyelectrolytes play an important role in complex coacervation.'**** The
coalescence of the initially small polyelectrolyte-rich coacervate droplets subsequently leads to larger droplets that are
surrounded by and in equilibrium with a less dense, polyelectrolyte-poor liquid phase.*°

In protein-based coacervate formation, in addition to the solution pH and ionic strength, the isoelectric point is
a critical factor in the ability of the protein to form a coacervate.”® In addition, n—r interactions of the Arg guanidinium
groups together with dipole—dipole, cation—anion, and m—cation interactions contribute to complex coacervation, parti-

1315 Increasing the ionic strength can suppress

cularly in proteins with partially intrinsically disordered regions.
coacervate formation by shielding attracting charges on the macromolecules.® The strength of the coacervate formed
depends on the ratio between the strength of the electrostatic interaction and the thermal energy kzT>*

In complex coacervation, the phase behavior can be described using the Flory—Huggins theory and presented in the
form of a phase diagram, giving the boundary between the dilute and dense phases of a polymer mixture.”>>® The
width of the two-phase region in the phase diagram depends on different variables such as temperature, pH and salt
concentration.'**>

Phase separation in simple coacervate formation after addition of alcohol or salt to a homogeneous polyelectrolyte
solution has been discussed by Gupta and Bohidar.*® Electrostatic and solute-solvent interactions are decisive factors that
drive phase separation in simple coacervation. The higher entropy of the solution is due to the higher number of possible
spatial arrangements of the solvent (water) molecules around the polymers. The coacervation process leads to an

increased pressure within the coacervate phase, resulting in water expulsion (syneresis).*

Inorganic Polyphosphate

Inorganic polyphosphates (polyP) are strong polyanions at neutral and alkaline pH, carrying a negative charge on each
internal P; unit and between one and two negative charges on the terminal P; residues (Figure 1A). The dissociation
constants for the internal and first terminal OH groups are high (pK; = 2.2), while the dissociation constant for the second
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terminal OH group is lower (pK> = 7.2).*' The linear polymers can be divided in different size classes, short-chain (n <
10), medium-chain (n = 10 — 50), and long-chain polyP (n > 50). In addition, there are cyclic polyP molecules that
mainly consist of 3, 4 or 6 P; units.** According to the Q' nomenclature, based on the number of bridging oxygens, linear
polyP consists of both Q' (terminal P; residues) and Q? tetrahedra (internal P; residues) (Figure 1B), while cyclic polyP
has only Q? structures. Orthophosphate, the product formed by complete hydrolysis of polyP, is classified as Q° (no
bridging oxygens). The energy barrier for rotation around the P-O—P bonds of the interconnected P; tetrahedra is low.
Therefore, linear polyP molecules are characterized by high flexibility. The bond angles on the phosphorus and oxygen
atoms of the polyP chains (102° and 130°, respectively)*® can vary over a wide range (~120° to 180°) after binding of
cations to the polymer.44

As the sodium salt (Na-polyP), polyP with chain lengths of less than 100 P; residues is readily soluble in water.*>*®
However, in the presence of divalent or trivalent cations such as Ca®", Mg?*, St**, AI** or Gd*",*” > precipitation or
phase separation of the polymer occurs depending on the concentration and external conditions, such as pH, temperature
and ionic strength, as described later below. Divalent cations are bound to two adjacent phosphate groups, while trivalent
cations are complexed with two and three phosphate ligands.>*

Although polyP is fairly stable in aqueous solutions at room temperature under neutral or alkaline conditions and can

be stored over long periods of time,>*°

this polymer is thermodynamically unstable in water with respect to its
monomeric hydrolysis (P;) products. The standard Gibbs free energy AG® of hydrolysis of the phosphoanhydride bond
in linear polyP is close or equal to that for the hydrolysis of the -y or a-p P—-O—P bonds in ATP (=30.5 kJ-mol'). AG®
values of —40.6 kJ-mol ' were even reported.> Therefore, the chemical equilibrium of polyP in aqueous solutions under
standard conditions is almost entirely on the side of orthophosphate.

The kinetic stability of polyP at room temperature and neutral or alkaline pH can be explained by the high density of
negative charges on the polyanionic molecule, which protect the polymer from hydrolytic degradation by attacking water
molecules.***® Under acidic conditions, polyP is hydrolyzed*>****® starting from the ends of the polymer.>>*** The
acid-catalyzed hydrolysis proceeds via the formation of a pentacovalent intermediate formed by nucleophilic attack of
a water molecule after protonation of the double-bonded oxygen at the terminal phosphorus atom. This reaction is
characterized by a significantly reduced activation energy (E, = 57 kJ-mol ') compared to the activation energy of polyP
hydrolysis in neutral solutions, which exceeds 104 kJ-mol'.>’

In nature, in the living world, polyP is found from bacteria to humans.**® Very long polyP chains are synthesized in
bacteria and yeast, up to 1000 P; residues. PolyP molecules in humans are mostly shorter. They occur both intra- and
extracellularly with a chain length of 50 to 100 P; units,’' but also longer polyP chains of >500 P; units are present.®* In
humans, polyP can be detected in almost all cells and tissues."®® The polymer is enriched in the platelets, where it is
stored in the dense granules (acidocalcisomes) and released into the extracellular fluids after platelet activation.®’**
Comparatively, high concentrations of polyP are found in bone tissue, where the polymer has been shown to play an

important role in mineralization, both as an energy donor and as a source of phosphate.**>¢’

Polyphosphate Metabolism

In contrast to bacteria, where polyP is synthesized from ATP (or GTP) by polyP kinases in a reversible reaction,®® polyP
anabolism in mammalian cells or human cells is not well understood. The main cell organelles involved in polyP
formation and storage in mammalian/human cells are the mitochondria and the acidocalcisomes. While the function of

d,69’70

mitochondria in polyP anabolism has been well demonstrate the ability of the acidocalcisomes to synthesize polyP

has only been shown in yeast.”' However, the acidocalcisomes are the main storage organelles of the polymer.®’? The
mitochondrial polyP synthesis is driven by the energy of the gradient/potential at the inner mitochondrial membrane.®-"?
ATP formed by the FoF;-ATP synthase complex of the respiratory chain is used as substrate. Oligomycin, an inhibitor of
the enzyme, suppresses polyP formation.®” In yeast, acidocalcisomal polyP synthesis is mediated by the vacuolar
transporter chaperone (Vtc) complex in the acidocalcisome membrane, which has polyP polymerase activity on its
cytoplasmic side.”!

Much more is known about the mammalian enzymes involved in polyP catabolism. PolyP hydrolysis is catalyzed by both

exopolyphosphatases and endopolyphosphatases, which either split monomeric P; from the ends of the polymer chain or
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cleave the polymer in the middle of the chain.®® The hydrolytic cleavage of the energy-rich phosphoanhydride bonds of
polyP by both enzymes is exergonic. The chemical equilibrium is almost exclusively on the product side. In bacteria, polyP
degradation can also proceed via the reversible reaction of the bacterial polyP kinases, which catalyze both the transfer of the
y-P; from ATP to polyP (polyP synthesis) and the transfer of the terminal P; from polyP to ADP.**"*

The major mammalian/human polyP-degrading enzyme is alkaline phosphatase (ALP), a ubiquitous enzyme with
broad substrate specificity.®’> This enzyme, which is found both intra- and extracellularly at the plasma membrane, is
able to catalyze the hydrolytic cleavage of phosphomonoester and phosphoanhydride bonds as present in AMP, ADP and
ATP, B-glycerophosphate and polyP, including pyrophosphate (PP;).>">7¢

Several tissue-specific isoforms of ALP are found in humans, including tissue-nonspecific ALP (bone, liver, and
kidney), intestinal ALP, placental ALP, and germ cell ALP.”>""” The ALP fraction present in human blood plasma is
mainly the tissue-nonspecific ALP (TNAP),”® a homodimer released from the outer cell membrane by cleavage of its
glycosyl-phosphatidylinositol (GPI) anchor.”

The non-enzymatic, acid-catalyzed hydrolysis of polyP proceeds via formation of a pentavalent intermediate formed
by nucleophilic attack of water at the ends of the molecule after protonation of the double-bond oxygen at the terminal P;
residues.””®® The molecular mechanism of the enzymatic, ALP-mediated hydrolysis of polyP (optimal at alkaline pH) is
most likely similar to pyrophosphate hydrolysis, which involves (1) binding of the substrate and transfer of phosphate to
a serine residue in the active site of the enzyme, and (2) hydrolysis of the enzyme-phosphate intermediate and the release
of P; by dissociation of the phosphate-enzyme complex.”> The reaction could also proceed via the transient formation of
a non-covalent enzyme-bound metaphosphate species, as proposed for the phosphate monoester hydrolysis by the
enzyme.”’ This (negatively charged) metaphosphate intermediate is coordinated to two Zn>" ions and a positively
charged arginine residue, which are present at the catalytic site of ALP.

The ALP is a highly promiscuous enzyme,*® which, in addition to the hydrolase activity, exhibits phosphotransferase
activity.>’® This enzyme, in combination with a second enzyme, adenylate kinase (ADK), is also able to convert the
chemical energy present in the phosphoanhydride bonds of polyP into metabolically useful energy in the form of ATP,"'
as described in below on the section on Polyphosphate and energy generation.

It has been shown that the hydrolytic degradation of polyP to P; by ALP follows a processive mechanism.’® This
mechanism (degradation of polyP without dissociation of the enzyme-substrate complex after each catalytic cycle) could
contribute to the high k.,/K,, values of the enzyme, which are close to the diffusion limit of 1 aM sl eg for the
intestinal ALP at pH 7.5 and polyP,; as substrate, 5.4 nM '-s™' (based on P;).”® The hydrolysis of polyP is associated
with a large energy release (a multiple of AG® = —30.5 kJ-mol~" per phosphoanhydride bond, depending on the chain
length of the polymer).?

The two other exopolyphosphatases identified in mammalian cells, the human metastasis regulator protein H-prune®?
and tartrate-resistant acid phosphatase,® only hydrolyze short-sized polyP molecules, in contrast to ALP, which degrades
all size classes of polyP.”® In addition to ALP, an exopolyphosphatase, a mammalian endopolyphosphatase has been
isolated that degrades very long-chain polyP molecules into polymers with a size of 60 P; residues.®*

Coacervate Formation of Inorganic Polyphosphate

PolyP coacervates are mostly made from soluble polyP, eg, Na-polyP solutions, at neutral pH and room temperature;
a stoichiometric ratio between phosphate and metal ion is usually used.® On the other hand, amorphous polyP
nanoparticles are prepared from Na-polyP in the presence of excess amounts (overstoichiometric ratios) of metal ions
compared to polyP (based on P;) at alkaline pH (pH 10).

In addition to metal ions, polyP coacervates can be obtained by adding organic solvents, which have a lower dielectric
constant than water, to aqueous Na-polyP solutions.*>*® The metal ions used for coacervate formation include both
monovalent (Na*, Ag"), divalent (Ca®*, Mn®", Sr**, Zn**, Co*", Ni*") and trivalent cations (Fe**, AI*", and Eu’*").>% %%
The more viscous and denser polyP coacervate phase obtained after phase separation predominantly comprises the longer
polyP chains, while the less viscous supernatant mainly contains the shorter polyP chains.’®* PolyP coacervates are highly
hydrated with a water content of up to 80%, eg, for the Al-polyP coacervate.'”® A high water content of about 40% of the
coacervate weight has also been reported for the Ca-polyP coacervates.”®
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The viscosity of the polyP coacervates depends on the chain length of the polymers and the type of divalent cation,”’
as well as on the molar ratio of the metal ion and polyP (based on P,).% Coacervates formed from polyP and Sr** or Ba**
ions have a higher density than the Ca-polyP coacervate, which is attributed to the higher atomic mass of these elements
and a lower water content.’®

In addition, it was found that the viscosity of sodium polyP coacervates obtained by adding methanol to a Na-polyP
solution® increases with decreasing dielectric constant of the solution (increase of the molar fraction of the added
methanol).®® PolyP coacervates have also been prepared by adding methanol to Ni-polyP and Co-polyP formed by direct
mixing of a Na-polyP solution and a solution of the metal chlorides in a 2:1 molar ratio between phosphorus and metal
ion (Ni*" or Co”").*” However, the most commonly used method to produce polyP coacervates is to slowly add the metal
ion to the polyP solution with stirring at room temperature.>*>? Using these conditions, the addition of the organic
solvent is not necessary.

The mechanism of the polyP coacervation process is not fully understood. Coacervate formation is obviously driven
by several forces, some of which act in opposite ways, such as electrostatic repulsion and van der Waals attraction.
Electrostatic repulsion between the highly negatively charged polyP molecules and the higher entropy for polyP in
solution than for the polymer within the coacervate counteracts phase separation, while the hydrophobicity of the dense
phase and the ion pairs formed between the positively charged counterions and the negatively charged phosphate groups
support coacervate formation.”>'! It is conceivable that the addition of positively charged metal ions to a Na-polyP
solution induces phase separation by shielding the negative charges on the polyP chains, thus reducing Coulomb
repulsion; in addition, attractive forces due to the formation of hydrophobic metal-phosphate complexes, as suggested
by Momeni and Filiaggi,”> combined with entropic effects support polyP coacervate formation.

Experimental evidence has been presented that polyP has two types of binding sites for metal ions, “cage”-like
binding sites that are used at low metal ion concentrations (high phosphate/metal ratio) and binding sites on the polymer
surface.”” This conclusion has been drawn on the basis of studies on the interaction of polyP in solution with Ca*" and
Eu’" ions using FTIR, Eu®" luminescence, and *>'P NMR spectroscopy.”” It is assumed that saturation of the cage-like
sites at higher metal ion concentrations leads to binding of the metal ions to the second type of binding sites that allows
cross-links with adjacent polyP chains. Metal ions bound at the cage-like binding sites are shielded by the surrounding
polyP phosphate groups, which prevent or interfere with the interaction of the metal ions with the water molecules.

These results were corroborated by results from extended X-ray absorption fine structure spectroscopy (EXAFS)
analysis and Raman spectroscopy.”’ In these studies, coacervate formation between polyP and the transition metal ions
Ni** and Co®" was investigated. Again, two distinct phases of polyP coacervate formation could be distinguished. The
EXAFS studies showed that each metal ion is surrounded by two phosphorus atoms. The structural disorder depends on
the concentration of the metal ion. Two different P-O bonds can be distinguished in the polyP chain; a bridging P-O
bond involved in linking the P; units forming the polyP chain and terminal P—O bonds pointing outwards from the polyP
chain. Analysis of the Raman spectra for symmetric stretching vibrations of the bridging P—O bonds and the terminal P—
O bonds revealed that the strengths of these bonds change differently during the addition of the metal ions, indicating the
existence of two distinct phases in the course of coacervation.®” The results showed that at low metal ion concentrations
(phosphorus/metal ratio higher than 6), but not at higher metal ion concentrations (phosphorus/metal ratio between 2
and 6), the strength of the terminal P—O decreases and the strength of the bridging P—O bond increases. It was concluded
that as the concentration increases, the metal ions first bind to the cage-like binding sites within the polyP chain and then
to further binding sites that allow the metal ions to join adjacent polyP chains, leading to coacervate formation.*” As the
metal ions bound outside of the cage-like sites become more exposed to water molecules, the electronic density of the
metal-oxygen bonds decreases, resulting in an increase in the strengths of the terminal P—O and bridging P-O bonds.

Based on this knowledge, the following hypothetical scheme for the polyP coacervate formation in the presence of
divalent cations can be proposed (Figure 2). According to this scheme, two phases during polyP coacervate formation are
distinguished that are passed through with increasing concentrations of the divalent cation. In aqueous solution, the polyP
chains of soluble polyP salts, eg, Na-polyP, do not aggregate due to Coulomb repulsion of the polyanionic polymers.
Addition of small amounts of divalent cations, eg, Ca%* ions, leads to complexation of these metal ions, whereby these
ions occupy “cage”-like metal-binding sites within the polymer.”” This process is associated with an increase in enthalpy
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Figure 2 Proposed steps for polyP coacervation in the presence of divalent cations; schematic presentation. The first phase of polyP coacervate formation (Phase I;
addition of small amounts of divalent cations, eg, Ca®* ions), leading to occupation of “cage”-like metal binding sites, is associated with an increase in enthalpy and entropy
due to the loss of water molecules from the hydrate layers and the decrease in solvation energy. AG is negative, since |AH| < |T ‘AS| (absolute values). The second phase of
coacervate formation (Phase 2; increasing amounts of divalent cation) is associated with a negative change in enthalpy (hydrophobic interaction) and entropy (increasing
order of the surrounding water molecules). AG is negative, since |AH| > | T ‘AS|. The formation of hydrophobic areas on the polyP molecules (hydrophobic interactions due
to charge neutralization) and continuing water expulsion finally leads to phase separation and formation of small and the larger droplets. Ca-polyP nanoparticles (Ca-polyP-
NP) are obtained in the presence of excess amounts of Ca>" ions at alkaline pH.

and entropy due to the loss of water molecules in the hydrate layers of the metal ions and around the interconnected P;
residues of the polyP (positive AH and AS), and the decrease in solvation energy. Since |AH| is smaller than |T-AS| for
metal complexation of polyP (see below),'’> AG is negative (Phase 1). A further increase in the amount of divalent cation
leads to the binding to further binding sites on the polyP molecule. The resulting neutralization of the negative charges on
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the polyP chain by the positively charged metal ions leads to the formation of hydrophobic areas on the polyP molecules
and expulsion of more water molecules, resulting in hydrophobic interaction between these polymers and finally to phase
separation to form a still water-rich coacervate. This second phase of the coacervation process (Phase 2) is associated
with a negative change in enthalpy (due to hydrophobic interaction) and entropy (increasing order of the surrounding
water molecules). AG is negative since |AH| is greater than |T-AS|. First small droplets form, which coalesce into larger
drops. Addition of excess amounts of Ca®" ions, particularly at alkaline pH values, can finally lead to the formation of
Ca-polyP nanoparticles.

This model is also supported by turbidity measurements,””> which showed that coacervate formation of soluble polyP
with Ca”" ions occurs above a critical ratio between calcium and polyP (based on P;); during the addition of Ca®" ions to
the Na-polyP solution, the hydrophobic forces steadily increase and the electrostatic repulsion of the polyanionic polyP
chains steadily decreases due to complexation of Ca®" by two PO; ™ units of the polyP chain until this ratio is reached;
then phase separation occurs. This critical Ca: P ratio is getting smaller with increasing concentrations of Na-polyP. The
latter effect has been attributed to an increased entropy difference between polyP in solution and polyP entrapped in the
coacervate at low Na-polyP concentration compared to Na-polyP at high concentrations of the polymer.”® In general,
polyP in solution has a higher level of entropy than polyP in the coacervate. This negative entropy contribution (negative
entropy change) must be compensated and exceeded by the contributions of hydrophobic and other forces. Therefore, at
low Na-polyP concentrations, an increased Ca: P ratio is required for phase separation to occur.

Thermodynamic data on complex formation between polyP and metal ions, which is the first step in metal ion-induced
polyP coacervate formation occurring before phase separation, are available. The AG® for the complex formation of Ca**
with longer-chain polyP is —42.7 kJ-mol '.'®> The corresponding enthalpy (AH’) is 4.2 kJ-mol '.'”* Therefore, the
complexation of the metal ion with polyP is associated with a positive change of entropy (AS®). This change in entropy
is due to the altered hydration of the ion and the involved P; groups of the polyP molecule, ie, the release of water upon
192 showing that AH’
for the formation of a 1:1 complex with polyPg (chain lengths, 8 P; units) decreases with increasing radius of the metal ion
from 20.9 kJ-mol ' (Mg®") to 14.2 kJ-mol ' (Ca®") and 13.8 kJ-mol" (Sr*"). Similarly, AS° decreases in the order 0.25
kJI-K"-mol™" (Mg, 0.21 kJ-K '-mol™" (Ca®") and 0.20 kJ-K™'-mol ™" (Sr*"), resulting in a reduction of the absolute
values for AG®, which changed from —54.4 kJ-mol ' (Mg*") via —48.1 kJ-mol ' (Ca®") to —44.4 kJ-mol ' (Sr*").

Recently, in silico simulation studies have been performed to investigate the molecular interactions between the three

binding of the metal ion to polyP.'*> More detailed thermodynamic data reported by Sugano and Kubo,

components involved in the pH-dependent Ca-polyP coacervate and Ca-polyP nanoparticle formation — polyP, Ca*", and
water molecules. Surprisingly, these studies showed different changes in the distribution of polyP and calcium ions during
the reaction.'” Under conditions that support coacervate formation, these components show a more or less random
arrangement pattern, while nanoparticle formation is characterized by clustering of the anionic polyP molecules accom-
panied by partial separation of the Ca*" cations. These results made it possible to propose a model of Ca-polyP coacervate
and nanoparticle formation that also takes into account ion—dipole interactions in addition to electrostatic interactions.'®* It
is proposed that at pH 7 the initially randomly organized Ca>" and polyP ions, surrounded with a hydrate shell, assemble in
a time-dependent manner into concentric ring-like structures with a polyP core and outer Ca>* ions forming liquid droplets
that coalesce, to form a water-rich coacervate. At pH 10, compartmentalization takes place and significantly denser
structures form,'®* caused by the higher negative charge and Ca”" binding affinity of the almost completely ionized
polyP molecule, which also applies to the second, less acidic OH of its P; end groups.’>'%’

Turbidimetric measurements showed that Ca-polyP coacervate formation at pH 7 is a slow process compared to
nanoparticle formation at pH 10.'® The formation of the respective products could be confirmed not only by SEM but
also by FTIR measurements. It was found that the coacervate and the nanoparticles of Ca-polyP show a characteristic
difference in their FTIR spectra, which allows a distinction between the two Ca-polyP phases. The v,4(PO,) signal at
a wavenumber of 1255 cm™', which forms a distinct peak in the spectrum of the Ca-polyP coacervate, is absent and
remains only as a shoulder in the spectrum of the Ca-polyP nanoparticles.'®® This signal has been attributed to the
asymmetric stretching vibrations of the internal (PO,) units of the polyP chain. This change in the FTIR spectrum is
believed to be caused by the binding of Ca*" at the internal P; residues of the polyP chain. Interestingly, the formation of
a coacervate or nanoparticles depends on the way the two components, polyP and Ca®" ions, are combined. In the
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conventional procedure, by slowly adding a CaCl, solution to a Na-polyP solution, coacervation is observed at pH 7 and
nanoparticle formation at pH 10. If, however, the Na-polyP solution is dropped into the CaCl, solution, a coacervate is
obtained at both pH values.'” Under these conditions, the v,s(PO3)>" signal does not disappear as it does during the
formation of the nanoparticles. This finding is explained by an immediate binding of Ca®" ions to polyP when dropping
the Na-polyP into a CaCl, solution containing excess amounts of the divalent cation (2.5-fold on the stoichiometric basis
of Ca: P).

Coacervate formation of polyanionic polyP induced by metal ions (cations) and possibly proteins such as surface-
associated proteins can result in the encasement/encapsulation of bacteria, viruses and cells (Figure 3A), as shown, for
example, for the corona virus SARS-CoV-2.'° As a result, the deleterious effects of pathogens are mitigated or
prevented. This could be particularly relevant in wound therapy. Bacterial infection is an important factor leading to
the development of chronic wounds. We could show that soluble Na-polyP and Ca-polyP nanoparticles incorporated into
a hydrogel matrix are converted into the physiologically active coacervate upon contact with protein-containing wound
fluid leading to the entrapment and killing of bacteria, while maintaining normal cell function.'”” In particular, the
formed polyP coacervate can counteract cell damage caused by bacterial a-toxin (hemolysin A), a pore-forming protein

P'% and cell

secreted by these organisms'®® that is inserted into the cell membrane, leading to efflux of intracellular AT
death.''® ATP formed from polyP in the extracellular space by the combined action of membrane-bound ALP and ADK®'

can block the release of cellular ATP through the a-hemolysin pores. The bacteria entrapped in the polyP coacervate are
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Figure 3 Coacervate formation of the polyanionic polyP induced by positively charged surface-bound or soluble proteins/macromolecules and biological effects. (A)
Encasement/entrapment of bacteria, viruses and cells by forming a polyP coacervate upon contact with surface-associated proteins, leading to immobilization and functional
impairment (bacteria and cells) or inhibition of receptor binding (viruses). The inhibitory effect of the surface cover formed by the coacervate could be transient, eg, as
a result of degradation of polyP by cell-surface-bound alkaline phosphatase (ALP; can also be present on bacterial surfaces). (B) Coacervate formation upon contact of polyP
nanoparticles (depot form), eg, Ca-polyP nanoparticles, with free, soluble proteins as present, eg, in blood serum and other body fluids. Only after conversion into the
coacervate does polyP become degradable (via ALP) and biologically active, supplying metabolic energy (ATP) and exhibiting morphogenetic activity (induction of specific
gene expression).
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most likely killed by chelation of Ca** ions.'"! The coacervate layers formed on cells presumably exist only transiently
due to hydrolysis of the polymer by cell-surface-bound ALP.

In addition to extracellular generation of ATP, the cellular uptake of polyP nanoparticles''? can contribute to
balancing the loss of the intracellular ATP, providing the metabolic energy needed for wound healing. Also intracellu-
larly, polyP has been shown to cause coacervate formation by interaction with positively charged proteins, as demon-

strated in experiments with green fluorescent protein.'"?

Properties of Polyphosphate Coacervates versus Polyphosphate

Nanoparticles

In nature, but also synthetically, amorphous nano- or microparticles of polyP can serve as a storage form of the polymer.
These particles are deposited in the acidocalcisomes, particularly in the platelet dense granules.®***''*!!> They are also
found on the platelet surface after activation.''® In order to synthesize amorphous polyP particles, we have developed
a biomimetic procedure.*’ The amorphous character of these particles is important for their biological activity. Only in
the amorphous form are polyP nano/microparticles biologically active. In this property they are similar to phosphate-
based materials presently used in bone tissue engineering, eg crystalline hydroxyapatite, have proven to be significantly
less active compared to preparations composed of amorphous phosphate.”* However, the polyP in the amorphous nano/
microparticles is not immediately active but needs to be converted to the coacervate phase in order to become
bioavailable and biodegradable and to exhibit its morphogenetic and energy delivering activity.

PolyP nano- and microparticles have been prepared with different counterions, both divalent and trivalent
cations, such as the alkaline earth metals Ca%, Mg2+ and Sr** or transition metals like Zn>" or the rare-earth
metal Gd** 49315217118 Ap aqueous solution of the metal salt (chloride, nitrate, etc.) is slowly added to an aqueous
solution of Na-polyP while stirring at room temperature, the pH being kept constant in the alkaline range. A pH of
10 and a superstoichiometric metal/phosphate ratio (mostly 2:1) are usually used. Different chain length of polyP
can be used, but polyP with an average size of 40 P; units, close to the size of the physiological polyP, is preferred.
The synthesized particles have a spherical morphology. They are amorphous, as can be confirmed by powder X-ray
diffraction (XRD) analysis.*”***? Depending on the preparation protocol, eg, by varying the drop rate or the
concentration of the components or by fractionating the products by ultrafiltration, polyP nano/microparticles can
be produced within a specific size range.*>"'"”

The amorphous polyP nano/microparticles are characterized by a strongly negative zeta ({) potential (—33.6 mV for Ca-
polyP nanoparticles).” This ¢ potential is caused by a charge separation occurring when the particles are suspended in aqueous
solution. Therefore, once suspended in protein-free aqueous solutions, the particles remain dispersed and do not tend to
aggregate due to electrostatic repulsion. This strongly negative { potential is also a reason for the high stability of the particles
in aqueous solvents at neutral or alkaline pH in the absence of protein. They can be stored for a long time when dried.

However, in order to become biologically active, these particles need to be converted to the coacervate state
(Figure 3B). We have shown that after exposure to peptides or proteins or protein-containing fluids such as blood
serum or wound exudate, the amorphous polyP particles, eg, Ca-polyP or Zn-polyP nanoparticles are transformed into the
coacervate phase. Conversion of the polyP particles into the coacervate can also be induced by changing the pH to neutral
or acidic values. The formed coacervate is less stable than the nanoparticles. The polyP molecules forming the coacervate
are prone to degradation by ALP, leading to the disintegration of the coacervate droplets (Figure 3B). During this process,
the polyP molecules become accessible and begin to develop their morphogenetic activity. Furthermore, when coupled
with ADK (both ALP and ADK are attached the outer cell membrane), ALP acts as a donor of metabolic energy and
provides ATP for the function and development of the extracellular matrix (ECM) (Figure 3B). As a result, increased
proliferation of the cells growing on the coacervate and active migration of cells into the coacervate are observed.’

The transition of the polyP nanoparticles into the coacervate phase is associated with a reduction in the { potential of
the particles (Figure 4A).” Incubation in PBS does not lead to any significant change in { potential. The SEM images in
Figure 4 show the transformation of Ca-polyP nanoparticles into the coacervate phase after suspension and incubation in
medium supplemented with fetal calf serum (Figure 4C) compared to protein-free medium (Figure 4B).?
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Figure 4 Changes in the zeta potential and in the morphology of Ca-polyP nanoparticles induced by protein exposure. (A) Zeta potential of the nanoparticles (Ca-polyP-
NP) during incubation in phosphate-buffered saline (PBS; open bars) and in medium/serum (M/S; magenta bars). Only in the presence of protein (incubation in M/S) a marked
drop of the zeta potential of the particles is observed, while the potential remains unchanged in PBS even during a 60 min incubation period. The means * SD from 5
experiments are shown (*p < 0.05). (B and C) Morphology of the Ca-polyP nanoparticles after incubation in protein-free medium (B) and after incubation in medium
containing 10% fetal calf serum (C). High resolution SEM images. Adapted with permission from Miiller WEG, Wang SF, Tolba E, et al. Transformation of amorphous
polyphosphate nanoparticles into coacervate complexes: an approach for the encapsulation of mesenchymal stem cells. Small. 2018;14(27):e1801170. © 2018 Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim.®

Accordingly, polyP coacervates form an adaptable matrix that mimics a stem cell niche.'*° They are able to provide
the metabolic signals and metabolic energy needed to induce cell growth and differentiation and promote tissue repair.’
In addition, as a potential implant material, they are cell-attracting and support the ingrowth of cells, eg, human
mesenchymal stem cells (MSC), which are embedded in this matrix.’

The formation of Ca-polyP nanoparticles in alkaline aqueous solution and the presence of excess amounts of Ca®"
ions compared to polyP (based on P;) is associated with a drastic size reduction and expulsion of water (syneresis)
compared to the water-rich coacervate (Figure 5A). It is proposed that the formation of additional negatively charged
oxygens at alkaline pH through dissociation of the second OH group at the ends of the polyP chains allows the formation
of Ca®" bridges, leading to contraction of the Ca-polyP structure and expulsion of water (Figure 5B). The porous
structure of the Ca-polyP nanoparticles allowing the draining of liquid and visible in electron micrographs (Figure 4B) is
thought to be due to the repulsion of Ca®" ions located on the surface of opposing polyP strands (Figure 5B). The larger
Ca”" concentration needed for Ca-polyP nanoparticle formation compared to coacervate formation can result in the
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Figure 5 Proposed mechanism of pore formation during nanoparticle formation from Ca-polyP coacervate. (A) Phase transition of a Ca-polyP coacervate droplet consisting
of polyP, Ca”* and Na* ions into a porous Ca-polyP nanoparticle (NP) by alkalization and addition of further Ca®* ions. This process is associated with expulsion of water
(syneresis), release of residual Na* (from the preparation procedure) and shrinkage. (B) At neutral pH, the internal and first terminal OH groups of the polyP chains within
the coacervate are almost completely dissociated (pK; = 2.2), while the second terminal OH is only about 50% dissociated (pK, = 7.2). Each Ca®* ion is bound to two
phosphate units while Na* is bound to the remaining phosphate units. In addition, Ca®" bridges formed between phosphate units of two individual polyP chains can occur
(not shown). Increasing the pH leads to dissociation of the second terminal OH group, allowing Ca?* bridging between the ends of two polyP strands. The consequence is
a contraction of the structure, which leads to expulsion of water. The electrostatic repulsion between opposing Ca®" ions bound to the surface of adjacent polyP chains
creates pores that are used for water exfiltration. (C) Addition of more Ca®" ions (increasing the Ca: P ratio) leads to the replacement of Na* ions by Ca®* ions that form
bridges between adjacent polyP strands.
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formation of additional Ca®" bridges between adjacent polyP strands, accompanied by a release of Na* ions as the result
of a Na'/Ca®" exchange (Figure 5C).

Polyphosphate Coacervates in Tissue Engineering Scaffolds

Coacervate formation of polyP is essential for the morphogenetic and energy delivering activity of a variety of biohybrid
materials formed from polyP or polyP nanoparticles and a variety of hydrogel-forming polymers. PolyP-containing
hydrogel scaffold materials have been prepared by combining the polymer with other polyanionic polymers such as
alginate, hyaluronic acid or N,O-carboxymethylchitosan, a carboxymethylated chitosan derivative, all of which are
negatively charged at physiologically pH due to their multiple carboxyl groups.’®'?'"!** These hybrid materials are
hardened by adding divalent cations such as Ca>* or Mg®", which lead to the formation of metal bridges between the
polymers.

PolyP coacervates can either be generated directly during preparation of the scaffold materials, or these materials can
be supplemented with amorphous polyP nanoparticles, which upon protein contact, eg, blood serum contact, are
transformed into the coacervate phase. Alternatively, the nanoparticles such as Ca-polyP nanoparticles can be generated
in situ. For example, the negatively charged polysaccharide karaya gum, poly(vinyl alcohol) (PVA), polyP and Ca*" ions
form a porous hybrid cryogel through Ca®*-mediated ionic gelation of the gum and intermolecular cross-linking of PVA
by freeze-thawing;'?* Figure 6A. Addition of Ca?' ions leads to the in situ formation of 100-150 nm Ca-polyP
nanoparticles (Figure 6B [left] and 6C). Upon contact with medium/serum, the nanoparticles within the cryogel are
converted into a coacervate (Figure 6B [middle] and 6D). The formed polyP coacervate turned out to be a suitable matrix
to attract stem cells (human MSC) and to support the adherence and invasion of MSC into the scaffold (Figure 6B [right]
and 6E). It is assumed that the migration of the cells into the cryogel after polyP-coacervate formation is enabled by
breakage of the ionic and hydrogen bonds between the polymers, mediated by cellular enzymes or due to pH changes.'**
Animal experiments showed that implantation of polyP/karaya gum/PVA-containing microspheres in rat muscle resulted
in the formation of initial granulation tissue that was not seen in controls and led to the replacement of the implant
material after 2—4 weeks.'**

Another example for a polyP-containing hydrogel scaffold, which is activated by forming a coacervate upon contact
with body fluids, is based on a combination of polyP with N, O-carboxymethylchitosan (V,0O-CMC) and alginate. It was
found that the polyP/N,0-CMC/alginate hydrogel matrix hardens through the formation of Ca®" crosslinks between the
polymers in the presence of Ca®'ions.'?''** This material could also be used as a bio-ink for 3D-printing of hydrogel
scaffolds that even contain cells and support cell differentiation and proliferation. Recently, a V,O-CMC/alginate-based
bio-ink was formulated, supplemented with both soluble Na-polyP and Ca-polyP nanoparticles; in addition, gelatin was
added as a cell adhesion matrix (Figure 7A).'?> This bio-ink was suitable for 3D bio-printing of living cells such as MSC
(Figure 7B). Exposure of the 3D-printed scaffold to medium/serum resulted in coacervate formation (Figure 7C), starting
with the readily available soluble polyP (Na-polyP) and continuing with the Ca-polyP nanoparticles (depot form;
Figure 7D) formed from the soluble Na-polyP after addition of Ca®" ions. The formed polyP coacervate (Figure 7E)
efficiently supported cell survival/proliferation due to its energy-providing and morphogenetic activities and promoted
the attachment and ingrowth of MSC and their differentiation into mature, mineral-depositing osteoblasts.'*

Materials based on polyP-coacervate or materials containing soluble polyP or stable polyP nanoparticles that are
converted into a biologically active polyP-coacervate upon contact with proteinaceous body fluids have also been used
for wound healing. Wound healing is a highly energy-dependent process'*° that is impaired under pathological conditions
associated with insufficient oxygen or nutrient supply. These conditions can lead to the development of non-healing,
chronic wounds that resist conventional therapy, such as diabetic, venous, arterial and pressure ulcers. The energy
demand of the recovery zone during wound healing is required not only for energy-dependent cell migration, prolifera-
tion, and differentiation, but also the resynthesis, organization, and maintenance of the ECM surrounding the cells.
Physiologically, this energy is provided by the platelets, which release polyP at the injured site after activation.>¢"'?’
The supply of energy in the form of polyP is particularly important for the regeneration of the epidermis, since this non-
vascularized skin layer depends on the supply of nutrients from the underlying dermis. PolyP serves as a source of
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Figure 6 In situ nanoparticle formation and coacervation in a Karaya gum/poly(vinyl alcohol) (PVA)/polyP-cryogel. (A) Sketch of formation of the cryogel by physically cross-
linking of PVA and ionic gelation of Karaya gum and Na-polyP (upper row). Ca* induces the cross-linking of Karaya gum as well as the in-situ formation of Ca-polyP
nanoparticles (NP) with a size of 100-150 nm (KG/PVA/polyP: NP-cryogel; (B [left]). Exposure of the Ca-polyP-NP containing cryogel to medium/serum leads to
transformation of the nanoparticles into a coacervate (B [middle]). The coacervate formed is a suitable matrix supporting the adherence and the infiltration of human
mesenchymal stem cells (MSC) into the cryogel (B [right]). (C) KG/PVA/polyP: NP-cryogel with the in-situ formed nanoparticles (NP). (D) Coacervate (coa) formed after
medium/serum exposure of KG/PVA/polyP: NP-cryogel. (E) Attachment and migration of MSC into the polyP-containing cryogel after coacervation. SEM images. Adapted
from Tolba E, Wang XH, Ackermann M, et al. In situ polyphosphate nanoparticle formation in hybrid poly(vinyl alcohol)/karaya gum hydrogels: A porous scaffold inducing
infiltration of mesenchymal stem cells. Adv Sci (Weinh). 2018;6(2):1,801,452. © 2018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. This is
an open access article distributed under the terms of the Creative Commons CC BY license (https://creativecommons.org/licenses/by/4.0/).'**

metabolic energy by providing ATP via the combined action of the two enzymes, ALP and ADK, both intra- and
extracellularly.>®' Both enzymes are present in the wound bed.'"’

Both a wound repair gel and a wound mat with water-soluble polyP or stable polyP nanoparticles have been
developed to support the healing of chronic wounds. The combination of polyP with hydrogel-forming polymers enabled
the fabrication of biomimetic water-rich polymer networks that mimic the ECM in native tissues. These hydrogel
networks provide a suitable, adaptable matrix that allows the embedded cells to migrate, proliferate and differentiate. The
preparation of such a hydrogel matrix, consisting of polyP and an alginate and periodate-oxidized alginate network cross-
linked via Zn>" ions and gelatin via Schiff base formation, has been reported (Figure 8A).'*®

Cross-linking of alginate with divalent cations leads to the formation of a hydrogel matrix that is too rigid to allow
sufficient cell migration. Therefore, a partially oxidized alginate matrix was used. Sodium metaperiodate served as
oxidizing agent. During oxidation, the OH groups at C2 and C3 of the sugar-building blocks of alginate, a copolymer of
1,4-linked B-p-mannuronic acid and o-L-guluronic acid, are converted into aldehyde groups that can react with protein
amino groups such as the -amino groups of lysine and hydroxylysine of gelatin, leading to formation of a Schiff base.'*’
PolyP was incorporated into this matrix, consisting of an ionically cross-linked unmodified alginate-modified

(oxidized) alginate—gelatin hydrogel mesh, either in a depot form as solid Zn-polyP nanoparticles (prepared at pH 10),
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Figure 7 Coacervate formation within the polyP-based bio-ink for 3D printing. (A) Formation of the bio-ink from N,0-carboxymethylchitosan (N,O-CMC), polyP, alginate
and Ca?*. Additionally, gelatin is added to provide the hydrogel with a substrate for cell adhesion (not shown). (B) 3D-printed grid using the bio-ink. (C) Higher magnification
of the grid after incubating in medium/serum. (D and E) During exposure to medium/serum, the Ca-polyP nanoparticles (NP; > <) (D), which are formed from soluble Na-
polyP after addition of Ca* ions and act as a depot form of polyP, are transformed into the coacervate (coa) phase (E); ESEM. The polyP component of the bio-ink delivers
the metabolic energy needed for the cells to grow and remain functionally active on the 3D-printed scaffold. Adapted from Neufurth M, Wang SF, Schréder HC, Al-Nawas B,
Wang XH, Miiller WEG. 3D bioprinting of tissue units with mesenchymal stem cells, retaining their proliferative and differentiating potential, in polyphosphate-containing
bio-ink. Biofabrication. 2021;14:015016. © 2021 The Author(s). Published by IOP Publishing Ltd. This article is licensed under a Creative Commons Attribution 4.0 license
(https://creativecommons.org/licenses/by/4.0/).' %

A

Alginate Oxidized Collagen polyP
alginate

Figure 8 Preparation and surface morphology of an alginate/oxidized alginate hydrogel containing polyP nanoparticles or polyP coacervate. (A) Formation of the hydrogel
from alginate, oxidized alginate, collagen, Na-polyP and Zn*" ions. (B—D) Surface textures of the polyP-free hydrogel (ALG/OA-HG) (B) and of the Na-polyP-supplemented
hydrogel treated with ZnCl, at alkaline pH (“ALG/OA-polyP-NP-HG”) (C) or at neutral pH (ALG/OA-polyP-CoA-HG) (D); ESEM. After treatment with ZnCl, at pH 10
numerous Zn-polyP nanoparticles (NP; > <) are visible on the hydrogel surface (C), while at pH 7 a polyP coacervate is formed (D). Adapted from Wang SF, Wang XH,
Neufurth M, et al. Biomimetic alginate/gelatin cross-linked hydrogels supplemented with polyphosphate for wound healing applications. Molecules. 2020;25(21):5210. © 2020
by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (https://creativecommons.org/licenses/by/4.0/).'*®

which are converted into the biologically active coacervate phase after matrix exposure to protein at neutral pH, or
directly as polyP coacervate that is immediately active.'*® Analysis of the morphology of the polyP-supplemented
hydrogel matrix showed that the addition of Zn?" ions to the hydrogel at alkaline pH (pH 10) leads to the in situ
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generation of Zn-polyP nanoparticles (Figure 8C), while at neutral pH (pH 7) a polyP coacervate is formed (Figure 8D).
For comparison, the hydrogel surface of the polyP-free hydrogel matrix is shown in Figure 8B.

In cell culture experiments with human epidermal keratinocytes, both the alginate—oxidized alginate—gelatin matrix
supplemented with Zn-polyP nanoparticles after conversion of the particles in the coacervate phase and the Zn-polyP-
coacervate-containing matrix strongly promoted the energy-dependent migration of the cells and cell attachment,
spreading and cell growth compared to the matrix without the polymer.'*® Using a similar matrix, the potential of
polyP to exhibit morphogenetic activity and to serve as a donor of metabolic energy was recently also demonstrated
in vivo in patients suffering from chronic wounds that were refractory to conventional therapy.'®’

The collagen-based wound mat developed in addition to the wound gel consisted of amorphous Zn-polyP nanopar-
ticles integrated into mechanically compressed collagen (Figure 9A).''® The nanoparticles were embedded in the
collagen mat during the compression process. After contact with wound exudate, they are converted into the biologically
active polyP coacervate phase (Figure 9A and B). Only in the coacervate form is the polyP biodegradable and exerts its
energy-supplying and morphogenetic activity. This coacervate supported the migration of cells from the granulation
tissue of a chronic wound treated with the wound mat into the mat, as demonstrated in a wound biopsy specimen
traversing the mat (Figure 9C).""®!3® Furthermore, it was found that the cells infiltrating the collagen mats showed
pronounced development of microvilli, which is an indication of increased cell activity.''®

The morphogenetic activity of polyP is reflected in the induction of the expression of specific genes involved in
wound healing, as we could also show in animal experiments.'*' It should be noted that the beneficial effect of polyP on
wound healing is supported by the antibacterial properties of the polymer, which not only acts as an inhibitor of matrix
metalloproteinases and bacterial proteases that interfere with wound healing,'** but also through the engulfment and from
it resulting immobilization of bacteria by the formed polyP coacervate (see Figure 3A).

The ability of polyP coacervates to entrap cells or molecules can also be exploited in drug delivery. It has previously
been shown that polyP nanoparticles can be loaded with certain drugs such as the bisphosphonate zoledronic acid, which
is incorporated due to its chemical similarity to polyP. The resulting particles showed the properties of both components,
the tumor growth-inhibiting effect of the bisphosphonate and the morphogenetic activity of polyP.'!”

In an elegant approach, we recently constructed core-shell particles consisting of a drug-loaded Ca-polyP
nanoparticle core and a surrounding Ca-polyP coacervate shell loaded with a different, second drug.'*
A schematic presentation of the design of the polyP-based core-shell particles loaded with the two drugs is given
in Figure 10A, which are prepared as follows. The amorphous Ca-polyP nanoparticles core is prepared under alkaline
conditions (pH 10) from Na-polyP and CaCl, at a superstoichiometric Ca:P ratio of 2:1 in the presence of the first
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Figure 9 Activation of a compressed collagen wound mat supplemented with Zn-polyP nanoparticles by polyP coacervation upon contact with wound exudate during
treatment of a patient suffering from a chronic wound. (A) Phase transformation of Zn-polyP nanoparticles (np) integrated in the mechanically compressed collagen wound
mat into the coacervate (coa; schematic presentation). (B and C) Coacervate (coa) formation (B) and migration of cells (C) in the wound mat. A biopsy taken through the
wound mat 3 weeks after the start of treatment shows that cells from the regenerating granulation tissue of the wound migrate into the mat. Cells were visualized by staining
with rhodamine/phalloidin (actin; in red) and DRAQ5 (nuclei; in blue) (C). (A) Used with permission of Royal Society of Chemistry, from Miiller WEG, Schepler H, Tolba E,
et al. A physiologically active interpenetrating collagen network that supports growth and migration of epidermal keratinocytes: zinc-polyP nanoparticles integrated into
compressed collagen. ] Mater Chem B. 2020;8(27):5892-5902. © 2020; permission conveyed through Copyright Clearance Center, Inc.''® (B and C) Adapted from Schepler
H, Neufurth M, Wang SF, et al. Acceleration of chronic wound healing by bio-inorganic polyphosphate: in vitro studies and first clinical applications. Theranostics.
2022;12(1):18—34. © The Author(s). This is an open access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/
licenses/by/4.0/).'*
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Figure 10 Drug delivery via core-shell particles consisting of a drug-|-loaded Ca-polyP nanoparticle core and a drug-2-loaded Ca-polyP coacervate shell. (A) Scheme of
a polyP-based core-shell particle. The drug-loaded Ca-polyP nanoparticle core is prepared from Na-polyP and a stoichiometric excess of CaCl, at pH 10 in the presence of
dexamethasone (Dexa; drug |). Dexamethasone 2 |-phosphate is used, which binds via ionic interaction. The drug-loaded Ca-polyP-coacervate shell is prepared by exposure
of the Ca-polyP nanoparticle core to a Na-polyP solution at pH 7. Coacervate formation is initiated by Ca®" ions released from the nanoparticle core. L-ascorbate (AA;
drug 2) used as a negatively charged second drug binds to the polyanionic polyP via Ca®* bridges. (B) High-resolution TEM of the drug-loaded core-shell particles; ¢, core; s,
shell. (C) SEM image of the core-shell particles. (D) Ascorbic acid and dexamethasone release kinetics from core-shell particles. The means + SD of five independent
experiments are shown (*p < 0.005). Adapted from Miiller WEG, Tolba E, Wang SF, et al. Nanoparticle-directed and ionically forced polyphosphate coacervation: a versatile
and reversible core-shell system for drug delivery. Sci Rep. 2020;10(1):17,147. © 2020 The Author(s). This article is licensed under a Creative Commons Attribution 4.0

International License (https://creativecommons.org/licenses/by/4.0/).'3?

drug, dexamethasone 21-phosphate, which is incorporated due to ionic interaction. In the next step, the coacervate
shell is generated by exposure of the Ca-polyP core to a solution of soluble Na-polyP and ascorbic acid at pH 7. The
coacervate is formed from the soluble polyP and Ca®" ions that migrate from the nanoparticle core to the shell that is
being formed. The second drug, L-ascorbate, is integrated in the outer shell by binding to polyP via Ca®" bridge
formation due to the negative charge of the molecule. The core-shell structure of the drug-loaded core-shell particles
could be visualized by high-resolution TEM (Figure 10B). Their globular morphology analyzed by SEM is shown in
Figure 10C.

In in vitro experiments, the core-shell particles showed not only the morphogenetic and energy-supplying activity of
polyP, but also strong osteogenic activity, caused by the two incorporated active ingredients dexamethasone, which
promotes osteogenic cell differentiation, and ascorbic acid, which induces collagen synthesis.'** Studies on drug release
kinetics revealed a fast process for the release of ascorbic acid and polyP from the coacervate shell, while the release of
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the components of the nanoparticle core, dexamethasone and polyP, is slower, most likely since the latter process requires

the transformation of the nanoparticles into the coacervate phase (Figure 10D)."*?

Polyphosphate and Morphogenetic Activity
Morphogenetic activity, as described above, is a characteristic property of polyP, which the polymer shows only after
transformation of polyP nanoparticles into the coacervate phase. In its specific formulation, polyP can even determine the
direction of cell differentiation. The identification of molecules capable of controlling the direction of stem cell
differentiation by inducing specific gene expression is a major challenge and of great importance in tissue engineering
and repair. PolyP actually represents such a molecule. The direction of differentiation is determined by the counterion of
the polymer.'** It was found that polyP can induce the differentiation of MSC into either the osteogenic, chondrogenic,
myogenic, or tenogenic lineage, depending on the counterion.

The mechanism by which polyP stimulates cell growth and differentiation involves specific signaling pathways such
as the mTOR/Wnt/B-catenin'*> or FGF (fibroblast growth factor) signaling pathway,'¢'%’
specific transcription factors such as RUNX2 (Runt-related transcription factor 2) and SOX9 (SRY-box transcription

as well as the expression of

factor 9).°%122:123.138 Activation of the protein kinase mTOR (mammalian target of rapamycin) by polyP leads to
phosphorylation of PHAS-I, a protein that binds to the eukaryotic initiation factor eIF-4E and is involved in regulation
of protein synthesis and cell proliferation.'** Ca-polyP nanoparticles and Sr-polyP nanoparticles induce the expression of
genes that lead to the differentiation of MSC into mineralizing osteoblasts,” while Mg-polyP nanoparticles promote the
differentiation into chondrocytes.>® Specific genes expressed in the presence of amorphous Ca-polyP nanoparticles
include RUNX2 (differentiation of MSC into osteoblasts),'® ALP'*® and bone morphogenetic protein 2 (BMP-2).'*
The amorphous Sr-polyP nanoparticles induce the expression of sclerostin, an inhibitor of canonical Wnt/B-catenin
signaling,>* while Mg-polyP nanoparticles promote the expression of SOX9 (differentiation of MSC into chondrocytes)
and ALP, as well as the collagen types 2A1 and 3A1 and aggrecan.’™'?* Accordingly, depending on the counterion, these
polyP nanoparticles can be used to regenerate and repair bone or cartilage tissue.’>>>'?! At present, there is little
knowledge as to which cell surface receptors polyP binds to, or whether polyP primarily interferes with receptor ligand
interactions. PolyP has been shown to bind to purinergic receptors (P2Y), resulting in activation of phospholipase C and
an increase in intracellular-free calcium in astrocytes.'*! Results obtained in the unicellular eukaryote Dictyostelium
discoideum indicate that other G protein-coupled receptors may also be involved in the response of mammalian cells to
extracellular polyP.'** It should be noted that polyP can also be taken up by cells, most likely via a clathrin-mediated

112,143 and also interact with intracellular proteins.

mechanism,
Polyphosphate and Energy Generation
The second characteristic of polyP that requires formation of the coacervate phase from the nanoparticulate storage form
of the polymer, the supply of metabolic energy, makes this polymer unique for tissue regeneration applications. Tissue
regeneration and repair requires a lot of energy, an aspect that has received little attention in the design of scaffold
materials in regenerative medicine. Scaffold materials based on organic molecules that modulate the metabolic energy
state of cells have only been developed to a limited extent.'** However, with polyP, we have an inorganic molecule that
is attracting increasing interest as a source of metabolic energy. PolyP can store many times the energy present in ATP in
the form of energy-rich phosphate residues linked via high-energy anhydride bonds, each of which can release an energy
of —30.5 kJ-mol ! after hydrolytic bond cleavage. This energy is required not only for processes within cells, but also for
processes in the extracellular space, including the organization and function of the ECM structure. Extracellular ATP
concentrations are much lower than cytosolic ATP levels, ranging only from 1 to 100 nM compared to 1 to 10 mM of
intracellular ATP.'*> Extracellular ATP-consuming reactions or other nucleotide-dependent processes involve not only
the phosphorylation of ECM proteins by extracellular kinases,'*° but also the function of extracellular chaperones such as
clusterin,'*7-148

In bacteria, polyP can act as a source for ATP production via the reversible reaction of polyP kinase. A related enzyme has not
been found in mammalian or human cells and tissues. Hydrolytic degradation by the ubiquitous ALP, which is present both intra-
and extracellularly, only leads to dissipation of the energy stored in the polyP phosphoanhydride bonds in the form of heat, which
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cannot be converted back into chemical energy. Inhibitor experiments, however, provided evidence that polyP acts as a donor for
metabolically usable energy, of ATP, through the interaction of ALP with a second enzyme, ADK, which is also bound to the
outer cell membrane.®+'?” Experiments with SaOS-2 revealed that addition of polyP to these cells leads to a strong increase of
ATP in the culture medium.'?” This rise in the ATP level could be prevented by administrating levamisole, an inhibitor of ALP
activity. Evidence that ADK is involved as the second enzyme came from results with P!, P>-di(adenosine-5) pentaphosphate
(ApsA), an ADK inhibitor, which led to a drop of the ratio between the extracellular levels of ATP and ADP®! From this, it was
concluded that the formation of ATP from polyP requires the combined action of the two enzymes ALP and ADK, which act as
an enzyme pair.

From these results, it has been suggested that ATP formation from polyP comprises two steps; firstly,
a phosphotransfer reaction from polyP to AMP forming ADP, which secondly undergoes ADK-catalyzed interconversion
to ATP and AMP consuming a second ADP molecule.® In this way, one ATP molecule can be produced from each
energy-rich phosphate in the polyP chain. In reality, the yield is likely lower since the phosphotransfer reaction competes
with the hydrolytic cleavage of the phosphoanhydride bond and depends on the availability of AMP. The second ADP
molecule required for the ADK reaction is generated from the end product of the ALP/ADK-reaction, from ATP, by
subsequent kinase or ATPase reactions. Due to their exothermic nature, the latter reactions are expected to shift the
chemical equilibrium of ALP and ADK towards ATP formation.

Both ALP and ADK are associated with the plasma membrane and also occur extracellularly. In the proposed
mechanism of the ALP-mediated phosphotransfer reaction, enzymatic cleavage of the terminal phosphate group of polyP
generates a metaphosphate species, which is bound to the catalytic site of the enzyme prior to transfer to AMP, leading to
ADP formation.’

During the catalytic cycle, the two monomeric subunits of the ALP homodimer, attached to the cell membrane via
a GPI anchor, alternately undergo conformational changes involved in the catalytic mechanism of the enzyme. The
catalytic site of each ALP monomer contains one Mg®" ion in addition to the two Zn>" ions associated with the
metaphosphate intermediate.”’>”” The Mg”" ion is involved in the allosteric activation of the enzyme. Depending on
Mg*", the affinity of the ALP subunit for polyP is high (Mg>" is present) or low (absence of Mg*").? In the course of the
reaction, both subunits switch from the low-affinity state to the high-affinity state and back in a mutually controlled
manner, which leads to a gradual degradation of the polyP chain with participation of both subunits.?

Future Directions

The development of specifically designed coacervates opens a variety of potential biomedical applications.'*’ Coacervate
formation in general, including phase separation of polyP solutions, can be controlled by a series of environmental
stimuli such as pH, temperature, ionic strength or specific electrolytes.>' >*'** This property of the polyP coacervates
allows the development of novel stimuli-responsive systems for biomedical or technological applications.

In this regard, polyP, either exogenously administered or endogenously produced and delivered by platelets, can be
considered as a bio-intelligent material. As described in this article, the physiological activity of this biomolecule
depends on the phase of the polymer, which can exist either in a stable but inactive form as particulate polyP nanoparticle
or in a physiologically active phase as a polyP coacervate with morphogenetic activity and the ability to deliver
metabolic energy in cooperation with the ALP/ADK pair. The specific state of polyP (nanoparticles or coacervate)
depends on various parameters such as the pH and the availability and type of divalent cations (Ca*", Mg**, Zn*" and
others) in the surrounding milieu, as well as protein concentration, and could be modulated by changes in the external
conditions that are either physiologically or pathologically. For example, bacterial infections occurring during wound
healing can cause the pH value of the wound bed, which is optimal in the slightly acidic range, to rise to more alkaline

51 and ALP activity to increase.'> The activity of extracellular ALP also increases during the progression of the

values
granulation phase of wound healing.'> In addition, it has been reported that Zn®" ions accumulate during wound
healing.'>* Therefore, it is assumed that polyP can change reversibly, eg, during wound healing, depending on the
stimulus, between the amorphous nanoparticulate state and the morphogenetically active, energy-delivering coacervate
phase. By coupling with a decision-making system and an effector, polyP as a sensor together with the ALP/ADK system

could even be part of a bio-artificial intelligence system.'>>'>° Future studies need to demonstrate the potential existence
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of such circuits with polyP that triggers and modulates the specific response of cells and tissues to internal or external
stimuli. First successes in this direction have already been achieved through the development of advanced implant

124

materials and drug delivery systems capable of forming in situ polyP nanoparticles, “* which are converted into the

physiologically active coacervate by protein at the injured tissue site.''®'3°

There is an increasing interest in such multifunctional, advanced hydrogel materials, not only for biomedical but
also technical applications.'”” Such materials are not only needed for applications in bone and cartilage tissue
engineering or wound healing, as described in this article, but also in a variety of other applications, such as
biologization of inert surfaces, as dental sealants,'>® or even as a prophylactic or therapeutic agent against infection
by SARS-CoV-2 virus'>® due to the antiviral activity of the polymer.'®*'®® For example, a polyP-containing
formulation has been developed which, when applied as an aerosol, can entrap the virus particles after virus/mucus
contact and also block the virus-receptor interaction.'®® Future applications of polyP-containing hydrogels could also
include a potential application in photothermal tumor therapy. For example, it has recently been shown that chitosan-
based hydrogels can be endowed with photothermal conversion capability by incorporation of infrared light absorbing
polyaniline, allowing the development of a non-invasive method for in situ tumor killing by hyperthermia.'®*

Future applications of polyP-containing hydrogels could also take advantage of the polymer’s still untapped
ability in tissue engineering to modulate reactive oxygen species (ROS)-based systems, either through the generation
of catalytically active manganese phosphate (MnHPO,), which exhibits superoxide dismutase (SOD)-like activity
165 via ALP-mediated degrada-

tion of Mn-polyP, or by inhibition of hydroxyl radicals [-OH] production via chelation and stabilization of Fe** ions

(dismutation of superoxide radicals [O,. ] to hydrogen peroxide [H,O,] and oxygen)

used to regenerate Fe*" in Fenton reaction.'®®'” A first hydrogel containing an integrated Fe®'/Fe*" cyclic redox
system based on a MoS,/alginate/Fe hydrogel catalyst, which enables an infrared radiation controlled -OH generation
via the Fenton reaction, has recently been realized.'®® The importance of polyP, particularly in the regulation of the
mitochondrial oxidative stress response has been demonstrated in experiments using mitochondrial polyP depleted
mammalian cells.'® Depletion of mitochondrial polyP was found to cause increased mitochondrial ROS production,
most likely due a dysregulation of redox homeostasis, resulting in a reduced rate of oxidative phosphorylation and

a shift towards the pentose phosphate and glycolysis pathways.'’%!"!

Conclusions

Coacervation has been recognized as an important physiological process both intra- and extracellularly. In contrast to
the formation of complex coacervates, little was hitherto known about the formation of simple coacervates. The most
prominent example, as described here, are coacervates, which are formed from the polyanion polyP and certain
(usually divalent) counter-cations. While various models and mechanisms for complex coacervate formation have
been proposed, the formation of simple polyP coacervates has remained a mystery and only scarcely investigated.
Recent results on coacervate formation of polyP in the presence of metal cations are summarized and discussed in
this review, which shed some light on this process, which is important to understand, especially as polyP has been
shown to be a unique—the only—inorganic polymer that is both morphogenetically active and capable of providing
metabolic energy, particularly for regenerative medical applications. Furthermore, polyP coacervation has been shown
to be a mechanism for entrapping and inactivating bacterial and viral pathogens. Investigations into the kinetics of
polyP coacervations revealed that this process can be divided into distinct phases, some of which are different but
also have some similarities to the formation of complex coacervates. Indeed, it can be assumed that the polyP
counterions involved in coacervation, such as Ca*" ions, form a polymer-like assembly that acts in a manner similar
to a polycation in complex polyP coacervation.

Also of particular interest is the ability of the polymer to exist in both a coacervate phase and a nanoparticle phase
alongside the soluble form of the polymer, due to the different properties of both polyP phases. While polyP nanoparticles
represent a rather biologically inert storage form of the polymer that resists attack by polyP-degrading enzymes such as ALP
over long periods of time, the coacervate is the biologically active form that stimulates cell growth and differentiation and
acts as a source of ATP that is required for cell and tissue function. Insight into polyP coacervate formation also allows for
a better understanding of polyP nanoparticle formation and the interconversion of both polyP phases.
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