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Inorganic materials are of increasing interest not only for bone repair but also for other applications in
regenerative medicine. In this study, the combined effects of energy-providing, regeneratively active
inorganic polyphosphate (polyP) and also morphogenetically active pearl powder on wound healing
were investigated. Aragonite, the mineralic constituent of pearl nacre and thermodynamically unstable
form of crystalline calcium carbonate, was found to be converted into a soluble state in the presence of
a Ca2+—containing wound exudate, particularly upon addition of sodium polyP (Na-polyP), driven by
the transfer of Ca®* ions from aragonite to polyP, leading to liquid—liquid phase separation to form an
aqueous Ca-polyP coacervate. This process is further enhanced in the presence of Ca-polyP
nanoparticles (Ca-polyP-NP). Kinetic studies revealed that the coacervation of polyP and nacre aragonite
in wound exudate is a very rapid process that results in the formation of a stronger gel with a porous
structure compared to polyP alone. Coacervate formation, enabled by phase transition of crystalline
aragonite in the presence of Na-polyP/Ca-polyP-NP and wound exudate, could also be demonstrated
in a hydroxyethyl cellulose-based hydrogel used for wound treatment. Furthermore, it is shown that
Na-polyP/Ca-polyP-NP together with nacre aragonite strongly enhances the proliferation of
mesenchymal stem cells and promotes microtube formation in the in vitro angiogenesis assay with
HUVEC endothelial cells. The latter effect was confirmed by gene expression studies, applying real-time
polymerase chain reaction, using the biomarker genes VEGF (vascular endothelial growth factor) and
hypoxia-inducible factor-1 o (HIF-1a). Division of Escherichia coli is suppressed when suspended in a
matrix containing Na-polyP/Ca-polyP-NP and aragonite. The potential medical relevance of these
findings is supported by an animal study on genetically engineered diabetic mice (db/db), which
demonstrated a marked increase in granulation tissue and microvessel formation in regenerating
experimental wounds treated with Ca-polyP-NP compared to controls. Co-administration of aragonite
significantly accelerated the wound healing-promoting effect of polyP in db/db mice. Based on these
results, we propose that the ability of polyP to form a mixed coacervate with aragonite, in addition to its
energy (ATP)-generating function, can decisively contribute to the regenerative activity of this polymer
in wound repair.

1. Introduction

Advanced products for skin repair and regeneration make use
of the whole range of skin protective materials available for the
treatment of acute, critical and chronic wounds, from materials
used for treatment of venous leg ulcers, diabetic foot ulcers,
pressure ulcers, burns and post-operative wounds." They also

» Department of Dermatology, University Medical Center of the Johannes Gutenberg  include regeneratively active skin creams that reinforce the

University, Langenbeckstrafie 1, 55131 Mainz, Germany

¢ Institute of Materials Science (ICMUV), Universitat de Valéncia, C/Catedratic José
Beltran 2, 46980 Paterna-Valencia, Spain

4 Nihon University, Division of Microbiology, Department of Pathology and
Microbiology, Nihon University-School of Medicine, Tokyo, Japan

+ These authors contributed equally to this paper.

9622 | J Mater. Chem. B, 2024, 12, 9622-9638

protective potency of the skin, the largest organ of the body,
against external influences, microorganisms, fungi and viruses.
Their aim is in particular to prevent and act as a protective
barrier against external pathogens from entering the body via
the bloodstream. The physiological, innate immune system
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of the skin eliminates most of these pathogens and prevents
the human body from cutaneous and systemic infections.>
The regenerative potential of advanced skin repair products
prevents superficial wounds from developing into chronic
wounds or even chronic skin ulcers. The healing process in
these progressed clinical pictures is disrupted in patients
suffering from venous stasis, diabetes mellitus or other chronic
insufficiencies.

Advanced products for skin repair meet these requirements
at least partially due to their active constituents, such as anti-
inflammatory, moisturizing and cleansing ingredients. However,
the formulations applied usually lack compounds that provide the
cells with a metabolic fuel that can substitute the deficiency of
energy in the extracellular space and body fluids. Certainly, the
energy status of the skin is a prominent factor in skin defense,’
and more specifically, it is the mitochondria in particular that play
an essential role in regulating the ATP homeostasis in skin
physiology.* This nucleotide is considered the most important
intracellular energy-providing metabolite due to its two high-
energy anhydride bonds and is the driving force for exergonic
reactions. After enzymatic cleavage, 30.5 k] mol ' of energy is
released per energy-rich bond in the ATP molecule.” It is important
to stress that the intracellular ATP pool is high at 3-10 mM, while
the extracellular ATP levels are only ~10 nM.*” However, in every
living organism and certainly also in humans,® there is another
high-energy molecule in addition to ATP, namely inorganic poly-
phosphate (polyP).>'® Importantly, while ATP only has two high-
energy bonds, polyP with a physiological chain length of ~100 P;
(phosphate) units" contains a much larger number of energy-rich
phosphoanhydride linkages. On a molar base, the energy density
in this polymer is 50 times higher than that in ATP.'” The highest
concentration of polyP in humans and other mammalian organ-
isms is found in the blood platelets, encapsulated in the dense
granules of these cell fragments in addition to large amounts of
ADP and ATP as well as pyrophosphate.****

The polyP in platelets serves as ATP generator. The free
energy stepwise released during the successive enzymatic
degradation of the polymer with alkaline phosphatase (ALP)
is first stored in ADP, followed by the up-phosphorylation of
ADP to ATP by adenylate kinase (ADK)."* These two enzymes are
exposed on the outer cell surface.'® It is also noteworthy that
polyP not only functions as an ATP generator extracellularly,
but also positively affects intracellular ATP generation. After
entry into the cells, probably coupled to ion transport,'® polyP
causes a significant accumulation of mitochondria,'® resulting
in an increased ATP formation through the mitochondrial F,F;-
ATP synthase system.'”

The property of polyP to act as a generator for the metabolic
fuel ATP is enhanced by its property to transform into a
coacervate phase (Fig. 1) in the presence of divalent cations
such as Ca*>* or Mg?*, whereby polyP and the cations undergo a
liquid-liquid phase separation with a denser polyP-rich phase
and a phase rich in Ca®* or Mg>"."®' Liquid-liquid phase
separation in a polymer-rich and polymer-poor phase has been
considered as the second step during complex coacervation.***"
In the coacervate stage, the polymers can be exploited for their
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Fig. 1 Conversion of solid aragonite into an aqueous coacervate phase in
the presence of Na-polyP. (A) Nacre (na) stretched inside of bivalve shells,
produces pearls when injured. Also on the outer surface of the shells,
Ca-carbonate deposits (de) are formed on the nacre platform. (B-1) After
coming into contact with Na-polyP, (B-2) the aragonite material dissoci-
ates into Ca®" and COs>~, (B-3) allowing a Ca®" flux, (B-4) followed by
the formation of soluble Na-carbonate (Na,COs) and denser Ca-polyP
coacervate droplets, (B-5) ending up with a voluminous aqueous Ca-polyP
coacervate. (C) Ca-polyP nanoparticles (Ca-polyP-NP); SEM. (D) Like
aragonite, the Ca-polyP-NP, which form a nearly indissoluble dense phase,
undergo coacervation when suspended in peptide-containing medium/
serum; ESEM.

inherent biological potency.** Furthermore, during the process of
coacervation, microbial cells can be enveloped and ultimately
killed.* A final remarkable property of polyP is that the polymer
can stabilize the amorphous phase of Ca-carbonate®! and can
thereby preserve the biological/osteogenic activity of Ca-carbonate
even in its nanoparticulate form.>®

The morphogenetic, regeneration-activating activity of polyP
is well established®®>® and has been proven in a proof-of-
concept study even for human application.>®*° For the Ca-
polyP used, it is evident that the Ca** ions are essential for
regeneration.®® As outlined above, the polyP backbone with its
high-energy phosphoanhydride bonds provides the metabolic
energy source for any cell-based regeneration process."?

In addition to its property to stabilize amorphous Ca-
carbonate and decelerate the crystallization process from amor-
phous to crystalline Ca-carbonate, polyP also enhances the
beneficial effect of calcium on wound healing.?" In the amor-
phous state, the Ca>" ions promote the healing of skin wounds,
especially chronic wounds, by activating the proliferation,
differentiation and migration of keratinocytes as well as the
proliferation and collagen deposition of fibroblasts.?*??
Furthermore, preliminary data suggest that carbonate also
promotes wound healing.** Carbonate can be released from
the less stable form of crystalline Ca-carbonate, from aragonite,
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which subsequently buffers the systems.®”> Previously, it was
reported that soluble Na-carbonate is able to form spherical
coacervate droplets with a size of ~200 nm in the presence of
Ca®"%® In turn, we postulated that aragonite, as the thermo-
dynamically unstable phase of crystalline Ca-carbonate, could
also form coacervate deposits like Ca-polyP. A biomaterial that
consists of >95% aragonite is nacre/pearls, which is formed
by freshwater bivalve molluscs such as from the hybrid species
(Hyriopsis schlegeli/Hyriopsis cumingi) as an inner shell
layer.>”7*° For biomedical application, the formulation as pearl
powder is frequently used.® It is interesting and suggestive that
the nacre (Fig. 1(A)), the smooth outer shell surfaces, can serve
as a platform for mineralization of nanoscale amorphous and
crystalline Ca-carbonate mineral precursors.*’ Pearl medicine
has a history of over 2000 years in both Europe and Asia, and
pearls are used in Europe in therapy of skin sufferings, as
mentioned by Vallés,** as medical cleansing agents [de compo-
sitione medimecatorum expurgantium] for treatment of skin
diseases [podest nunc exmodo morbi]. An even wider applica-
tion is reported from China, in which the powder is used, for
example, to calm the mind, clear the eyes or detoxify organs.*

The aim of the present study was to combine the energy-
generating and regeneratively active potential of polyP with the
inherent morphogenetic activities of pearl powder.** This
mineralic material, in the nanoparticle (NP) form, stimulates
human mesenchymal stem cells (MSC), promotes osteogenic
differentiation in vitro by inducing the ALP activity and causes
an upregulation of genes. Moreover, pearl powder implanted
into the dermis of rats causes an activation of skin fibroblasts,
in parallel with an enhanced extracellular matrix synthesis and
the organization of the filamentous structures and, associated
with this, the formation a dense network rich in collagen I and
collagen II1.>>** Slices of pearl powder, seeded with MSC start
to secrete ALP in an extent that exceeds the level induced by
bone morphogenetic protein (BMP-2) treatment.*®

Originally, it was reported that activated platelets release
polyP with a chain length of 60-100 P; residues, which initiate
the blood clotting contact pathway.’” However, later it was
argued to the contrary that this effect is not relevant.*® The
technical difficulty is that polyP in the circulating blood is
enzymatically hydrolyzed by ALP, which shortens the chain
lengths of the polymer.*® It has been reported that very long
polyP molecules (>500 P; units), such as those found in
microorganisms, interfere with the blood clotting cascade,
while shorter polymers do not exhibit this property.”® It is
most likely that polyP is released from the platelets either as
Na-polyP or as Ca-polyP-NP°" due to the high Ca>" level in the
platelets.”®>* The Ca-polyP-NP with the divalent metal ions
remain on the surface of the platelets as insoluble spherical
nanoparticles. For chemical synthesis of Ca-polyP, a sintering
procedure is usually used, which usually ends up in the crystal-
line form of the material.>* Likewise, the second component
mixed with polyP, the nacreous aragonite, exists in the crystal-
line aragonite phase.’”

However, in order to exploit the biomedical potential of
the basically solid aragonite with its excellent strength and
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toughness for bio-medical skin repair, such as in acute and
chronic wounds, the powder must be converted into a soluble
phase. In this state, pearl powder exhibits distinct wound
healing activity by promoting cell migration and inducing the
expression of type III collagen.*

The concept, which has been experimentally proven, is
outlined here and is achieved by immersing the crystalline
aragonite in a nonbuffered Na-polyP solution as sketched
(Fig. 1). Solid aragonite (Fig. 1(A)) is converted into the soluble
form upon immersion together with Na-polyP (Fig. 1(B-1)), a
soluble and weakly basic salt that dissociates into Na' cations
and polyP anions.”® In medium/serum, the Ca®" ions from
aragonite (Ca-carbonate) are then chelated by Na-polyP, result-
ing in the conversion of the solid phase into an aqueous
Ca-polyP coacervate (Fig. 1(B-2)-(B-5)). If the incubation system
contains Ca-polyP-NP, which are characterized by a high zeta
potential,"® the coacervate formation is amplified due to the
conversion of the fairly indissoluble NP into a soluble state.
It can be assumed that such a process also occurs in the
presence of body fluids such as sweat and wound secretions,
which are rich in peptides/proteins and Ca®>*,>” components
that affect and lower the high zeta potential'® of the indis-
soluble polyP particles [dense phase] (Fig. 1(C)) and transform
them into the more fluid, aqueous coacervate (Fig. 1(D)).

In the present contribution, this concept of producing a
co-coacervate from calcareous nacre of pearls and Na-polyP is
experimentally supported and it is shown that the mixed
coacervate phases (Ca-carbonate/Na-polyP) accelerate the pro-
liferation of MSC and trigger the subsequent organization of
these cells for microtube formation, the onset of blood vessel
formation. These results are further supported by reverse
transcription-quantitative real-time polymerase chain reaction
(RT-gPCR) using the biomarker genes VEGF (vascular endothe-
lial growth factor) and hypoxia-inducible factor-1o. (HIF-1a).
The VEGF is a pivotal proangiogenic regulator of angio-
genesis,”® while HIF-10 is the oxygen-regulated subunit that
determines HIF-1 activity.”® Both genes are strongly expressed
during angiogenesis.>

2. Experimental section

2.1. Components

Crushed powdered pearls (aragonite) were purchased from
Dura Green (Nanjing; China); the particles had a size from 3 to
10 um. The freshwater mussel hybrid species (Hyriopsis schiegeli/
Hyriopsis cumingi) has been used to obtain the pearls; they were
cultured in the pearl farm in Zhuji (Zhejinag, China). There,
a rectangular piece of mantle tissue was routinely prepared from
the interior of their shells and reinserted into the mantle epithe-
lium, where a pearl sac is formed and initiates the deposition of
the aragonite structure of the shell.®® The shape of the pearls is
caused by the shape of the inserted implant.

Na-polyphosphate (Na-polyP) with an average chain length of
40 P; units was purchased from Chemische Fabrik Budenheim
(Budenheim; Germany).

This journal is © The Royal Society of Chemistry 2024
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2.2. Preparation of Ca-polyP-NP

Amorphous Ca-polyP nanoparticles (Ca-polyP-NP) were pre-
pared from Na-polyP and CaCl, (#A537.1; Roth, Karlsruhe;
Germany) as described.®’ A 1:3 weight ratio of both compo-
nents was used as start concentration.

2.3. Application forms

PolyP (either Na-polyP or Ca-polyP-NP) with or without pearl
powder was applied to the system either directly or supplemen-
ted with a hydrogel or wound exudate removed from human
chronic wounds.? The samples were collected in accordance
with the rules of the declaration of Helsinki. In addition to
these recommendations, the consent of the patients has been
granted. The respective weight ratio is given with the corres-
ponding experiments. If not mentioned otherwise, a 1:1 weight
ratio between polyP and aragonite (pearl powder) was used.

2.4. Hydrogel-based gel formulation

The formulation of the polyP-containing hydrogel was prepared
as outlined before.”® The hydrogel consisted of a 2% (wt/wt)
hydroxyethyl cellulose (Caelo, Hilden; Germany) solution pre-
pared with 10% (wt/wt) 1,2-propandiol (#2554; Caelo). The
system was buffered with phosphate buffer to pH 6.5. If
indicated, a polyP suspension (200 mg of Na-polyP and 20 mg
of Ca-polyP-NP per 10 mL) was prepared and added to the
hydrogel. The final formulation contained 600 pg mL™ ' of
Na-polyP and 60 pg mL™" of Ca-polyP-NP.

2.5. Analytical methods

Fourier transformed infrared spectroscopy. After drying, the
sample material was ground to a composite powder and
analyzed by FTIR (Fourier Transformed Infrared Spectroscopy).
An attenuated total reflectance-FTIR spectroscope/Varian IR
spectrometer (Agilent, Santa Clara; CA) hooked to a Golden
Gate ATR unit (Specac, Orpington; UK) was used.

X-ray diffraction analysis. For XRD analyses, the dried
powder samples were inspected with a D8 Advance A25 dif-
fractometer (Bruker, Billerica; MA). The instrument was con-
nected with a monochromatic Cu-K, radiation system.

2.6. Cell biological studies

In vitro angiogenesis assay. The studies were performed with
human umbilical vein endothelial cells (HUVEC) purchased
from Lonza (Basel; Switzerland). The cells were cultured in
endothelial growth medium with 4% (v/v) fetal bovine serum
(FBS; #F7942, Sigma) together with 0.4% bovine brain extract
(BBE; #CC-4098, Lonza).®> The in vitro tube formation assay
(Cultrex in vitro Angiogenesis Assay Kit; Trevigen, Gaithersburg:
MD) was used according to the instructions of the manufac-
turer and as described.®® The Ca®>" concentration in the system
was 1.5 mM. The plates were coated with Reduced Growth
Factor Basement Membrane Extract (Trevigen) and wound
exudate enriched either with a polyP cocktail (final concen-
tration in the assay, 100 pg mL~ " of Na-polyP and 20 ug mL " of
Ca-polyP-NP) or a polyP plus aragonite (120 ug mL ") mixture,
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as indicated in the respective experiments. This arrangement
was overlayed with HUVEC at a density of 5 x 10° cells per cm?*
in 24-well plates.

Determination of cell proliferation. The determination of
the effect of polyP and aragonite (nacre) on cell proliferation
was performed with human MSC (mesenchymal stem cells).
The cells were cultivated as outlined®® and obtained from
healthy nondiabetic donors; they were obtained from Lonza
Cologne (Cologne; Germany). The MSC were propagated in
Dulbecco’s Modified Eagle Medium (DMEM) medium, supple-
mented with 10% FCS (fetal calf serum) (Biochrom, Berlin;
Germany). After passage to a density of 5 x 10’ cells cm™? in
24-well tissue culture plates, the cells were incubated for a
period of up to 8 d. During this period, the medium/serum
was supplemented either with the polyP cocktail Na-polyP
(100 ug mL™ ") together with Ca-polyP-NP (20 ug mL ™) or a
mixture of this polyP suspension with aragonite (120 ug mL ™)
in a ratio of 1: 1 (wt/wt). After termination, the cell proliferation
was assessed microscopically by staining with Calcein AM
(#223506; Sigma) and visualized microscopically.®®

A quantitative determination was achieved by staining with
the cell viability reagent PrestoBlue (Life Technologies, Dreieich;
Germany) at the end of the incubation; the relative fluorescence
units (RFU) were determined at 570 nm and for reference at the
wavelength of 595 nm.®° Ten parallel experiments were performed;
data are means + SD (P < 0.01).

In another series of experiments to determine the effect of
the hydrogel without or with supplements on cell morphology,
300 pL MSC cultures, in the middle of exponential growth
phase (150 x 10* cells mL™"), were added to 100 pL of wound
exudate and 100 pL of hydrogel either containing no polyP or
aragonite or supplemented with the polyP suspension (final
concentration in the assay 120 pg mL™" of Na-polyP) together
with aragonite (final concentration: 120 pg mL~"). The system
was buffered with a phosphate buffer to pH 6.5. The cultures
were incubated for 12 h; then the cells were freeze-died and
inspected by SEM.

Cultivation and exposure of bacteria. Escherichia coli M15
strain cells were grown in LB medium (Qiagen, Hilden;
Germany) as described.®” After reaching the exponential growth
phase, the bacterial cultures either remained free of further
additions or were supplemented with 100 pl mL~' LB medium
containing the polyP cocktail (100 pg mL™" of Na-polyP and
20 pg mL~ " of Ca-polyP-NP) together with aragonite (120 pg mL ™).
If indicated, wound exudate was added. After incubation for
overnight, 100 uL samples were taken, placed onto grids, and
dried by critical point freezing.®®

The bacterial suspensions were centrifuged at 1700 x g for
10 min (Centrifuge 5810R, Eppendorf, Germany) to separate
bacterial pellets. After removing the supernatant, the pellets
were rinsed in 3 mL of distilled water (Bio-Rad Laboratories,
United States), followed by a second centrifugation under the
same conditions. Five to 10 UL of condensed bacterial suspen-
sions were collected.

The condensed bacterial suspension was applied to the surface
of a 15 mm x 35 mm Silicon (Si) wafer (Siltronix, France) and
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dried under a biosafety hood. Dried spots of bacterial deposits
with a typical thickness of 5-15 pm were obtained depending on
the bacterial concentration after rinsing.

Optical density (ODgg) measurements were performed to
determine the effect of the polyP/aragonite coacervate on the
growth of E. coli. Bactericidal kinetics were measured at an
optical density (OD) of 600 nm. E. coli [~10° cfu mL™]
suspended in 5 mL bacterial culture were shaken overnight at
30 °C. Aliquots of 100 pL were removed at different time
intervals and the respective densities were measured.®®

Reverse transcription-quantitative real-time PCR analyses.
The technique of RT-qPCR was applied to determine the gene
expression levels of VEGF and HIF-1o in human HUVEC. Cells
were incubated as described above. The RT-qPCR reaction
and evaluation were performed as published earlier.”>”" After
collection of the cells, RNA was isolated and subjected to
RT-qPCR to determine the expression levels of HIF-1a and
VEGF. The following primer pairs were used to amplify HIF-1a;
the forward primer TATGACCTGCTTGGTGCTGA and the reverse
primer GGGAGAAAATCAAGTCGTGC at an annealing tempera-
ture of 60 °C. For amplification of the VEGF, the forward primer
AACTTTCTGCTGTCTTGG and the reverse primer TTTGGTC
TGCATTCACAT were used at an annealing temperature of
55 °C.”2

For the amplification of the glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) housekeeping gene, the forward
primer GTCTCCTCTGACTTCAACAGCG and the reverse primer
ACCACCCTGTTGCTGTAGCCAA were selected.”” The annealing
temperature was 62 °C. The amplifications were performed in
an iCycler (Bio-Rad, Hercules, CA, USA) with the respective
iCycler software. Finally the C; values of the expressions of the
respective transcripts were calculated.”

2.8. Animal experiments

Ethics. All animal-related research was conducted in accor-
dance with 2010/63/EU and national legislation regulating the
use of laboratory animals in scientific research and for other
purposes (Official Gazette 55/13; Pursuant to Article 89 of the
Constitution of the Republic of Croatia [Zagreb, 10 October
2017]). All experiments conducted in the study described herein
were performed under the institutional ethics committee
approval number CAREZG_13-06-14_49 EP/2016 (SP-167-15
and SP-167-16). The approval number from the Ministry of
Agriculture, Republic of Croatia was KLASA: UP/I-322-01/15-01/
108, URBROJ: 525-10/0255-16-8.

Details comprising the animal studies have been given
earlier.”®

Experimental procedures for wound-healing studies. The
experimental studies summarized here were performed with
male diabetic mice (mean blood glucose level: 527 & 9 mg dL ™)
with the genetic background 000700 BKS.Cg-Dock7™ Lepr®/++/],
originating from a spontaneous mutation at the Lepr locus on a
C57BLKS/J background. In comparison, common inbred strain of
laboratory mouse, male C57BL/6, were included in the study. The
animals had an age of 6 to 7 weeks and were purchased from
Charles River (Calco, Italy). Per group, six to eight animals were
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included. After shaping the interscapular region and disinfection,
single full-thickness excisional wounds, 8-mm in diameter, were
punched. Postoperative pain control was applied through daily
s.c. injections of 4 mg kg™ * carprofen (5% Norocarp; Pfizer, USA)
in sterile, deionised water. The animals were sacrificed after
intraperitoneal injection of an overdose of ketamine (Taj Pharma-
ceuticals, Newcastle, UK)/xylasine (KHBoddin, Hamburg, Germany).
The control animals were not treated with polyP or crushed
aragonite, while the test animals received 150 mg polyP either alone
or together with 150 mg crushed aragonite applied superficially into
the open wound beds once, at day 0. Then the wounds were covered
with Tegaderm transparent dressing (3M, St. Paul, MN, USA).

Sample analysis: wound excision and morphometry. The
respective wound areas including the surrounding healthy
tissue were excised post mortem and processed for histological
assessment.”> The slices were stained with hematoxylin-
eosin.”® The morphometric evaluation of the degree of re-
epithelialization was performed optically with a Zeiss Axioskop
(Zeiss, Oberkochen; Germany).

2.9. Microscopic analysis

The high resolution SEM images were taken with a Zeiss
Gemini 1530 (Zeiss Oberkochem; Germany). For low resolution
SEM studies an ESEM XL-30 machine (Philips, Eindhoven;
Netherlands) was used. The samples were freeze-dried prior
to inspection. In the SEM-ESEM experiments the samples were
coated with gold.

2.10. Statistical analysis

For statistical analyses, the Student’s ¢ test or the Mann-
Whitney U-test were applied. Accordingly, the GraphPad Prism
7.0 software (GraphPad, La Jolla, CA, USA) was used.

3. Results and discussion

3.1. Coacervation of crushed powdered pearls by polyP

The complex coacervate technology, based on interactions of
oppositely charged polyelectrolytes in aqueous solution, has
been successfully applied for drug delivery.””””® Formulations
prepared by complex coacervation have the advantage that the
active molecules are completely surrounded by the enveloping
coacervate film. PolyP coacervates can be formed from polyP
even in the presence of divalent cations such as Ca®"."®'® The
advantage of the polyP-based coacervate is that it is stable in a
wide pH range from pH 5 (healthy individuals) to even the
alkaline range with pH 8."° Covering the alkaline pH range is
particularly important for the treatment of chronic wounds.?%%*
A further distinguished property of polyP is its high binding
affinity to histidine-rich peptides, which control the organization
of supramolecular biomaterials, especially those that bind to
inorganic matrices,*>® implying that polyP-based coacervates
are suitable for binding of aragonite calcareous nacre.

The finding that polyP and polyP coacervate cause a trans-
formation of solid Ca-carbonate (crystalline aragonite) into
a phase that is likewise soluble (Fig. 1) is used in nature to

This journal is © The Royal Society of Chemistry 2024
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self-assemble mineralic carbonate crystallites. This principle
allows the formation of strong composite materials with filigree
morphology, such as those used for construction of mollusk
shells.®” Conversely, in the present contribution the polyP polymer
is used to re-convert the crystalline aragonite into a soluble phase.
During this process, polyP acts as an anionic polymer, like the
aspartic acid rich proteins in shells,>” and as a platform for the
phase transition of the crystalline aragonite plates.®*

As thoroughly documented,*”***> mussel shells are formed
from crystalline aragonite, a metastable phase formed during
the crystallization steps to stable calcite.*® Exposure to polyP
abolishes the thermodynamic “pump’” mechanism and alters
or even blocks phase transformation.®”* In addition, divalent
cations such as Mg®" and certainly also Ca®" cause a change in
the surface free energy and in turn the nucleation kinetics.®’

As outlined in Fig. 1, co-incubation of pearl aragonite with
polyP ends up in the formation of a coacervate, a process driven
by Na-polyP and the subsequent Ca®* flux in the aqueous
medium. The Ca®>" jons shuttle between Ca-carbonate and the
phosphate polymer in a non-enzymatic way.’® As a result, polyP,
together with Ca** and carbonate, is converted into the bio-
logically active coacervate phase, resulting in stimulation of the

migratory ability of myofibroblasts, a key process in wound
55,91

regeneration, especially of chronic wounds.
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The image of the inner shell abalone (Haliotis spec.) mollusc
covered with an organic-inorganic nacreous, iridescent com-
posite layer, is shown in Fig. 2(A)-a. In response to injury,
pearls are formed below the Mantel and above the nacre layer
(H. schlegeli/H. cumingii);*° Fig. 2(A)-b and c.

3.1.1. Characterization of the starting materials. PolyP and
aragonite (from nacre) were analyzed by both FTIR and XRD
methods. The FTIR graphs of Na-polyP and Ca-polyP-NP show
the characteristic signals for polyP with v,{(P-O-P) around a
wavenumber of 902 ecm ™! and v4(P-O-P) at 733 cm™'. Marked
are the signals at 1245 cm ™", reflecting v,5(PO,)™ [the bridging
phosphate], and at 1085 cm ™', indicating v,5(PO;)*, the term-
inal phosphate units (Fig. 2(B)).”* These signals are also present
in the polyP coacervate phase.'® Furthermore, these charac-
teristic signals are also visible in the coacervate obtained after
addition of polyP in a weight ratio of 1:1 to aragonite (pearl
powder) to wound exudate (Fig. 2(B)).

The Ca-polyP-NP are completely amorphous, as proven by
the XRD diffractogram, which shows three smooth broad humps
without any sharp diffraction peaks (Fig. 2(C)).** In contrast, the
XRD aragonite (nacre) pattern shows the characteristic peaks and
reflects the crystalline nature as described.”?

3.1.2. Coacervation of crushed powdered pearls initiated
by Na-polyP. Wound exudate has a composition similar to

polyP signature

Na-polyP / / \JHN J

crystallir‘lgi66 Yes(P-O-P)
aragonite 7 ve(POP)
a-polyP-aragonite 733

0.15
2-
0.10 1 V"‘ﬁ((,F;O_r,’n)
vas(PO2)"
0.05 1 Ca-polyP-NP 1245

ha

0.00 T T T T
4000 3500 3000 2500 2000 1500
Wavenumber [cm]‘1

1000 500

Fig. 2 Characterization of Na-polyP, Ca-polyP-NP and aragonite and of the coacervate formed from solid aragonite in presence of Na-polyP polyP by
spectroscopical (FTIR) and X-ray diffraction (XRD) analysis. (A) Nacre (na) covering the inner side of bivalve shells produces pearls (pe) when injured.
(a) Shell from Haliotis tuberculata with the nacre at the inner side. (b) and (c) Shells from Hyriopsis schlegeli/ Hyriopsis cumingii with growing asymmetric
pearls; after (b) 12 months or (c) 18 months of regeneration. (B) FTIR spectrum for polyP together with aragonite after reaching the coacervate phase
(Na-polyP-aragonite) in comparison to the spectra of Na-polyP and Ca-polyP-NP. In the hybrid deposit (Na-polyP-aragonite in the coacervate form),
the characteristic peaks for polyP and that for Ca-carbonate are visible. They are marked, the characteristic signatures for polyP (both for Na-polyP
and Ca-polyP-NP) at 902 cm™ for v,s(P—-O-P) and at 733 cm™* for vs(P-O-P) as well as the peak at 1466 cm™* for aragonite. In addition, the signals
at 1245 cm™! for the bridging phosphate v,(PO,)~ and at 1085 cm™! for the terminal phosphate units v,(PO3)>~ are marked. (C) XRD patterns of
Ca-polyP-NP and aragonite. While the polyP graph diffractogram shows an amorphous halo, the aragonite graph matches aragonite.
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serum and also contains Ca*";**°> the pH is around neutra
As a result, this Ca**-rich environment allows rapid coacerva-
tion initiated by addition of Na-polyP (Fig. 3(I)).

Crushed powdered pearls with or without Na-polyP were
suspended in either phosphate-buffered saline (PBS) or wound
exudate at a final concentration 120 pug mL™' each. The
suspension in PBS did not significantly change the irregular
hexagonal crystal tablets that form the nacre pearls even after
immersion for 3 h (Fig. 3(I)-A-C). The surfaces of the lamellae
also retained their crystal morphology. In contrast, when the
crystalline tablets were added to the wound exudate, the
crystals began to dissolve after 3 h even in the absence of
Na-polyP (Fig. 3(I)-D-F). Very pronounced is this process when
the wound exudate is supplemented with Na-polyP (Fig. 3(I)-G-1).
Dissolution started after an incubation of 1 h and was complete
after 3 h. After this period, coacervate droplets with a size of
~20 nm appeared (Fig. 3(I)-D).

3.1.3. Coacervate formation of pearl crystals in wound
exudate induced by Ca-polyP-NP. The crushed pearl material
retains its crystalline hexagonal tablet morphology in PBS
(Fig. 3(II)-A-C). After transfer into the wound exudate supple-
mented with Ca-polyP-NP, an almost immediate dissolution of
the aragonite sheets begins (Fig. 3(II)-D), which speeds up
during a 1 h lasting incubation and, after 3 h, ends up in a
homogeneous coacervate phase, which almost completely lacks
the coacervate droplets (Fig. 3(II)-E and F).

3.1.4. Coacervation of wound hydrogel supplemented with
aragonite and polyP. Wound care in a moist wound environ-
ment accelerates healing, reduces scarring, stimulates autolytic
debridement and activates collagen synthesis.’” The basis for
the moisturizing solution are hydrogels or hydrocolloid-based
oxygen dressings, which are assembled from colloidal particles
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or hydrophilic polymers and are dispersed in water.”® Effective
hydrogels should be biocompatible and mimic the natural
extracellular matrix. Usually, synthetic hydrogels are applied,
and, among those, cellulose derivatives-based dressings have
been preferred for wound-healing.”® In our patient-oriented
application,”® we introduced the semi-synthetic biopolymer
hydroxyethyl cellulose as base material for the hydrogel. The
problem with hydrogels for wound coverage is that they rapidly
lose water unless the material is supplemented with ionic
polymers. Furthermore, they are usually not stable.’®

3.1.4.1 Viscosity. In the formulation tested on patients,>® the
hydroxyethyl cellulose-based hydrogel was supplemented with
polyP (Na-polyP and Ca-polyP-NP), a composition that forms a
stable coacervate (Fig. 3) in the presence body fluids such as
wound exudate with its Ca®".°® Importantly, the viscosity of the
hydroxyethyl cellulose hydrogel increases after addition of
polyP (100 pug mL ™" of Na-polyP and 20 ug mL ™" of Ca-polyP-
NP) from 20 Pa s to 25 Pa s.*® Further addition nacreous
aragonite (120 pg mL ') to the mixture stabilized the hydrogel
even further to a viscosity of 50 Pa s.

3.1.4.2 Coacervate formation. Injection of the hydrogel
wound dressing supplemented with polyP and aragonite in
PBS (containing only the monovalent cations Na" and K") does
not result in bulging of the initial morphology of the roundish
hydrogel drop (Fig. 4(I)-A and B). In contrast, if the hydrogel is
injected into wound exudate, strong and distinct and time-
dependent current flow patterns appear, which are typical
for coacervate formation*® (Fig. 4(I)-C-E). To demonstrate
that Ca®", present in the wound exudate at ~1.5 mM, is the

causative component in the wound exudate that triggers

Sz
e
56
=

59
as
°
® 0
2<
&P
5%

start 3h

1h
incubation period

Fig. 3 Susceptibility of crystals from crushed powdered pearls to polyP. (I) When the tablets are immersed in PBS, the morphology of the (A) irregular
hexagonal crystals (cry) does not change during an incubation period of (B) 1 h or (C) 3 h; also the surface texture remains unchanged. (D)-(F) However,
when the crystals are immersed in wound exudate, the crystalline surfaces disintegrate, especially after 3 h. (G)-(l) Even more, when the wound exudate
becomes supplemented with Na-polyP, the crystal pallets disintegrate completely, resulting in a coacervate with ~20 nm sized coacervate (coa) droplets
(dp). The respective incubation periods are given; SEM and ESEM. (lI) Likewise, in the presence of Ca-polyP-NP, the crushed pearls also undergo phase
transformation; SEM and ESEM. (A)—(C) Here too, when immersed in PBS, the crystal (cry) tablets keep their hexagonal shapes. (D)—(F) In contrast, when
the crystals are immersed in the wound exudate together with Ca-polyP-NP, coacervation (coa) starts and ends with a complete phase transition.
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Fig. 4 Coacervate formation of the wound dressing hydrogel supplemented with polyP and aragonite in Ca2*-free PBS or Ca*-containing wound
exudate. (1) (A) and (B) Pipetting (pi) into PBS does not cause coacervation or even bulging of the initial roundish hydrogel (hg) drop. (C)—(E) Development
of a current flow pattern reflecting coacervation after addition of the hydrogel filled with Na-polyP and aragonite into the Ca?*-containing wound
exudate. Already after an incubation period of 10 min, coacervate (coa) schlieren form, which increase in volume after 20 min. (F)—(H) When the wound
exudate was preincubated with 1.5 mM Na,-EDTA, the coacervate (coa) flow pattern is almost absent. (Il) HUVEC monolayered tube formation (A)—(C) in
assays overlaid on extracellular matrix material in PBS; SEM. When the matrix is (D)—(F) supplemented with the polyP cocktail, tube formation starts
already between 12 h and 24 h after plating and is complete after 30 h of incubation. When the matrix is enriched (G)-(I) with both the polyP and the
aragonite materials, monolayered tubes are formed already after 12 h and became steadily more pronounced. (lll) Kinetics of coacervate formation in
wound exudate; light microscopy. (A) After pipetting of 150 mg mL™ of Na-polyP into Ca®*-rich wound exudate, the first small dense particles (sd-pa)
appear, which act as nuclei for (B)-(D) denser coacervate (coa) deposits and then end up in extensive coacervate layers. The Na-polyP coacervate

deposits show (F) a porous structure, which becomes more solidified (G) after inclusion of nacreous aragonite showing 5 pm sized pores.

coacervation, the wound fluid was supplemented with 1.5 mM
Na,-EDTA (ethylene-diamine-tetraacetic acid) in order to
chelate divalent cations.”>'°° Under these conditions, coacer-
vate formation is drastically suppressed (Fig. 4(I)-F-H)).

These data proved the concept sketched in Fig. 1 that polyP,
particularly in the Na-polyP form, triggers a phase transition
from crystalline nacreous aragonite to the amorphous phase.
This transformation is based on the strong binding affinity
of the divalent Ca** cations to the anionic polymer. This
interaction is accelerated by the property of Ca-polyP to be
insoluble, which shifts the equilibrium towards destabilization
of the crystalline state of aragonite. In the presence of an
organic environment, the NP form of Ca-polyP undergoes
coacervation and, concomitantly, also the nacreous aragonite,
causing both deposits to turn into an aqueous phase. This

This journal is © The Royal Society of Chemistry 2024

reaction is the basis for the morphogenetic properties, with
their inherent biological functions, of the two inorganic
compounds.

3.1.5. Kinetics of Na-polyP coacervation in wound exudate.
In a separate series of experiments, the kinetics of the Na-polyP-
evoked coacervation process in wound exudate was studied
(Fig. 4(1IT)). It is a rapid process. After pipetting a Na-polyP
solution (150 mg mL™') into wound exudate containing
~1.5 mM Ca* ' coacervate droplets are formed almost
immediately (Fig. 4(III)-A). Within a period of 10 min, coacer-
vate drops/flats are formed (Fig. 4(II)-B and C) which maturate
into more solid coacervate fluffs (Fig. 4(III)-D) and end up with
100 um to 300 um coacervate layers (Fig. 4(III)-E). During this
liquid-liquid phase separation, pores with a diameter of 40-50 pm
are formed within the more solid polyP structure (Fig. 4(III)-F).
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Importantly, after adding nacreous aragonite (150 ug mL ™)
to the Na-polyP solution at the beginning of the coacervation
process, the more gelatinous structure of the gel is solidified,
with pores around 5 um, most likely stabilized by the remaining
1 um large, cobble-like particles (Fig. 4(I1I)-G).

Ethics. Human wound exudate was collected in accordance
with the rules of the declaration of Helsinki. In addition to
these recommendations, the consent of the patients has been
granted and the ethics committee of Rhineland-Palatinate gave
its consent also [donated and approved by Hadrian Schepler
(and the institutional committee of the Department of Derma-
tology, University Medical Center of the Johannes Gutenberg
University, Langenbeckstrale 1, 55131 Mainz, GERMANY)].

3.2. Effect of soluble aragonitic Ca-carbonate on biological
function

The coacervate, formed together with Na-polyP in the presence
of Ca** shows distinct biological activities.

3.2.1. Invitro angiogenesis assay. For the restauration and
regeneration of chronic wound injuries, it is essential that new
blood vessels sprout that supply the regenerating tissue with
energy and growth factors.”® More specifically, cells such as
keratinocytes regulate the release of endogenous ATP during
wound healing.’”® The release can occur both passively or
actively, through cell lysis, vesicular exocytosis, pores or hemi-
channels.'® These releases activate P2Y, receptors and stimu-
late PLC/IP; signaling, resulting in an increase in intracellular
Ca®" followed by increased wound closure. Under impaired
physiological conditions, ATP deficiency can be substituted by
exogenous ATP packed into vesicles,'® resulting in a stimula-
tion of granulation tissue formation in parallel with collagen
synthesis and neovascularization. Alternatively, polyP present
in blood platelets has the potential to generate ATP by succes-
sive enzyme-mediated energy transfer during splitting of the
high-energy acid anhydride phosphate bonds within the poly-
mer driven by ALP and ADK.'>'% Likewise, human studies also
suggested that the platelet density is positively correlated with
the ATP level in blood, while negatively correlated with the
NADH level.'%® Even more, mitochondrial polyP can contribute
to the cellular ATP pool.'”” In prokaryotes, ATP generation is
accomplished by adenosine kinase coupled to polyphosphate
kinases.'%®

A stimulatory effect on tube formation can be modeled
in vitro by HUVEC endothelial cells embedded in extracellular
matrix components.'” In the studies summarized here, the
matrix extract either remained nonsupplemented or was sup-
plemented with either the polyP cocktail alone (Na-polyP and
Ca-polyP-NP) or the mixture of polyP with the nacreous arago-
nite (Fig. 4(I1)). In the controls without polyP and aragonite, the
degree of tube formation was incomplete even after an incuba-
tion period of 30 h (Fig. 4(I)-A-C). In contrast, when the system
was supplemented with the polyP cocktail alone, already
after 12 h, the cells assumed a lobulated morphology and
began to spread, forming distinct, although often incomplete,
tube structures after 12 h, which became complete after 24 h
and 30 h (Fig. 4(II)-D-F). Addition of polyP together with
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aragonite accelerated the tube-like pattern formation and most
of the tube-like arrangements of the HUVEC cells were com-
plete after 12 h and 24 h. Further extending the incubation to
30 h allowed the formation of cobblestones framing the tubes
and smoothly arranged in monolayered rings (Fig. 4(II)-G-I).

3.2.2. Enhanced gene expression of the vascularization
biomarkers HIF-1o. and VEGF in human HUVEC. The cells were
layered onto the wound dressing hydrogel after supplementa-
tion with polyP and aragonite in the Ca**-containing wound
exudate under the same conditions used in the monolayered
tube formation study. Immediately after seeding or after an
incubation period of 12 h, 24 h or 30 h, the expression levels of
the biomarkers HIF-1o. and VEGF were quantitated by RT-qPCR
(Fig. 5). After incubation for 12 h, a 35% increase in HIF-1a
expression of the HUVEC is already measured, which doubles
again after 24 h (Fig. 5). The kinetics of VEGF expression is
slightly delayed, but increases to 245% after 24 h of incubation
(Fig. 5).

3.2.3. Increase in MSC proliferation. MSC play a crucial
role in all phases of wound healing, such as the inflammatory,
proliferative, and remodelling stages."**'"!

These cells were used to determine the effects of polyP and
nacreous aragonite on the growth rate of cells. Incubation of
MSC in the controls (with PBS) showed only a marginal increase
in cell density under the conditions used compared to the
positive potency of the polyP cocktail (Na-polyP and Ca-polyP-
NP) and especially the polyP suspension together with nacreous
aragonite (Fig. 6(I)). In all three series, with PBS (Fig. 6(I)-A and
B), polyP cocktail (Fig. 6(I)-C and D) and with polyP together
with nacreous aragonite (Fig. 6(I)-E and F) the densities of the
MSC increased during the inspection period between the time
of seeding and after 6 d of incubation.

Quantitative determination was possible by staining the
cells with the cell viability reagent PrestoBlue (Fig. 6(II)).

Il seeding
Il culturing on Na-polyP matrix gel
# # # # # #
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Fig. 5 Expression levels of HIF-1a and VEGF in HUVEC after incubation of
the cells onto a layer of the wound dressing hydrogel, enriched with polyP
and aragonite in the Ca?*-containing wound exudate, as outlined in the
in vitro angiogenesis assay. The steady-state expression levels were
determined by RT-qPCR and are referred to the transcript levels of the
housekeeping gene GAPDH. The results are means from 5 parallel experi-
ments; P < 0.01; marked with #.
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Fig. 6 Positive proliferation-stimulatory effect of polyP with nacreous aragonite on MSC. (I) MSC cultures were incubated with (A) and (B) PBS as a
control or (C) and (D) a polyP cocktail (Na-polyP and Ca-polyP-NP) as well as with (E) and (F) the polyP cocktail, mixed with nacreous aragonite. The
cultures supplemented with polyP and polyP plus aragonite grow to higher density compared to the controls after a 6 d incubation period; fluorescence
light microscopy. () Quantitative determination of the proliferation-inducing effect with the viability reagent PrestoBlue. The MSC were incubated with
either PBS (black bars), the polyP cocktail (blue bars), or with the polyP cocktail mixed with nacreous aragonite (red bars). The results are means + SD

from 10 parallel experiments (*P < 0.01).

In the PBS controls, the proliferation increased two-fold after
an incubation period of 6 d and continued to = 3-fold after 8 d
of cultivation (Fig. 6(II)). The proliferation-inducing potency of
polyP together with aragonite was significantly stronger com-
pared to polyP alone and reached a 2-fold greater efficiency
after an incubation period of 6 d and 8 d.

3.2.4. Effect of wound hydrogel with its supplements on
proliferation of MSC and bacteria. It is the aim of a curative
wound hydrogel to support regeneration, especially in chronic
wounds, to support the growth of cells involved in tissue
granulation and to prevent hyperproliferation of bacteria in
the complex skin microbiota."'>'"® Since the bacteria of the
skin microbiota contribute to immunological protection
against invading pathogens, a careful antiseptic treatment of
chronic wounds is indicated."**'"

Here, the effect of the wound hydrogel without or with polyP
or polyP in combination with nacreous aragonite was tested
using MSC as eukaryotic cell model and Escherichia coli M15 as
bacterial system.

The MSC were added in the middle of the exponential
growth phase to the wound exudate supplemented with the
hydrogel either containing no polyP or supplemented with
the polyP cocktail (Na-polyP and Ca-polyP-NP together with
nacreous aragonite as outlined in the ‘“Experimental section”.
After overnight incubation, the samples were fixed by freeze-
drying and inspected by SEM and fluorescence microscopy
(Fig. 7(A)~(H). The difference in cell morphology between
the incubation series without and with polyP and aragonite is
strong. In the absence of these additives the cells have a
globular morphology (Fig. 7(A)-(D)), reflecting reduced cell-cell

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 Effect of polyP with aragonite on morphology of MSC and E. coli
bacteria; SEM and fluorescence microscopy. The cultures were performed
with 300 pL of culture medium plus 100 pL of hydrogel together with
100 pL of wound exudate. (A)-(H) MSC were embedded and, by this,
exposed to hydrogel and wound exudate, which remained either (A)-(D)
free of additional components or (E)—(H) was reacted with Na-polyP and
nacreous aragonite. The black and white images (A) and (E) are taken with
Nomarski optics; (D) and (H) are SEM images. The green fluorescent cells
were stained with calcein AM. In contrast to the roundish morphology,
the cells showing a spreading morphology are characterized by a strong
overall cell metabolism. (I)-(L) Effect on bacteria (E. coli). No division
structures (> <) could be visualized in the assays with the coacervate
(coa). Such constrictions can be seen in the control series, in which no
coacervate is formed.

contact followed by reduced proliferation potency.'*® In contrast,

MSC in cultures with polyP and aragonite spread vigorously and
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often showed strong cell-cell contacts (Fig. 7(E)-(H)). This mor-
phology is an indication for a viable cell metabolism.""”

In a parallel series, E. coli M15 either remained unembedded
(Fig. 7(I) and (J)) or were embedded in the polyP cocktail
together with aragonite (Fig. 7(K) and (L)). In the latter polyP/
aragonite assays, the bacterial cells were bricked in a coacervate.
In this series, no signs of bacterial divisions were observed,
whereas constrictions are present in the control series that does
not develop a coacervate.

The antibacterial effect of the polyP cocktail together with
aragonite was further demonstrated by determining the growth
rate of E. coli in medium in the absence or presence of polyP
and aragonite (Fig. 8). Already after a 3-h incubation period, the
bacteria readily grow in the control (medium in the absence
of the polyP/aragonite coacervate) to a density (at 600 nm) of
0.85 % 0.09, while in the presence of the coacervate a density of
0.31 + 0.02 was measured. The difference is even more distinct
and significant after an incubation period of 10 h. At this stage,
the density of the polyP/aragonite-treated cultures is only 20%
of the rate reached in the polyP/aragonite-free control (Fig. 8).

3.2.5. Polyphosphate as a driver of chronic wound regen-
eration. The data summarized here show that polyP undergoes
coacervation in the presence of wound exudate, containing the
required ~1.5 mM Ca**, and the wound hydrogel. The coacer-
vation process is driven by a Ca®" flux and the process sequence
is very rapid. Within this sequence, a transfer of the crystalline

- control

- polyP/aragonite coacervate
1,4 #

[ —

1,2 1

1,0 - —*

0,8

OD 600 (nm)

0,6

0,4

0,2

0,0
0 3 10 24
Time (hours)

Fig. 8 Bacterial, E. coli, growth inhibition in medium supplemented with
the polyP/aragonite coacervate. The data were calculated from five
separate experiments; the corresponding mean values + SDs are given
as well. The significance/probability was calculated and is indicated
(P < 0.01; #).
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nacreous aragonite from the shells into the amorphous phase
occurs. This Ca-carbonate constituent contributes significantly
to the regeneratively active property of polyP, e.g. during tube
formation, which mimics microvessel formation. In addition,
polyP together with aragonite significantly stimulates the
growth of MSC, which is also reflected by the change in the
morphological phenotype of the cells from a rather more
quiescent to a metabolically active, spreading phenotype, indicat-
ing an intense de- and repolymerization of actin filaments."'®

The rational explanation for the documented success of
polyP in chronic wound healing is the transformation of polyP
into its coacervate phase, as already concluded from in vitro
studies.'® Important, and documented here, is the result that
this phase transition is driven by a liquid-liquid phase separa-
tion, initiated by Ca®", under formation of a thermodynamically
reversible association between the oppositely charged ions, the
polyanion polyP and the Ca*' cations.”® During coacervation,
the aqueous phase is squeezed out, resulting in a more porous,
concentrated macromolecular structure.''® The matrix of the
gel-like, porous structure of the polyP coacervate becomes more
stable through the inclusion of nacreous aragonite into the
material. This property allows for a more efficient blood supply,
particularly when this formulation is used to heal chronic
wounds.

Based on the fact that wound healing is an energy-demanding
process that requires both an extracellular ATP supply*® and an
intracellular ATP supply controlled by adenine nucleotide
translocase-2 (ANT-2),"*%"?! it was evident that polyP, especially
Na-polyP, is an efficient component of the wound-healing
hydrogel due to its coacervate-forming potency. While in
healthy individuals skin injuries are restored within 2-3 weeks,
this is different in diabetic patients. There, wounds fail to heal
within about six months and can become chronic.” It is well
documented that in chronic wounds the four different phases
of wound healing, hemostasis, inflammation, proliferation and
remodeling, are interrupted at one step or another. Frequently,
a discontinuation of the healing process leads to persistent
infections and peripheral vascular problems caused by an
imbalance between angiogenic and angioinhibitory factors,
which leads to disturbed regulation of angiogenesis.'** Further-
more, and besides a disequilibrium of growth factors in the
wound microenvironment, which also impairs balanced
immune cell circulation, the lack of energy, a driving parameter
in all phases of wound healing, is affected."”® By this, the
progress during the healing phases is blocked.

There are, in particular, infections of the wound that can
result in an amputation of limbs."** Already here, Na-polyP has
proven to achieve beneficial results.> In addition, it is reported
here that bacteria become wrapped in the coacervate gel,
preventing at least their overproliferation (Fig. 7). Moreover,
an enhanced physiologic metabolism of eukaryotic MSC is
observed. Considering these data, it appeared to be indicated
to first investigate the effect of the Na-polyP-based wound-
healing hydrogel in an animal study conducted on genetically
engineered diabetic mice (db/db).”> After that, a successful
clinical proof-of-concept study has been undertaken.>*>°

This journal is © The Royal Society of Chemistry 2024
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In order to find out whether the co-treatment of chronic
wounds with Ca-polyP-NP and aragonite has an additional
effect on wound healing compared to Ca-polyP-NP alone, an
additional animal study was carried out using db/db mice,
which show delayed wound healing. Experimental wounds
(diameter 8 mm) were set in the interscapular region of the
diabetic mice. The wounds were either left untreated or treated
with either Ca-polyP-NP alone or with Ca-polyP-NP together
with crushed aragonite, as described in the “Experimental
section”. The results showed that topical administration of
polyP alone results in a significant reduction in wound dia-
meter after a healing period of 7 d and 13 d compared to
the untreated controls (Fig. 9), confirming previous results.”®
However, the effect of polyP on wound healing was significantly
accelerated when the wounds were co-treated with Ca-polyP-NP
and aragonite. After a healing period of 13 days, the diameter of
the wounds treated with both components decreased to 78%
of the wound diameter measured for Ca-polyP-NP alone and to
59% compared to wounds in the untreated animal group.

The dysregulation and imbalance of regeneration-promoting
factors cause a reduction in angiogenesis, which is accompanied
by a reduction of granulation tissue formation due to a nutrient
and oxygen deficiency."*® The granulation tissue is the decisive
“germination” zone that develops after skin injury and from
which the angiogenic processes take place, such as microvas-
cular hyperpermeability, local degradation of the basement
membrane, migration and sprouting of newly formed cells,
giving rise to the formation of new blood vessels; finally, the
reconstruction of the basement membrane occurs.'”®

I Control (no addition)
[ + Ca-polyP-NP
I + Ca-polyP-NP + aragonite

day 13|

10.0'] db/db db/db
l%
8.0 7 I

Diameter (mm)

without|Ca-p

lyP-NP and aragonite

plus CaipolyP-NP minus aragonite
plus Ca-polyP-NP plus aragonite

Fig. 9 Effect of polyP and polyP together with aragonite on healing
of experimental wounds in diabetic db/db mice. Wounds were either left
untreated or treated with Ca-polyP-NP alone or Ca-polyP-NP plus
crushed aragonite as described in the “Experimental section”. The wounds
were examined at day 7 and day 13 and the diameters of the wounds
(in mm) were determined. The data are presented as means + SEM.
Significances are *P < 0.1 and **P < 0.05; n = 6-8 animals.
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Fig. 10 Regeneration-inducing effect of polyP in the diabetic mice
model. (I) After setting an excisional wound in the head/shoulder region
along the dorsal midline, the wound was treated once with Ca-polyP-NP
at the beginning of the healing period. After 7 d and 13 d, the formation of a
granulation tissue started, but the surface scab is still present. The healing
progress can only be clearly assessed after slicing the wound area and
subsequent staining of the specimens with hematoxylin—eosin. (Il) The
slices obtained from wounds not treated with polyP (A)-(C) show below
the scab only a thin layer with fat cells intermixed with granulating cells
(ft/gt). Only rarely microvessels (mv) exist. (D)—(F) In contrast, in the section
through the wound treated with Ca-polyP-NP, the granulation tissue (gt) is
very massive and endothelial cells developed from stem cells are present
that organize into microvessels (mv). The same histological section is
displayed given at different magnifications to allow clear distinction of
the different microvessel formation between the two treatment series.

To investigate the effects of Ca-polyP-NP on granulation
tissue and microvessel formation, regenerating wounds of the
db/db mice (Fig. 10(I)-A-C) were sliced and then stained with
hematoxylin-eosin. In the diabetic control animals not treated
with polyP, the regenerating wound was sealed with a scab, the
hard, dried blood clot over the wound (Fig. 10(I)-A-C). The
slices shown are taken from animals 13 d after setting the
injury. In controls, not treated with polyP, the stained sections
through the epidermis and the dermis show a volumin-
ous hypodermis (connective tissue) composed of fat droplets.
Basically, no granulation tissue can be discerned and therefore
only very few microvessels are present. This histological obser-
vation fits well with previous findings reporting an increase in
the fat layer within the connective tissue in diabetic patients."*”
Due to disturbed skin metabolism, diabetic patients often
experience itchy and dry skin with the consequence that the
patients are advised to apply skin-friendly cleansers and skin
moisturizers."*®

A completely different histological picture can be seen in tissues
slices from diabetic mice treated with polyP (Fig. 10(II)-D-F)).
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In these specimens it is immediately visible that the granula-
tion tissue layer is very, very bulky, providing space and cell
resources (endothelial cells) for extensive and dynamic micro-
vessel development. From there, a controlled remodelling of
the epidermis and dermis can start.'>®

4. Conclusion

It is an inherent property of coacervation that the microscale
droplets formed during liquid-liquid phase separation are in
a dynamic state, even during the apparent equilibrium of the
phases. During this process, the liquid droplets are tightly
packed together, influencing the interactions, free energy pat-
terns and dynamic properties of the molecular constituents."*°
Liquid-liquid phase separations underlying aqueous two-phase
systems are the basis for a number of biologically relevant
processes, such as membrane biocondensation or supramole-
cular functional organization,"®" allowing complex biochemical
reactions in a confined space."**'** In addition, they contribute
to the understanding of the viscoelastic state of living organized
systems.">* Focusing on the topic here, liquid-liquid phase separa-
tion, coacervation, is also a key factor in wound healing,"*>"'*° in
addition to the organization and migration of macrophages during
tissue homeostasis, as well as the controlled supply of cytokines
that suppress destructive immunity."*” Even more, the develop-
ment of those regulatory macrophages is promoted that trigger
tissue remodeling and wound healing, including angiogenesis."*®

The distinguished feature of the system reported here is that
the previously published polyP-controlled coacervation, liquid-
liquid phase separation, attracts MSC and activates them to
actively migrate in the polyP coacervate matrix.'® Coupled with
the coacervation process of polyP is the effect of the polymer to
attract and scavenge Ca”* from the labile crystalline aragonite
phase and to include the carbonate anion into the dense phase
of the formed Ca-polyP coacervate (Fig. 1). Vigorous flow areas
certainly occur during the Ca®>" flux as reported for Ca®'/
polyaspartate-rich coacervates.*® In this microenvironment,
upon separation of Ca®>" from carbonate, a preferential sur-
rounding for strong mineral deposition is found; calcium
phosphate is formed at the expense of calcium carbonate. Even
more, in the coacervate, continuous reactions (dynamic phase
separations) occur that do not reach a thermodynamic equili-
brium. Such nonequilibrium thermodynamics mimics biological
systems, which are always in disequilibrium. Disequilibria
between anabolic and catabolic reactions are the driving forces
for biological systems.

Liquid-liquid phase separation processes, when broken
down, are the onset of diseases such as amyloid formation in
Alzheimer’s disease. Direct exposure of neuronal cells to the
amyloid-f3 fragment Af325-35 does not cause apoptosis; only
after preincubation of the peptide for 5 d, cell toxicity can
be seen.'® Under physiological conditions, the cells exploit
precautionary measures such as deaggregation caused by heat
shock proteins that facilitate or prevent refolding."*" Another
driving force to keep the (bio)chemical reactions alive is
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ATP."*>'> After enzymatic hydrolysis of the phosphoric acid
anhydride bond in ATP, energy is released that is required
for chemical bond formation or bond breakage in coupled
reactions. Since ATP is formed after enzymatic hydrolysis of
polyP,'? especially in the extracellular environment, the results
described in the present contribution adds two crucial aspects
for stimulating regeneration processes in humans. First, the
two interconnected coacervation circuits; Na-polyP with arago-
nite (Ca-carbonate) liquid-liquid phase separations and, sec-
ond, ATP fueling for the regenerating areas as long as polyP is
present at the repair site. It is the dynamics of the bicomponent
liquid-liquid phase separation/coacervation system that accel-
erates wound regeneration by the present formulation, includ-
ing tube formation and increased MSC proliferation as shown
here or proposed based on the asymmetric cluster vibrations
provoked by intrinsic non-isotropic ATP consumption.'*?
Future experiments will follow to contribute to the under-
standing of the bicomponent coacervation reported here
in other aspects of skin disorders, such as thermoregulatory
sweating during hypohidrosis or anhidrosis, which is likewise
primarily due to an impaired ATP homeostasis, based on
dysfunction of Na,K-ATPase activity.'** Other promising poten-
tial applications would be psoriasis, a disease related to wound
healing"*® and characterized by a switch of keratinocytes from
growth to differentiation due to a dysregulation of N-methyl-p-
aspartate receptor (NMDAR) in these cells. Since memantine is
a blocker of NMDAR,"® a curative approach could be the
encapsulation of this drug in polyP-based core-shell NP."*”
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