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A B S T R A C T

Alzheimer’s disease is characterized by amyloid-β (Aβ)–induced synaptic dysfunction and N-methyl-D-aspartate 
(NMDA) receptor–dependent calcium dysregulation, and inorganic polyphosphate (polyP), a platelet-enriched 
polymer released upon platelet activation, has emerged as a potential modulator of neuronal survival. Pri
mary rat neuronal cultures and PC12 pheochromocytoma cells were exposed to the neurotoxic Aβ fragment Aβ 
(25–35), following a 2–5 day pre-incubation to induce its toxic conformation; neuronal apoptosis, NMDA 
receptor–mediated calcium influx, and the mechanistic basis of polyP action were assessed in the presence of 
sodium polyphosphate (Na-polyP), including experiments with calcium-chelating polyP coacervates formed in 
combination with serotonin, and the release kinetics of three polyP-based brain-targeted formulations were 
characterized. Pre-incubated Aβ(25–35) at 10 µM induced apoptotic neuronal death within 3 days, whereas 
coincubation with Na-polyP (50 µg/mL) abolished Aβ-induced neurotoxicity and significantly attenuated 
glutamate-evoked NMDA receptor–dependent calcium influx; mechanistic analyses demonstrated that Na-polyP 
forms calcium-chelating coacervates, promoted by serotonin at physiological Ca²⁺ concentrations, and that polyP 
nanogels, nanoparticles and micelle-based formulations exhibit controlled release profiles. These data identify 
calcium chelation via polyP coacervate formation as a key mechanism underlying protection against Aβ-induced 
NMDA receptor sensitization and neuronal death, and suggest that polyP-based strategies may provide a 
mechanistically grounded approach for therapeutic intervention in Alzheimer’s disease.

1. Introduction

Calcium ions (Ca²⁺) play a crucial role as second messengers in the 
body’s metabolism, for example in muscle contraction [1], as a signaling 
molecule for hormone and enzyme secretion [2], and in triggering 
processes involved in cell proliferation and apoptosis [3]. In neuronal 
cells, Ca²⁺ ions regulate the release of neurotransmitters from the pre
synaptic terminals, which subsequently act on the postsynaptic neuron 
[4,5].

During aging, and especially in neurodegenerative disorders, Ca²⁺ 

regulatory circuits become dysregulated, leading to impaired plasticity 
and neuronal degeneration [6]. The critical step of Ca²⁺ influx into 
neurons is both voltage-dependent and dependent on ligand-gated 
channels inserted into the plasma membrane [7]. Among these li
gands, glutamate, as important excitatory neurotransmitter in the cen
tral nervous system, induces an increase in cytoplasmic Ca²⁺ 
concentration by acting directly on the α-amino-3-
hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) and N-methyl-
D-aspartate (NMDA) receptors and also indirectly by activating the 
voltage-dependent Ca²⁺ channels [8–12]. The neurotoxic effects 
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caused by the rise in Ca²⁺ ions are due to the activation of cysteine 
proteases and caspases, leading to apoptosis [13,14], and the generation 
of oxidative radicals [15], as well as the increase in the concentration of 
calpain, which activates caspases [14].

Knowing that Ca²⁺ plays a crucial role in Ca²⁺-induced neurotoxicity, 
our group discovered that the drug memantine, an NMDA receptor 
channel blocker [16], prevents the apoptotic collapse of neurons 
induced by the human immunodeficiency virus type 1 (HIV-l) coat 
protein gp120 [17,18]. This neuroprotective effect was confirmed by the 
group of Lipton [19]. A disturbed intracellular Ca²⁺ metabolism, caused 
by an increased influx of calcium ions via the NMDA receptor, also leads 
to neurological disorders such as Alzheimer’s disease [20], and Par
kinson’s disease, caused by α-synuclein aggregation [21], as well as 
stroke, also caused by dysregulation of the NMDA receptor activity [6, 
22]. The intracellular Ca²⁺ concentration in neurons is about 100 nM and 
can reach 1 mM and more in the signaling state after activation of the 
NMDA receptor [23,24]. Maiolino et al [25] described that the inorganic 
polymer polyphosphate (polyP) reduces glutamate-induced, and espe
cially AMPA-induced, Ca²⁺ signalling; the effect with NMDA is slightly 
lower. They also showed that there are P2Y1 receptors that are stimu
lated by the polymer [26]. Based on their data, they concluded that 
polyP is protective against Ca²⁺ dysregulation and glutamate 
excitotoxicity.

As recently outlined [27], the aging process, particularly neuronal 
aging, which increases the risk of various neurological, especially 
neurodegenerative, diseases, is closely linked to energy homeostasis. 
Therefore, it is conceivable that the mitochondria, as the main energy 
factories of brain cells, must precisely adapt to the energy demand of 
synaptic activity [28].

Alzheimer’s disease is a progressive neurodegenerative disorder 
commonly associated with memory deficits and cognitive decline [29]. 
The aggregates in Alzheimer’s disease originally described as colloidal 
deposits [30] were later named amyloid deposits, or, more specifically, 
amyloid β (Aβ)-protein deposits [31]; these authors also concluded from 
their findings that the Aβ-deposits, which are found in both senile plaques 
and blood vessels, are distributed Rvia the blood vessels into the white 
matter of brains affected by Alzheimer's disease. The toxic Aβ deposits 
originate after sequential proteolysis from a single-pass transmembrane 
protein, the amyloid precursor protein (APP) [32]. Particularly interest
ingly, APP is also formed in the platelets and processed by the hydrolytic 
enzymes β- and γ-secretase [33,34]. The resulting Aβ peptides further 
aggregate into amyloid plaques composed of Aβ and neurofibrillary tan
gles, which in turn are assembled from hyper-phosphorylated tau proteins 
[35]. The natural Aβ42 and Aβ40 monomers are either randomly coiled or 
form an α-helix. During this transition, the natural structure transforms 
into a β-sheet (reviewed in: ref [36]), and the oligomers interact with the 

Fig. 1. Structure and interaction of β-amyloid with the NMDA receptor. (A) Model of the neurotoxic β-amyloid (Aβ(25− 35)) dimer (left) and its surface charge/ 
ribbon structure (shown in transparency) (right). (B) Top view and (C) lateral view of the NMDA receptor. The allosteric site and the Glu residues (in magenta) are 
marked. (D) Interaction of the neurotoxic β-amyloid dimer with the GluN2B subunit of the NMDA receptor.
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synaptic NMDA receptor [37], a process in which the tau protein is 
involved via the CAMKK2-AMPK kinase [38]. Certainly, the three gluta
mate residues protruding from Aβ and its ribbon play a functional role in 
the synaptic toxicity of Aβ. However, for the studies conducted here, the 
Aβ(25− 35) fragment was used, which contains no glutamic acid residues 
(Fig. 1A). This fragment is also neurotoxic due to induction of apoptosis, 
as shown later and described before [39,40]. Strong evidence has been 
presented that the amyloid-β oligomers bind to the NMDA receptor at its 
metabotropic glutamate receptor 2/3 (mGluR2/3) subunit at the gluta
mate binding site, to which also NMDA binds [41]. The fact that the Aβ 
(25− 35) peptide NH2-Gly-Ser-Asn-Lys-Gly-Ala-Ile-Ile-Gly-Leu-Met-COOH 
does not comprise a glutamic acid residue supports the assumption that 
the NMDA receptor interacts with the Aβ peptide(s) via its allosterically 
regulatable site (Fig. 1B to D); this site is predicted to be located close to 
the laterally oriented glutamate entities [41].

As summarized [42], experimental data suggested that the toxic 
oligomers from Aβ are more relevant than plaques with respect to the 
cognitive decline. It has been originally described that Aβ is responsible 
for the neurotoxicity to neuronal cells [43]. Shortly later, it was reported 
that the Aβ(1− 40) increases the vulnerability of neurons to excitotoxins 
such as glutamate and NMDA [44]. Then, it was found that the neurons 
undergo apoptosis as revealed by scanning electron microscopy (SEM) 
[45]. Our group presented the clear DNA fragmentation pattern as 
further evidence for the apoptotic degradation of neuronal DNA [46].

It has been proposed that the platelets are “circulating mirrors of 
neurons” because a series of proteins is expressed in both cell types [47]. 
The platelets also contain the highest level of polyP, a polymer that is 
basically present in all metazoan cells [48]. PolyP acts as a cell signaling 
molecule and induces regeneration in organs without a dense blood 
vessel supply [49]; this is particularly evident in wound healing [48,50, 
51]; in this area of application, the regenerative effect of polyP has been 
clinically demonstrated due to enhanced fibrin clotting and the 
recruitment of fibroblasts and their differentiation into myofibroblasts.

PolyP is physiologically formed in the precursor cells of the platelets, 
the megakaryocytes, and there in the vicinity of the mitochondria, most 
likely via the FoF1-ATP synthase [52] (reviewed in ref [53]). This 
polymer represents the body’s densest metabolically usable energy 
source, as its phosphate (Pi) units are linked linearly up to 1000 units via 
high-energy phosphoric anhydride bonds. The metabolic energy stored 
in polyP is regained during enzymatic degradation of the polymer by the 
combined action of cell membrane-associated alkaline phosphatase 
(ALP) and adenylate kinase (ADK) [53]. This energy can then be used to 
sustainably and long-lastingly support any regeneration process in the 
body. This was successfully documented in a proof-of-concept study 
with patients suffering from chronic wounds [50,51]. The chain length 
of the polyP molecules can reach 1000 Pi units in bacteria. In contrast, 
their length is much shorter in mammalian systems, with only 60 − 100 
Pi units [54–56]. It has been published that polyP is released from the 
platelet dense granules both as free polyP and as particle-associated 
Ca-polyP. Ca²⁺ is a major ion in those granules. In the presence of Ca²⁺ 
in the extracellular space at the sites where polyP is released from the 
platelets, the polymer undergoes a coacervation process [57,58].

At present, based on the existing data, there are three main ap
proaches that could prevent Aβ-elicited neurotoxicity. First, down
regulation of Aβ production by inhibiting/modulating secretase activity 
[59]. Second, prevention of Aβ plaque formation. In this context, it has 
been published that polyP, applied as Na-polyP [60], serves as an 
effective nucleation source for a series of different amyloid proteins, 
including Aβ(1–40/42). In contrast, it has been experimentally shown 
that, in worm Caenorhabditis elegans, polyP even protects cells from the 
toxic effects of amyloids. While polyP accelerates nucleation and fibril 
formation, it simultaneously reduces the number of toxic oligomers 
required for fibril formation. Third, elimination/balancing of the rise of 
Ca²⁺ around the NMDA receptor. The extracellular Ca²⁺ level in the ce
rebrospinal fluid is ≈ 1 mM [61]. The addition of ethylene glycol bis 
(2-aminoethyl ether)-N,N,N',N'-tetraacetic acid (EGTA), a specific Ca²⁺ 

chelating agent in the extracellular space, blocks NMDA-induced Ca²⁺ 
influx into neurons [62]. Or, fourth, feeding of postulated extracellular 
chaperones with ATP-generating polyP [63].

In the present contribution, we document the effect of polyP as a 
protective polymer against Aβ-induced apoptosis in fetal rat primary 
neurons. The cells were prepared from 19-day-old Wistar rat embryos, as 
these have the highest density of NMDA receptors [64]. They were 
treated with Na-polyP, which undergoes coacervation in the presence of 
Ca2+ [57]. PolyP occurs both intracellularly [65] and extracellularly, as 
it reaches the injured region via the platelets. However, for medical 
translation, Na-polyP must pass the blood-brain barrier, a complex 
structure, which is stabilized by the vascular endothelial cells. These 
cells, with their homeostatic processes, are connected by tight junctions, 
allowing only a very restricted passage of metabolites across the barrier. 
This barrier also enables the transport of polar substances, such as, 
presumably, polyP [66]. Also liposomes/micelles can cross the barrier 
[67,68].

The intranasal route has been described as an attractive and alter
native, non-invasive route for targeted delivery of therapeutics to the 
brain, because it allows bypassing the blood-brain barrier and the 
problems associated with uptake via the gastrointestinal tract [69,70]. 
However, this route also requires a suitable transport vehicle.

Therefore, this contribution also describes the preparation of three 
vehicles proposed for targeted delivery of polyP to the brain. First, a 
stabilized polyP nanogel enabling the transport via the coacervate phase 
[71]. At a slightly higher pH, nanoparticles are formed that also allow 
the transport of the polymer to the target site [72]. Finally, polyP-loaded 
nanoparticle-micelles were fabricated, which have proven to be effec
tive vehicles for crossing the blood-brain barrier. To deliver Na-polyP via 
a nasal spray, a formulation suitable for targeted brain delivery was 
developed.

2. Materials and methods

2.1. Materials

The toxic amyloid β-protein fragment 25–35 was purchased from 
Sigma-Aldrich (#A4559; Taufkirchen; Germany). To convert the inac
tive peptide, termed Aβ(25− 35)-i, into the active, toxic form, a stock 
sample in distilled water (900 µM) was prepared and stored at 4◦C for 5 
days (or, if indicated, 2 or 3 days) prior to use [46]. This preparation was 
designated Aβ(25− 35)-a. Unless otherwise stated, the respective sample 
was added at a concentration of 10 µM (Mr: 1060; 10.6 µg/mL).

For comparison, the amyloid-β-protein fragment 1–42 (#A9810; 
Sigma-Aldrich) was used in some experiments. The peptide was recon
stituted in ammonium hydroxide pH > 9 [73], according to the in
structions from the manufacturer. The resulting stock solution 
(1 mg/mL) was then serially diluted in PBS and finally in distilled water 
to obtain the active, neurotoxic form (named Aβ(1− 42)-a), which was 
also used at a concentration of 10 µM (Mr: 4514; 45.1 µg/mL ).

2.2. Preparation of Na-polyP

The polymer was prepared from sodium-phosphate (NaH2PO4; 
#S5011; Sigma-Aldrich) by polymerization at 750◦C in a muffle furnace 
for 4 h, followed by rapid cooling [74].

2.3. Protein modelling

The models of the Aβ(25− 35)-amyloid and for the NMDA receptor 
were taken from the PDB-Protein Data bank. All molecular graphics and 
amino acid analyses were performed either with the Discovery Studio 
Visualizer (Dassault Systèmes) [75] powered by the UCSF Chimera 
version 1.14. For each protein-protein association, at least 300 cleaning 
cycles were applied.
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2.4. PolyP-based coacervate formation in cerebrospinal fluid

According to the determined physiological concentrations, the arti
ficial cerebrospinal fluid used contained 124.2 mM NaCl, 2.79 mM KCl, 
1.14 mM MgCl2, 23 mM NaHCO3, 0.4 mM NaH2PO4, 1.18 mM CaCl2, 
and 3.66 mM D-glucose [61]. The pH was adjusted to 7.3.

To promote coacervate formation of the polyanionic polyP and to 
stabilize the coacervate, we added serotonin (serotonin hydrochloride; 
#H9523; Sigma-Aldrich) as a cationic component at the pH of 7.0 
chosen [76]; this even allows oligomerization of the neurotransmitter 
[77]. This biogenic amine is a tissue hormone that, together with NMDA 
receptors in the prefrontal cortex, is involved in the regulation of 
cognition and emotion under normal and pathological conditions [78].

The final concentrations in the coacervate were chosen at 47 mM 
serotonin (if selected), 1.18 mM CaCl2•2H2O (#C8106; Sigma-Aldrich) 
and, where indicated, 39 mM Na-polyP (4 mg/mL).

2.5. Isolation and cultivation of primary neuronal cells

The cells were obtained from the brains of 17- to 18-day-old Wistar 
rat embryos, according to the described method [79]. In short, brain 
tissue was dissociated with 0.025% trypsin in Hanks' balanced salt so
lution [1:10 dilution from SM-2003-C (Sigma-Aldrich) without Ca2+ and 
Mg2+]. After centrifugation, the cells were resuspended in Dulbecco's 
modified Eagle's medium (4500 mg glucose/L; DMEM/HG) (#D6429, 
Sigma-Aldrich) serum-free enriched with 0.1% (w/v) bovine serum al
bumin (BSA), 100 mU/L insulin, 2 mM L-glutamine, 100 μg/mL trans
ferrin, 16 µg/mL putrescine, 6.3 ng/mL progesterone, and 5.2 ng/mL 
Na2SeO3. To increase the yield of neurons, the suspension was treated 
with medium containing 10 µM uridine, 10 µM fluoro-deoxyuridine, 
and 1 µM cytosine arabinofuranoside (to eliminate proliferating 
non-neuronal cells) for 3 days. Immunostaining with anti-68-kDa neu
rofilament as a marker for neurons and anti-glial fibrillary acidic protein 
for glial cells indicated that the cultures contained > 85% neurons.

Where indicated, the neuronal cultures were incubated with 50 µg/ 
mL of Na-polyP in the presence or absence of Aβ(25− 35)-a or Aβ(1− 42)- 
a at the concentrations indicated with the results.

In one series of experiments, neuronal PC12 cells (rat pheochromo
cytoma cells; #88022401, from Sigma-Aldrich) were used. The cells 
were cultivated in DMEM medium (Sigma-Aldrich) and heat-inactivated 
horse serum (5%)/heat-inactivated fetal bovine serum (10%), together 
with gentamicin as described [63]. After overnight pre-incubation, the 
cells were overlaid with a polyP-based coacervate formed by addition of 
100 µL of 47 mM serotonin and 1.18 mM CaCl2 together with Na-polyP 
(final concentration 4 mg/mL). The cultures were then incubated for 
0–72 h.

2.6. Assessment and quantification of apoptosis

Apoptosis was determined using the DNA fragmentation assay [80]. 
After DNA extraction, the material was size separated by electrophoresis 
[80] and processed for UV fluorescence visualization by staining with 
ethidium bromide [17].

For quantification, the Cell Death Detection ELISAplus kit (Cat. No. 
11 774 425 001, Roche) was used as previously described [81]. This 
photometric enzyme immunoassay measures apoptosis by quantifying 
cytoplasmic histone-associated DNA fragments. Measurements were 
performed at 405 nm against substrate solution as a blank. The back
ground values (incubation buffer instead of sample solution) were 
subtracted.

2.7. Determination of cell viability

Cell viability was determined using the colorimetric MTT assay (3- 
[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide; #CT01, 
Sigma). After color development of the insoluble formazan product, the 

plates were read at 570 nm using an ELISA reader.

2.8. Determination of intracellular Ca2+ concentration

For these experiments, we followed the described procedure [8,82]. 
Neuronal cells cultivated on poly-L-lysine coated borosilicate coverslips 
(Nunc, Wiesbaden, Germany) were used. The cells were loaded in the 
dark with the Ca2+ indicator Fura 2-AM (#11524766; Molecular Probes) 
dissolved in DMEM/HG serum-free medium (ADD651C; Sigma) 
enriched with 1% BSA (bovine serum albumin) and incubated for 
60 min at 37◦C. After washing the cultures in DMEM/HG with 10% FCS, 
cultivation of the cells continued up to 60 min at 37◦C.

After the incubation time specified in the figures, the neurons were 
stimulated with 200 µM L-glutamate and 50 µM glycine in Ca2+-con
taining Locke’s solution [154 mM NaCl, 5.6 mM KCl, 3.6 mM NaHCO3, 
2.4 mM CaCl2, 5.6 mM glucose, and 10 mM HEPES (4-(2-hydroxyethyl) 
piperazine-1-ethanesulfonic acid); pH 7.4] and the changes in the level 
of intracellular Ca2+ were determined [83,84]. Before stimulation with 
glutamate and glycine, the neurons were exposed to the amyloid peptide 
in the absence or presence of Na-polyP by pre-incubating the cultures 
with Aβ(25− 35) at a final concentration of 10 or 30 μM and 50 µg/mL of 
Na-polyP (average chain length, ≈40 Pi units) in DMEM/HG serum free 
medium. In the controls without Aβ(25− 35) and Na-polyP, only 200 µM 
glutamate and 50 µM glycine or 50 µM glycine were added at the start of 
the Ca2+ measurements. The Ca2+ level was measured using an Olympus 
IX70 microscope connected with the UApo40X:340 apochromatic re
flected light fluorescence objective, alternately illuminated with light of 
wavelengths 340 and 380 nm. Registration was performed with a CCD 
camera, model C2400–77 (Hamamatsu, Herrsching, Germany). Subse
quently, the fluorescence ratios 340:380 nm were determined; the 
emission peak remains at 510 nm [85,86]. Data are presented as means 
± SEM; 10 replicate measurements from 3 independent cultures were 
performed. Statistical significance was determined by one-way ANOVA 
and Scheffe's test.

2.9. Preparation of the serotonin-Ca2+-polyP-based coacervate

Na-polyP dissolved in distilled water was mixed with an aqueous 
solution of serotonin hydrochloride. Then a CaCl2 solution (prepared 
from CaCl2•2H2O) was added and the pH was adjusted to 7.3. There
after, the mixture was stirred at room temperature for 3 h to allow 
coacervate formation. The final concentrations of the components in the 
mixture were as follows: 47 mM serotonin, 1.18 mM CaCl2, and 39 mM 
Na-polyP (based on Pi; this corresponds to 4 mg/mL of Na-polyP).

2.10. Preparation of the serotonin-Ca2+-polyP-based nanogels and 
nanoparticles

The procedure is based on the previously described strategy [57,87]. 
The liquid-liquid phase separation in an aqueous milieu is driven by a 
series of noncovalent interactions (mainly by hydrogen bonding, elec
trostatic interaction, and cationic π interactions) [88].

To prepare the serotonin-Ca2+-polyP-based nanogel, chitosan (de
gree of deacetylation, 75–85%; #C3646; Sigma-Aldrich) was dissolved 
at a final concentration of 10 mg/mL in 1% (v/v) acetic acid at 60◦C 
with stirring and then filtered using a 1000 mesh microporous mem
brane. After adjustment of the pH to 6, a solution of serotonin hydro
chloride (final concentration, 100 mg/mL) and CaCl2 (final 
concentration, 5 mg/mL) in distilled water was added, followed by 
addition of an aqueous Na-polyP solution (final concentration, 50 mg/ 
mL) and adjustment of the pH to 7. Immediately after addition of the Na- 
polyP solution, 4-arm-poly(ethylene glycol)-N-hydroxysuccinimide (4- 
arm-PEG-NHS; #A44023–5K from Biopharma, Watertown, MA, USA) 
was dropwise added at room temperature for 1 h with vigorous stirring 
until a final concentration of 10 mg/mL was reached. The obtained 
nanogel formulation was washed in water and stored at 4◦C after 
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lyophilization.
The initial steps for the fabrication of the serotonin-polyP-based 

nanoparticles were identical to the steps used for the nanogel formula
tion, except that after addition of the Na-polyP solution the pH was 
adjusted to 10 with NaOH. Again, immediately thereafter, the 4-arm- 
PEG-NHS solution was dropwise added at room temperature for 1 h 
under vigorous stirring until a concentration of 10 mg/mL was reached. 
To support nanoparticle formation, the pH of the reaction mixture was 
continuously controlled and kept at pH 10. The nanoparticles were 
collected by centrifugation and washed in water. After lyophilization the 
particles were stored at 4◦C.

2.11. Preparation of the serotonin-Ca2+-polyP-loaded nanoparticle- 
micelles

Basically, the technique used was based on the protocol proposed by 
Kreuter et al [89]. Briefly, a 1% dextran 70000 (Invitrogen; 63303 
Dreieich; Germany Dextran, SNARF, 70,000 MW, anionic) solution was 
prepared in 0.1 N HCl supplemented with 20 mM CaCl2. The negative 
charges exposed on the polymer are linked to polyP via Ca2+ bridges. In 
parallel, a 35 mM serotonin-hydrochloride solution was prepared in 
distilled water. This solution was added to the acidic, Ca2+-containing 
dextran solution at a ratio (v/v) of 0.2:1. Then, after mixing, an aqueous 
solution of 3 mg/mL (35 mM; based on Pi) of Na-polyP was added at a 
ratio (v/v) of 0.2:1. Immediately thereafter, butyl cyanoacrylate 
(#181404; Sigma-Aldrich) was added to this mixture to obtain a final 
1% nanoparticle suspension. To allow nanoparticle formation, the 
mixture was stirred for 5 h. After neutralization with 0.1 N NaOH, the 
solution was filtrated through a bacterial exclusion membrane. Finally, a 
solution of 1% D-(+)-glucose (anhydrous; # APO456788065; 
Sigma-Aldrich) was added for final re-dispersion. The solid material was 
lyophilized and stored at 4◦C.

For the preparation of nanoparticle-loaded micelles capable of 
crossing the blood-brain barrier, the serotonin-polyP-loaded nano
particles were supplemented with 1% polysorbate after suspension (with 
sonication) in PBS or simulated nasal fluid (see below) at a Na-polyP 
concentration of 5 mg/mL.

2.12. Formulation of a nasal spray

In view of a potential medical application, a composition suitable for 
a nasal spray was developed. The basal pH of the spray was adjusted to 
7.4 using a phosphate buffer (NaH2PO4/Na2HPO4). The coacervate 
nanogels, nanoparticles and nanoparticle-micelles Na-polyP were 
included at a final concentration of 15 mg/mL. Propylene glycol (20% 
v/v final concentration) was added as humectant to keep the epithelia 
moist and to provide the fluid with antibacterial and antifungal prop
erties [90]. The solution is intended for use in a nasal vaporizer [91]. To 
determine the release of the active polyP ingredient, phosphate-free 
simulated nasal fluid was used instead of the NaH2PO4/Na2HPO4 buffer.

2.13. Release studies with the coacervate or nanoparticles

The release studies were performed in simulated nasal fluid 
composed of 7.45 g/L NaCl, 1.29 g/L KCl, and 0.32 g/L CaCl2 × 2H2O in 
distilled water [92]. The quantitative Phosfinity Quant Kit (Aminoverse 
B.V., HK Nuth, The Netherlands) was used, as described [93]. Samples of 
the coacervate nanogel formulation, nanoparticles or 
nanoparticle-micelles, each loaded with 600 µg of polyP, were incu
bated in 1 mL simulated nasal fluid at 37◦C in a 5% CO₂ incubator. An 
aliquot of 500 µL was taken and assayed with the enzymatic hydrolysis 
kit running with yeast exopolyphosphatase. In parallel, a standard curve 
was compiled and used for the quantification. Each value represents 
data from five independent experiments. The percentage of polyP 
released is given in the figure and refers to the total amount of polyP 
present in the assays (600 µg/mL).

2.14. Microscopic analyses

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

Transmission electron microscopic (TEM) observations of the mi
celles were performed with a Tecnai 12 microscope (FEI Electron Optics, 
Eindhoven; Netherlands) as previously described [94]. The samples 
were fixed in paraformaldehyde and glutaraldehyde, then embedded in 
agarose and finally in LR-white resin (#62661; Sigma-Aldrich). Then 
ultrathin sections (80 nm) were cut (Microsystems, Wetzlar; Germany).

2.15. Statistics

After calculating that the values are distributed along the standard 
Gaussian normal distribution and that the variances of the respective 
groups are equal, the results were statistically evaluated using the in
dependent two sample Student’s t-test [95]. The data are presented as 
mean ± SD or mean ± SEM. The significance is indicated by * p < 0.01. 
In the Fura-2 calcium imaging studies, statistical significance was 
determined by one-way ANOVA and Scheffe's test.

3. Results

3.1. Dependence of Aβ(25− 35) toxicity on preincubation

As previously observed, the neurotoxicity of the amyloid β Aβ 
(25− 35) peptide depends on the time the peptide remains in distilled 
water [46]. In our experiments, we found that the folding process of the 
Aβ(25− 35) monomers into β-sheets [36] takes 2–5 days; in this process, 
the neurotoxic Aβ(25− 35) amyloid, Aβ(25− 35)-a, is formed from the 
inactive amyloid Aβ(25− 35)-i. Considering recent data, we explain this 
transition as a conformational change from an α-helical to a β-sheet 
structure (reviewed in ref [36]). When added immediately to the 
neuronal cultures, no signs of cell death were observed; the morphology 
of the neurons was indistinguishable from the controls (Fig. 2 (I-A and 
B)). The neurons retained their characteristic morphology along both 
their axons and their apical dendrites. In contrast, in the cultures incu
bated with Aβ(25− 35)-a, the neuronal projections were loosened 
(pre-incubation period: 2 d; Fig. 2 (I-C)) and were finally absent in the 
assays with the amyloid preparation preincubated for 5 d (Fig. 2 (I-D)).

3.2. Characteristic DNA fragmentation during incubation of neurons with 
amyloid

Upon exposure to Aβ(25− 35)-a, neurons undergo apoptosis, which is 
accompanied by controlled fragmentation of nuclear DNA [17,46]. The 
data presented here indicate that a pre-incubation period of 3 or 5 d is 
required for efficient conversion of the inactive neurotoxic Aβ(25− 35)-i 
(Fig. 2 (II; lanes a to c)) into neurotoxic Aβ(25− 35)-a (Fig. 2 (II; lanes 
d and e)). The initial, non-pretreated Aβ(25− 35)-i sample does not affect 
the integrity of the nuclear DNA of neurons during the 3-d 
post-incubation with the cells (Fig. 2 (II-lanes a to c). In contrast, after 
pre-treatment of the Aβ(25− 35) monomers for 3 or 5 d, the resulting Aβ 
(25− 35)-a sample causes the formation of ≈ 180-bp fragments and 
multiples thereof (Fig. 2 (II-lanes d and e)).

3.3. Effect of the amyloid β-protein fragments on cell growth/viability of 
neurons

Incubation of the primary neuronal cells with the neurotoxic Aβ 
(25− 35)-a peptide (obtained after a 5-day pre-incubation period) led to 
a significant decrease in the number of viable cells (cell survival rate) to 
75.3% after only a 24 h incubation period compared to control (time 
zero), as determined by MTT assay (Fig. 3). After 72 h, the cell survival 
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Fig. 2. Effect of β-amyloid (Aβ) on neurons before and after processing from the non-toxic peptide Aβ(25− 35)-i to the neurotoxic peptide Aβ(25− 35)-a by pre
incubation in distilled water at 4◦C for 2–5 days. (I) Immediately after dissolution of the peptide (pre-incubation period, 0 h) (A and B), no notable adverse effects on 
the morphology of the neurons were observed compared to the control (without peptide addition). (C and D) The processed (Aβ) peptide (Aβ(25− 35)-i), converted 
into the neurotoxic form Aβ(25− 35)-a, caused increasing signs of apoptotic cell death (degradation of the neurons) after only 2 days of preincubation, which 
intensified after the 5-day preincubation period. (II) Neurons treated with Aβ(25− 35)-i for 0–72 h (lanes a to c) show no DNA fragmentation pattern, whereas 
neurons treated with Aβ(25− 35)-a activated by pre-incubation for 3 (lane d) or 5 days (lane e) show progressive DNA fragmentation during the 72-h post- 
incubation period.

Fig. 3. Protective effect of Na-polyP against the toxic effects of the amyloid β-peptide Aβ (25− 35) compared to Aβ (1− 42) in primary rat cortical neurons. The cells 
were incubated for 0–72 h with either the short amyloid β-protein fragment Aβ-a (25− 35), or with the longer peptide Aβ-a (1− 42), both in the absence or presence of 
50 µg/mL of Na-polyP. Equimolar concentrations (10 µM) of the peptides were used. Cell viability was determined by the MTT assay. Cell survival rates were 
calculated and expressed as % to the start of incubation. The data represent mean ± SD from 6 independent experiments (*p < 0.05).
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rate further decreased to 62.3%. This decrease in cell viability was 
significantly reduced when the cells were co-incubated with Na-polyP. 
The cell survival rates increased to 98.8% (24 h) and 81.2% (72 h), 
respectively. This mitigating effect of Na-polyP on amyloid neurotox
icity was also observed with the longer peptide Aβ(1− 42)-a fragment; 
the cell survival rate increased from 45.9% to 88.2% (72 h) (Fig. 3).

3.4. Coacervate formation of polyP in cerebrospinal fluid

In addition to cellular components, the cerebrospinal fluid contains 
marker cells for Alzheimer’s disease [96], the CD8+ T effector memory 
cells. Furthermore, the ionic composition and pH of the cerebrospinal 
fluid determine the stability and functional effects of drugs [97]. In 

particular, the Ca2+ concentration is a functionally crucial component of 
the cerebrospinal fluid [61].

The neurotransmitter serotonin was added to promote the coacer
vation process of the polyanionic polyP. This compound is known to 
form cationic oligomers [77]. The chosen Ca2+ level in the artificial 
cerebrospinal fluid was 1.18 mM CaCl2 [61]. Upon addition of just 
39 mM polyP (4 mg/mL of Na-polyP) to the fluid containing 47 mM 
serotonin and 1.18 mM CaCl2, an opalescent precipitate formed (Fig. 4
(I-A)). In the absence of serotonin after a short period of 5 min, deposits 
with a granular surface developed (Fig. 4 (I-B)); the size of the nano
particles measured ≈ 10 nM. A longer incubation of 4 h resulted in a 
smoother surface after drying the sample and subsequent SEM inspec
tion (Fig. 4 (I-C)). The addition of 47 mM serotonin to the 

Fig. 4. Preparation of the polyP coacervate with added serotonin. (I) (A) The polyP coacervate (Coa) was formed with serotonin together with Ca2+. (B) After a short 
incubation time (5 min), the deposits formed in the absence of serotonin showed some granular nanoparticles (NP). (C) Later (4 h), gelatinous coacervate layers 
formed. (D to F) The coacervate formed in the presence of Ca2+ plus serotonin persisted throughout the 8-h incubation period. (II) Neuronal-PC12 cells were overlaid 
with a coacervate layer formed by Ca2+, serotonin, and Na-polyP and inspected immediately after culturing (A and B) or (C and D) after 24 h and (E and F) after 72 h.
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polyP-supplemented reaction mixture changed the morphology in the 
SEM examination. A compact coacervate was formed after only 5 min 
and remained throughout the 8 h incubation period (Fig. 4 (I-D to -F)).

To investigate whether the neuronal-PC12 cells are affected by 
contact beneath the coacervate layer, the cells were covered with 100 µL 
of the Ca2+, serotonin, and Na-polyP solution per 1 mL medium/serum. 
The coacervate layer formed immediately (Fig. 4 (II-A and B)) and 
remained stable for 24 h and 72 h (Fig. 4 (II-C to -F)). Furthermore, cell 
proliferation was monitored during the final period up to 72 h (Fig. 4 (II- 
E and -F)). The images showed that the cell number increased strongly 
during the 24 h to 72 h incubation period. This effect, an obvious 
decrease at 24 h and a subsequent increase at 72 h, could be attributed 

to initial stress exerted by the coacervate layer formed during the short 
24-h incubation period. Cell viability/growth measured after 72 h did 
not differ significantly from that of PC12 cells measured in the absence 
of the polymer, as demonstrated by the MTT assay (decrease in cell 
viability/growth to 76% after 24 h, but increase to 106% after 72 h). 
This is consistent with previously published results [63].

3.5. PolyP prevents apoptosis of neurons

The blood platelets play a central role in brain function [98]. They 
are essential not only for maintaining immune defense, for example, 
through their involvement in various signaling processes in both innate 

Fig. 5. Prevention of apoptosis in the presence of polyP. (I) (A to C) Incubation of neurons in the presence of 50 µg/mL Na-polyP; no β-amyloid was added. (D to F) 
Complete apoptotic death after exposure of neurons to Aβ(25− 35)-a. (G to I) Prevention of apoptosis after co-incubation with Aβ(25− 35)-a and Na-polyP. (II) 
Fragmentation of nuclear DNA (lanes a to c) after incubation of the cells for 0 h, 24 h, and 72 h with Aβ(25− 35)-a. (Lanes d to f) After exposure of the neurons to Na- 
polyP, no fragmentation occurs. (Lanes g and h) When neurons are co-incubated with Aβ(25− 35)-a and Na-polyP, the nuclear DNA also remains intact. (III) 
Quantification of cytoplasmic histone-associated DNA fragments occurring after treatment of the cultures for 72 h with an equimolar concentration (10 µM) of either 
the non-toxic peptide Aβ(25− 35)-i or the neurotoxic peptide Aβ(25− 35)-a, in the absence or presence of 50 µg/mL of Na-polyP, compared to untreated control (Co; 
without peptide and Na-polyP). In addition to the short Aβ(25− 35) peptide fragments, the neurons were also exposed to the longer Aβ(1− 42)-a peptide (10 µM). 
Apoptosis was determined using photometric cell death detection ELISA. The means ± SD of 6 independent experiments are shown. *p < 0.01.
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and adaptive immune responses [99], but also for the physiological 
functionality of neurons. Both systems – immune function and interac
tion within the neuronal network – are already linked during the pro
cessing of megakaryocytes into platelets [100]. The 200 – 300 nm sized 
dense granules in the platelets are filled with polyP as well as ADP, ATP, 
Ca2+, and neurotransmitters, especially serotonin. These components 
are released upon activation of the platelets by ADP, thrombin, or 
collagen. Systemic inflammation, neurovascular dysfunction, and coa
gulopathy are equally common in neurological pathologies such as 
Alzheimer’s and Parkinson’s disease or multiple sclerosis [101].

Experimental data suggest that the release of serotonin from platelets 
occurs via co-transport with polyP, a view supported by the fact that the 
two molecules can form salt-like deposits at physiological pH [102]. 
There is also evidence that these two molecules are functionally linked 
with regard to the neurotoxicity caused by Aβ(25− 35)-a. Therefore, we 
co-incubated the neuronal culture with 50 µg/mL of Na-polyP, a higher 
concentration than the 7.81 µg/g present in 12-months-old rats [103], 
but lower than the amount of polyP required for the activation of skin 
keratinocytes [51]. This higher concentration should also compensate 
for the age-related down-regulation of the polyP levels in the brain 
[103].

The neuronal cultures exposed to 50 µg/mL of Na-polyP did not alter 
the morphology and network of axons during the chosen 72 h incuba
tion (Fig. 5 (I-A to -C)). In contrast, supplementation of the cultures with 
10 µM Aβ(25− 35)-a resulted in a strong and almost complete removal of 
the cells (Fig. 5 (I-D to -F)). After co-incubation of the neurons with 
50 µg/mL of Na-polyP together with 10 µM Aβ(25− 35)-a, complete 
protection from cell death was observed (Fig. 5 (I-G to -I).

To verify that the cell death was due to programmed cell death, the 
DNA fragmentation assay was chosen [80]. This series of experiments 
confirmed the cell biological findings (Fig. 5 (II)). The cells exposed to 
Aβ(25− 35)-a showed progressive DNA fragmentation with a maximum 
after 72 h (Fig. 5 (II lanes a to c)). Cells incubated with 50 µg/mL of 
Na-polyP showed no signs of nuclear DNA fragmentation (Fig. 5 (II lanes 
d to f)). The same applied to the analyses of nuclear DNA integrity in the 
co-incubation studies with 10 µM Aβ(25− 35)-a and 50 µg/mL of 
Na-polyP (Fig. 5 (II lanes g and h)), even during the 72-h incubation 
period.

For quantification of apoptosis, a photometric enzyme immunoassay 
(cell death detection ELISA) that measures apoptosis by quantifying 
cytoplasmic histone-associated DNA fragments was used. As shown in 
Fig. 5 (III), treatment of the cells for 72 h with 10 µM Aβ(25− 35)-a lead 
to a significant, 3.7-fold increase in cell death (A405 nm value) compared 
to control (absence of any additives), while incubation of the cells with 
the same concentration of the non-toxic peptide Aβ(25− 35)-i has no 
significant effect. Addition of 50 µg/mL of Na-polyP markedly reduced 
the increase in the rate of apoptosis (by 41%). For comparison, the in
duction of apoptosis by the likewise neurotoxic Aβ(1− 42)-a (used at an 
equimolar concentration) was determined. The results revealed an even 
but not significantly higher increase in A405 nm value compared to the 
shorter Aβ(25− 35)-a peptide (321% increase in cell death rate 
compared to control). Again, the rate of apoptosis strongly and signifi
cantly decrease when the cultures were co-incubated with Na-polyP.

3.6. PolyP inhibits Ca2+ influx in neurons

To confirm these data, an independent series of experiments was 
conducted in which the intracellular Ca2+ level was measured in 
dependence on contact with the neurotoxic β-amyloid Aβ(25− 35)-a in 
the absence or presence of Na-polyP [8,104]. The rise of Ca2+ concen
tration due to the influx of Ca2+ via the NMDA receptor [23] is induced 
by addition of the receptor agonist glutamate and glycine [8].

In the Ca2+ influx studies summarized here, the neurons were pre
incubated for 30 min with 10 μM or 30 μM Aβ(25− 35)-a, with or 
without 50 µg/mL (490 µM in terms of Pi units) of Na-polyP. The 
intracellular Ca2+ levels were measured using the esterified, cell- 

permeant Fura 2-AM, which binds to Ca2+ and, after cleavage by 
intracellular esterases, remains trapped within the cells. The data 
showed that after the addition of 200 µM glutamate and 50 µM glycine 
to neurons preincubated with 10 or 30 µM Aβ(25− 35)-a, a strong, dose- 
dependent influx of Ca2+ occurs within seconds to minutes (Fig. 6-A). 
The increase in intracellular Ca2+ level was significantly lower when the 
neurons were preincubated with Aβ(25− 35)-a in the presence of Na- 
polyP. Fig. 6-A shows the kinetics of Ca2+ influx after preincubation of 
the cells with 30 µM Aβ(25− 35)-a and 50 µg/mL of Na-polyP. The 
measured Ca2+ levels differ significantly from the values after exposure 
of the cells to 10 µM and 30 µM Aβ(25− 35)-a in the absence of Na-polyP, 
as indicated in the figure. The changes in Ca2+ levels monitored in the 
experiments with Aβ(25− 35)-a plus Na-polyP (Fig. 6-A) were close to 
the changes measured in controls (Control-I) after stimulation of the 
neurons with glutamate and glycine without prior exposure of the cells 
to the Aβ(25− 35)-a peptide and Na-polyP (Fig. 6-B). The addition of 
50 µM glycine alone (without glutamate) had, if at all, only a very small, 
statistically not significant effect on Ca2+ levels (Control-II). It should be 
emphasized that the staining of the neurons with Fura 2-AM using the 
methods applied here does not allow a fine analysis of the intracellular 
Ca2+ levels; in general, the green-stained cells after exposure to Aβ 
(25− 35)-a are homogeneously stained and there is no clear localization 
of the Fura 2-AM (Fig. 6-C (B)). In the brightfield images, all cells 
showed a normal morphology; at a wavelength (λ) of 240 nm, only a few 
cells flashed green, indicating the Ca2+ burst is paralleled by apoptotic 
cell death of the neurons. In addition, some dead and necrotic cells are 
also highlighted in brown (Fig. 6-C (A and B)).

These data indicate that polyP prevents the enhancement of the 
glutamate-triggered rise in intracellular Ca2+ caused by exposure of the 
neurons to the active amyloid Aβ(25− 35)-a.

3.7. Scavenging excess Ca2+ ions by the polyP coacervate in cerebrospinal 
fluid

To demonstrate that the polyP coacervate formed with polyP in 
artificial cerebrospinal fluid containing 47 mM serotonin and 1.18 mM 
CaCl2 (see above) is still capable of scavenging excess Ca2+ during Ca2+

bursts, 0.4 mL of a Na-polyP solution (0.5 M; based on Pi residues) was 
injected into a tissue culture dish filled with 4.6 mL of this fluid until a 
final concentration of 39 mM polyP (4 mg/mL of Na-polyP) was 
reached; this resulted in the formation of a polyP coacervate (Fig. 7A; 
see also above). After 30 min, an equal volume of a CaCl2 solution 
(10 mM) was added (Fig. 7B). Immediately after this, and after an in
cubation period of 1 h (Fig. 7C), the Ca2+ concentration in the fluid 
outside the coacervate was determined using a quantitative colorimetric 
calcium assay kit (MAK477; Sigma-Aldrich). The results showed that the 
Ca2+ concentration in the fluid outside the coacervate decreased from 
5.2 ± 0.2 mM to 3.9 ± 0.3 mM (n = 6) during this time, indicating that 
the coacervate can still bind excess Ca2+ ions.

3.8. Proposed vehicles for in vivo applications

Unfortunately, almost all potential neuropharmaceuticals cannot 
penetrate the intact blood-brain barrier [105]. On the other hand, 
macrophage precursor cells, which emerge from the yolk sac, are among 
the first immune cells to settle in the brain [106]. Future research will 
need to clarify whether these cells also transport particulate polyP in 
their exosomes.

However, several alternative routes exist that could potentially allow 
polyP to cross the blood-brain barrier. As summarized in the compre
hensive review by Wu et al. [105], these include passive transcytosis and 
the possibility of intranasal administration. The latter option can be 
implemented in the form of a polyP-containing spray for application to 
the respiratory tract. We have already developed a spray for such an 
application, intended to prevent infection of endothelial cells with the 
coronavirus (COVID-19) [107]. In recent years, we have optimized the 
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formulation to make the spray more biocompatible and to ensure a 
stable pH of 7.2. The spray contains 15 mg/mL of Na-polyP, a 
non-cytotoxic concentration.

Here, two further possible dosage forms of polyP, which were 
fabricated in the present study, are proposed; application of polyP in the 
form of a polymeric nanogel and as nanoparticles [105,108]. Both 

formulations are based on the characteristic property of polyP to form a 
coacervate [57]. Since the Ca2+ concentration in the cerebrospinal fluid 
is low, and inspired by the fact that physiologically polyP and serotonin 
are colocalized in the dense grana of the platelets, the cationic fraction 
required for phase separation of the polyanionic polyP was enriched 
with serotonin, which is positively charged at physiological pH. The 

Fig. 6. Changes in intracellular Ca2+ levels measured with the Fura 2-AM indicator reagent. (A) Pretreatment of the neurons with the Aβ(25− 35)-a peptide resulted 
in a drastic increase in the glutamate-triggered influx of Ca2+ ions into the neurons. The Ca2+ influx was strongly reduced when the neurons were preincubated with 
Aβ(25− 35)-a together with 50 µg/mL of Na-polyP. Two concentrations of Aβ(25− 35)-a (10 µM and 30 µM) were tested for significance levels compared to the rate 
after coincubation with Na-polyP and marked accordingly (*). The arrow marks the point in time when glutamate and glycine were added. (B) In the controls, the 
influx rates were measured after stimulation of the cells with 200 µM glutamate and 50 µM glycine (Control-I) or 50 µM glycine alone (Control-II) without pre
treatment with Aβ(25− 35)-a and Na-polyP. In the presence of glycine alone, the extent of Ca2+ influx is only marginal, but is strongly stimulated in combination with 
glutamate. However, the values for the glutamate-induced influx without prior exposure to Aβ(25− 35)-a are still significantly lower than after pretreatment with the 
peptide, but are close to the values obtained with Aβ(25− 35)-a and Na-polyP. (C-A) Brightfield image of neurons preincubated with the neurotoxic Aβ(25− 35)-a for 
30 min. (C-B) The green flashing areas indicate cells with Ca2+ overload that are undergoing apoptosis. However, no distinct concentration differences are 
measurable within the apoptotic cells (apo). Some dead cells are scattered within the cell layer and appear brown. Data in A and B are presented as mean ± SEM of 10 
replicates (10 coverslips) from 3 independent cultures (*p < 0.01; Aβ(25− 35)-a treated neurons compared with Aβ(25− 35)-a treated neurons with Na-polyP, and 
with control-I). Statistical significance was determined by one-way ANOVA and Scheffe's test.

Fig. 7. Morphology of polyP coacervate after injection of a polyP solution into artificial cerebrospinal fluid and subsequent addition of excess calcium ions. (A) 
Coacervate formation during injection of the Na-polyP solution into a tissue culture dish containing artificial cerebrospinal fluid. (B) The coacervate immediately 
thereafter and (C) 1 h after addition of a solution with excess Ca2+ ions.

Fig. 8. Three formulations were introduced to target polyP to the brain. (I) The formulations: (A and B) Stable polyP coacervate nanogel prepared with chitosan and 
a 4-arm-PEG component. (C and D) PolyP nanoparticles prepared in a similar way but at alkaline pH. (E and F) PolyP-containing nanoparticle-micelles prepared with 
butyl cyanoacrylate and Ca2+. (II) Release kinetics of polyP from the encapsulated depot material. PolyP release was determined in simulated nasal fluid using the 
quantitative enzymatic hydrolysis technique. The highest release of polyP was measured from the coacervate phase (nanogel), while the nanoparticle form released 
lower amounts. An intermediate release of polyP was observed from the nanoparticle-micelles prepared with butyl cyanoacrylate and Ca2+. Data represent mean ±
SD from 5 independent experiments (*p < 0.01).
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morphology of the coacervate phase is known to change from spherical 
to “wormlike micelles” [109]. Exactly, this appearance is observed when 
a polyP coacervate is prepared with Ca2+ together with serotonin (Fig. 8
(I-A and B)). The stability of the polymeric coacervate nanogel was 
increased by the addition of chitosan and a 4-arm-PEG component, as 
described in the Materials and Methods section.

The same composition as for the coacervate nanogel formulation 
(Ca2+, serotonin, Na-polyP together with chitosan and a 4-arm-PEG 
component) was used to prepare the nanoparticles. The formulation 
was brought to the desired nanoparticles by adjustment of the pH to 10 
before addition of the 4-arm-PEG component. The particle size of 
approximately 70 nm (Fig. 8 (I-C and D)) corresponds to the size pub
lished for other neuropharmacological applications [110].

The third formulation for the spray, capable of crossing the blood- 
brain barrier [89], is based on an established dextran/butyl cyanoac
rylate fabrication process that got a premarket FDA-approval for tissue 
adhesives for the embolization of arteriovenous brain malformations 
[111]. The globular samples, with a size of ≈ 600 nm (Fig. 8 (I-E)), 
exhibit linearly arranged structures that we interpret as Ca-polyP chains 
(Fig. 8 (I-F)). The main ingredients of the intended nasal nose vaporizer 
are Na-polyP and propylene glycol, as listed under Materials and 
Methods.

3.9. Release studies of the encapsulated polyP: Coacervate – 
nanoparticles – nanoparticle-micelles

A newly developed polyP quantification assay based on enzymatic 
hydrolysis of the polymer was used, which has proven to be a specific 
method for determining polyP in bioorganic materials [93]. PolyP 
encapsulated in the three application forms exhibited different release 
kinetics (Fig. 8 (II)). The fastest release was measured for the coacervate 
nanogel formulation, where 38% of the available polymer was released 
from the initial 600 µg/mL of Na-polyP during the first 12 h of incuba
tion in RPMI 1640 medium containing 10% horse serum and 5% fetal 
bovine serum. The extent increased to 63% (after 24 h) and 72% (36 h). 
The release from the 4-arm-PEG-based nanoparticles was retarded, 
reaching 7% (12 h), 9% (24 h), and finally 28% (36 h). The controlled 
release from the nanoparticle-micelles was also efficient, reaching 
values of 21% (12 h), 42% (24 h), and 51% (36 h).

4. Discussion

The concentration of polyP in tissues changes with age [27]. The 
metabolic consequences are far-reaching. They are associated, in 
particular, with a deterioration in the energy balance [112] and Ca2+

homeostasis, including an impaired control of the formation of reactive 
oxygen species (ROS) [113]. Furthermore, the reduction in mitochon
drial polyP levels affects the function of this organelle and accelerates 
the senescent phenotype [112,114]. This can be measured when polyP is 
depleted upon oligomycin poisoning of ATP synthase. In addition, polyP 
controls platelet activation, including APP expression and serotonin 
release [115].

ATP acts not only intracellularly but also extracellularly as a 
neurotransmitter in the central nervous system via the purinergic 
signaling circuit [116]. In tissues and cell assemblies, ATP is generated 
enzymatically from polyP via ALP and ADK [53] after it is converted into 
the coacervate phase. This conversion is achieved by adding Ca2+ to 
polyP [58]. In the present study, neurons were exposed to the Aβ 
(25− 35)-a peptide, which is toxic not only to neurons [117] but also to 
PC12 cells [118]. The underlying mechanism is based on impaired 
mitochondrial bioenergetics and sensitization of the NMDA receptor 
[119]. This leads to an enhanced influx of Ca2+ triggered by glutamate, 
followed by neuronal apoptosis, an effect that can be mitigated by 
memantine [17] and flupirtine [117,120]. The active anti-amyloid 
ingredient is polyP, which is delivered to the NMDA receptor both 
from within the cell (from the mitochondria) and extracellularly (from 

the platelets) and acts as a Ca2+ chelating agent at the receptor. PolyP is 
a natural Ca2+-chelating polymer that naturally occurs in the synaptic 
regions [121] and thus can avoid the use of cell-permeable synthetic 
chelators [122].

For comparison, the longer peptide Aβ(1− 42), which is also neuro
toxic to primary neuronal cell cultures, was used in some experiments. 
The toxicity of this amyloid peptide fragment was also significantly 
reduced in the presence of Na-polyP. However, the underlying mecha
nism may differ from that of the shorter peptide Aβ(25− 35), which lacks 
the glutamate residues Glu11 and Glu22 present in Aβ(1− 42) that are 
involved in the nucleation and salt bridge formation of the amyloid fibril 
[123].

PolyP has been implicated in a number of neurodegenerative dis
eases such as amyotrophic lateral sclerosis, frontotemporal dementia, as 
well as Alzheimer’s and Parkinson’s disease [124]. The underlying 
mechanisms have been proposed to include a reduction/impairment of 
the mitochondrial activity [125], dysregulation of mitochondrial Ca2+

homeostasis [126], neuronal apoptosis and protection [25], intracel
lular cell signaling [127], and neuro- and glio-transmission [128]. The 
basic metabolite for the intracellular synthesis of polyP in eukaryotic 
systems is ATP, which is synthesized in mitochondria (reviewed in: refs 
[53,129]). PolyP is released particularly from platelets upon activation 
[55,56]. In addition, activated mast cells, which share many structural 
and functional properties in common with macrophages, distribute and 
release the polymer [130]. With regard to neurodegenerative diseases, it 
is important to note that the polyP content in the brain changes signif
icantly during aging [103]. The content in embryos (18 days) is 38 µM 
(about 3.04 µg/g tissue); in newborn animals 19 µM (5 d old; 
≈1.52 µg/g), in young rats (3 months) 110 µM (8.80 µg/g), in 
middle-age rats (12 months) 122 µM (9.76 µg/g), and in old animals (28 
months) only 55 µM (4.40 µg/g) [103]. In an older study [131], it was 
confirmed that in brain, e.g., from mice, the polyP content is higher at 
96 µM than in kidney (64 µM) or liver (38 µM). Furthermore, the con
centration also differs in the various cell organelles; in rat brain, the 
highest levels are found in the nuclei at 160 µM [103]. Platelets contain 
≈ 0.74 nmol polyP (59.2 ng) per 108 platelets [132] or 67 µg/g 
(assuming a platelet volume of approximately 8.9 fL) [133].

The Ca2+ level in platelets is sufficiently high to enable coacervation 
of polyP [134,135]. However, outside these cells, e.g. in the cerebro
spinal fluid, the pool of free Ca2+ may be insufficient to initiate the 
coacervation process [136]. Therefore, in the in vitro studies presented 
here, the mixture used to study the effect of the polyP coacervate on 
neuronal cells was supplemented with serotonin, a cation at physio
logical pH that, despite its positive charge, can cross the cell membrane 
[137].

For delivery to the target sites in brain tissue, we developed – in a 
biomimetic approach – vehicles that mimic the conditions under which 
polyP is present in the dense granules of the platelets. There, polyP is 
stored at a concentration of 130 mM (in terms of Pi units) [54] together 
with serotonin and Ca2+ ions. Serotonin (pKa 10.4) [138] is expected to 
be predominantly in the protonated form at the pH value in the lumen of 
the dense granules [between pH 5.4 [139] and 6.1 [140,141]]. It is 
conceivable that, despite the high Ca2+ concentration in these cell or
ganelles (2.2 M) [142], the positively charged, protonated serotonin 
molecules (serotonin concentration in the dense granules: 65 mM) [135]
are at least partially bound to the polyanionic polyP. This assumption is 
supported by the fact that protonated serotonin can associate to form 
cationic oligomers, facilitated by stacking interactions between the ar
omatic rings of the monomers [77]. This would allow serotonin, 
together with polyP, to form a complex coacervate (i.e., a coacervate 
between polyanionic and polycationic polymers) [143]. In contrast, 
polyP coacervates known to date are predominantly simple coacervates 
formed between polyP and divalent cations (mostly Ca2+) [58,144]. The 
assumption that polyP is associated with serotonin in the dense granules 
is also supported by the fact that the concentration of free Ca2+ ions, 
which compete with serotonin for binding to polyP, is actually lower in 
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the granules due to the high content of other anions that can chelate this 
divalent cation, such as ADP (653 mM) [135] and ATP (436 mM) [135]. 
Indeed, we were able to demonstrate that under the conditions used in 
this contribution [39 mM polyP (Pi units), 47 mM serotonin, and 
1.18 mM Ca2+], polyP can form a coacervate, forming a gelatinous 
layer. Furthermore, we found that the coacervate formed under these 
conditions can continue to bind excess Ca2+ ions, which can occur, for 
example, during activation of the NMDA receptor by neurotoxic 
amyloid-β protein fragments, most likely via an exchange of serotonin 
cations for Ca2+.

The polyP/serotonin-loaded vehicles described here were designed 
in such a way that they can reach their target site either in the form of a 
nanogel or as nanoparticles stabilized with a 4-arm-PEG-based macro
molecular system, or as polymeric nanoparticle-micelles, which are able 
to pass the blood-brain barrier [89]. Such nanoparticle-micelles formed 
by amphiphilic block copolymers have been identified as powerful ve
hicles [145]. These core-shell structures can cross the blood-brain bar
rier within minutes [146]. Transport of the particulate units across this 
barrier most likely occurs through endocytosis [147]. All three vehicles 
proposed here demonstrated suitable release kinetics, which are 
required for potential future applications in the prevention of neuronal 
damage caused by toxic Aβ-protein in Alzheimer's patients.

There are two direct routes for brain delivery that should be high
lighted and will be preferred in future applications; the delivery via the 
olfactory and trigeminal nerves. The olfactory bulb/tract is located at 

the front of the brain above the nasal cavity, ≈ 7 cm from the nostrils, 
where it senses the smell (Fig. 9). The trigeminal nerve, the fifth cranial 
nerve, on the other hand, is responsible for facial sensation and motor 
functions such as chewing. The cribriform plate of the ethmoid bone is 
located at the base of the frontal lobe of the brain and allows the passage 
of the olfactory nerves, facilitating odor perception (Fig. 9B). Below, 
beneath the epithelial linings, is the lamina propria (a type of loose 
connective tissue). The olfactory glands (Bowman’s glands) secrete the 
watery mucus that covers the surface of the olfactory epithelium. The 
basal cells (stem-like cells) regenerate the olfactory receptor neurons. 
Deeper in the barrier are the epithelial cells that house the olfactory 
receptor neurons. The olfactory sensory neurons travers the brain bar
rier and are often decorated with cilia (olfactory receptors, which are G- 
protein-coupled receptors). Finally, the surface of the olfactory epithe
lial cells is covered with a mucus layer containing enzymes for degrading 
odorants, antibodies (IgA), and antimicrobial molecules involved in 
immune defense. In addition to the transport of bioactive compounds 
along the neural transport system (the most important routes are ol
factory and trigeminal nerve transport), as well as through the 
lymphatic system to the brain and finally through vascular transport 
across the functional barrier system, there is an intensive interaction 
between the tissue environment and the brain [69].

These two routes, the olfactory and trigeminal nerve transport, 
provide a direct connection between the external environment and the 
brain [148,149]. The posterior region of the nasal cavity is highly 

Fig. 9. The olfactory tract provides a direct transport route of administered polyP from the nasopharyngeal cavity to the brain. (A) The main routes of the proposed 
nasal spray to the neurons with their NMDA receptors are the olfactory and trigeminal nerves. The amyloid Aβ deposits are scattered throughout the brain. The 
histology of the olfactory tract, which is separated from the blood circulation by the parenchymal and endothelial basal lamina, is complex. The olfactory neurons are 
layered within the os ethmoidale (ethmoid bone) and the lamina propria (connective tissue) and reach the mucus layer, where the olfactory epithelium is arranged, 
over which the mucus is secreted.
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enriched with olfactory sensory neurons that sense the smell of the 
inhaled air [150]. Gelling systems/hydrogels [69,151] have been pro
posed as suitable formulations of a mucoadhesive gel that can overcome 
the limitations of direct nose-to-brain delivery by prolonging the nasal 
residence time [152]. They can be administered in the form of orodis
persible tablets or as a nasal spray [69]. In our case, for use as a nasal 
spray suitable for targeted delivery to the brain, the active polymer 
polyP was formulated in a phosphate buffer (NaH2PO4/Na2HPO4) so
lution with a pH of 7.4. Such a formulation would be applied by 
inserting the spray nozzle into the respective nostril to reach the respi
ratory mucosa lining the respiratory tract (including the nasal cavity) 
(Fig. 9-A).

5. Conclusion

Na-polyP is a chelating agent that is found not only in neurons but 

also in astrocytes [153]. In particular, in mice, polyP levels increase 
during the development of amyotrophic lateral sclerosis (ALS) and 
frontotemporal dementia (FTD) and are subsequently released by neu
rons and astrocytes (Fig. 10–1).

In the present study, the effect of Na-polyP on Aβ(25− 35)-induced 
neurotoxicity was investigated – and a potential solution for application 
of the significant ameliorating and neuroprotective effect of the physi
ological polymer is proposed. Based on the published data, it is expected 
that a Na-polyP-containing nasal spray can be used for the delivery of 
Na-polyP to the vicinity of the target receptor, the neuronal NMDA re
ceptor, which is inserted into the membranes of the postsynaptic cells of 
neurons. The reason for the neuroprotective effect of Na-polyP lies in the 
ability of this polymer to chelate Ca2+ (reviewed in refs [57,58,144]).

At the postsynaptic terminals, Ca2+ is exported via the plasma 
membrane calcium ATPase pump [154], in conjunction with indirectly 
acting GABA transporters [155]. The Ca2+ influx into the neurons occurs 

Fig. 10. Sketch of the postulated and partially experimentally supported effect of Na-polyP in neutralizing the neurotoxic, apoptotic effect of Ca2+. (1) Na-polyP is 
released from astrocytes or neurons and reaches the NMDA receptor, a glutamate (Glu) receptor, which (2) acts as a channel for calcium (Ca2+) and sodium (Na+) 
ions. (3) In the extraneuronal space, amyloid fragments aggregate into larger units via the dimer stage, which sensitizes the NMDA receptor. As a result, the neurons 
undergo apoptosis. In the presence of Na-polyP, the Ca2+ burst in the neurons is attenuated by a Ca2+ triggered coacervation process that occurs on both the 
intraneuronal side (4) and the extraneuronal side of the NMDA receptor (5). The exact intra- and extracellular locations cannot be specified because measurements 
with the Ca2+ indicator Fura 2-AM do not allow for quantification of local differences in Ca2+ accumulation.
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primarily via the NMDA-receptor, which allows the influx of both Na+

and Ca2+ [156]; Fig. 10–2. A cytosolic Ca2+ overload can be normalized 
under physiological conditions by extrusion via the PMCA3 Ca2+ pump 
[157]. The Ca2+ influx via the NMDA receptor leads to an increase in the 
cytosolic Ca2+ concentration [158]; Fig. 10–3. Due to the chelating ac
tivity of Na-polyP, an excessive increase in Ca2+ levels in the extra
neuronal space (Figs. 10–5) and – as measured with the Ca2+ indicator 
Fura 2-AM – most likely also at intraneuronal sites is prevented 
(Fig. 10–4). Thus, during polyP coacervation, the neurotoxic Ca2+ is 
chelated and thereby removed from the system, particularly from the 
NMDA receptor, the Ca2+-permeable ligand-gated ion channel involved 
in excitatory signaling in the nervous system [159]. Na-polyP can 
therefore be considered a physiological polymer that alleviates amyloid 
toxicity, as also proposed by Lempart and Jakob [160]. Through this 
mechanism, via coacervation, this polymer prevents further entry of 
Ca2+ into neurons via the NMDA receptor and blocks neurotoxicity 
(Fig. 10–5).

In vivo studies are currently underway using the zebrafish model, 
which has proven to be an excellent systems for studying neurogenesis 
[161].

Our next step will the application Na-polyP in a clinical trial in 
humans. Phase 1 has already been completed, and the data are available 
to the local ethics committee. We have already prepared the 
manufacturing process for Na-polyP according to a certified procedure 
(“Certificate Number RP_01_GMP-2023023_0029) and received the 
corresponding approval from the European Medicines Agency (EMA). In 
a recent study (unpublished results [162]), we were able to demonstrate 
that Na-polyP significantly alleviates the symptoms and supports the 
healing of neurodermatitis (atopic dermatitis). Interesting, as shown, 
the platelets also play a central role in this disease.
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interference with inflammation and thrombosis, Front. Med. 6 (2019) 76.

[131] K.D. Kumble, A. Kornberg, Inorganic polyphosphate in mammalian cells and 
tissues, J. Biol. Chem. 270 (1995) 5818–5822.

[132] S.A. Smith, N.J. Mutch, D. Baskar, P. Rohloff, R. Docampo, J.H. Morrissey, 
Polyphosphate modulates blood coagulation and fibrinolysis, Proc. Natl. Acad. 
Sci. USA 103 (2006) 903–908.

[133] H. Demirin, H. Ozhan, T. Ucgun, et al., Normal range of mean platelet volume in 
healthy subjects: Insight from a large epidemiologic study, Thromb. Res 128 
(2011) 358–360.

[134] H. Holmsen, H.J. Weiss, Further evidence for a deficient storage pool of adenine 
nucleotides in platelets from some patients with thrombocytopathia–"storage pool 
disease", Blood 39 (1972) 197–209.

[135] H. Holmsen, H.J. Weiss, Secretable storage pools in platelets, Annu Rev. Med 30 
(1979) 119–134.

[136] E.A. Bonnin, A. Golmohammadi, R. Rehm, C. Tetzlaff, S.O. Rizzoli, High- 
resolution analysis of bound Ca2+ in neurons and synapses, Life Sci. Alliance 7 
(2023) e202302030.

[137] P.W. Andrews, C. Bosyj, L. Brenton, et al., All the brain's a stage for serotonin: the 
forgotten story of serotonin diffusion across cell membranes, Proc. Biol. Sci. 289 
(2022) 20221565.

[138] R. Omidyan, Z. Amanollahi, G. Azimi, Protonated serotonin: Geometry, electronic 
structures and photophysical properties, Spectrochim. Acta A Mol. Biomol. 
Spectrosc. 182 (2017) 8–16.

[139] J.L. Fitch-Tewfik, R. Flaumenhaft, Platelet granule exocytosis: a comparison with 
chromaffin cells, Front Endocrinol. (Lausanne) 4 (2013) 77.

[140] G. Raposo, M.S. Marks, Melanosomes–dark organelles enlighten endosomal 
membrane transport, Nat. Rev. Mol. Cell Biol. 8 (2007) 786–797.

[141] M.S. Marks, H.F. Heijnen, G. Raposo, Lysosome-related organelles: unusual 
compartments become mainstream, Curr. Opin. Cell Biol. 25 (2013) 495–505.

[142] A. Dupuis, J.C. Bordet, A. Eckly, C. Gachet, Platelet δ-storage pool disease: an 
update, J. Clin. Med 9 (2020) 2508.

[143] K.K. Nakashima, M.A. Vibhute, E. Spruijt, Biomolecular chemistry in liquid phase 
separated compartments, Front Mol. Biosci. 6 (2019) 21.
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