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Abstract

Phosphate-based glasses (PGs) are promising bioresorbable materials for controlled delivery of
therapeutic species and tissue regeneration. The traditional method of synthesis of PGs involves the
use of high temperatures, which limits their biomedical applications. The main goal of this work was
to manufacture Mn loaded PGs for bone regeneration using an alternative, versatile and sustainable
manufacturing technique. In this work, the novel room-temperature, water-based method of
coacervation was used for the synthesis of PGs in the system P,0s-Ca0O-Na,O-(MnO), where x =0,
1,3, 5, 10 mol % both in powder (PGPs) and fibre (PGFs) form. PGPs were manufactured by vacuum

drying polyphosphate coacervate gels and PGFs by electrospinning them.
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The addition of Mn**, which plays an important role in bone mineralization, represents a clearigvelty:
of this work as Mn loaded PGs prepared via coacervation have not been presented to date. Mn>*
release in deionized (DI) water has been shown to increase with Mn?* loading in both PGPs and PGFs,
demonstrating tailored release by modifying its content in the glass.

In vitro biocompatibility was investigated for both systems via MTT assay on human osteosarcoma
cells (MG-63) at three different ratios of dissolution products to cell medium after 24 h immersion in
DI water (1, 3 and 5 % v/v). Results have demonstrated that PGPs and PGFs loaded with Mn?* up to
1 mol % are the most promising systems as they are not cytotoxic at all ratios investigated.
Preliminary bioactivity tests performed by immersing a PGP sample containing 1 mol % of Mn?" in
both cell medium (McCoy's 5A) and Tris-buffer solution for 24 and 72 h suggest the deposition of a
disordered, possibly hydroxyapatite-like phase on the surface of the glass. This study demonstrates
that PGPs and PGFs, synthesised via coacervation, exhibit controlled release of the therapeutic ion

Mn?* and promising biocompatibility, making them suitable candidates for applications such as bone

regeneration and controlled delivery of therapeutic species.

Keywords: phosphate glasses; bone regeneration; coacervation, bioglasses
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1. Introduction DOI: 101032%?%%%[)602;{4‘:5
Improvement in the quality of biomaterials for regeneration or repair of hard and soft tissues and for
targeting degenerative diseases has become necessary as human life expectancy has increased
significantly in the past decades. Osteoporosis and bone diseases are dramatically affecting the life
of an increasing number of people, especially among the aged. As a result, the major clinical
applications of biomaterials are in the field of orthopaedics (e.g. bone platelets, joint replacements,
fixation screws) and drug delivery (e.g. antibiotics, antimicrobial agents). This work focuses on the
use of bioresorbable glasses as biomaterials for bone regeneration. Currently, only a limited range of
bioresorbable polymers is commercialised and used in medical devices and implantable carriers for
drug delivery. However, their degradation often results in crystalline fragments with heterogeneous
chain-lengths that could lead to toxicity.!

In recent years, there has been an increased interest in the application of glass materials for the
regeneration of damaged tissues.” The most common glasses studied for biomedical purposes are

silicate-based; due to their relatively poor solubility, they are generally used to manufacture long-

term implants, that could cause inflammatory reactions in the long term.? Phosphate-based glasses

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(PGs) are bioresorbable materials alternative to silicate-based glasses; they have the potential to
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simultaneously degrade by releasing therapeutic molecules (e.g. antibacterial ions and anticancer
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drugs) and to induce tissue regeneration.’* PG powders (PGPs) and PG fibres (PGFs) in the ternary
system P,05-CaO-Na,O have been shown to have great potential as biomaterials for hard and soft
tissue regeneration.>® The addition of Therapeutic Metallic Ions (TMIs) such as Ag*, Cu**, Zn?*" and
Ga’" to this ternary system has also been shown to imbue additional properties to PGs, such as
antibacterial activity, osteogenic and angiogenic properties.*°

The morphology of PGs is crucial for tailoring them to specific applications. PGFs, which closely
mimic the composition of the extracellular matrix (ECM), are suitable for soft tissue engineering

applications, where the tissue has a high degree of anisotropy, such as muscle, ligaments and tendons;
3
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however, PGFs could also be used as bone fillers and dental implants given that they can b easityr
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packed in a localised defect.>’

The traditional method to prepare PGPs, melt-quenching (MQ), requires melting of oxide powders at
temperatures >1100 °C, followed by rapid cooling; PGFs are usually prepared using the conventional
MQ followed by spinning of the melt (melt spinning technique, MS).5%° However, MQ cannot be
used for embedding temperature-sensitive molecules during their synthesis.>’” PGs prepared via MQ
have been extensively studied, in particular for hard tissue regeneration (e.g. promotion of osteoblast
proliferation).! The sol-gel technique (SG) is often proposed as a lower temperature alternative
technique to MQ; however, this technique requires the use of alkoxide precursors, which are air-
sensitive and need to be dissolved in organic solvents. Moreover, gelation times can be lengthy.!°

In this work, PGs were prepared using the method of coacervation, a fast, room temperature, water-
based technique.!'® The coacervate method provides an attractive alternative to the MQ and SG routes,
as it is sustainable and cost efficient. In addition, coacervation allows the inclusion of thermolabile
drugs that can be released in a controlled manner, widening the range of biomedical applications.!!
Coacervation occurs when a solution of bivalent cations such as Ca?", Mg?*, Zn**, Mn?*, Cu?" is
slowly added to an aqueous solution of sodium polyphosphate. Upon addition, a phase separation
occurs with the formation of a homogeneous gel-like bottom phase composed of polyphosphate
chains (coacervate gel) and a supernatant aqueous layer.!! The coacervate gel is formed by
electrostatic interaction between the polyphosphate chains and the bivalent cations.!! The gel is then
separated from the supernatant aqueous layer and dried in a vacuum desiccator at room temperature
to obtain a glass powder or electrospun to obtain fibres. Electrospinning (ES) is a simple, versatile
and cost-effective voltage-driven process for production of fibres. The applied voltage, flow rate,
nozzle to collector distance and nozzle's size determine morphology and characteristics of the

electrospun fibres. ES presents several advantages over MS; it allows a high degree of control over


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5tb00454c

Page 5 of 39 Journal of Materials Chemistry B

PGFs diameters, incorporation of thermolabile molecules, and use of injectable gel precursars:
prepared at room temperature instead of high temperature melts.

Very little work has been presented on glasses prepared via coacervation, particularly for biomedical
applications. Only very few coacervate-made PGPs and PGFs systems loaded with silver, copper,
zinc and iron ions have been presented.’%!2-14 PGPs and PGFs containing silver ions demonstrated
antibacterial activity against Staphylococcus aureus and Escherichia coli; furthermore, silver loaded
PGFs promoted 84 % wound closure within 48 h.3-° PGFs containing 10 mol % of zinc ions exhibited
strong antibacterial activity against Staphylococcus aureus, while PGFs loaded with iron ions
significantly accelerated ex vivo healing in chronic patient wound models, achieving over 30 %
improvement in 48 h.? Additionally, PGPs and PGFs loaded with copper ions and PGPs loaded with
zinc ions showed excellent cellular compatibility with human osteosarcoma cells (MG-63) and human
keratinocytes (HaCaTs).!%13

No previous investigation has been performed on PGs containing Mn?* as a TMI prepared via

coacervation. Mn?" is a co-factor for a broad range of enzymes (e.g. oxidoreductases, transferases)

and it is essential in the detoxification of superoxide free radicals.* Some studies have shown that

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Mn?" has a positive effect on bone regeneration; in particular, when embedded in a silicate-based
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glass it has been shown to promote osteogenic differentiation, cell adhesion, ECM remodelling,
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osteoblast growth and osteogenic activity;>!> when embedded in calcium phosphate ceramics, it has
been shown to improve bone mineralization.!® An in vitro cytocompatibility study using osteoblast-
like cells (MC3T3-El) on Mn?" embedded in hydroxyapatite (HA), has demonstrated that Mn**
improved cell adhesion.!” It has been reported in the literature that manganese ions can form P-O—
Mn linkages with phosphate groups, strengthening the phosphate glass network.'®

In this work, PGPs and PGFs in the system P,05-Ca0O-Na,O-(MnO), (x =0, 1, 3, 5, 10 mol %) were
prepared via coacervation: the rheology of the coacervate gels, the structure of PGPs and PGFs, and

their dissolution properties over time were investigated.
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Cell viability data on human osteosarcoma cells MG-63 in contact with both PGPs and PGFs
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dissolution products obtained after 24 h immersion in DI water, have shown good cytocompatibility
at three different ratios of dissolution products to cell medium (DP-CM): 1, 3, 5 % v/v. The most
promising sample in terms of biocompatibility was then tested for in vitro bioactivity.

In vitro bioactivity of SG-made silicate-based glasses is usually demonstrated by the formation of
bone-like phases on their surfaces (e.g. HA or HCA hydroxycarbonate apatite), when in contact with
simulated body fluid (SBF), Tris-HCl buffer or cell media.!*-22 However, the formation of phases that
could promote bone regeneration on the surface of PGs has been reported to be challenging, with
some studies reporting inhibition of HA formation from polyphosphates and pyrophosphates
systems.??* Conflicting results on the formation of HA on the surface of PGs have been reported after
immersion in SBF.!%?* Some studies indicate no formation at all,>> while others report HA formation
only after very long immersion times (20-28 days).?6-2® Recently, Kumar et al.?® reported that the
Zr,Ca P bioglasses, synthesized via MQ, are capable of forming a HA layer on their surface after
30 days of immersion in SBF; however, this behaviour seems to be related to the presence of Zr** on
the PGs’s surface. It has been reported that the formation of bone-like phases on silicate-based glasses
occurs faster when using Tris-buffer instead of SBF.!%?! This has been ascribed to the presence of
Mg?" in the SBF medium, which is then incorporated into the apatite lattice instead of Ca?* 2130
Therefore, in this work, Tris-HCI buffer and McCoy's SA (M5A) cell medium (CM) were chosen for

investigating the bioactivity of a selected Mn loaded coacervate PGP upon immersion.

2. Experimental

2.1. Synthesis of coacervate PGPs and PGFs
In order to prepare the ternary PGs P,05-CaO-Na,O, 20 mL of a 2 M aqueous solution of calcium
nitrate tetrahydrate (Ca(NO;),-4H,0, Thermo Scientific, 99.0%), obtained by dissolving 47.23 g of

Ca(NO;),'4H,0 in 100 mL of water, was slowly added to 20 mL of a 0.16 M aqueous solution of
6
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sodium polyphosphate (NaPP, (NaPOs;),; Merck, 99.0%, n ~ 25), obtained by dissolg&&%&é@&%&%ﬂfg
NaPP in 100 mL of water, using a syringe pump (20 mL/h) under constant and vigorous stirring.
During addition, a phase separation occurred in which an upper aqueous layer and a lower coacervate
layer formed. The mixture was stirred for 1 h and allowed to settle for 24 h.

The bottom layer (coacervate gel) was then isolated and dried in a vacuum desiccator at room
temperature for 24 h to obtain a dry glass powder, PGP. To obtain PGFs, the coacervate gels were
transferred into a plastic syringe and electrospun; upon application of a high voltage (15 kV), the gels
were ejected from the nozzle of the electrospinner, and PGFs were deposited on a metal screen
collector.

In order to prepare the quaternary PGs P,05-Ca0O-Na,O-(MnO), (x =1, 3, 5, 10 mol %), 0.6, 1.8, 3.0
and 6.0 mL, respectively of a 2 M aqueous solution of manganese (II) nitrate tetrahydrate
(Mn(NOs),-4H,0; Fluka™, 97.0%), obtained by dissolving 7.53 g of Mn(NOj3),-4H,0 in 15 mL of
water, was added dropwise with vigorous stirring following the complete addition of Ca(NOs),-4H,0

to the 0.16 M NaPP solution and allowed to settle for 24 h. The gels were then isolated and dried in

a vacuum desiccator at room temperature or electrospun to obtain fibres as previously described for

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

the ternary systems.
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A schematic of the coacervation method for the production of coacervate gels is shown in Figure 1A,
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and images of all coacervate gels prepared in this work are shown in Figure 1B. A representative
image of a PGP obtained after vacuum drying the ternary coacervate gel for 24 h is shown in Figure
1C; the cotton-like bundle of PGFs obtained after ES of the same gel are shown in Figure 1D.

Gels, powders and fibres will be hereafter named as Gel-MnX, PGP-MnX, and PGF-MnX,

respectively, where X is the mol % of Mn?* (0, 1, 3, 5, 10).
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Figure 1. (A) Schematic of the synthesis of PGs via coacervation; (B) images of all coacervate gels;
(C) PGP-MnO in the system P,05-Ca0O-Na,O obtained after drying of the coacervate Gel-Mn0 in a

vacuum desiccator; (D) cotton-like bundle of PGF-Mn0 after ES of Gel-Mn0.

2.2. Electrospinning of coacervate gels

ES is a technique employed to produce fibres from a liquid precursor by applying a high voltage
between the emitter nozzle and a grounded collector. As the precursor solution is fed through the
emitter, it acquires an electric charge and is attracted toward the oppositely charged collector.
Initially, a Taylor cone is formed at the nozzle tip due to the balance between electrostatic repulsion
and surface tension. When the applied voltage exceeds a critical threshold, a continuous jet of the
charged liquid is ejected, which elongates and solidifies into a fine fibre. The resulting fibre diameter
can be tuned by adjusting parameters such as the flow rate, applied voltage, and the viscosity of the
precursor solution.

In this work, ES was performed at room temperature using a stainless-steel capillary (gauge 18
nozzle), syringe pump, and high voltage source (Spraybase system, Kildare). The distance between
the capillary tip and the collector was set at 15 cm, the flow rate was set at 2.0 ml/h and a voltage of

15 kV was applied between the nozzle and a metal screen collector, where PGFs were deposited and
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collected. These conditions were chosen based on previous work on PGFs in the system P.QssCa0-00

Na,O loaded with Ag*, Zn**, Fe3* and Ga’*.%14

2.3 Rheology
Viscosity of coacervate gels was measured from a shear rate of 0.1 to 100 rad - s™! using an MCR 92
rheometer (Anthon Paar) equipped with a 50 mm diameter parallel plate at 20 °C, using 30 s of
equilibration. Measurements were performed in triplicate. Analysis was performed straight after the
removal of the supernatant liquid from the top of the coacervate gels, to avoid possible hydrolysis of

the polyphosphate chains.?!

2.4. Structural and morphological characterisation of PGPs and PGFs
X-Ray Powder Diffraction (XRPD) was performed using a PANalytical X Pert diffractometer
(Royston, UK) in a flat plate geometry using a Ni filtered Cu-Ka radiation. Data were collected using

a PIXcel-1D detector with a step size of 0.0525° and a time per step of 12 s over an angular range of

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

20 =20-90°.

Fourier Transform Infrared (FT-IR) spectra were collected using a Perkin Elmer spectrometer 2000-

Open Access Article. Published on 19 Juni 2025. Downloaded on 6/28/2025 6:48:59 AM.

FT-IR (Seer Green, UK) in the range of 4000-400 cm™!. Raman spectroscopy was performed in the
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range of 600-1300 cm 'using a 532 nm laser as a source. A Thermo Fisher Scientific DXR3 Raman
microscope with a 10 mW was used for PGPs, and a Renishaw InVia Reflex Raman Microscope with
a 50 mW was used for PGFs (2400-line grating).

Scanning electron microscopy (SEM) was performed using an APREO SEM at an accelerating
voltage of 15 kV. PGs were mounted onto an aluminium stub using carbon conductive tape. EDX
was performed on PGPs and PGFs after vacuum drying using a WDS MagnaRay spectrometer

(Hemel Hempstead, UK) mounted on an APREO SEM.
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To assess the species released upon dissolution, 10 mg of each PGP and PGF was immersed in 10
mL of deionized (DI) water (Veolia Water, Elga Centra, resistivity 18.2MQ-cm) and left in an
incubator at 37 °C under shaking at 190 rpm. The solutions containing dissolution products released
by PGs were collected at different time points following immersion (3, 24, 48 and 72 h). Dissolution
tests were performed in triplicates (n = 3). At each time point, the resulting suspensions were
centrifuged at 4800 rpm for 5 minutes to separate the undissolved PGs from the solutions to be
analysed. The dissolution products were then filtered with a 0.45 um unit (Millipore filter unit,
Millex™-GP) and diluted 1:50 with 2% v/v nitric acid (HNO; for Trace Metal Analysis, Fisher
Chemical), prior to analysis of P, Ca, Na, Mn using microwave plasma atomic emission spectroscopy
(MP-AES, Agilent 4210). For quantitative purposes, the instrument was calibrated daily with a set of
standards (Aristar, Fisher Scientific, UK), diluted in 2 % v/v HNOj3; within the range from 0.01 to 10
pg'mL! for Na, Ca and P, and from 0.1 to 10 pg'-mL-! for Mn. A solution of 5 pg-mL-! of Be was
used as internal standard to correct for any sensitivity drifts during analysis. Emission of the analytes
was recorded at the wavelengths 588.995, 393.366, 213.618, and 403.076 nm, for Na, Ca, P and Mn,

respectively.

2.6. Cell viability tests
Cell viability was assessed via total mitochondrial dehydrogenase activity. Enzyme activity was
determined using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay
(Sigma-Aldrich).>? Toxicological effect of PGPs and PGFs’ dissolution products on human
osteosarcoma cell line MG-63 (LGC ATTC-CRL-1427) was tested using different ratios of
dissolution products (products obtained after dissolution of PGs at different time points) to cell
medium. MG-63 cells were cultured in DMEM with 10% v/v foetal bovine serum (Gibco, Invitrogen)

and 100 U mL! of penicillin/streptomycin (Gibco, Invitrogen) in a humidified incubator at 5% CO,
10


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5tb00454c

Page 11 of 39 Journal of Materials Chemistry B

and 37 °C. Cells were routinely passaged at 80-90% of confluence. 100 pL of the cell suspEnsion.,
were then seeded into 96-well plates at a density of 30,000 cells per well and incubated with DMEM
for 24 h.

A series of stock solutions of the 24 h PGPs and PGFs’ dissolution products and cell medium (DMEM
with 2% v/v foetal bovine serum) were prepared at 1, 3 and 5% v/v ratio. The 1% stock solution was
prepared by adding 5 pL of dissolution products to 495 uL of cell medium. Similarly, 15 pL and 25
pL of dissolution products were mixed with 485 uL and 475 uL, respectively, to prepare 3% and 5%
stock solution. The controls were treated with cell medium only. 100 pL of each stock solution were
applied to treat the cells. Each treatment option was performed in triplicate. The behaviour of the
MG-63 cells in these environments was monitored.

After 24 h incubation, 10 pL of MTT (1 mg mL! in phosphate-buffered saline solution) were added
in each well before continuing incubation for 3 h. 100 pL DMSO (Sigma-Aldrich) per well were then
added after media were aspirated. The plates were incubated at room temperature for 30 min before
measuring the absorbance at 570 nm with a CLARIOstar microplate-reader (BMG Labtech).

Absorbance was then used to calculate the cell viability using the equation % cell viability =

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(absorbance of treated cells /absorbance of control cells) x 100.

Open Access Article. Published on 19 Juni 2025. Downloaded on 6/28/2025 6:48:59 AM.
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2.7. In vitro bioactivity assessment
For studying the in vitro bioactivity of dissolution products of the selected PGP-Mn1 sample, two
different types of media were used: Tris-HCI buffer (Tris-B) solution and cell medium (M5A).2! The
Tris-B solution was prepared by first dissolving 15.09 g of tris(hydroxymethyl)aminomethane
(Sigma-Aldrich) in 1.5 L of DI water, followed by the addition of 44.2 mL of 1 M hydrochloric acid
(HCI, Sigma-Aldrich); the solution was then kept in a 37 °C incubator overnight. The pH was adjusted

to 7.3 using 1 M HCI before diluting the solution up to a total volume of 2 L with DI water. The

11
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glutamine and 2200 mg mL"! sodium bicarbonate (ThermoFisher) was used as purchased.

To test the bioactivity, 75 mg of the selected PGP sample were immersed in 50 mL of Tris-B and
MS5A and stored in an incubator at 37 °C, while shaking at 190 rpm for 24 and 78 h. The powders
were then filtered using a paper filter (LLG-Plain disc filter, diameter = 125 mm), washed with DI
water and dried at 37 °C overnight. The dry powders were then characterised using XRPD, FT-IR

and SEM.

3. Results
3.1. Rheology of polyphosphate coacervate gels

Viscosity and shear stress of all coacervate gels were measured as a function of shear rate in the range
0.1 to 100 rad - s'! (Figure 2A and 2B, respectively). All gels exhibit a Newtonian flow behaviour, as
indicated by the constant viscosity observed across the entire shear rate range measured (Figure 2A).
This suggests that the gels maintain a consistent internal resistance to flow regardless of shear rate.
This is also shown by the linear relationship between shear stress and shear rate (Figure 2B). The gels
behaviour can be described by the Herchel-Bulkley equation: 7 = 74 + k X y™, where t represents the
shear stress, 7, is the yield stress, k is the consistency factor, y is the shear rate and n is the flow index.
For Newtonian fluids, the flow index (n) equals 1, leading to a linear relationship between shear stress

and shear rate (t = 7o + k X y).

12
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Figure 2. Viscosity vs shear rate (A) and shear stress vs shear rate (B) of all polyphosphate coacervate

gels.

Table 1 shows the viscosity values for all gels measured at a very low shear rate (0.1 rad s”/) along

with the consistency factors k. A general trend in increasing viscosity with increasing the Mn loading

can be identified; the viscosity for Gel-Mn0 is 5.20 = 0.30 Pa - s and 13.77 + 2.80 Pa - s for Gel-

Mnl0.

Table 1. Viscosities at shear rate 0.1 rad s!' and consistency factors («) for all polyphosphate

coacervate gels.

Sample Viscosity (Pa - s) k
Gel-Mn0 5.20+0.30 5.07 +0.49
Gel-Mn1 6.74 £0.16 6.02+0.18
Gel-Mn3 5.83 +0.38 5.06+0.13
Gel-Mn5 8.67x1.14 7.07 £0.53
Gel-Mn10 13.77 £2.80 12.77 £2.94
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3.2. XRPD and SEM/EDX D01 101030 e
Upon vacuum drying and electrospinning of the polyphosphate gels, PGPs and PGFs are obtained,
respectively. In order to assess the absence of crystallinity, XRPD patterns of all PGPs and PGFs
were recorded in the 26 range of 20-90° (Figure 3A and 3B, respectively). No Bragg peaks were

observed in any of the samples, indicating that all of them are amorphous. The broad halo observed

at 20 ~ 28° in both systems can be ascribed to the amorphous phosphate network.

A B

) /\—\ s

Intensity (a.u.)
G

Intensity (a.u.)

K &) (b)
—-——\\k /—\ (@)

. —r—
20 30 40 50 60 70 80 90 20 30 40 5'0 60 70 80 90
20 (degrees) 20 (degrees)

Figure 3. XRPD patterns of A): (a) PGP-MnO0; (b) PGP-Mn1; (¢c) PGP-Mn3; (d) PGP-Mn5; (e) PGP-

Mn10 and B): (a) PGF-MnO; (b) PGF-Mnl; (¢c) PGF-Mn3; (d) PGF-MnS5; (¢) PGF-Mn10.

The composition of PGPs and PGFs was evaluated using SEM equipped with an EDX detector. Even
though the quantification of oxygen via EDX suffers from the fact that it is a light element,
compositions in terms of oxides can be calculated considering the expected oxides stoichiometries.
Compositions expressed as mol % of oxides, are presented in Table 2 (compositions expressed as
atomic % of each element are reported in Table SI-1). The P,Os, CaO, Na,O and MnO content of
these PGs obtained by EDX are in good agreement with previous work on coacervate-made PGs.!433
P,Os content varies between ~ 50 and 57 mol % for PGPs and between ~ 54 and 62 mol % for PGFs.

CaO and Na,O content decreases by increasing Mn loading in both PGPs and PGFs. CaO is in the
14
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range of ~ 33 - 40 mol % and ~ 22 - 35 mol %, and Na,O is in the range of ~ 5 - 10 mol% atd £330
12 mol % for PGPs and PGFs, respectively. MnO content varies between ~ 1 and 11 mol % and ~ 1
and 12 mol%, for PGPs and PGFs, respectively. Previous works343¢ show that glasses with CaO
content in the range ~ 20 - 40 mol% have good biocompatibility and bioactivity.

Table 2. Compositions of PGPs and PGFs expressed in mol % of oxides measured via EDX.

Sample P,05 CaO Na,O MnO
PGP-Mn0O 502+04 30.7+0.2 10.0+0.2 -
PGP-Mnl 573+04 325+0.5 9.2+03 1.0+0.3
PGP-Mn3 50.1£0.3 37.1+0.2 9.8+04 3.0+£0.5
PGP-Mn5 51.9+04 342+0.5 89+0.5 50+04
PGP-Mn10 51.0£0.5 32.8+0.4 52+0.2 109+ 04
PGF-MnO 544+£0.8 345+0.3 11.1+£0.5 -
PGF-Mnl 57.3+£0.5 30.0+04 11.6 £0.2 1.1+04
PGF-Mn3 59.1+£04 28.4+0.5 9.1+04 34+0.2
PGF-Mn5 60.5+ 0.7 28.8+0.2 46+04 6.1+0.5
PGF-Mn10 62.1+0.9 223+04 33+0.8 123+0.3

SEM images of PGPs show smooth surfaces particles in the range 60-80 um in size. A representative
SEM image of PGP-Mnl1 is shown in Figure SI-1. SEM images of PGFs confirm the presence of
fibres with an average diameter of ~ 3 um (Figure 4). It has to be noted that as Mn loading increases,

an increased number of smaller PGFs can be observed (Figure 4 D-E).

15
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Figure 4. SEM images of (A) PGF-Mn0, (B) PGF-Mnl1, (C) PGF-Mn3, (D) PGF-MnS5, (E) PGF-

Mnl0.

3.3. FT-IR and Raman spectroscopies
The structure of PGPs and PGFs network was studied by FT-IR and Raman spectroscopies (Figure 5

and 6, respectively). Qualitative identification of main vibrational groups and assignment of the

16
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principal phosphate vibrational modes has been performed. Phosphate network connggtiyity syillher e
described using the Q" notation, where n indicates the number of bridging oxygens. The broad bands
observed in all spectra are consistent with the amorphous nature of all samples.

FT-IR spectra of PGPs (Figure 5A) and PGFs (Figure 5B) look very similar. Peak assignment was
performed according to previous studies on PGs.!1-13.37.38

The in-chain, (P-O-P) Q? groups give rise to the bands at ~ 490 cm! corresponding to the bending
mode §(P-O-P); the band at ~ 900 cm™! assigned to the asymmetric stretching v,(P-O-P) and the
less intense band at ~ 725 cm™! corresponding to the symmetric stretching vy(P-O-P).

The out-of-chain Q? PO, groups give rise to the bands at ~ 1240 cm™! corresponding to the asymmetric
stretching mode of v,i(PO,) ~. Finally, the band at ~ 1100 cm™! corresponds to the asymmetric
stretching modes of chain-terminating, Q! groups, v,5(PO3)*.

The full range FT-IR spectra measured up 4000 cm™" reported in Figure SI-2 show the bands ~ 3400

cm™! in addition to the band at ~ 1640 that can be assigned to the bending and stretching of O-H

bonding of residual water.

Transmittance %
Transmittance %

20|00 — 15|00 - mlun . SCI!D 20'00 ' 15'00 :' : 10'00 : , 560
Wavenumber (cm™) Wavenumber (cm™)
Figure 5. FT-IR spectra of A): (a) PGP-MnO; (b) PGP-Mn1; (¢c) PGP-Mn3; (d) PGP-Mn5; (e) PGP-

Mn10 and B): (a) PGF-MnO0; (b) PGF-Mn1; (c) PGF-Mn3; (d) PGF-MnS5; (e) PGF-Mn10.
17
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Poor resolution affects FT-IR measurements due to the broadness of the peaks, which often results in: e

4C
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little difference between spectra of different compositions.3® Therefore, Raman spectra of all PGPs
and PGFs were also collected and shown in Figures 6A and 6B, respectively. Same Q" notation used
for FT-IR is used to describe the connectivity of the phosphate network.

Raman spectra for all compositions of PGPs are very similar and show six main bands (Figure 6A).1?
The strong band at approximately 700 cm™! and the shoulder at 750 cm™! are assigned to the symmetric
stretching mode of in-chain Q? P-O-P groups, vy(P-O-P);* whereas the asymmetric mode of the same
Q? units occurs as a lower intensity band at 900 cm™!, v,5 (P-O-P). The bands around 1170 and 1250
cm! are assigned to the symmetric vs and asymmetric v, stretching modes of the Q? out-of-chain
groups (PO,), respectively. Finally, the band at 1050 cm™! can be assigned to the symmetric stretching
of the Q!, end of chain, v (PO3)?.

Raman spectra of PGFs are reported in Figure 6B. Here only four main bands are observed: the
symmetric stretching mode of in-chain Q? groups, v(P-O-P) at 700 cm™! (the asymmetric shoulder
cannot be visualised); the symmetric stretching of the Q!, end of chain, vs (PO3)? at 1050 cm! and
the symmetric vg and asymmetric v, stretching modes of the Q? out-of-chain groups (PO,)™ at 1170
and 1250 cm!, respectively. In both systems, the absence of a strong, sharp band in the 950-1000
cm™! region corresponding to isolated orthophosphate groups, (PO,)*", suggests that orthophosphate

species QCare either absent or present in negligible amounts in all samples.

18
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Figure 6. Raman spectra of A): (a) PGP-Mn0; (b) PGP-Mn1; (c) PGP-Mn3; (d) PGP-Mn5; (e) PGP-

Mn10 and B): (a) PGF-Mn0; (b) PGF-Mn1; (c) PGF-Mn3; (d) PGF-MnS5; (e) PGF-Mn10.

3.4. Dissolution studies

Whereas dissolution studies of PGs made via MQ in DI water have been widely investigated,'0-4!
dissolution studies of coacervate PGs are scarce. Dissolution profiles of P, Ca, Na and Mn ions after
immersion of PGPs and PGFs in DI water over a period of 72 h were determined using MP-AES
(Figures 7 and 8). All species show a high release in the first 24 h followed by a slower release.

For all systems, PGPs and PGFs, there is a clear relationship between Mn loading and release of P
and Na. As Mn loading increases, P release increases and Na release decreases, for all timepoints.
The lowest release of P, after 72 h, is observed in Mn-free samples (500 and 800 pg-mL-! for PGP-
Mn0 and PGP-Mn10, and about 150 and 300 pg-mL-!' for PGF-Mn0 and PGF-Mn10, respectively).
In contrast, the highest release of Na, after 72 h, is observed in Mn-free samples (60-63 ug-mL™" for
PGP-Mn0 and PGF-MnO versus 40-44 pg-mL™" for PGP-Mn10 and PGF-Mn10).

Ca release remains consistent regardless of Mn loading, with all samples releasing approximately

140-160 pg-mL™" after 72 h. As expected, Mn release increases with Mn content, ranging from 10—
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11 pg'mL™" in PGP-Mnl and PGF-Mn1 to 45-49 pg:mL™" in PGP-Mn10 and PGP-Mp10 after 72 400
Despite PGPs and PGFs show similar release trends for Na, Ca and Mn, some differences are
observed in the overall amount of P released over time. P release is significantly lower for PGFs than

PGPs, being about 500 and 800 pg'mL! for PGP-Mn0 and PGP-Mn10, respectively and about 150

and 300 pg'-mL! for PGF-Mn0 and PGF-Mn10.
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Figure 7. PGPs release of P (A), Ca (B), Na (C) and Mn (D) ions in DI water over 72 h.
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3.5. Cell viability assay on MG-63

cell response.

Figure 8. PGFs release of P (A), Ca (B), Na (C) and Mn (D) ions in DI water over 72 h.
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The effect of PGPs and PGFs’ dissolution products on the viability of MG-63 cells was investigated
using three different ratios dissolution products (obtained after 24 h immersion in DI water) to cell
medium 1, 3, 5 % v/v hereafter called DP-CM1, DP-CM3 and DP-CMS5, respectively. MTT viability
of MG-63 cells exposed to PGPs and PGFs’ dissolution products at different DP-CM ratios are shown
in Figures 9A and 9B, respectively. None of the PGFs’ dissolution products show a statistically
significant difference in cell viability compared to the control with cell viabilities always higher than
~ 81 %. Only few of the dissolution products from PGPs seem to slightly decrease the viability (PGP-
Mn3 at DP-CM-3 and DP-CMS5 ratios and PGP-Mn10 at DP-CM-1 and DP-CM3 ratios). However,

cell viability never falls under 72% for any of the PGPs’ dissolution products, indicating an adequate
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Figure 9. MTT viability of MG-63 cells exposed to dissolution products of PGPs (A) and PGFs (B)
after 24 h of incubation. Two-way ANOVA was used to analyse the data. * Indicates P value less

than 0.05.

For both PGPs and PGFs systems, the highest cell viability % values were observed for dissolution
products deriving from PGP-Mnl and PGF-Mnl at every DP-CM ratio. Given that the fibrous
samples show a very similar structure and similar ion release to powders, we selected only the powder

sample PGP-Mn1 for exploratory bioactivity testing.

3.6. Bioactivity testing

Preliminary bioactivity testing was done by immersing the selected sample, PGP-Mn1, in Tris-B and
in CM for 24 and 72 h followed by analysis of structural and morphological changes of the powder
after immersion. The changes were monitored via XRPD, FT-IR and SEM.

As pH is an important parameter that affects HA formation, its value before and after immersion of
PGP-Mn1 in both Tris-B and CM was measured. The pH of CM (~7.3) does not change after 24 h of
being in contact with PGP-Mn1; however, it slightly decreases after 72 h to ~7.0. The pH of Tris-B
is ~7.4, and remains constant after being in contact with PGP-Mn1 up to 72 h.
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In Figure 10A, FT-IR spectra of PGP-Mn1 before (Figure 10A-a) and after immersion in CMI(Figfirer
10A-b 24 h and A-c 72 h of immersion) and in Tris-B (Figure 10A-d 24 h and A-e 72 h of immersion)
are presented in the range 2500 - 400 cm™!. The FT-IR spectra across the entire range of 4000-400
cm™! are reported in Figure SI-3. The assignation of FT-IR bands of PGP-Mnl before immersion

(Figure 10A-a) has been previously discussed. After immersion some changes can be observed.

v

Intensity (a.u.)
WA

Transmittance %

i

2500 2000 1500 1000 500 20
Wavenumber (cm™) 20 (degrees)

Figure 10. FT-IR spectra (A) and XRDP patterns (B) of PGP-Mn1 before (a) and after immersion in

CM for 24 h (b) and 72 h (¢) and after immersion in Tris-B for 24 h (d) and 72 h (e).

First, the band at 1240 cm’!, assigned to asymmetric stretching v,4(PO; °), clearly seen in PGP-Mn1
before immersion, decreases in intensity after immersion in both media for 24 h and is barely visible
after 72 h. This is particularly evident in the sample immersed in Tris-B where the intensity of this
band is very low even after 24 h (Figure 10A-d). This is due to a decrease in out-of-chain oxygens.
Two new bands at 1037 and 990 cm™! and a shoulder at 560 cm™! are observed after immersion in
both media, even after 24h. There is also the formation of a peak at 514 cm™! within the broad band
at ~ 490 cm™' that has been ascribed in the literature to the vibrations of (PO4)* in the

QO structure. The band at~ 1100 cm™ is already present before immersion, but its intensity increases,
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attributable to symmetric vy(PO,") stretching mode **

Some changes in the XRPD patterns after immersion are also observed. In Figure 10B, XRPD patterns
of PGP-Mn1 before immersion (Figure 10B-a) and after immersion in CM (Figure 10B — b 24 h and
10B — ¢ 72 h of immersion) and in Tris-B (Figure 10B — d 24 h and 10B — e 72 h of immersion) are
presented. Two weak peaks at 20 ~ 25 and 28 degrees can be seen after 24 h of immersion in both
media, overlapping the main halo due to the amorphous phosphate network centred at 28 degrees, in
addition to a weak bump 260 ~ 44 degrees.

To obtain more information on the surface changes of PGP-Mn1 after 24 and 72 h of immersion in
both media, SEM imaging was performed (Figure 11). Before immersion, the surface of the glass
particles appears smooth (as in Figure SI-1). After immersion in CM for 24 h, the formation of clusters
of microspheres, with an average diameter of 3-4 um (Figure 11A). Their number increases after 72
h of immersion, but their size remains unchanged (Figure 11B).

After immersion in Tris-B, flake-like microstructures (6-9 um in size) can be seen after 24 and 72 h

of immersion (Figure 11C and D, respectively).
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Figure 11. SEM micrographs of PGP-Mn1 after immersion in CM for 24 (A) and 72 h (B) and after

immersion in Tris-B for 24 h (C) and 72 h (D).

4. Discussion

Rheology measurements of polyphosphate gels show that an increase in Mn2* content leads to a rise
in viscosity. This could be explained by two mechanisms: Mn?" could screen the electrostatic
repulsion between negatively charged phosphate chains, allowing them to get closer and therefore
favouring their hydrophobic interactions, and/or act as an ionic cross-linker, causing intermolecular
bridging between polyphosphate chains, therefore leading to an increase of the network strength.3!
The increase in viscosity with Mn?* content made the ES process more challenging; this could explain

the presence of an increased number of fragmented fibres with increasing Mn?* content.
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and ES, respectively. As demonstrated by XRPD analysis, the incorporation of Mn?*, even up to 10
mol %, in both PGPs and PGFs does not induce crystallization. This finding is consistent with
previous works on Mn loaded fluorophosphate-based glasses synthesized via MQ, '8 with coacervate-
made PGs loaded with various TMIs, such as Ag* and Fe** (up to 10 mol %),” Ga** (up to 1 mol %),'4
Zn?* and Cu?* (up to 15 mol %)'3*? and with SG-made PGs loaded with Sr?*, Cu?" and Zn*" (up to 5

mol%).#4 A summary of the key findings of these works is presented in Table SI-2.

Even though Mn?* has been demonstrated to affect the viscosity of the gel, spectroscopic studies (FT-
IR and Raman) indicate that the addition of Mn?" does not significantly affect the structure of the
phosphate network. This is in agreement with previous results on coacervate- and SG-made PGs,
whose structure is not significantly affected by TMI addition.”!3-1433.43 FT-IR and Raman spectra of
PGPs and PGFs are very similar, the only difference being the absence of the in-chain Q* P-O-P
asymmetric stretching mode at ~ 900 cm™ in the Raman spectrum of PGFs, which is instead present

in the spectrum of PGPs.

PGPs and PGFs show comparable release profiles for all elements. For both PGPs and PGFs, there is
a clear relationship between P, Na and Mn release and Mn loading. In particular, with increasing Mn
loading there is an increase in the release of P and Mn, whereas the release of Na decreases. Such
clear trend is not observed for Ca release. An increase of P release with increasing Mn loading could

be explained with the weakening of the network by addition of Mn?".

There are conflicting reports in the literature regarding the role of Mn2* on durability of glasses. Some
reports that the incorporation of Mn on 45S5 glass (46.1 SiO; - 24.4 Na,O - 26.9 CaO - 2.6 P,0O5 mol
%, 0.5 < MnO > 4 mol %) increases the glass durability, probably due to the replacement of Ca-O
bonds with the stronger Mn-O bonds.*
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However, other studies report an increase in solubility with increasing Mn loading of P(s pigpased:

4C

via MQ,*” caused by gradual depolymerization of the phosphate network.

As our spectroscopic analysis does not indicate major differences in the structure of the network with
Mn loading, a more advanced, synchrotron based atomic-scale analysis of the position of Mn?" within

the phosphate chain would be necessary to fully understand the observed trends.

The effect of dissolution products on the viability of MG-63 cells revealed viabilities above 72 % for
PGPs-MnX and above 81 % for PGFs-MnX. These findings are consistent with previous reports on
silicate-based glass nanoparticles doped with Mn?" which demonstrated good cytocompatibility.*®
PGPs loaded with copper ions prepared via coacervation, have also shown MG-63 cell viability
slightly higher than the control group at for copper loading up to 10 mol %, while higher copper
content led to a decrease in viability, still considered in the non-toxic regime (~ 79 %).#* Similarly,
Zn?* loaded PGPs made via coacervation (up to 15 mol %) showed MG-63 cell viability values

comparable to the control, with no cytotoxic effects observed even at the highest Zn?*

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

concentrations.*?

In this work, the highest cell viabilities % were observed for dissolution products deriving from PGPs

Open Access Article. Published on 19 Juni 2025. Downloaded on 6/28/2025 6:48:59 AM.

and PGFs containing 1 mol % of Mn?*. Therefore, preliminary bioactivity evaluation was done on

(cc)

the selected sample PGP-Mnl. This choice was also supported by previous studies on Mn loaded
45S5-silicate glasses, where a MnO concentrations up to 1 mol % promoted apatite formation within
7 days upon immersion in SBF, whereas higher MnO contents (> 2 mol %) delayed or inhibited HA

deposition.*t

Results revealed surface changes upon immersion in both Tris-B and CM. In particular, the

attenuation of the FT-IR band associated with the asymmetric stretching of Q? phosphate units,
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found in HA nanoparticles, suggest the onset of HA-like phase formation.*!*-! These findings are
further supported by XRPD patterns, which display weak and broad peaks overlapping the amorphous
halo, indicative of a nano-disordered phase. SEM analysis corroborates the spectroscopic and
structural results, revealing distinct surface morphologies depending on the medium: spherical
aggregates in CM and flake-like deposits in Tris-B. Similar spherical features were previously

observed by Li et al.?” after immersion of mesoporous PGs in SBF for 21 days.

The highly disordered nature of the phase formed on the surface of PGP-Mn1 following immersion
in both CM and Tris-B is as suggested by structural, spectroscopic and surface analysis make tis
identification very challenging. Such challenge has also been faced in previous work of SG-derived
mesoporous PGs, where phases formed after even longer immersion time in SBF were reported of
difficult identification.?’” Nevertheless, the results presented here are very promising, as surface
changes can be observed in a quite short immersion time compared to previous reports, indicating a

possible higher bioactivity of the coacervate made PGs.

Conclusions

This work has demonstrated the versatility of the sustainable manufacturing technique of
coacervation, which allows the production of PGs in the system P,0s-CaO-Na,O-MnO (Mn?* =1, 3,
5, 10 mol %) in both powder bulk and fibrous form. XRPD patterns of all PGs show that the presence
of Mn?" up to 10 mol % does not induce crystallisation.

The structure of the phosphate network in both PGPs and PGFs is similar, as demonstrated by FT-IR
analysis. The structure is also similar to that of PGs prepared via MQ and SG, which confirms the
success of the novel manufacturing technique of coacervation in producing similar PGs in a more

sustainable and cost-effective way.
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PGPs and PGFs dissolution studies showed that the release of P increases with Mn?7 Igadireor'
suggesting a weakness of the network upon Mn?* addition.

Dissolution products from PGPs and PFGs in DI water show good cytocompatibility on osteosarcoma
MG-63 cells with cell viability higher than ~72 % for PGPs and higher than ~ 81 % for PGFs.
Preliminary bioactivity testing carried out on a representative powder sample, PGP-Mn1, indicate the

formation of a disordered phase, most likely an HA-like phase, following 24 and 72 h of immersion

in CM and Tris-B.

Supporting Information: compositions of PGPs and PGFs expressed in atomic % measured via
EDX; summary of key references on PGs; SEM image of PGP-Mn1; FT-IR spectra of PGP-Mn1
before (a) and after immersion in CM for 24 h (b), 72 h (c) and after immersion in Tris-B for 24 h

(d), 72 h (e).
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