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1. Introduction

Hierarchically porous copper and gallium loaded
sol—gel phosphate glasses for enhancement
of wound closure
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In this work, we have developed hierarchically porous phosphate-based glasses (PPGs) as novel
materials capable of promoting wound closure and simultaneously delivering antibacterial effects at the
glass-biological tissue interface. PPGs are characterised by extended porosity, which enhances the
controlled release of therapeutic ions, whilst facilitating cell infiltration and tissue growth. Two series of
PPGs in the systems P,O5-CaO-Na,O-CuO and P,O5-CaO-Na,O-Ga,0O3z with (CuO and Ga,Os3 0, 1,
5 and 10 mol%) were manufactured using a supramolecular sol—-gel synthesis strategy. Significant wound
healing promotion (up to 97%) was demonstrated using a human ex vivo wound model. A statistically
significant reduction of the bacterial strains Staphylococcus aureus and Escherichia coli was observed in
both series of PPGs, particularly those containing copper. All PPGs exhibited good cytocompatibility on
keratinocytes (HaCaTs), and analysis of PPG dissolution products over a 7-day period demonstrated con-
trolled release of phosphate anions and Ca, Na, Cu, and Ga cations. These findings indicate that Cu- and
Ga-loaded PPGs are promising materials for applications in soft tissue regeneration given their antibac-
terial capabilities, in vitro biocompatibility with keratinocytes and ex vivo wound healing properties at the
biomaterial-human tissue interface.

macropores promote cell attachment, movement of fluids and
vascularisation; materials with this combination of porosity

Inorganic oxide glasses with hierarchical porosity are of great
interest as biomaterials thanks to their extended porosity, high
surface areas, potential for surface functionalisation, and
enhancement of bioactivity.'

Depending on their sizes, pores are classified as micropores
(<2 nm), mesopores (2 to 50 nm) or macropores (>50 nm).*
Micropores increase the surface area of the glasses, mesopores
facilitate the uptake/release of therapeutic species whilst
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(hierarchical) show excellent potential for tissue regeneration.’

These peculiar textural properties facilitate interactions
between the glasses and biological fluids, enhance their load-
ing capability, and make them ideal materials for controlled
delivery of therapeutic ions and molecules. High quantities of
therapeutic species can be loaded into the pores and released
in a controlled manner into the damaged site.

Extensive research has been presented on mesoporous
silicate-based glasses (MSGs), predominantly as drug delivery
systems and for tissue engineering applications.®” However,
silicate-based glasses have relatively low solubilities which
could lead to localised inflammatory responses and/or poten-
tially contribute to long-term implant failure, limiting their use
as biomaterials.* > Only recently, alternative porous inorganic
oxide systems with P,O; as a main component (porous
phosphate-based glasses (PPGs)) have been presented.'**¢

In contrast to MSGs, PPGs are fully bioresorbable, meaning
they completely degrade in a physiological environment, and
are eventually entirely replaced by regenerated tissues.'”
Thanks to their complete degradation into non-toxic species,

This journal is © The Royal Society of Chemistry 2025
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PPGs can be used simultaneously as safe degradable temporary
implants and controlled delivery systems, removing the need
for potentially invasive secondary surgeries.'® Therapeutic spe-
cies released upon dissolution can have specific functions, such
as antibacterial (e.g. Ag®, Cu*, Zn**, Ga®*, Ce*"’*") and anti-
oxidant activity (e.g. Ga*", Ce**"**), promotion of wound healing
and/or enhancement of cell attachment and proliferation."* >
In addition, the release of therapeutic species from phosphate
glasses (PGs) has been shown to modulate and direct tissue
regeneration and prevent infections often occurring post-
surgery.” In this study, the combined antibacterial and regen-
erative properties of PPGs loaded with copper and gallium ions
on wound healing were investigated.

PPGs cannot easily be obtained using the conventional
method of melt-quenching (MQ), which involves the melting
of oxide powders at high temperatures (1000-1200 °C), fol-
lowed by rapid quenching. Instead, a bottom-up, in-solution
method such as the sol-gel (SG) approach can be utilised in
combination with supramolecular templating. MSGs prepared
via this approach have been proven to promote material-cell
interactions, exhibiting higher tissue bonding rates and cell
infiltration throughout the glass scaffold.”** The SG method
involves hydrolysis and polycondensation of inorganic alkox-
ide precursors. SG is a far more versatile technique compared
to MQ, offering control over the synthesis of a broader range
of compositions and the ability to form different morpho-
logies, such as monoliths, fibres, and spheres, which can be
tailored to specific applications. SG also offers even mixing
of the reactants, resulting in high-purity, homogeneous
glasses.”® Overall, SG glasses exhibit improved bioactivity
compared to those prepared by MQ, owing to their inherently
enhanced textural properties.>® The addition of surfactants
to SG precursor solutions (supramolecular templating) facili-
tates the preparation of glasses with highly controlled porosity
and enhanced surface areas.' Commonly, Pluronic-type,
non-ionic triblock copolymers of poly (ethylene oxide)-poly
(propylene oxide)-poly (ethylene oxide) (PEO-PPO-PEO) are
used for the synthesis of MSGs. At concentrations higher
than the critical micellar concentration, surfactant molecules
self-assemble into micelles of different shapes and sizes
depending on the surfactant type, temperature and solvent
used. The micelles are then removed via thermal treat-
ment (calcination) or solvent exchange, generating extended
porosity, with pore shapes and sizes dependent on the micelle
morphologies.

Much less work has been done on PPGs compared to MSGs,
given that the phosphate network is more prone to crystal-
lisation and collapse of the porous structure upon calcination,
which is required for the removal of a templating agent.>® Only
very recently, PPGs prepared via SG using the surfactant Pluro-
nic P123, in the ternary system P,05;-Ca0O-Na,O, and in the
quaternary systems obtained by adding 1, 3 and 5 mol% Sr*",
Zn>" or Cu®>" have been presented by Foroutan et al.'>™ In the
ternary PPG system, enhanced in vitro properties were observed
in comparison to its non-porous counterpart, namely, the
kinetics of a hydroxycarbonate apatite layer deposition and
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the attachment and proliferation of Saos-2 osteosarcoma cells
on the surface of PPGs.'> PPGs containing Sr>* and Zn**
showed effective release of these therapeutic ions upon degra-
dation, confirming the applicability of PPGs as controlled
delivery systems.''® Finally, PPGs containing copper ions
exhibited antibacterial activity against both Staphylococcus aur-
eus (S. aureus) and Escherichia coli (E. coli) with the highest
efficiency observed for the highest Cu loading content (5 mol%
Ccuo).™

In this work, PPGs in the systems P,05-CaO-Na,O-CuO
and P,05;-CaO-Na,0-Ga,03; (with CuO and Ga,O; 0, 1, 5
and 10 mol%) were prepared via the templated SG technique
using a different templating agent, F108 instead of P123.
Compared to P123, F108 has a higher hydrophilicity owing
to its higher PEO:PPO ratio, which can help to improve
solubility in solution. Therefore, the use of F108 could facil-
itate the formation of a more robust porous structure, allow-
ing tighter control over the porosity and yielding a more
homogeneous pore distribution. F108 has been utilised in
this study to explore the possibility of achieving enhanced
surface areas and improved porosity. Moreover, a wider range
of copper loading was used to determine whether increased
loading can further enhance the antibacterial activity of the
PPGs.™

Copper is an essential element in the body, participating in
several physiological and metabolic activities, including the
modulation of inflammatory responses and the stimulation of
the migration and proliferation of endothelial cells (vital for
angiogenesis), and therefore important in the wound healing
process.>”°

Copper-based materials have been widely used as broad-
spectrum antibacterial agents, effective against both Gram-
negative and Gram-positive bacteria.'® Potential mechanisms
of action involve Cu ions engaging in nucleophilic attacks
against the bacterial cell membrane or interacting with nucleic
proteins/acids, thereby impairing their functions and ulti-
mately leading to cell death.*® These effects are generally
unspecific to bacterial type, although slightly increased potency
against Gram-positive bacteria has been observed.*'

Gallium exhibits anti-inflammatory and haemostatic proper-
ties through the activation of coagulation biological pathways,
which are essential for early stages of wound healing.**?*

Gallium has also received interest as a broad-spectrum
antibacterial agent, with its mode of action linked to iron
mimicry as Ga®* and Fe®" share similar chemical behaviours
(e.g. ionic radius, oxidation state).>® When bacteria uptake
gallium in place of iron, essential iron-dependent metabolic
processes can be disrupted, effectively diminishing infection
rates, since iron is essential for the growth and survival of many
bacterial species.**

Therefore, in this study, the incorporation of copper and
gallium into PPGs has been specifically targeted to assess their
antibacterial properties against E. coli and S. aureus (bacterial
strains commonly associated with wound infections), wound
healing properties through human ex vivo skin models and
biocompatibility towards keratinocytes.
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2. Materials and methods

2.1. Synthesis of PPGs

The following chemicals were used for the synthesis of the
PPGs without further purification; n-butyl phosphate (rn-BP, 1:1
molar ratio of mono- and di-butyl phosphate, [CH3(CH,);0],-
P(O)OH/[CH3(CH,);0]P(O)(OH), 98%, Alfa Aesar), calcium
methoxyethoxide (Ca(OCH,CH,0CHj3), hereafter named CMOE,
20% in methoxyethanol, ABCR), sodium methoxide (NaOCH3,
hereafter named NaOMe, 30 wt% in methanol, Aldrich),
gallium(m) nitrate hydrate (Ga(NOs);-H,O, 99.9%, Aldrich),
copper(u) nitrate trihydrate (Cu(NOs),-3H,0O, 99%, Aldrich),
ethanol (CH3CH,OH, hereafter named EtOH, 99%, Fisher), and
Pluronic F108 (F108, PEO;3,PPO5,PEO;3; M, = 14600 g mol ™,
Aldrich).

A schematic of the SG preparation of the PPGs is illustrated
in Fig. 1.

For the synthesis of the PPGs in the system P,05;-CaO-
Na,0, 1.7 g of n-BP was added to 5 mL of EtOH in a dried
round-bottomed flask and left stirring for 10 minutes (min).
3.5 g of CMOE was then added dropwise into the mixture
while stirring; the solution was left stirring for 1 hour (h)
before addition of 0.5 g of NaOMe; the mixture was then left
under stirring for an additional 10 min. Finally, 2.5 g of F108
was dissolved in a solution of 5 mL EtOH and 2.5 mL
deionised (DI) water, added to the mixture then left to stir
for a further 10 min.

During the synthesis, ethanol plays a key role in achieving a
miscible sol. It interacts with the alkoxide precursors primarily
through alkoxy (ligand) exchange reactions, which moderate
precursor reactivity, enhance chemical compatibility and stabi-
lise the alkoxide species in solution through solvation and
intermolecular interactions.***® These effects help to prevent
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Fig. 1 Schematic of the sol—gel synthesis of PPG-CuX and PPG-GaX.
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phase separations and ensure the formation of a stable, homo-
geneous sol, as observed in other SG glass systems.>”*®

For the synthesis of the quaternary PPGs, prior to the
addition of the surfactant solution, the desired quantities of
copper or gallium precursors were added to the mixture. For
the preparation of P,05-Ca0O-Na,0O-CuO (CuO = 1, 5 and
10 mol%), 0.044 g, 0.22 g and 0.44 g of Cu(NO;),-3H,0 were
added to the solution for the 1, 5, and 10 mol% compositions,
respectively. Corresponding amounts of NaOMe were adjusted
to 0.47 g, 0.34 g, and 0.17 g.

For the preparation of P,05-CaO-Na,0-Ga,0; (Ga,03 =1, 5
and 10 mol%), 0.0498 g, 0.249 g and 0.498 g of Ga(NO;);-H,0
were added for the 1, 5, and 10 mol% compositions, respec-
tively. The NaOMe content was adjusted accordingly to 0.46 g,
0.32 g, and 0.15 g.

Finally, a solution of 3.0 g of F108 in 5.0 mL EtOH and
2.5 mL of DI water was added to the mixture containing Cu or
Ga precursor.

After stirring, the solutions were transferred into a Petri dish
and allowed to gel at room temperature. Gelation occurred after
about 10 min and gels were left to age for 2 days (d) at room
temperature (RT). The gels were further aged on a hotplate at
40 °C for 1 d, 60 °C for 3 d, 80 °C for 2 d and at 120 °C for 1 d.
The PPGs were finally ground to fine powders with a pestle and
mortar.

For removal of surfactant and solvents, all PPGs were
calcined at 300 °C at a heating rate of 1 °C min~"' and a dwell
time of 30 min in air. It has been reported that there is a small
processing window between the loss of organics from PGs and
the softening temperature at which the structure of the glass
collapses.”® Calcination temperature was therefore chosen
based on previous literature on PPGs and was performed at
low heating rates to avoid pore collapse or crystallisation.">™

Mixture
of F108,
EtOH and

H,0

l

\,

Stirring for
Stirring for
10 min at RT 10 min at RT
! —) J \then decant
== — GEL
/Aging atRT
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The ternary system P,05-CaO-Na,O will be hereafter named as
PPG-U (unloaded) and copper and gallium loaded samples as
PPG-CuX or PPG-GaX, respectively where X = oxide loading in
mol% (1, 5 or 10).

2.2. Characterisation of porosity and structure of the
phosphate network

X-ray powder diffraction (XRD, PANalytical X'pert diffractometer,
UK) was performed on powder PPGs using Cu Ko radiation (4 =
1.54 A) in transmission mode. Data collection occurred over a 20
range of 10-90° with a scan step size of 0.0525°. This angular
range is commonly used for SG derived PPGs and is used to
confirm the amorphous nature of the phosphate network.***?

Small angle X-ray scattering (SAXS) measurements were per-
formed on the MOUSE instrument (Bundesanstalt fiir Material-
forschung und -prifung (BAM), Germany), where X-rays were
generated from a monochromatize, microfocus X-ray source
(Cu Ka, /. =1.54 A).*° The scattered radiation was detected using
an in-vacuum, Eiger 1 M detector (Dectris, Switzerland). Powder
PPGs were positioned at multiple sample-to-detector distances
between 138-2507 mm, and the resulting data processed and
scaled using the DAWN software package in a standardized,
complete 2D correction pipeline.*>*' The corrected data was
subsequently fitted and analysed using McSAS, a Monte Carlo
method to extract form-free size distributions.> Data obtained
from the unloaded sample, PPG-U, are deposited on zenodo.*

Scanning electron microscopy (SEM) images were obtained
using a TM Apreo S SEM (Thermo Fisher Scientific) at an
accelerating voltage of 2-5 kV and working distance of 4 mm.
The powder samples were adhered onto aluminium stubs using
carbon conductive tape and graphite sputter-coated to mini-
mise charging of the samples.

Nitrogen physisorption analysis was performed on an ASAP
2460 gas sorption instrument (Micromeritics, UK). Samples
were degassed for 3 h at 200 °C in an external degas unit
(FlowPrep, Micromeritics, UK) and then measured on the
sorption analyser. The Brunauer-Emmett-Teller (BET) equa-
tion was used to measure the specific surface area (SSA) from
nitrogen sorption isotherms.** Each measurement was
repeated three times, and an average BET SSA was reported.
The uncertainty was calculated from the standard deviations
(SDs) between individual measurements, n = 3.

Fourier transform infrared (FT-IR) spectroscopy was per-
formed using a FT-IR-2000 instrument (PerkinElmer) with
Spectrum 10 software. Samples were scanned at room tempera-
ture in transmission mode in the range of 3500-400 cm ™" with
a resolution of 4 cm ™' and a total of 16 scans.

2.3. Ion release studies

10 mg of each powdered PPG was immersed in 10 mL deionised
(DI) water and left in an incubator-shaker (37 °C, 220 rpm) for 4,
16, 24, 48, 72 and 168 h. For each timepoint, three separate
experiments were completed to assess reproducibility (n = 3). DI
water is a commonly used medium to investigate ion release to
study the dissolution kinetics of the material.*>*® For analysis,
the suspensions were centrifuged at 4500 rpm for 5 min,
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filtered to separate the powder from the solution using a
0.45 pm syringe filter (Millex, Merck Millipore) and then
diluted to a 1:50 ratio with 2% (v/v) HNO; (for trace metal
analysis 68% (v/v), Fisher Scientific). Release of phosphorus,
calcium, sodium, copper, and gallium ions in solution were
measured as total elemental concentrations by an Agilent 4210
microwave plasma atomic emission spectrometer (MP-AES,
Agilent Technologies). A multi-elemental stock solution pre-
pared from 1000 mg L~ stock solutions (Aristar, Fisher Scien-
tific) and diluted with 2% HNO; was used for calibration in the
concentration range 0-100 pg mL~". Emission intensities were
measured at 213.6 nm (P), 396.8 nm (Ca), 588.9 nm (Na),
324.8 nm (Cu) and 287.4 nm (Ga). To correct for instrument
drift during the analytical run, the emission signals for each
element were normalised by ratioing a beryllium internal
standard (5 pg mL ™', 234.9 nm, and 313.0 nm) intensity.

2.4. Antibacterial studies

The antibacterial properties of the PPGs at different time points
were tested against S. aureus (NCTC 8325) and E. coli (K12)
using the quantitative agar dilution method (ADM). Strains of
S. aureus and E. coli were grown in Tryptic Soy Broth (TSB) at
37 °C in an incubator-shaker (250 rpm) until the cultures
reached the mid-exponential phase of growth. The cells were
then diluted to a concentration of approximately 10° cells mL ™"
in TSB containing 10 mg or 20 mg of PPG-CuX/PPG-GaX and
placed into an incubator-shaker (37 °C, 250 rpm). After 24, 48
and 72 h of incubation, the cultures were diluted serially and
spotted on Tryptic Soy Agar (TSA) in triplicates and allowed to
grow at 37 °C until colonies could be observed and counted.
The number of colony forming units per mL (CFUs mL ") was
then calculated by multiplying the number of colonies by the
dilution factor and dividing this value by the amount of culture
plated. Bacterial viability is expressed as log10 CFU mL ™" and
error bars represent SDs. These antibacterial tests are com-
monly used in microbiology to quantify bacterial survival/
growth, allowing quantitative comparisons between samples.
A two-way ANOVA with Tukey’s multiple comparisons test was
performed for all samples at each time point to calculate
statistically significant differences.

2.5. Cytocompatibility

The cytocompatibility of PPG-U, PPG-CuX and PPG-GaX on
HaCaTs (spontaneously transformed keratinocytes from histo-
logically normal skin, AddexBio, Catalog Number T0020001)
was performed via MTT assay. HaCaTs were diluted to a
concentration of approximately 10° cells mL ™" in Dulbecco’s
modified Eagle medium (DMEM, Gibco) prepared with r-glut-
amine, streptomycin/penicillin, 2% FBS, 1 mM CaCl,, and
seeded in 96 well tissue-treated plates. The cells, incubated at
37 °C in a 5% CO, atmosphere, were allowed to grow for 24 h
and then washed with PBS. Then a DMEM solution, supple-
mented with 0.4 mM CacCl, and containing the 24 h dissolution
products from the PPGs, was added to each well in a 1:10 ratio
(10 pL in 90 pL of cell culture) in triplicates. Positive controls
consisted of cells incubated with medium with no dissolution
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product. After 24 h incubation in the same conditions
described above, MTT reagent (thiazolyl blue tetrazolium bro-
mide, Sigma-Aldrich - 1 mg mL ™" in DI water) was added to
each well (12 pL of MTT in 100 pL of cell culture) and the plate
was incubated again for 3 h. Afterwards, the cells were washed
with PBS and 100 pL of DMSO (99.9%, Sigma-Aldrich) was
added to each well. The absorbance of the cultures at 570 nm
was measured using a microplate reader (Fluostar-Omega,
BMG LabTech, Germany). The percentage of metabolically
active HaCaTs was calculated by comparing the average absor-
bance at 570 nm of the positive control with that of the wells
where dissolution products were added. A one-way ANOVA with
Dunnett’s multiple comparisons test was performed to calcu-
late statistically significant differences.

2.6. Human ex vivo wound model and whole-mount staining

Human ex vivo wounding and whole-mount staining were per-
formed following the protocol presented by Wilkinson et al.*’
Healthy human abdominal skin was obtained under full
informed, written patient consent, institutional guidelines, and
ethical approval (LREC: 17/SC/0220) from patients undergoing
reconstructive surgery at Castle Hill Hospital (Hull, UK). Briefly,
partial thickness wounds (2 mm) were created in the centre of
skin explants (6 mm) and cultured on a nylon filter (0.45 um) at
the air: membrane interface. Standard high glucose DMEM con-
taining 10% FBS and 1% antibiotic : antimycotic solution (Gibco)
was used as a growth medium. The sterile-filtered 24 h PPG
dissolution products were added to the growth media to give a
1% (v/v) final working concentration, with 10 pL of the PPG-
containing media applied topically to each wound. Growth
medium including 1:100 DI water alone (“untreated” group)
was used as a control. Wound explants were then cultured at
35 °C and 5% CO, for 2 d before collecting in neutral buffered
formalin for whole-mount analysis.

The formalin fixed wound samples were rinsed in PBST (PBS
containing 0.5% Triton X-100) prior to incubating with anti-
mouse keratin 14 antibody (clone: LL002; Abcam, UK) to measure
re-epithelialisation. Following primary antibody incubation, bio-
psies were incubated in Alexa Fluor 488-conjugated goat anti-
mouse secondary antibody (Thermo Fisher Scientific) to detect
keratin 14 staining in the migrating keratinocytes. The biopsies
were then counterstained with 4’,6-diamidino-2-phenylindole
(Thermo Fisher Scientific) and imaged on a confocal laser scan-
ning microscope (LSM 710, Carl Zeiss, Germany) using a 2.5X
objective, 405-nm diode, and 488-nm argon lasers. A one-way
ANOVA with Dunnett’s multiple comparisons test was performed
on ex vivo data (comparing all groups to PPG-U), with significance
determined where P < 0.05.

3. Results

3.1. Composition and assessment of structure via XRD

Representative images of the wet gels containing copper after
ageing in air for 48 h, are presented in Fig. 2A, whereas images
of the dried gels containing gallium after calcination in air at
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Fig. 2 Images of (A) gels containing copper (1, 5 and 10 mol%) after 48 h
of ageing at RT and (B) PPG-GaX samples after calcination at 300 °C.

Table 1 Nominal oxide compositions of PPGs in mol%

Composition (mol%)

Sample P,0;5 CaO Na,O CuO Ga,03
PPG-Cul 48 38 13 1 —
PPG-Cu5 48 38 9 5 —
PPG-Cul10 48 38 4 10 —
PPG-Ga1l 48 38 13 — 1
PPG-Ga5 48 38 9 — 5
PPG-Gal0 48 38 4 — 10

300 °C are shown in Fig. 2B. Nominal compositions for PPG-
CuX and PPG-GaX are presented in Table 1, whilst those for
PPG-U are shown in Table S1.

The composition of the ternary P,05-CaO-Na,O system has
been chosen based on previous studies on MQ and SG PGs
reported in the literature, including a MQ study with a ternary
diagram highlighting the glass-forming regions.*® Systems
containing between 40-55 mol% P,0s and 30-40 mol% CaO
have demonstrated excellent bioactivity and biocompatibility.*®
Both Ca®" and Na" are biologically relevant ions that play key
roles in cellular function and tissue regeneration, including the
wound healing process.*® The incorporation of CuO and Ga,03
is expected to further enhance these properties.’*>'

After calcination, all PPGs are amorphous as shown by the lack
of Bragg peaks in the XRD patterns reported in Fig. 3A (PPG-CuX),
Fig. 3B (PPGs-GaX) and Fig. S1 (PPG-U). The broad peak centred at
~30° can be ascribed to the phosphate glass network.

3.2. Assessment of porosity via SAXS, SEM and N,
adsorption-desorption

During the SG synthesis, the Pluronic template (structure-
directing agent) self-organises into micelles that interact with
the phosphate precursor. The removal of the sacrificial Pluro-
nic template via calcination at 300 °C resulted in hierarchically
porous PGs. The porous structure was investigated using three
complementary techniques: SAXS, SEM, and N, physisorption
at 77 K, allowing investigation of all ranges of pore sizes.

SAXS fits and corresponding histograms for PPG-CuX and
PPG-GaX samples showing structural size distributions are
presented in Fig. 4. PPGs present hierarchical porosity with a
simultaneous presence of micro-, meso- and macropores, with
the mean pore diameter for distinct populations (primary,
secondary and tertiary) presented in Table 2. Data for PPG-U
is presented in Fig. S2 and Table S2.

In the analysis of PPG-U, a primary population of struc-
tures was identified between 20 nm and 200 nm, with a mean

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 XRD patterns of A: (a) PPG-Cul, (b) PPG-Cu5 and (c) PPG-Cul0; B: (a) PPG-Gal, (b) PPG-Ga5 and (c) PPG-Gal0.
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Table 2 Mean diameter of pore populations from PPG-CuX and PPG-
GaX derived from fits of SAXS data using Monte-Carlo methods

Size distribution range (nm)

Population 1 Population 2 Population 3

Sample (primary) (secondary) (tertiary)
PPG-Cul 102 +£1 4+1 286 + 4
PPG-Cu5 104 +£1 5+1 278 £ 4
PPG-Cul0 98 +1 4+1 467 £ 4
PPG-Gal 63 +1 4+1 183 £ 4
PPG-Ga5 73 +£1 4+1 371+ 6
PPG-Gal0 — 3+1 335+£5

diameter of 60 nm. This primary population is accompanied
by a secondary population of smaller structures (micro-/
mesopores), ranging from 2 nm to 12 nm (mean diameter
~4 nm), occupying a significantly lower overall volume

This journal is © The Royal Society of Chemistry 2025

Diameter [nm]

10 1 0.1 100 10 1 0.1

Diameter [nm]

Fitted SAXS data for (A) PPG-Cul, (B) PPG-Cu5, (C) PPG-Cul0; (D) PPG-Gal, (E) PPG-Ga5 and (F) PPG-Gal0.

fraction. These observed features are likely associated with
the micro-/mesoporous nature of the PPG structure.

Upon loading with Cu, the secondary population remains
largely unchanged in both size and volume fraction across all
loading levels, with an average pore diameter of ~4 nm.
In contrast, the primary population undergoes notable
changes. For PPG-Cul, the volume fraction of the primary
population decreases and becomes more polydisperse. This
primary population exhibits a, somewhat, overlapping bimo-
dal distribution, with one mode around 60 nm (similar to
PPG-U) and another around 120 nm, resulting in an overall
mean diameter of 102 nm. A tertiary population, with a mean
diameter of 286 nm, also emerges in this sample. Similar
trends are observed for samples with higher Cu content (PPG-
Cu5 and PPG-Cul0), where increased loading shifts the pri-
mary pore size from the original 60 nm to an 104 and 98 nm,
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respectively. This shift suggests a transition towards larger
pore sizes at the expense of the smaller primary pores, leading
to a reduction in bimodality as Cu content increases.
All loaded samples also display larger tertiary structures
compared to PPG-U.

For Ga-loaded samples, the secondary population decreases
in size compared to PPG-U, with an average diameter reduced
to approximately 4 nm across all Ga loading contents. The
primary population also undergoes significant changes.
In PPG-Gal, a distinct bimodal distribution is observed, with
mean pore diameters of 63 nm and 183 nm. As Ga loading
increases (PPG-Ga5), the bimodal nature becomes even more
prominent, featuring average diameters of 73 nm and 371 nm.
However, for PPG-Gal0, the smaller pore population around
60 nm is almost completely lost, leaving only larger pores with
an average diameter of 335 nm.

Presence of porosity is confirmed by the SEM images of
all PPG-CuX and PPG-GaX samples, reported in Fig. 5. SEM
shows extended macroporosity across all PPGs (pore diameters
in the range 100-450 nm) and some evidence of mesoporosity
(pore diameter 40-50 nm). Interestingly, the presence of micro-
spheres was encountered with PPG-U (Fig. S3A, sphere
diameters 1-3 pm) and PPG-Ga5 (Fig. S3B, sphere diameters
1-4 pm).

Fig. 5 SEMimages of (A) PPG-Cul, (B) PPG-Cu5, (C) PPG-Cul0, (D) PPG-
Gal, (E) PPG-Ga5 and (F) PPG-Gal0.
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Given that both SAXS and SEM show extended porosity, N,
adsorption-desorption analysis at 77 K was performed to
provide quantitative information on SSAs of all PPGs. The N,
sorption isotherms and SSAs calculated via the BET model for
PPG-CuX and PPG-GaX are shown in Fig. 6. For PPG-U, this
information can be found in Fig. S4.

Isotherms for all PPGs can be classified as type IV, indicative
of mesoporous materials due to the occurrence of capillary
condensation, which leads to the formation of a hysteresis
loop. The shape of the hysteresis loop can be used to further
describe pore geometries.”

All hysteresis loops appear to be a mixture of type H1 and
type H2, indicating a heterogeneous porous network. Type H1
is predominant for PPG-U, PPG-Cu5, PPG-Cu10 and PPG-Ga10,
suggesting more of a cylindrical mesoporous structure, as
observed in other PPG systems using P123 as a template.'
Type H2, characterised by a ‘stepped’ hysteresis loop, is more
evident in PPG-Cul, PPG-Gal and PPG-Ga5. This type of loop is
indicative of inaccessible pores (potential cavitation effects or
ink-bottle porosity), and suggests more of a complex, disor-
dered network with interconnected porosity of varying sizes.

A decrease in SSA was observed upon loading with Cu or Ga,
with the highest SSA observed for PPG-U (64.1 m”> g ).
In particular, all PPG-CuX exhibited relatively low surface areas
ranging from 13.5 to 15.8 m* g, lower than all PPG-GaX whose
SSA varies from 32.3 to 52.8 m* g~ ..

3.3. FT-IR spectroscopy

FT-IR spectra of PPG-CuX and PPG-GaX are reported in Fig. 7A
and B, respectively, with PPG-U presented in Fig. S5 for com-
parison. All bands have been assigned according to previous
studies on SG PPGs.">™** All spectra show similar bands and are
characteristic of an amorphous phosphate glass network, with
no observed shifts between all PPGs.

Q" notation can be used to describe the nature of the P-O
vibrations in the phosphate units, where n represents the
number of bridging oxygens (n = 0, 1, 2 or 3). Bands at
500 cm™ ", 750 cm ™' and 900 cm ™" are assigned to deformation,
symmetric and asymmetric stretching of the Q* (P-O-P) units,
respectively. The bands at around 1100 cm™* and 1250 cm ™" are
assigned to asymmetric stretching of terminal Q' units vy
(PO;)*>” and to non-bridging out-of-chain Q” units v,, (PO,)~,
respectively. Weak bands arising from the stretching of C-H
groups of residual organic residues remaining after calcination,
v(C-H), can be observed ~2900 cm "

The band at 1100 cm™* appears to be more pronounced as
the loading content of either Cu or Ga increases, with a
concomitant decrease in the bands at 900 cm ™" and 1250 cm ™.

3.4. Ion release studies

Dissolution of all PPG-CuX and PPG-GaX in DI water was
investigated for up to 7 d. The release profiles of phosphate
anions and calcium, sodium, copper and gallium cations,
quantified utilising MP-AES, are reported in Fig. 8.

All species show a high rate of release within the first 3 h,
followed by a much slower, sustained release over the following

This journal is © The Royal Society of Chemistry 2025
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time points. Release profiles of P and Ca for PPG-CuX and PPG-
GaX respectively follow similar trends over 7 d. For both species
released from PPG-CuX, PPG-Cul and PPG-Cu5 exhibit the
highest release of both P and Ca (P = ~120 ug mL " and
Ca = ~85 pg mL '), whilst PPG-Cu10 exhibits the lowest (P =
~95 ug mL™ " and Ca = ~75 ug mL ") after 7 d. Contrastingly,
for the PPG-GaX series there is a much more distinguishable
difference between the samples, with the release of P and
Ca the highest for PPG-Ga10 (P = ~165 pg mL ' and Ca =
~110 pg mL "), and the lowest for PPG-Ga5 after 7 d (P =
~130 ug mL~ ' and Ca = ~70 ug mL™ ).

For both PPG series a decrease in Na release can be observed
with an increase in either Cu or Ga loading. This can be
explained considering that Na was substituted with either Cu

This journal is © The Royal Society of Chemistry 2025

or Ga during the synthesis. Therefore, as the Cu or Ga loading
increases, there is a decrease in the Na content available to be
released.

As expected, the release of Cu or Ga ions increases with the
amount initially loaded into the sample, as there is a higher
concentration of these elements available to be released. Similar
trends have been reported previously in Sr and Zn-loaded PPGs."*"?

PPG-GaX display a more defined, stepped increase in Ga
release, directly correlated to the nominal composition. In
contrast, the Cu release of PPG-Cu5 is very similar to that of
PPG-Cu10 when accounting for errors which was unexpected
given the clear decrease in Na release in these samples.

Although the nominal compositions of PPG-Cu10 and PPG-
Ga10 are identical, the release of Cu ions is much lower than
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Fig. 8 Release of (A) phosphorus, (B) calcium, (C) sodium and (D) copper/gallium from PPG-CuX (left) and PPG-GaX (right) following immersion in DI
water for up to 7 d. Error bars correspond to + SD (n = 3). Each sample has a specific symbol as defined in the legend; dashed lines are a guide for the eye.

that of Ga ions over 7 d and
more similar to the release of

PPG-Gal0. As mentioned previously, PPG-Cu5 and PPG-Cul0

have similar release, after 24

15670

the release of PPG-Ga5 is much
PPG-Cu5/PPG-Cu10 than that of

h, ~14 pg mL™" Cu is released

| J Mater. Chem. B, 2025, 13, 15662-15677

from both samples, with the highest Cu release observed after
7 d, reaching only ~17 pg mL™" for PPG-Cu5. In comparison,
PPG-Ga10 has a much greater, sustained release, with PPG-Ga10
releasing ~ 37 pug mL ™" Ga after 24 h, and after 7 d, ~60 pg mL ™"

This journal is © The Royal Society of Chemistry 2025
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3.5. Antibacterial assays

The antibacterial effects of dissolution products from PPG-CuX
on S. aureus and E. coli are shown in Fig. 9A and B, respectively,
with the effects of dissolution products from PPG-GaX on S.
aureus and E. coli shown in Fig. 9C and D, respectively.

Results show that after just 24 h of incubation, PPG-Cu10
has the strongest effect against S. aureus, causing a ten-fold
reduction in viable cell count, from 10'° to around 10° CFUs
(Fig. 9A). After 24 h of incubation, a decline on the bacterial density
can be observed for all PPG-CuX. After 72 h, a reduction in the
bacterial density is observed, correlating with increased Cu content.

PPG-Cu5 and PPG-Cul0 also show significant activity
against E. coli after 24 h (Fig. 9B) in similar proportions to that
observed against the previous strain, which is maintained up to
72 h. The culture incubated with PPG-Cul shows significant
decline after 72 h.

Regarding PPG-GaX, a decline of S. aureus cultures is
observed after 48 h of incubation in the presence of PPG-Ga5
and PPG-Gal0; the decline is also maintained and becomes
more significant after 72 h (Fig. 9C). The antibacterial activity is
inconclusive when challenged against E. Coli. (Fig. 9D).

3.6. Cytocompatibility (HaCaTs)

Cytocompatibility of the dissolution products of PPG-U, PPG-
CuX and PPG-GaX on HaCaTs were investigated using the MTT
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assay. No statistically significant effects on the viability of
HaCaTs was observed for any of the dissolution products
resulting from PPG-U, PPG-CuX (Fig. 10A) and PPG-GaX sam-
ples (Fig. 10B).

However, it is interesting to notice that in both series, the
increase in recovery % is particularly high for PPG-Cu10 (123%)
and PPG-Ga10 (143%) samples. PPG-U values are similar (94%)
and (102%) in the two series. PPGs loaded with Cu and Ga
lower than 10 mol% have similar values within the two series,
regardless of the type of metal (Cu or Ga), more specifically,
PPG-Cul (93%), PPG-Cu5 (83%) PPG-Gal (90%) and PPG-
Gas (80%).

3.7. Human ex vivo wound model and whole-mount staining

A translationally relevant human ex vivo skin wound model was
used to assess the wound healing promoting effects of PPG
dissolution products over a period of 48 h (Fig. 11). The ex vivo
skin wounds were treated with dissolution products from PPG-
CuX and PPG-GaX and healing was assessed via keratin 14
whole-mount staining. Representative images from each treat-
ment group are shown in Fig. 11A. The 24 h dissolution
products of PPG-CuX increased wound healing rates vs. that
of PPG-U (Fig. 11B). These results were significant for PPG-Cu1
and PPG-Cul0 which showed a 24% and 21% increase in
healing vs. PPG-U, respectively. Similarly, the 24 h dissolution

Untreated
PPG-U
PPG-Cu1
PPG-Cu5
PPG-Cu10

24 48 72
Time [h]

Untreated
PPG-U
PPG-Ga1
PPG-Ga5
PPG-Ga10

EENIN

NN
SN

24h

48h
Time [h]

Fig. 9 Antibacterial activity of PPG-CuX (A and B) and PPG-GaX (C and D) against S. aureus (A and C) and E. coli (B and D). Viability of the strains is
measured by colony forming units (CFU) counts 24, 48 and 72 h after inoculation with dissolution products from each PPG. Error bars represent the SD

over triplicates (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001).
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products of PPG-GaX also accelerated wound closure in the a dose-dependent effect was observed, where PPG-Ga10 no longer
ex vivo human skin vs. PPG-U (Fig. 11C), which was significant for —accelerated healing in the model, indicating that the maximum
both PPG-Ga1 (96% vs. 69%) and PPG-Ga5 (97% vs. 69%). However, optimum concentration for Ga loading is around 5 mol%.
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Fig. 11 (A) Representative confocal images of whole-mount stained ex vivo human skin wounds following 48 h treatment with PPG dissolution
products. DAPI = nuclei. Alexa Fluor 488 = keratin 14. Scale bar = 500 um. (B) Average % wound closure of healthy human skin following treatment with
PPG-CuX dissolution products. (C) Average % wound closure of healthy human skin following treatment with PPG-GaX dissolution products. Data shown
is mean + SD (n = 3 per group). One-way ANOVA followed by Dunnett's post-hoc test was used comparing each sample to PPG-U where * = p < 0.05
and ** = p < 0.01. The "untreated” group depicts growth media with 1:100 DI water as a vehicle control.
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4. Discussion

SEM images show extended macroporosity across all PPGs
(pore diameters in the range 100-450 nm) and some evidence
of mesoporosity. However, imaging mesopores on the lower
end of the range (~2-10 nm) using SEM proves largely difficult
given that the high energy electron beam tends to cause
damage to the surface of the PPGs, therefore causing collapse
of the mesoporous structure.'® This also occurs with the alter-
native technique of transmission electron microscopy which is
commonly used for imaging on this scale.

Therefore, SAXS, a technique that allows probing of pore
sizes ranging from approximately 1 to 600 nm, was used to
complement SEM imaging. SAXS is the ideal technique for the
analysis of hierarchically porous materials, offering advantages
over other techniques used for the assessment of porous
structures such as sorption measurements, as it probes elec-
tron density contrast within a material, instead of relying on
accessible and permeable porous networks.”*

SAXS has shown that PPG-U has a main population of pores
~60 nm and a smaller one ~4 nm. PPG-CuX maintains
the smallest population ~4 nm; PPG-Cul is mainly bimodal
(~60 and 120 nm) with a smaller population of bigger pores at
~286 nm. In PPG-Cu5/10 the bimodality is reduced with a
shift towards larger pores being observed (larger population
~300 nm). Similarly to PPG-Cul, PPG-Gal is mainly bimodal
(~63 and 183 nm), but in PPG-Ga5 the bimodality becomes
more prominent, with PPG-Ga10 only showing larger pores.
These findings suggest that loading with Cu or Ga induces a
shift in the primary pore population towards larger sizes,
resulting in more polydisperse and overlapping pore geo-
metries. The increased polydispersity and changes in volume
fraction indicate a less ordered pore system in the loaded
samples, in comparison to PPG-U.

To further analyse the morphology of PPGs, sorption analy-
sis was performed to complement SEM imaging and SAXS
analysis. However, it must be noted that SAXS analysis allows
assessment of the overall porous structure whilst sorption
analysis can only reflect the portion of porosity that the N,
can access, which could only be a fraction of the total porosity.

The fact that BET SSAs of PPG-CuX and PPG-GaX are quite
low, suggests that not all pores are fully accessible to the N,
probing gas; even though the pores have been identified via
SAXS, the fact that they are inaccessible limits adsorption and
makes desorption more difficult.

PPG-U shows a higher SSA compared to other PPGs. This
could be attributed to the higher volume fraction of the primary
pore population averaged ~60 nm, compared to the other
samples observed via SAXS. It has to be noted that the surface
area of PPG-U (~64 m® g~ ') is lower than the one observed
for PPG-U synthesised using a different surfactant, P123
(~124 m? g )."* This is largely attributed to the differences
in the drying process between the two studies, however the
surfactant type could also contribute to this.

Another interesting observation is that PPG-CuX exhi-
bited SSAs lower than all PPG-GaX. This difference could be
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explained based on SAXS results, which revealed smaller pores
in PPG-GaX (~3.5 nm and ~65 nm) compared to PPG-CuX
(~4.5nm and ~ 100 nm), this would therefore contribute more
considerably to the SSA. This observation could also explain the
difference in the release of Cu or Ga ions between PPG-CuX and
PPG-GaX. Despite the fact that Cu and Ga ion release increases
with their loading in both cases, the increase is noticeably more
pronounced in PPG-GaX than in PPG-CuX, which can likely be
attributed to the increased SSAs observed in PPG-GaX, leading
to a higher extent of dissolution.

Besides morphological analysis, a qualitative structural ana-
lysis was performed via FT-IR. The asymmetric stretching of
terminal Q" units v, (PO;)* appears to be more pronounced as
the loading content of either Cu or Ga increases, with a
concomitant decrease in the Q® units. This suggests that
loading of the system with Cu/Ga could be causing disruption
in the phosphate chains, leading to a lower degree of overall
network connectivity. FT-IR analysis correlates with previous
studies by Foroutan et al., who employed both FT-IR and *'P
solid state nuclear magnetic resonance to characterise loaded
SG PGs."*™™ These studies reported mainly Q' units with a
smaller proportion of Q> species, consistent with the present
findings, and supporting the use of FT-IR to assess Q-species in
such systems. As the structure of PPGs is related to ion release,
identification of species released in DI water was performed via
MP-AES. Ion release data could help to explain the antibacterial
activity of the PPGs. In our study, PPG-Cu5 and PPG-Cu10 have
similar release after 24 h, ~14 pg mL™". In a previous study,
dissolution products released from a series of Cu-loaded PGs
prepared via an aqueous method proposed by Foroutan et al
containing between 18-37 ug mL ™' Cu®>" demonstrated a rapid
bactericidal effect when tested against S. aureus with increased
antimicrobial behaviours with increased Cu loading.>" Simi-
larly, ionic products from Cu-loaded meso/macroporous bioac-
tive scaffolds prepared via Wu et al. (14.2-152.7 pg mL ™" Cu)
highlighted enhanced angiogenesis potential, antimicrobial
properties and promotion of osteogenic differentiation through
the stimulation of bone-related gene expression in comparison
to unloaded scaffold ionic products.*

PPG-GaX have a much greater release, with PPG-Ga10 releas-
ing ~37 pg mL ™" Ga after 24 h. Valappil et al. presented MQ-
derived PGs containing up to 5 mol% Ga,0Os3, and their dissolu-
tion in DI water over 120 h.” Sustained Ga release was observed
with gallium concentrations up to 39 pug mL™~ " being recorded
for the sample containing 5 mol% Ga®* after 120 h. Disk
diffusion assays were carried out to assess bactericidal effects
of PGs against Gram-negative (E. coli and P. aeruginosa) and
Gram-positive (S. aureus, C. difficile) bacteria. All samples
exhibited antimicrobial properties for both Gram-negative
and Gram-positive bacteria, with small effects on C. difficile
and methicillin-resistant S. aureus attributed to the release
of Ga*".>°

These results suggest that both PPG-CuX and PPG-GaX
possess some antibacterial potential which can be enhanced
with increasing loading of the specific antibacterial ion (copper
or gallium). It also suggests that the strength of this property is
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dependent on the characteristics of the cell wall of the bacteria
being challenged, that is, if the bacterium is Gram-positive
(S. aureus) or Gram-negative (E. coli), or it can result from other
differences, intrinsic of each species being challenged.>*™>®

Whilst the concentration in solution of copper and gallium
ions are mainly affecting antibacterial properties, the type and
concentration of all ions released upon dissolution (Ca**, Na*
and phosphate anions) could affect cytocompatibility results.
In order to fully explain the particularly high recovery %
observed for PPG-Cul0 and PPG-Gal0, further investigation
would be required to assess the effect on HaCaTs of other ions
present in the dissolution products.

Overall, cytocompatibility data demonstrates that PPG-CuX
and PPG-GaX present good cytocompatibility towards keratino-
cytes, given that the recovery % for all samples is higher than
70%. This also suggests that any residual material that might
remain after the calcination stage (C or nitrates), has no
detrimental effect on cell viability.

Given the excellent cytocompatibility towards HaCaTs,
ex vivo testing on human skin was performed to investigate
the wound healing capability of PPGs.

Results show that all samples exhibit excellent potential to
be utilised for wound healing applications, with up to 97%
wound closure observed following treatment with PPG-Ga5
dissolution products and nearly all treatments showing signifi-
cant improved closure compared to the PPG-U treatment.

Within the Cu-loaded PPG series, significant increases in
wound closure were observed for PPG-Cul and PPG-Cul0
treatments only, while PPG-Cu5 also visually promoted closure,
despite not reaching a statistical significance. Interestingly,
PPG-Cu5 and PPG-Cul0 contain similar copper contents, as
quantified using MP-AES (~14 pg mL™") suggesting that the
observed differences in closure cannot solely be attributed to
Cu*". Instead, a synergistic contribution from the other
released ions in the solution is likely. Between the two samples,
Ca** concentration is comparable (~48 pg mL') whereas
phosphates and Na' concentrations differ more substantially
(95 vs. 68 pg mL~" P and 34 vs. 19 ug mL~' Na" respectively).
The release of network ions such as phosphates, Ca®>" and Na*
may also enhance wound closure, as these species are broadly
acknowledged to support cell metabolism and tissue repair.'”>°

In the Ga-loaded series, wound closure was more pro-
nounced with treatments of PPG-Gal and PPG-Ga5 dissolution
products, whereas treatment with PPG-Ga10 had little effect.
This again corresponds well with the MP-AES data, PPG-Gal
and PPG-Ga5 have similar levels of phosphate (~110 and
99 pg mL™Y), Ca** (~54 and 48 pg mL™ '), Na* (~48 and
45 ug mL™ ') and Ga*" (~4 and 11 pg mL "), suggesting that
these compositions provide a good balance for promoting
wound closure in the ex vivo skin model. In contrast, PPG-
Ga10 releases higher concentrations of phosphates, Ca®>" and
Ga®* (134, 86 and 37 pg mL™' respectively) and a lower
concentration of Na* (~10 pg mL™"). This could therefore be
used to explain the lack of wound closure observed when using
PPG-Gal0 as a wound treatment. The detrimental effect on
wound closure is more likely caused by the elevated Ga®*
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concentration rather than the small decrease in Na", consistent
with dose-dependent cytotoxicity reported in the literature.®
For example, a PG containing 7 mol% Ga,0; (releasing
~25 pg mL~' Ga*' into solution) exhibited only 34% cell
viability against bone marrow stromal cells, attributed to the
high gallium concentration.®

Overall, testing of PPG-CuX and PPG-GaX dissolution pro-
ducts on an ex vivo human skin model demonstrates their
excellent potential for wound closure applications.

5. Conclusions

A series of hierarchically porous phosphate-based glasses in the
P,05-Ca0-Na,0-MO system (M = Cu or Ga) were successfully
prepared via the templated SG method using the templating
agent, Pluronic F108. All samples were confirmed to be amor-
phous, with expected structure and extended porosity of differ-
ent shapes and sizes, observed via SEM. SAXS analysis has
shown that PPG have a micro-/mesoporous nature and that
loading PPGs with Cu or Ga result in larger pore sizes, and a
more polydisperse porosity. This result is confirmed by SEM
analysis which shows extended macroporosity across all PPGs
(pore diameters in the range 100-450 nm) and evidence of
mesoporosity (pore diameter 40-50 nm).

Dissolution studies demonstrated a sustained release of
phosphorus, calcium, sodium, copper, and gallium ions over
7 d. Dissolution products from all glasses showed no toxicity
against keratinocytes; in addition, dissolution products from
both PPG-CuX and PPG-GaX showed antibacterial activity vs.
both E. coli and S. aureus.

When applied to a translationally relevant living human skin
ex vivo wound model, dissolution products from all PPGs
demonstrated significant wound healing (up to 97% closure)
promoting effects compared with the control sample (69%
closure).

The novel materials presented in this work opens new
horizons in designing the next-generation of non-siliceous
materials, with great potential in simultaneous wound promo-
tion, antibacterial activity and controlled delivery systems.
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