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In this study we report a facile one-step, room temperature synthetic methodology for fabricating ZIF-
8-coated phosphate-based glass (PBG) microspheres. ZIF-8 was grown in situ onto solid (non-porous)
and porous P40 glass microspheres (composition 20Na,0-24MgO-16Ca0O—-40P,0s, average diameter
153-172 um), confirmed by PXRD and SEM analyses, with reaction times of one hour sufficient for coat-
ing onto solid P40 microspheres. An extended reaction time of 4.5 hours resulted in more homoge-
neous ZIF-8 coverage on the porous P40 microspheres. The ZIF-8 layer reduced microsphere
degradation in water and slowed ion release from the microspheres, demonstrating a sacrificial protec-
tive coating effect of the ZIF-8. The ZIF-8 layer also enabled Zn?* release (6.9-13.6 ppm over 7 days)
and demonstrated improved methylene blue loading capacity, showing promise for pH-responsive drug
delivery. This adaptable synthetic method to produce P40-based MOF composites highlights the
potential synergistic benefits of combining PBG microspheres (bioactivity, tuneable degradation rates)
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and MOFs (high surface areas and porosity), offering an underexplored strategy to new MOF@PBG com-
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1. Introduction

Glass-based materials have diverse biomedical applications
including anti-caries agents (agents for limiting tooth decay)
in preventive dentistry," sensors® and tissue engineering scaf-
folds, many of which comprise SiO, and P,05 oxides.® Glasses
are amorphous materials which transition from a brittle solid
to a viscoelastic state over a distinct temperature range, given
by the glass transition temperature (Ty).* Examples of potential
bioactive glasses include phosphate-based glasses (PBGs), such
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posites for drug delivery, antibacterial coatings and bone repair.

as PBG microspheres (spherical particles with diameters from 1
to 1000 um), which are fully resorbable and have tuneable
degradation rates.” ' PBG microspheres offer size uniformity,
favourable flow properties,” and improved control over degra-
dation rate and release of incorporated molecules compared to
other particle shapes.® For example, P40 glass microspheres,
20Na,0-24MgO0-16Ca0-40P,05, have exhibited favourable
cytocompatibility and biocompatibility responses and degrada-
tion rates, making them suitable for applications involving
bone regeneration and targeted ion release, such as implant
materials.>""

P40 glass comprises equal proportions of Q> and Q' species
(PO, groups interconnected via bridging oxygen atoms, Q"' = 1
bridging oxygen, Q* = 2 bridging oxygens) and can be processed
into microspheres via flame spheroidisation.® Incorporating a
porogen (e.g. CaCOj) prior to flame spheroidisation leads to
pore formation, where pore size, porosity, and surface area can
be modified by parameters such as porogen to glass ratio.’
However, PBG microspheres can degrade rapidly in aqueous
environments,'> sometimes releasing glass fragments,** and
their potential for drug delivery remains underexplored.™*

Composites comprising microspheres or bioactive glasses
are also evolving, such as those consisting of a metal-organic
framework (MOF) as one component.”>™"” MOFs are hybrid
materials containing metal ions and organic linkers which
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Fig. 1 Schematic showing the methodology used to synthesise ZIF-8@SMS and ZIF-8@PMS composites, SMS = solid microspheres and PMS = porous
microspheres. ZIF-8 precursors were dissolved in methanol separately before they were added to a vial containing either solid microspheres or porous
microspheres. Q* (1 bridging oxygen atom) and Q? (2 bridging oxygen atoms) units, which make up the P40 glass microspheres, are shown as tetrahedra
with phosphorus and oxygen atoms represented by orange and purple spheres respectively. C, N, and H are represented by black, light blue and light pink

in the 2-methylimidazole linker; Zn is represented by dark blue tetrahedra.

self-assemble into framework structures. Their tuneable chem-
istry, high surface areas, and controllable pore architectures
make them attractive for biomedical applications such as drug
delivery, biosensing, and bioimaging.'® Previous studies com-
bining MOFs with PBGs have demonstrated the advantages of
the MOF component, such as increased surface areas,'®>°
improved air stability>® and photocatalytic properties.*' How-
ever, in situ growth of MOFs on PBGs, specifically on PBG
microspheres, has not been extensively explored.

Recently, MOFs were grown onto iron calcium oxide micro-
spheres to create magnetic framework composites with hier-
archical porosity."”” The methodology involved attaching
polydopamine (PDA) and mercaptopyridine (MPYR) to the sur-
face of porous magnetic microspheres (PMMs) to act as binders
for in situ growth of two MOFs, HKUST-1, [Cu;(CoHeOg),] and
SIFSIX-3-Cu, [Cu(C,4H,N,),(SiFe)]. The metal salt precursors and
linker solutions were added to the functionalised PMMs for the
self-assembly of MOFs onto the microspheres through a layer-
by-layer method, which required multiple steps and functiona-
lisation of the surfaces of the microspheres to create the MOF
coating.

Here, we extend this concept to fabricate composites with
solid and porous P40 microspheres and a prototypical MOF,
ZIF-8, [Zn(mIm),], where mIm = 2-methylimidazolate, which
shows promise for drug delivery and wound healing
applications,**** using a facile, room temperature methodol-
ogy (Fig. 1), combining the advantageous properties of P40
microspheres (bioactivity, tuneable degradation rates) and
MOFs (high surface areas and porosity).>* Optimisation of the
synthesis, namely the reaction time, will be discussed and the
stability tests required for the potential biomedical applications
of these new composites will be explored.

2. Experimental methods

2.1. Materials

Zn(OAc),-2H,0 (>98%) and 2-methylimidazole (99%) were
purchased from Sigma Aldrich. Methanol (99.8%), calcium
carbonate (98%) and phosphate buffer saline solution (PBS,
pH 7.4, concentration 1x) were obtained from Fisher Scientific
LTD. Methylene blue (MB) hydrate (>97.0%) was purchased
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from Sigma Aldrich. Calcium hydrogen phosphate, magnesium
hydrogen phosphate trihydrate, phosphorous pentoxide and
sodium dihydrogen phosphate were obtained from Merck. All
materials were used as received.

2.2. Microsphere synthesis

The P40 glasses were synthesised via melt-quenching, accord-
ing to literature reports.® Sodium dihydrogen phosphate
(NaH,PO,, 24 g), calcium hydrogen phosphate (CaHPO,,
21.8 g), magnesium hydrogen phosphate trihydrate (MgHPO,-
3H,0, 41.8 g) and phosphorous pentoxide (P,Os, 56.8 g) were
added to a platinum rhodium alloy crucible (Birmingham
Metal Company, UK). The crucible was dried at 350 °C for
30 minutes. The mixture was then melted at 1150 °C for 1.5
hours and poured onto a steel plate and left to cool to room
temperature. The P40 glass was ball milled (Retsch PM 100) and
sieved into particle size ranges of 63-125 um and 125-200 pm.
The 125-200 um particles were then processed using a flame
spheroidisation process to prepare solid microspheres, using
an oxy/acetylene flame spray gun (MK 74, Metallisation Ltd.,
UK). To synthesise porous microspheres, glass particles
(63-125 pm) were mixed with calcium carbonate (porogen, <
63 um) in a 1: 3 ratio and processed via flame spheroidisation.
The porous phosphate glass microspheres were then washed
using 5 M acetic acid for two minutes and then deionised water
for five minutes to remove any unreacted CaCO; porogen from
the microsphere products in line with our established washing
protocol; insufficient washing can lead to remnant CaCO;
(Calcite, CCDC 1865151) in the product.”*® The product was
dried at 50 °C overnight. The resulting porous glass micro-
spheres were sieved again to obtain microspheres with average
particle sizes of 153 pm and 172 pm for the solid and porous
microspheres, respectively.

2.3. Synthesis of ZIF-8@microsphere composites

The synthesis was carried out using a previously reported
methodology.*® Zn(OAc), 2H,0 (150 mg, 0.683 mmol) was
added to methanol (2.5 mL). Separately, 2-methylimidazole
(560 mg, 6.82 mmol) was added to methanol (2.5 mL) and
sonicated to disperse the 2-methylimidazole particles. Solid
microspheres (200 mg) were placed in a vial. The Zn(OAc),:

This journal is © The Royal Society of Chemistry 2026
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2H,0 solution and linker solution were poured over the micro-
spheres for a reaction time of 1, 2 or 4.5 hours. White powder
was collected by centrifugation at 4000 rpm for five minutes
and washed twice with methanol (5 mL). The resulting product,
ZIF-8@solid microsphere composites, denoted ZIF-8@SMS,
was dried under vacuum overnight at 80 °C. The same proce-
dure was used to synthesise ZIF-8@porous microsphere
composites (denoted ZIF-8@PMS), using porous microspheres
(200 mg) instead of solid microspheres.

2.4. Synthesis of ZIF-8 control

ZIF-8 synthesis in methanol and the associated changes in
crystallite size and morphology have been characterised under
various conditions.>>*” Here, the ZIF-8 synthesis was based on
a literature methodology with slight modifications.”® Zinc
acetate dihydrate (0.3 g, 1.367 mmol) was added to deionised
water (5 mL). In a different vial, 2-methylimidazole (1.12 g,
14.495 mmol) was added to deionised water (5 mL) and
sonicated. The zinc acetate dihydrate solution was then poured
over the 2-methylimidazole solution and left at room tempera-
ture for 24 hours. White nanocrystals were collected by cen-
trifugation at 4000 rpm for five minutes and were washed with
methanol (3 x 20 mL). The product (~ 100 mg) was dried under
vacuum overnight at 80 °C.

2.5. Powder X-ray diffraction measurements (PXRD)

PXRD data were collected using a B3 Bruker D8 DAVINCI
diffractometer equipped with a position sensitive LynxEye
detector. All samples were measured in Bragg-Brentano paraf-
ocusing geometry and Cu K, (4 = 1.5406 A) radiation was used
through a 0.012 mm Ni filter. Samples were compacted into
5 mm disks on a low background silicon substrate and mea-
sured in 1-50° 20 range. Pawley refinements were completed
using TOPAS academic (V7) software.”> Thompson-Cox-
Hastings pseudo-Voigt (TCHZ) peak shapes and a simple axial
divergence correction were used for the refinements. The lattice
parameters were refined using the crystallographic information
file of ZIF-8 (CCDC number 947064),>° in a 20 range of 5-50°.
The zero-point error was also refined.

2.6. Differential scanning calorimetry (DSC)

DSC measurements were performed using a NETSCH DSC
214 Polyma calorimeter. Approximately 5-10 mg of powdered
samples were placed in sealed 70 pL aluminium crucibles with
a pierced concave lid. Heating and cooling rates of 10 °C min ™"
under argon were used, with background corrections applied.
Heating cycles of 30-485 °C were used. Corrections were
recorded prior to measurement using the same heating cycle
on an empty aluminium crucible. An empty aluminium pan
was used as a reference for all measurements and data were
analysed using Netzsch Proteus®™ software package. Glass tran-
sition temperatures (T,s) were determined using the Netzsch
software.

This journal is © The Royal Society of Chemistry 2026
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2.7. Thermogravimetric analysis (TGA)

TGA thermograms were recorded using a TA instruments
Discovery SDT 650 thermal analyser. Approximately 5-10 mg
of powdered samples were placed in open 90 pL alumina
crucibles and heated to 1000 °C at 10 °C min ' under argon
(flow rate: 100 mL min '), unless stated otherwise. All TGA data
were analysed using TA Universal Analysis software.

2.8. Attenuated total reflectance-Fourier transform infrared
spectroscopy (ATR-FTIR)

FTIR spectra were collected on a Nicolet iS50 FT-IR spectro-
meter in ATR mode between 400 and 4000 cm ‘. Several
milligrams of powder were placed directly on the sample
diamond plate. A background was subtracted from all spectra

prior to each measurement.

2.9. Scanning electron microscopy-X-ray energy dispersive
spectroscopy (SEM-EDS)

SEM images were collected using a high-resolution FEI Nova
Nano SEM 450 electroscope. Samples were mounted on a flat
aluminium stub with conductive carbon tape and coated with
gold, unless stated otherwise in the figure captions. Working
distances and accelerating voltages used for image collection were
in the range of 5-15 kV and 5-10 mm respectively. An accelerating
voltage of 15 kV was used for EDS analyses. For microsphere size
analyses, XT Microscope Control software was used to measure
the diameter of the microspheres (129-144 microspheres per
sample) directly from the SEM images. Pore size diameters were
determined from the SEM images using Image] software.>’ Four
microspheres were analysed for the PMS (total no. of pores
measured: 139).

2.10. Water degradation tests

Degradation analyses of the microspheres and composites were
evaluated by mass loss measurements in ultra-pure water
(water with a resistivity of 18.2 MQ cm at 25 °C) in an oven at
37 °C for 30 days.” Approximately 50-52 mg of each sample was
immersed in ultra-pure water (20 mL). The degraded micro-
spheres and composites were removed from the media at
various time points (1, 3, 7, 14, 21, and 30 days) via filtration
before weighing. The ultra-pure water medium was refreshed
after several days, where the microspheres were filtered before
immersion in fresh medium.

2.11 pH and phosphate buffer saline (PBS) solution tests

Approximately 55 mg of each sample was immersed in PBS
solution (20 mL). PBS 1x concentration was selected because it
mimics the concentration of ions in the human body. The pH
values (4-6 measurements) for each sample were determined at
various time points (1, 2, 3, 6 and 8 days) using a Hanna
instruments 2212 pH meter, calibrated using standard pH
buffer solutions (pH 4.01 and 7.01).

J. Mater. Chem. B
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2.12. Methylene blue (MB) dye uptake

MB was used here as a proxy for drug molecules. All samples
were activated at 60 °C overnight prior to measurement. A 100
ppm stock solution of MB was prepared by dissolving MB
hydrate (10 mg) in ultra-pure water (100 mL). The stock
solution was diluted to give a 5 ppm solution. Each sample
(10 mg) was added to 10 mL of 5 ppm solution and stirred for
24 hours at room temperature using a Grant-bio PTR-25 multi-
function tube rotator. After 24 hours, the solids were removed
via centrifugation and UV-VIS spectra of the filtrates were
recorded. Calibrations were performed using variable MB solu-
tions (0.25, 0.5, 1, 2, 3, 4, 5 mg L"), unless specified otherwise.
Each sample was measured five times. A blank was recorded
prior to measurement and all samples were measured at room
temperature using rectangular polystyrene cuvettes with a total
volume of 2.5 mL. All uptake studies were performed using the
same starting concentration of 5 ppm, analyte concentration
(1 mg/mL), and length of immersion in the dye solution
(24 hours).

2.13. Ion release studies (ICP-MS) analyses

Mass loss and ion release of the samples were evaluated in
ultra-pure water containing 1% w/v of sample (either pristine
microspheres or composites) using ICP-MS. Each sample
(100 mg) was immersed in ultra-pure water (10 mL) and
incubated at 37 °C. Assessments were performed on days 1, 3
and 7. At each time point, 1 mL of the filtered solution
(sampled using a 0.2 um syringe filter) was diluted with 2%
HNO; at a 1:10 ratio for ICP-MS analysis (Thermo-Fisher
Scientific iCAP-Q equipped with collision cell technology with
energy discrimination, UK). To maintain a constant volume,
ultra-pure water (1 mL) was added to each vial before the vials
were placed back in the incubator. Three replicates were
analysed and the average values were reported. After 7 days,
the solution was carefully removed from the vials using a
syringe needle without removing any suspended solid. The
remaining solution was then dried at 50 °C overnight and the
samples were weighed using a precision balance (Sartorius CP
225D) to determine the percentage mass loss after 7 days
incubation.

This method is modified from previously reported meth-
odologies investigating ion release from P40 microspheres,
namely a smaller sample mass was used and the samples were
not agitated to avoid the potential loss of the attached MOF
particles.’

3. Results and discussion

3.1. P40 characterisation and composite synthetic
methodology

Both the solid and porous P40 microspheres were synthesised
using reported procedures® and characterised by PXRD, FTIR
spectroscopy, TGA and SEM-EDS analyses. PXRD analyses on
the pristine porous (PMS) and solid microspheres (SMS) show
diffuse scattering at 20 ~ 30°, consistent with the amorphous
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nature of the samples (Fig. S1a). The FTIR spectra of both the
solid and porous microspheres shows broad bands, commonly
observed for disordered glasses (Fig. S1b).** The band at
1112.6 cm ! in the FTIR spectrum of the solid microspheres
corresponds to asymmetric stretching of chain end Q' units
(PO5;*7).** Characteristic bands at 898.8 and 730 cm™ ' corre-
spond to symmetric and asymmetric stretching of P-O-P
linkages respectively.*® These bands are also present in the
FTIR spectrum of PMS at similar positions.

SEM analyses of both the solid and porous microspheres
show a distribution of spherical particle sizes sampled over
various regions (129-142 spheres per sample) (Fig. S2-S4) with
mean particles sizes of 153 £ 25 um and 172 £ 21 um for SMS
and PMS, respectively; microsphere diameter distributions are
expected from the synthesis and have been reported
previously.'? Additionally, PMS exhibits a distribution of pore
diameters (ranging from 1.2-43.4 pm), with average pore dia-
meters of 8.7 + 7.1 um (Fig. S5 and S6). The pore diameters
determined are consistent with previous studies on P40-Fe;0,
microspheres where a range of 0.9-56.2 um was reported.®
SEM-EDS was used to determine the compositions of the
glasses (Table S1 and Fig. S7 and S8), giving negligible devia-
tions from the nominal composition of Mg, Na, and P in both
the solid and porous microspheres.

TGA thermograms of pristine SMS show negligible mass
losses up to 1000 °C (Fig. S9). Negligible mass loss in the
temperature range of the TGA measurement is observed for
PMS (Fig. S10). DSC analyses on the pristine porous and solid
microspheres indicate very similar T,s at 450 °C (SMS) and
447 °C (PMS), in line with reported values (Fig. $11 and $12)."
A small difference in T, between the solid and porous micro-
spheres is expected, given the minor change in formulation
from incorporation of CaO from porogen break down.’

Composites consisting of ZIF-8 coated microspheres were
synthesised according to the schematic in Fig. 1. ZIF-8 pre-
cursors, Zn(OAc),.2H,0 and 2-methylimidazole (C,HgN,), were
dissolved in methanol and added to the porous and solid
microspheres in separate experiments (see Experimental Meth-
ods). Syntheses were carried out in methanol to avoid dissolu-
tion of the microspheres in aqueous media. The resulting
composites were termed ZIF-8@SMS_xhr (SMS = solid micro-
spheres) and ZIF-8@PMS (PMS = porous microspheres), where
xhr refers to the duration of the synthesis. Successful growth of
ZIF-8 on the microspheres was primarily monitored by SEM,
because the low concentration of MOF on the spheres hinders
its detection by alternative techniques.'” Post synthesis, the
composites were washed twice with methanol (~5 mL) and the
solid powder was isolated via centrifugation.

3.2. Evaluating reaction time for ZIF-8@solid microspheres
composites

The reaction time was optimised to obtain a homogeneous
layer of ZIF-8 on the surfaces of the microspheres. Selection of
the reaction time encompasses a compromise between allowing
enough time for ZIF-8 growth on the surfaces of the micro-
spheres and preventing potential degradation or dissolution of

This journal is © The Royal Society of Chemistry 2026
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the microspheres in methanol. Initially, composites with solid
microspheres were synthesised with a reaction time of 4.5
hours. SEM images of the ZIF-8@SMS_4.5hr composite show
the formation of rhombic dodecahedron shaped®® ZIF-8 parti-
cles <1 pm on the surface of the microspheres (Fig. S13).
Crucially, these images were taken post washing which
indicates that the ZIF-8 was robustly attached to the micro-
spheres’ surfaces; possible interactions include those between
zinc from ZIF-8 and the phosphate groups in the glass, which
have been observed previously in ZIF-8/PBG composites.'®

However, ZIF-8 agglomeration on the surfaces of the micro-
spheres suggests an overly long reaction time, resulting in
aggregation instead of uniform coating. The reaction time
was therefore reduced to two hours to minimise this prolific
growth, however SEM images of the SEM ZIF-8@SMS_2hr
composite display the same agglomeration (Fig. S14). The
reaction time was further reduced to alleviate these issues.
SEM images for the composite produced after one hour of
synthesis (Fig. 2) show successful coating of ZIF-§ on the
surface of the spheres, without agglomeration observed in the
2 and 4.5 hour samples (Fig. S13 and S14).

3.3. Evaluating reaction time for ZIF-8@porous microspheres
composites

The same reaction durations (1, 2 and 4.5 hours) were used to
synthesise the ZIF-8@porous microspheres composites. SEM
images of the resulting composites were analysed to determine
the optimum reaction time. Although 1 hour was sufficient for
ZIF-8 to grow on the surface and inside the pores of several
spheres for the ZIF-8@PMS_1hr composite, others show minimal
ZIF-8 coating (Fig. S15 and S16), which can be ascribed to the
increased surface area of the PMS sample relative to its solid
counterparts. Doubling the reaction time resulted in a more
homogenous ZIF-8 coating on the surfaces of the microspheres
(Fig. S17). However, SEM images of the ZIF-8@PMS_2hr

O
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composite show gaps in the ZIF-8 coating on the surfaces of
some of the spheres. SEM images of the ZIF-8@PMS_4.5hr
composite show improved coating of ZIF-8 on several of the
spheres, with minimal aggregation of ZIF-8 (Fig. 3).

Based on the SEM results, the ZIF-8@SMS_1hr and ZIF-
8@PMS_4.5hr composites were characterised further and eval-
uated under biologically relevant conditions (pH 7.4, 37 °C).

3.4. Composite characterisation

The ZIF-8@SMS_1hr and ZIF-8@PMS_4.5hr composites were
analysed by PXRD (including Pawley refinement), FTIR spectro-
scopy, DSC and TGA. Pawley refinements of the PXRD patterns of
the ZIF-8@SMS_1hr and ZIF-8@PMS_4.5hr composites (Table S2
and S3 and Fig. S18 and S19) show an amorphous background
from the microspheres and ZIF-8 peaks observed in the ZIF-8
control (Table S4 and Fig. S21). FTIR spectra of the composites
show bands corresponding to P40 glass with the presence of
additional, sharper bands from ZIF-8 (Fig. S20); for example the
characteristic C=N stretch of ZIF-8 is present at ~1583.1 cm™ " for
both composites. Bands in the ZIF-8@SMS_1hr spectrum at
1422.7 em™" and 1310.4 cm " are related to ring stretching of
the 2-methylimidazolate linker; the same bands are present at
1423 cm " and 1309.6 cm ' in the ZIF-8@PMS_4.5hr composite
spectrum. Additional bands in the ZIF-8@SMS_1hr composite
spectrum are present at 1146.5 em™’, 9942 cm™', and
758.9 em ™', ascribed to C-N stretching of the organic linkers.
These bands are also present in the ZIF-8@PMS_4.5hr composite
spectrum at similar wavenumbers (1146 cm ™', 993.4 cm ™, and
758.7 cm™ ').**?> Furthermore, sharper bands are also present in
the 600-800 cm ™" region in both composites, associated with C-H
stretching in ZIF-8. The presence of these sharper bands agrees
with the PXRD and SEM results, which both indicate successful
growth of ZIF-8 on the surfaces of porous and solid microspheres.

The thermal properties of the composites were assessed by
TGA (Fig. $22-S25) and DSC (Fig. $26-S28). TGA of the

Fig. 2 SEM images of the ZIF-8@SMS_1lhr composite. Three different spheres are shown in images (a) i, (b) i and (c) i. Images (a) ii, (b) ii and (c) ii
correspond to the same spheres in (a) and (b) and (c) but at higher magnification.

This journal is © The Royal Society of Chemistry 2026
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Fig. 3 SEM images of the ZIF-8@PMS_4.5hr composite showing three different spheres, (a) i (BSE imaging mode), (b) i (SE imaging mode) and (c) i (BSE
imaging mode). Images (a) ii, (b) ii and (c) ii correspond to the same spheres but at higher magnification. SE and BSE refer to secondary electron and

backscattered electron imaging modes.

ZIF-8@SMS_1hr and ZIF-8@PMS_4.5hr composites show Tys of
548 °C and 522 °C, close to the T4 (~514 °C) of pristine
ZIF-8, indicative of negligible difference in thermal stability
of ZIF-8 in the composites relative to pristine ZIF-8. From TGA
analysis of the ZIF-8 control, the amount of ZIF-8 coated onto
the microspheres’ surfaces was estimated to be 4.51 wt% and
4.54 wt% on the ZIF-8@SMS_1hr and ZIF-8@PMS_4.5hr com-
posites, respectively. The second DSC upscans of the ZIF-
8@SMS_1hr and ZIF-8@PMS_4.5hr composites display T,s at
452 °C and 447 °C, respectively, indicating preservation of P40
glass in the composites after synthesis.

3.5. Assessing suitability for biomedical applications

The potential suitability of ZIF-8@microsphere composites for
biomedical applications was assessed using water degradation
analysis, pH testing in phosphate-buffered saline (PBS) solution
(pH 7.4), dye uptake, and ion release studies. The effect of the
ZIF-8 coating was explored by comparing the ZIF-8@SMS_1hr
composite to the pristine SMS in the water degradation ana-
lyses and PBS studies.

3.5.1. Water degradation analyses. Dissolution profiles of
PBGs result in ion release (phosphate ions, Ca®*, Mg>* and Na*
etc...) which can be tailored for specific applications such as
degradable bone repair implants. Degradation rates are there-
fore crucial for controlled release of therapeutic agents®**” and
evaluating material suitability for scenarios such as bone repair
supports where the support must remain intact until new tissue
has formed.® Degradation rates of PBG microspheres can also
affect tissue response and excess release of ions can cause cell
death (cytotoxicity)."> A potential benefit of a ZIF-8 coating is
protecting the microspheres from fast degradation, which is
often associated with surface damage on glass implants, and
the release of glass fragments/particulates from degradation
can adversely affect cells in culture.™

Water degradation tests of SMS and ZIF-8@SMS_1hr com-
posite were carried out by immersion in ultra-pure water over
30 days at 37 °C (Experimental Methods). PXRD patterns of

J. Mater. Chem. B

both samples show the presence of calcite, CaCO; (CCDC
number 1865151)*° post-immersion (Fig. S29b), which can
grow on the surfaces of bioactive glasses when calcium ions
released from the glass degradation react with HCO; ™~ from the
dissolution of atmospheric CO,.*® These peaks are present in
lower relative intensity for the ZIF-8@SMS_1lhr composite
compared with pristine water-exposed SMS. There is an
absence of ZIF-8 Bragg peaks in the PXRD pattern of the ZIF-
8@SMS_1hr composite, suggesting ZIF-8 degradation, which
occurs in water at ambient conditions.*®

SEM images of the ZIF-8@SMS_1hr composite show that the
spheres remain intact, but surface cracks are evident after
30 days immersion (Fig. S30). Additionally, the morphology of
the ZIF-8 particles changed after immersion, with the originally
rhombic-dodecahedron shaped particles becoming rounded, sug-
gesting partial dissolution of the crystallites in the aqueous
medium. Degradation of ZIF-8 in water can be accompanied by
morphology changes of the crystallites.>® The ZIF-8 coating in this
study modifies the surfaces of the microspheres, where rougher
surfaces can potentially enhance cell adhesion*” and increase the
specific surface area of the material, which would be beneficial
for cell adhesion, nutrient transport, and protein binding."**°

Mass loss in water for the ZIF-8@SMS_1hr composite was
lower than that of the pristine solid microspheres after 30 days
(48% and 70% respectively, Fig. S29a and Table S5), likely
resulting from the ZIF-8 coating degrading initially, before
degradation of the solid microspheres. This is evidenced by
SEM images of the ZIF-8@SMS_1hr composite after water
degradation tests, which show morphological changes in the
ZIF-8 particles and appearance of cracks on the surfaces of the
microspheres (Fig. S30). Benefits of slower degradation of the
ZIF-8@SMS_1hr composite relative to SMS could include tai-
lored ion and drug release, depending on the targeted applica-
tion. Previous studies have demonstrated that the faster
degradation rates of P40 microspheres, relative to other PBG
microsphere formulations, are linked with potentially adverse
effects on tissue response,® and SEM studies have shown crack

This journal is © The Royal Society of Chemistry 2026
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formation and delamination on the surfaces of glass micro-
spheres, which can affect cell attachment and proliferation.®"*

3.5.2. PBS studies. PBS solution is widely used for biome-
dical and cell cultivation studies, primarily because its pH is
kept constant at 7.4 (physiological pH),?” and it has been used
to study the biodegradability of several MOFs such as UiO-67,
ZIF-7 and HKUST-1.*" Importantly, the drug release performance
of ZIF-8 is linked to its degradation under physiological condi-
tions, where changes in morphology and/or structural degrada-
tion can lead to different rates of drug release.**?” Previous
studies have confirmed the degradation of ZIF-8 in PBS at 37 °C,
where changes in particle morphology were observed.*®*” This is
associated with linker release and changes in Zn** coordination
environment, which can be catalysed by phosphate ions, such as
[HPO,]*", contained in PBS.*

The pH of a pristine ZIF-8 control, the solid microspheres,
and the ZIF-8@SMS_1hr composite was monitored at several
time points over an 8-day period. The solution of solid micro-
spheres shows minimal deviation from pH 7.4 over 8 days
(Fig. S31a), whereas the ZIF-8@SMS_1hr composite shows an
increase in pH from 7.4 to 8.7 over 8 days. For comparison,
pristine ZIF-8 immersed in PBS results in an increase in pH
from 8.4 to 9.5 over 8 days. SEM images of the ZIF-8@SMS_1hr
composite after eight days immersion in PBS shows morpho-
logical changes to the ZIF-8 coating, consistent with previous
studies on ZIF-8***” and is indicative of MOF dissolution. As
with immersion in ultra-pure water for 30 days, the micro-
spheres retain their spherical morphology and cracks are
evident when immersed in PBS for 8 days (Fig. S32); however,
their surfaces have been modified by ZIF-8 degradation.

PXRD analyses of the samples after immersion in PBS show
no changes to the pristine solid microsphere sample
(Fig. S31b), however, the ZIF-8 peaks in the ZIF-8@SMS_1hr
composite have disappeared almost entirely, except for a peak
at 26 ~ 7.5°. This result is consistent with degradation studies
of ZIF-8 in PBS at 37 °C which showed that the ZIF-8 (110) Bragg
peak at 20 = 7.34 ° decreased with incubation time in PBS over a
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24-hour period.’” This (110) Bragg peak is also absent after
30 days immersion in ultra-pure water (Fig. S31b). However,
ZIF-8 thombohedra particles are still visible on the surfaces of
the microspheres, indicating ZIF-8 presence post immersion,
but with a partially collapsed microstructure.

Overall, the changes in pH are consistent with SEM and
PXRD results showing degradation of ZIF-8 under biologically
relevant conditions and is in line with previous reports,*®3”
which could be useful for release of an encapsulated drug from
the pores of ZIF-8.*

3.5.3. Dye uptake. The direct use of therapeutic drugs often
suffers from poor drug stability, non-specific targeting,** and
undesired side effects arising from increased dosages. To
address this, studies have investigated the suitability of ZIF-8
as a drug delivery agent® for e.g. doxorubicin,** curcumin,*’
5-fluorouracil, and ibuprofen.?” Additionally, composites con-
taining ZIF-8 have been designed for drug loading and con-
trolled release.®*” Here, the dye methylene blue (MB) was used
as a proxy for drug molecules to assess the drug delivery
potential of the ZIF-8@SMS_1hr and ZIF-8@PMS_4.5 hr. MB
was selected because of its sharp peak in the visible region
(~660-668 nm) and reliable signal (Fig. 4).

The solid microspheres and ZIF-8@SMS_1hr composite dis-
play MB uptakes of 11.3% (0.56 ppm) and 16.5% (0.82 ppm),
respectively; the composite displays a 46% increase relative to
the SMS starting material (Table S6). The pristine porous
microspheres show an MB uptake of 18.7% (0.93 ppm) while
the ZIF-8@PMS_4.5hr composite exhibits an uptake up 24.6%
(1.23 ppm), an increase of 32% relative to the pristine porous
microspheres (Table S7).

Although the absolute values suggest only minor improve-
ments, the mass of ZIF-8 on the microspheres is low; approxi-
mately 4.51 wt% for the ZIF-8@SMS_1hr composite and
4.54 wt% for the ZIF-8@PMS_4.5hr composite, based on the
TGA results (Fig. S22-S25). Nonetheless, these data show that
coating the microspheres with ZIF-8 leads to an appreciable
increase in uptake, despite the small amount of ZIF-8 on their

——PMS
08] —— ZIF-8@PMs_4.5hr

Absorbance

T T T T T
300 400 500 600 700 800
Wavelength (nm)

Fig. 4 Methylene blue (MB) absorbance at 665 nm for MB solutions in contact (over a 24-hour period) with (a) SMS and the ZIF-8@SMS_1hr composite
and (b) PMS and the ZIF-8@PMS_4.5hr composite. Absorbances and calculated uptake can be found in the Supplementary information, Tables S6 and S7,

Fig. S33 and S34.
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surfaces. Additionally, increasing the reaction time for the PMS
composites could improve the uptake by producing a more
homogenous ZIF-8 coating with greater coverage on the micro-
sphere surfaces and within their pores.

3.5.4. Ion release studies in water. Ion release studies in
ultra-pure water were performed on the composites and micro-
spheres for phosphate anions and biologically active Na*, Mg>*
and Ca*, exploiting the fact that PBGs are fully resorbable in
aqueous environments. Additionally, the release of Zn>* ions,
which have demonstrable anti-inflammatory and antibacterial
activity, was assessed because potential bioactivity of ZIF-8 has
been linked to its porous structure and source of Zn>".** The
composites and pristine microspheres were immersed in ultra-
pure water at 37 °C and the ion release profiles were measured
using ICP-MS (Fig. 5).

The ion release of [Na] (32.1 £+ 1.1 ppm), [Mg] (22 + 0.6 ppm)
and [P] (80.8 £+ 2.4 ppm) from the pristine SMS sample is
similar to that reported after 7 days; the release of [Ca] deviates
from reported values (16.9 & 1.1 ppm).*® Discrepancies such as
lower ion concentrations on days 3 and 7 compared to some
studies for SMS and PMS samples ([Na] ~60-70 ppm, [P]
~125-190 ppm, [Mg] ~28-38 ppm after 7 days)'> were
observed for both SMS and PMS samples, likely because of
the different media, starting concentrations and conditions,
and dilution effect (see Experimental Methods).”

For all ions except Ca®>", which is released in a similar
amount after 7 days (16.9 £ 1.1 ppm and 15.9 + 1.1 ppm for
SMS and PMS, respectively), the pristine porous microspheres
released more ions than their solid counterparts, which was
expected because of the increased surface area exposed to the
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water media, a trend observed previously.” The release of Ca*"
from the SMS sample is slightly higher than the PMS sample,
which has also been observed previously.’

The ZIF-8@SMS_1hr composite releases lower concentrations
of Na*, Mg®", phosphate ions and Ca®" ([Na] 25.7 & 1.9 ppm, [Ca]
7.7 £ 0.5 ppm, [Mg] 16.3 £ 1.5 ppm, [P] 51.7 £ 4.2 ppm on day 7)
compared to pristine SMS (Fig. 5a-d and Fig. S35). These values
indicate a protective coating effect of the ZIF-8 particles on the
surfaces of the microspheres, which is attractive for applications
requiring slow ion/drug release and controlled degradation of the
microspheres. This effect is not evident for PMS or the ZIF-
8@PMS_4.5hr composite, where comparable concentrations of
Na*, Mg>" and phosphate ions are observed for both samples
(Fig. 5a—c) on days 1, 3, and 7 ([Na] 59.8 &+ 6.5 ppm, [Ca] 12.2 +
0.8 ppm, [Mg] 33.9 + 2.9 ppm, [P] 117.9 + 10.3 ppm on day 7 for
the ZIF-8@PMS_4.5hr composite). This effect likely results from
insufficient time for the ZIF-8 particles to coat the PMS sample,
which has a higher surface area relative to its solid counterpart,
and given a similar wt% of ZIF-8 is coated on the solid and porous
microspheres, less of the PMS surface is protected due to its
higher surface area. Moreover, the restricted pore connectivity of
the PMS could affect the ability of the MOF to grow efficiently
within the pores.

The release of Zn>" is higher for the ZIF-8@SMS_1hr compo-
site (13.6 &+ 0.3 ppm) compared to the ZIF-8@PMS_4.5hr com-
posite (6.9 & 1.1 ppm) on day 7 (Fig. 5e), again likely caused by
the more homogenous coating of ZIF-8 on the ZIF-8@SMS_1hr
composite relative to the ZIF-8@PMS_4.5hr composite. The
release of Zn>" ions are promising for introducing antimicrobial
activity to the microspheres, where the concentrations on day
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Fig. 5 lon release profiles and mass loss of the pristine microspheres and composites over a 7-day period, (a) [Na*], (b) IMg?*], (c) [Ca%*], (d) [P], (e) [Zn?*]
and (f) mass loss after 7 days. [P] refers to all ionic forms of phosphorus (e.g. [PO4*71, [HPO427], [H,PO47]) detected by ICP-MS.
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7 fall within the recommended Zn*" ion concentration of
between 0.65 and 16.25 ppm.*°

The mass loss (%) calculated for the SMS (6.7%) and ZIF-
8@SMS_1hr composite (8%) differs from the water degradation
studies (31% for SMS and 21.8% for the ZIF-8@SMS_1hr
composite on day 7); a plausible explanation is the different
sample concentrations used for the studies, because ZIF-8
degradation depends on ZIF-8 mass:water ratio.**>°

4. Conclusions

In this work, we describe the rapid one-pot growth of ZIF-8 on
solid and porous P40 glass microspheres. Water degradation
studies showed reduced mass loss of the ZIF-8@SMS_1hr compo-
site (48%) relative to SMS (70%) after 30 days, indicating potential
protective effects of the ZIF-8 coating. Immersion of the ZIF-
8@SMS_1hr composite and SMS in PBS (1x) solution led to an
increased pH of the PBS solution (from 7.4 to 8.6 over 8 days) and
PXRD and SEM images showed ZIF-8 degradation from the
surfaces of the microspheres. These findings align with the water
degradation results and suggest the potential of the ZIF-8@SMS
composite to deliver drug molecules via ZIF-8 degradation.

To evaluate drug-delivery potential, methylene blue uptake
was measured for the pristine microspheres and the ZIF-8
composites. The ZIF-8@SMS_1hr composite showed a 46%
increase in uptake (16.5% vs. 11.3% for SMS), while ZIF-
8@PMS_4.5hr exhibited a 32% increase (24.6% vs. 18.7% for
PMS). These results indicate that even low ZIF-8 loadings
(~4.5 wt%) significantly enhance dye uptake. Ion release studies
showed that the ZIF-8@SMS_1hr composite released less ions
(Mg?*, Na*, Ca®" and phosphate ions) than the pristine solid
microspheres after one week, indicating a protective effect of the
ZIF-8 coating on the surfaces of the microspheres. Additionally,
both the ZIF-8@SMS_1hr composite and ZIF-8@PMS_4.5hr com-
posites exhibited release of Zn** after 7 days immersion.

Future work will focus on optimising ZIF-8 loading and
evaluating drug encapsulation and release under physiologi-
cally relevant conditions. Through such efforts, ZIF-8-functio-
nalised glass microspheres may advance as versatile platforms
for therapeutic delivery and can be extended to other
phosphate-based glass materials with different morphologies
depending on the desired application, where the ease and
adaptability of the method can be exploited.
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