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Bioactive glass (BG)-polymer composites are promising materials for bone grafting in bone tissue
regeneration. BG provides rigidity and can initiate bone growth, whereas the polymer matrix provides
flexibility and biocompatibility. However, due to the complex composition of BG, incorporation into the
polymer matrix is difficult and often leads to unwanted porosity and low interface strength between both
components. In this study, we investigate the surface treatment of commercially available micronized
melt-derived BG with varying compositions (45S5 and 1393) to improve its incorporation into a poly(lactic-
co-glycolic acid) (PLGA) matrix by improving surface roughness, surface charge and active sites on the BG.
The surfaces of BG are modified by treatment in simulated body fluid (SBF) for 3 days prior to composite
production. This leads to the formation of carbonated hydroxyapatite on the surface of both BG types, as
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demonstrated by XRD, FTIR, XPS and EDX. This also leads to a change in surface texture and an increase in
specific surface area from initially 3 to 116 m? g™ and from 2 to 65 m? g™* for 4555 and 1393, respectively.
Subsequently, composite PLGA-BG microspheres are fabricated using a probe-ultrasonication assisted

DOI: 10.1039/d31f00273j
solid-in-oil-in-water emulsion method. Additionally, the surface interaction of bioactive glasses with PLGA
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Introduction

Bioactive glasses (BGs) are a special subclass of bio-ceramic
materials, as they are in an amorphous state with increased
solubility compared to crystalline materials. They are mostly
silicate-based, and in rarer cases, phosphate or borate-based.
Due to their high bioactivity, when introduced into the
human body, they release ions and develop a crystalline
carbonated hydroxyapatite (CHA) layer on the surface,
encouraging cell adhesion and facilitating bone bonding.
CHA is a naturally occurring mineral in bones that interacts
with bone cells or can be degraded by osteoclasts."?
Moreover, specific therapeutic ions like copper can be
incorporated into melt-quenched bioactive glass which can
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induce angiogenesis.® The most widely used bioactive glass is
Bioglass 45S5, developed by Larry L. Hench in 1969.* It was
the first human-made material to bond with bone tissues.
45S5 is a silica-based glass composed of 45 wt% SiO,, 24.5
wt% Na,O, 24.5 wt% CaO, and 6 wt% P,0s. However, 45S5
bioglass has two main drawbacks: i) the processing can be
challenging due to its low sinterability and high affinity for
recrystallization and ii) in an aqueous surrounding, sodium
ions (Na') are released in a burst, which leads to a local
increase in pH in the surrounding tissue and may have
cytotoxic effects.” Due to this, different glass compositions
have been developed since, such as 1393,° ICIE16 (ref. 7) and
others® with improved sinterability or reduced sodium
content. The expected reactivity of a glass is related to its
composition and network connectivity (NC). The NC of a glass
is dependent mostly on the number of network formers (in
the case of 45S5 and 1393 SiO, and P,Os, in the case of 1393,
possibly also MgO) vs. network modifiers. 45S5 is a bioactive
glass with a silicate NC of 2.11, while 1393 has a NC of 2.59.°
BGs are ideal for synthetic bone grafts as they easily bond
with bone tissue cells and have shown bonding to soft tissues.
To overcome their brittle nature, one approach to introduce
elasticity into scaffolds is to disperse glass particles in a matrix
of biologically compatible organic materials, such as polyesters,
chitosan, and alginates."® Due to their overall processability,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the resulting composites are of great interest for producing
tissue engineering scaffolds, as they are thermoplastic and can
be processed via a range of techniques, such as additive
manufacturing.'* More recently, composite powders have been
employed in laser-based powder bed additive manufacturing
(PBF-LB), with e.g., poly(i-lactic acid) (PLA)/CHA' or PLA/
hydroxyapatite microspheres.'® Another commonly used matrix
polyester is poly(lactic-co-glycolic acid) (PLGA), which is
biodegradable, has FDA approval and generally has a lower
melting point than pure PLA. The resulting composites would
be bioresorbable and bioactive.'* Specifically, powders made of
spherical PLGA composite microsphere particles with bioactive
glasses as fillers have great potential for many processes and
applications, such as PBF-LP."?

However, bioceramic/BG-polymer composites show low
interfacial bonding strength between the hydrophobic polymer
matrix and hydrophilic bioceramic particles,'® which can be
addressed by using surface functionalization." A common
functionalization is surface silanization of bioceramics."”

In our previous work, we investigated the incorporation of
45S5 bioactive glass into PLGA to produce composite powders
for PBF-LB of scaffold materials.'”> We observed that
employing 45S5 without prior silanization led to porous
PLGA microspheres without any incorporated BG.
Silanization with n-PTES led to successful adhesion of 45S5
particles to the PLGA microsphere surface, which allowed us
to produce composite powders with various 45S5 contents.

A less common functionalization with simulated body fluid
(SBF) was successfully employed by Qiu et al'® to produce
composite PLA/45S5 microspheres. Here the treatment of 4555
in SBF led to the formation of CHA on the surface which then
facilitated successful incorporation into the PLA matrix.

While 45S5 is the most bioactive glass with strong release
kinetics for different alkali and alkaline earth metal ions
(Na* and Ca®") and therefore with fast CHA formation on the
surface, other silica based bioactive glasses with variations in
alkali and alkaline earth metal content (such as 1393, ICIE16,
FO, FastOS) show slower release kinetics especially for Na"
and therefore slower change in pH. Hence, different bioactive
glass chemistries might have different effects on
incorporation. Conoscenti et al.'® investigated the properties
of composite PLA-BG scaffolds by a thermally induced phase
separation method with 45S5 and 1393 as inorganic fillers
and found that the presence of 45S5 altered the nucleation
rate and growth process of the porous PLA matrix. This effect
was not found in the presence of 1393. They related this to
the fast release of ions from 45S5 during the synthesis. In
addition, they found a significantly higher compressive
Young's modulus in the composite scaffolds with 1393-BG
compared to pure PLA and 45S5-BG containing composites.
This study shows that the glass composition and release
kinetics have a strong influence on the properties of the
composite material.

Yet to the best of our knowledge, the effect of SBF
treatment on the BG surface and the subsequent composite
powder production process has not been investigated.
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Therefore, in this study, we induce changes in the surface
composition and morphology of commercially available 4555
and 1393 BGs by treatment in simulated body fluid. We
hypothesize that surface modification of bioactive glass will
improve the incorporation into a PLGA matrix to produce
biodegradable composite microspheres.

Materials and methods
Materials

In this study, the following materials are used as purchased
without further purification: Bioglass® 45S5 (Schott Vitryxx,
Schott AG, Mainz, Germany, ds, = 1.95 um), bioactive glass
1393 (Schott, ds, = 3.15 um), poly(lactic-co-glycolic acid) (PLGA)
(Resomer® RG755S, Evonik), dichloromethane (DCM, Merck),
polyvinyl alcohol (PVA Mwt = 60k, Merck), sodium chloride
(NaCl, 95%, Roth), sodium hydrogen carbonate (NaHCOs;,
Merck), potassium chloride (KCI, Merck), potassium hydrogen
phosphate  (K,HPO,-3H,0, Roth), magnesium chloride
(MgCl,-6H,0, Carl Roth), hydrochloric acid (HCl, 37%, Alfa),
calcium chloride (CaCl,, Merck), sodium sulfate (Na,SO,,
Merck), and Tris buffer (C;H;;NOj3, AppliChem).

Methods

SBF modification of 45S5 and 1393. SBF solution was
prepared according to Kokubo et al,”® with 4585 and 1393
bioactive glasses each treated in SBF as follows: 0.75 g of
glass powder was treated in 300 ml of SBF solution in a
plastic container at 37 °C for three days under constant
stirring at 500 rpm. The modified bioactive glasses were
centrifuged three times with double-distilled deionized water,
followed by lyophilization for 24 hours.

Production of PLGA-bioactive glass (45S5 and 1393)
microspheres. Composite PLGA-BG microspheres
produced by a solid-in-oil-in-water (s/o/w) emulsion method,
as described previously in Karl et al.'®> To produce the water
phase, 3.0 g of PVA was dissolved in 1 L of double-distilled
deionized water at 80 °C for 24 hours under constant stirring
at 1000 rpm.

PLGA dissolved in dichloromethane (DCM) was employed as
the oil phase. For the solid-in-oil phase, 0.5 g of PLGA and 20
wt% of 45S5 and 1393 bioactive glasses (as received and SBF
modified) were added to 2.5 ml DCM in an airtight glass
container. The PLGA was dissolved under constant stirring using
a magnetic stirrer at 500 rpm at room temperature (~25 °C).

To produce an emulsion, the solid-in-oil mixture was
pipetted slowly into 80 ml of 0.3% PVA solution under
constant ultrasonication (20 kHz) for 5 minutes. The formed
emulsion was further subjected to constant stirring at 500
rpm for 4 hours at 22 °C with a magnetic stir bar to remove
the solvent DCM. The obtained composite microspheres were
washed three times using double-deionized distilled water in
a centrifuge. The washed composite microspheres were
freeze-dried for 24 hours to remove moisture and the
remaining solvent.

were
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Bioactive glass and composite microsphere characterization

Scanning electron microscopy (SEM)/energy dispersive
X-ray detection (EDX). The surface morphology of the as-
obtained and SBF-treated bioactive glass and PLGA-bioactive
glass composite microspheres was examined on a scanning
electron microscope coupled with an energy dispersive X-ray
detector (SEM/EDX, ZEISS LEO GEMINI 1530, Germany). For
this, the powder samples were fixed on conductive carbon
tape on a sample holder and sputter coated with gold for 60
s to improve surface conductivity. For EDX quantification of
the elemental composition, each sample was investigated by
“point and shoot”, meaning that the EDX spectrum was
determined at one specific point. This was conducted in six
different areas for each powder. From this, the elemental
composition's mean values and standard deviations in at%
were calculated. For the composite microsphere powders,
EDX mapping was performed to determine the distribution
of bioactive glass in the polymer matrix.

Surface roughness measurement. The change in surface
roughness on BG single particles was measured on a Phenom
XL scanning electron microscope (ThermoFisher Scientific,
Waltham, MA, USA). The samples were fixed on a metal stub
using double-sided conductive adhesive tape. The samples
were imaged in low vacuum mode at 0.1 Pa to prevent
charging. They were randomly scanned and photographed at
different magnifications, and 3-dimensional heat maps were
obtained.

Attenuated Fourier transform spectroscopy (ATR/FTIR).
The chemical composition of the bioactive glasses before and
after surface treatment was measured using Fourier
transform infrared spectroscopy (FTIR, Bruker EQUINOX 55,
USA) under air conditions in attenuated total reflection (ATR)
mode in the IR region from 4000-400 cm™".

Powder X-ray diffraction (PXRD). The phase composition
of the as-obtained and SBF-treated bioactive glasses was
determined using powder X-ray diffraction (PXRD) on a D8
diffractometer (Bruker, Germany) with Co-Ko radiation in
Bragg-Brentano mode with a scanning rate of 0.02.

X-ray  photoelectron  spectroscopy  (XPS).  X-ray
photoelectron spectroscopy (XPS) measurements were carried
out using a ThermoScientific K-Alpha+ X-ray photoelectron
spectrometer with Al Ko radiation, and C 1s (284.8 eV) was
used to calibrate the binding energies of the elements. All
the samples were analyzed using a micro-focused,
monochromatic Al Ko X-ray source (1486.68 eV; 400 pm spot
size). The analyzer had a pass energy of 200 eV (survey) and
50 eV (high-resolution spectra), respectively. The K-Alpha+
charge compensation system was employed at all
measurements to prevent any localized charge build-up
during analysis. The samples were mounted on conductive
carbon tape, and the resulting spectra were analyzed using
the Avantage software from ThermoScientific.

N, adsorption-desorption isotherms. The N, adsorption-
desorption isotherms of the asreceived and SBF-treated
bioactive glasses were analyzed in a Quadrasorb station
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(Quantachrome Instruments, USA) and determined by the
Brunauer, Emmett and Teller (BET) method. All the samples
were outgassed for 10 hours at 80 °C before the measurement.

Zeta potential. Changes in the surface potential of the
bioactive glasses were determined using a Zetasizer (Malvern
Instruments DTS 5200). For the measurement, 1.0 g of the
sample was dispersed in 20 ml of physiological saline solution
(9 g of NaCl in 1000 ml of deionized distilled water) and
sonicated for 5 minutes to ensure homogeneous dispersion. All
measurements were performed at neutral pH (7.4).

Particle size analysis (PSA). The particle size analysis (PSA)
of PLGA and PLGA-bioactive glass composite microspheres
were measured using a particle size analyzer (LS 13320,
Beckman Coulter, Germany). For a typical measurement,
particles were dispersed in water and sonicated for one minute.

Results and discussion

Chemical and physical analysis of bioactive glasses

PXRD showed that both as-delivered bioactive glasses (45S5
and 1393) were X-ray amorphous, as shown in Fig. 1(a). SBF
treatment for three days led to the formation of carbonated
hydroxyapatite (CHA; PDF19-0272) in both glasses. The

k —— 4585

— 1393
—— 4585-SBF
—— 1393-SBF

L~“"““““——~———~-—-__*‘

(a)

Intensity (-)

Cag(PO,), 5(CO3)o5(OH)

PDF 19-0272

| 11 ‘||| o L

15 20 25 30 35 40 45 50 55 60 65 70 75 80

2 Theta (°)
(b) —— 45S5 Si-0-Si (b)
i | Si-0-Si (s)
—— 45S5-SBF| . ;
siosit)) '\ giosi
—— 1393-SBF| | | i-0-Si (NBO) i
I I \‘\. siosip) 0 /l\
! ‘\, AN !

|
I
1
1
I
|
I
I

Absorbance (-)

T T T
1200 1000 800 600 400
Wavenumber (cm™)

T
1600 1400

Fig. 1 (a) PXRD patterns and (b) ATR-FTIR spectra of the as-received
and SBF-modified bioactive glasses.
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higher intensity of reflections assigned to CHA in SBF-treated
45S5 compared to SBF-treated 1393 could be due to the larger
amount of crystalline CHA in these samples, which in turn is
an indicator of the higher bioactivity of SBF-treated 45S5.
Fig. 1(b) shows the ATR-FTIR absorption bands for the as-
delivered and SBF-treated bioactive glasses 45S5 and 1393.
For the as-delivered BGs, absorption bands at 450 cm ™' and
910 cm™' were found, which can be assigned to symmetric
Si-O-Si vibration and non-bridging oxygen (NBO), formed
through the glass network modifier creating Si-O groups.
The broad absorption band at 1020 cm™" (Vassy» Si-O-Si) can
be assigned to the vibration of isolated [SiO,] tetrahedra.’
After 3 days of immersion of the bioactive glasses in SBF
solution, two absorption bands at 560 cm™ and 600 cm™
appear, which depict the bending mode of P-O-P bonds.
This indicates apatite formation on the surface of the
bioactive glasses. In addition, the shoulder at ~1230 cm™
shows the formation of new Si-O-Si bonds from
condensation of Si-OH groups. The appearance of this band
correlates with the decrease of NBO at 910 em™'. The small
band at 800 cm™ appears due to 3D silica structure (6 Si-O-
Si) development after 3 days of immersion."’

Elemental analysis by EDX, as shown in Fig. S1,i revealed
the presence of Ca, P, Na, and Si in 45S5 and Mg and K as
additional components in 1393, which is in agreement with
the elemental composition of the glasses determined by
Macon et al.*' In addition, the elemental composition of the
glasses after SBF treatment was measured as well. XPS survey
analysis also revealed the same as given in Fig. S2.}

The Ca/P atomic% ratio was determined by EDX analysis
(each measurement is the average of six different areas per
sample) and XPS, as shown in the values given in Table 1. It
is clear that the Ca content decreases and the P content
increases. Depending on the specific hydroxyapatite
formation, the expected Ca/P ratio should change to 1.67 or
2.0.>> In this study, XRD showed the formation of carbonated
hydroxyapatite (Fig. 1a), which has a Ca/P relationship of 2.0.
In addition, a decrease in Na content and an increase in P

Table 1 Peak fit table of Ca 2p and P 2p of the as-received and surface
modified bioactive glasses

Bioactive glasses Ca 2p P2p Binding energy (eV) Atomic%
45S5 Ca 2pz — 346.8 86.72
Ca2py, — 350.3 —
— P2p;, 132.5 13.28
— P2p,, 133.4 —
45S5-SBF Ca2p;, — 346.8 62.81
Ca2py, — 350.3 —
— P2p;, 1325 37.19
— P2p,, 133.4 —
1393 Ca2ps, — 346.9 85.43
Ca2piy, — 350.5 —
— P2p;, 132.7 14.57
— P2p,, 133.6 —
1393-SBF Ca2pz, — 346.9 58.99
Ca 2pyp — 350.5 —
— P2ps, 132.7 41.01
— P2p,, 133.6 —

© 2024 The Author(s). Published by the Royal Society of Chemistry
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content in both the bioactive glasses and a decrease in K in
1393 are visible in the EDX spectra, proving a change in the
surface elemental composition of the SBF-treated bioactive
glasses (Fig. S1 and Table S17). To take a deeper look into the
calcium and phosphate amounts on the surface of the as-
received and SBF-treated bioactive glasses, high-resolution
XPS analysis was conducted as shown in Fig. 2. All calcium
peaks (i.e., Ca 2ps,/2p1, doublet) can be assigned to Ca®".**
No significant peak shifts were observed after the surface
treatment with SBF. The increasing amount of phosphorus
(ie. [PO,J’") as mentioned in Table 1 on the surface is
attributed to the adsorption of phosphates from SBF solution
onto the bioactive glass surface.

The zeta potential of both bioactive glasses (45S5 and
1393) was determined to compare the change in the surface
charge of the as-delivered and SBF-treated bioactive glasses
(4585 and 1393). The zeta potential of the as-delivered glasses
at pH 7.4 is highly negative, as shown in Table 2 and shifts
to 3.7 + 2.7 mV after three days of SBF treatment for 1393
and 0.4 + 1.1 mV for 45S5 (zeta potential distribution is given
in Fig. S31). The surface reaction on the bioactive glass
rearranges the ions in the double layer and changes the
reaction dynamics at the glass-solution interface.”® The
electrical charge moves towards positive values due to the
accumulation of calcium ions on the surface of the bioactive
glasses. The selective combination of the OH charged
surface with the Ca*>" ions from the SBF solution occurs.>

This effect causes an overall positive charge on the surface
of the bioactive glass. However, in our case, the zeta potential
after SBF modification was more neutral and not extremely
positive due to the adsorption of PO,*>” from SBF solution
onto the surface of the glass over time which neutralizes with
Ca”* on the surface.

Surface texture analysis of untreated and SBF-treated BGs

Fig. 3 shows the scanning electron micrographs (SEM) and the
corresponding three-dimensional heat maps of single particles
of the as-received bioactive glasses and SBF-treated bioactive
glasses. The unmodified particles have a smooth surface with a
plate-like morphology. The SBF-treated glass particles show a
cauliflower-like morphology on the surface of the particles,
which leads to an apparent increase in surface roughness due to
the CHA formation on their surface. However, the quantification
of surface roughness values is not comparable due to the wide
particle size distribution, irregular shapes and also the presence
of small particles and agglomerates on the surface of these
glasses. N, gas adsorption-desorption isotherms were analyzed,
which depicted mesoporous growth of CHA on the surface of
the bioactive glasses; perhaps this can also be attributed to the
increase in surface roughness of glass particles (see
Fig. 3(e) and (f)).*® SBF-treated 4555 showed a higher volume of
gas adsorption than SBF-treated 1393, which is supported by the
change in the specific surface area (SSA) of the glasses after SBF
treatment. The higher SSA of SBF-treated 45S5 (116 m* g™") as
compared to that of SBF-treated 1393 (65 m?> g™') is also
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attributed to the higher CHA growth and inadvertently better
bioactivity of the 45S5 bioactive glass. As described previously,
45S5 has a silicate NC of 2.11, while 1393 has a NC of 2.59. A
lower NC value relates to a more open silica network, which
means higher solubility of the glass, which directly relates to
bioactivity. Since 1393 has a higher NC, ion release is slower, as
the silica network is stronger, and thus, the CHA growth is lower
than that of 4585 after 3 days of SBF treatment.>”

Characterization of PLGA microspheres and PLGA-BG
composite microspheres

PLGA microspheres and PLGA-bioactive glass composite
microparticles were fabricated by an ultrasonication-assisted
solid-in-oil-in-water ~emulsion method. Ultrasonication
induces vibrations which help to divide bigger oil droplets
into smaller ones. As a result, smaller microspheres can be
generated. The viscosity of the polymer solution, the water
phase to oil phase ratio and, most importantly, the energy
input in the form of ultrasonication play key roles in the
particle shape, size and yield. Therefore, particle size
distribution and scanning electron microscopy are important
to understand the shape and size of the produced
microspheres.

Pure PLGA microspheres produced were spherical as
shown in Fig. 4(a) having a particle size of 4.2 um (ds,) (see
Table 3). This small particle size is strongly related to
parameters during the emulsion process, such as the energy
input during emulsification, the polymer concentration in

Table 2 Composition of the as-received and surface-treated bioactive
glasses

Ca/P atomic% ratio

Bioactive Zeta potential
glasses EDX XPS + error (mvV)
45S5 5.9 6.53 -34.3 £ 1.7
45S5-SBF 2.19 1.68 04+1.1
1393 6.5 5.86 -28.8+4
1393-SBF 1.9 1.43 =3.7+2.7
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(a) Ca 2p and (b) P 2p high resolution XPS spectra of the as-received and SBF-modified bioactive glasses.

the oil phase and the oil-to-water-phase ratio.”® In our case,
we chose a high energy input by ultrasonication at 20 kHz,
compared to stirring at 490 rpm in our previous study, where
we produced pure PLGA microparticles with a ds, value of 40
um." The composite microspheres fabricated with the as-
received bioactive glasses showed poor incorporation of filler
particles (4555 and 1393) in the polymer matrix as depicted
in the SEM micrographs in Fig. 4(b) and (c¢). Unmodified
45S5 was not incorporated into the polymer matrix and led to
the formation of porous PLGA microspheres (Fig. 4(b)). In
the case of unmodified 1393, the SEM images showed larger
BG particles separated from the polymer matrix forming
agglomerated PLGA microspheres (Fig. 4(c)).

After SBF modification of both bioactive glasses, the filler
incorporation improved, as depicted in the SEM micrographs
in Fig. 4(d) and (e). In addition, some residual bioactive glass
particles which did not adhere to the surface can also be seen
as the composite powders were not sieved after drying.
Incorporation of SBF modified BG into composite
microspheres was investigated by SEM-EDX mapping,
Fig. 5(a) and (b). EDX mapping showed uniform distribution
of Ca and Si in the composite powder in the case of SBF-4555
PLGA and SBF-1393 PLGA.

From the present study, it can be observed that when
weak interaction between the filler and polymer matrix
occurs, the polymer microspheres desorb from the interface
and get separated, ruptured, or punctured during desorption
from the glass. On the other hand, when there is a strong
interaction between the filler and the polymer matrix, the
spherical geometry of the composite microspheres is
compromised to maintain the interfacial area.** The uniform
and narrow particle size distribution of the composite (as
shown in Fig. S41) microspheres of the SBF-modified
bioactive glasses with PLGA also supports good adsorption of
the filler with the polymer matrix. For SBF-45S5 PLGA
microspheres, 50% of the particles are less than 46.4 pm and
for SBF-1393 PLGA, the ds5, value is 9.9 um. This size will
likely be influenced by changes in the emulsion synthesis
parameters, such as lower energy input or changes to the
polymer concentration.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 SEM images and corresponding heat maps showing the surface roughness on glass particles as a result of the carbonated hydroxyapatite
growth after immersion in SBF solution. This also contributes to the increase in BET-SSA (m? g™} of the following glasses (a) 4555 (SEM
magnification: 9500x, heat map field of view: 37.92 um), (b) 4555-SBF (SEM magnification: 10 000%, heat map field of view: 29.19 um), (c) 1393
(SEM magnification: 7100x%, heat map field of view: 41.166 um) and (d) 1393-SBF (SEM magnification: 11 000x, heat map field of view: 30.37 um). (e)
and (f) N, adsorption-desorption isotherms of the as-received and SBF-modified bioactive glasses.

Surface interaction between bioactive
glass and PLGA

A single composite microsphere with SBF-modified bioactive
glass as shown in Fig. 6 depicts that bioactive glass particles
have been adsorbed on the surface of the PLGA matrix. In
our previous research, we compared PLGA-BG composite
microspheres  fabricated with the as-received BG,
n-propyltriethoxysilane (PTES) treated BG, milled BG and
n-PTES + milled BG. The results showed that composites with
milled n-PTES coated BG did not show any obvious porosity,
and milling and surface-treatment of the BG particles led to
adhesion to the surface of the polymer microparticles."®
Thereby, it was the best-suited feedstock for laser powder bed
fusion additive manufacturing (LB-PBF).® As a result, this
shows that it is essential to modify the surface of bioactive
glass irrespective of its composition to improve its
incorporation in the polymer matrix during composite
microsphere production in the solid-in-oil-in-water emulsion
process. The polymer interaction with flat surfaces was
subjected to intensive experimental and theoretical studies.**
However, very little research is available on polymer
interaction with complex interfaces. Regarding bioactive glass

© 2024 The Author(s). Published by the Royal Society of Chemistry

substrates, Blaker et al.®" investigated the surface wetting of

bioactive glasses with biodegradable copolymers like PLGA
and PDLLA but in a melt state. The biological interaction and
bone growth behavior of bioactive glasses and their polymer
composites have been established and proven again with
extensive  studies.®*** Nevertheless, the fundamental
chemical and physical interaction between copolymers like
PLGA and complex composition materials like bioactive
glasses during the emulsion process has not been discussed
before. Neuendorf et al®* explored the adhesion between
various FDA approved biodegradable polymers like poly(r-
lactide),  poly(p-lactide),  poly(pbi-lactide), 75/25  PDL/
polyglycolide, ~ 50/50  PDL/polyglycolide ~ and  poly(e-
caprolactone) with hydroxyapatite. They concluded that the
interactions between polymers and ceramics are controlled
by purely physical interactions. In addition, Yan et al*
fabricated PLA-nano hydroxyapatite composite microspheres.
With support from FTIR analysis, they claimed that the
interaction between PLA and nano-hydroxyapatite was purely
physical and not chemical, as no ionic interaction between
Ca”" and the carboxyl group (-COOH) occurred. In contrast,
Hu et al>® claimed, based on FTIR results, that there was
ionic bonding between the positive calcium ions and negative
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Fig. 4 SEM micrographs of (a) PLGA (500x; inset Mag: 1kx), (b) 45S5-PLGA (Mag: 770x; inset Mag: 3600x), (c) 1393-PLGA (Mag: 770x; inset: Mag:
3700x), (d) 45S5 SBF-PLGA (Mag: 200x; inset Mag: 2kx) and (e) 1393 SBF-PLGA (Mag: 2kx; inset Mag: 10kx).

carboxyl ions during the fabrication of PLGA-hydroxyapatite
composite microspheres, whereas Zhou et al*” showed the
existence of hydrogen bonding in the PDLLA/nano HAP
composite.

754 | RSC Appl. Interfaces, 2024,1, 748-758

However, in our opinion, the detection of ionic interaction
between the filler and the matrix in composites by FTIR
analysis is unreliable, and firm claims cannot be made apart
from hypothetical assumptions. Recently, Ekanem et al.’®

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Particle size of different microspheres

Microparticle type dyp (um) dso (Lm) doo (Um)
PLGA 1.7 4.2 8.2
45S55-PLGA 4.1 20.7 62.2
45S5 SBF-PLGA 13.1 46.4 104.6
1393-PLGA 1.7 5.9 188.6
1393 SBF-PLGA 3.9 9.9 25.3

hypothesized that the polymer solution's adsorption in
carbonate rocks is due to the electrostatic interaction
between the calcite surface and polymer solution. The
adsorption of a polymer solution also depends on
mechanical entrapment on the surface of a substrate due to
the presence of nano-porosity or surface roughness.

Our study proposes that the as-received bioactive glasses
with low specific surface area show poor polymer wetting and
entanglement during solid-in-oil-in-water emulsion. The
hydrophilicity of the bioactive glasses pushes the BG particles
outside of the polymer microspheres toward the continuous
water based PVA phase leading to poor incorporation of
bioactive glass particles into the polymer matrix during the
ultrasonication-assisted emulsion process. Thus, the porous
morphology of the composite microspheres is formed in the
case of 4555-PLGA and bioactive glass separated from the PLGA
matrix is observed in 1393-PLGA microspheres, as shown in
Fig. 4(b) and (c). When PLGA is dissolved in DCM, various
surface interactions between the bioactive glass and polymeric
chains could take place. It is hypothesized that due to the
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Fig. 6 Proposed electrostatic and physical interaction between the
surface-treated bioactive glasses and PLGA matrix.

increase in specific surface area, which is contributed by an
apparent increase in surface roughness and mesoporous type
growth of CHA on the bioactive glass powders after SBF
treatment, the polymer solution might have more area to
diffuse and adsorb on the glass particle surface, which leads to
strong physical entanglement between the polymer and surface
modified filler particles as shown in Fig. 6, hence, leading to
improved incorporation of the filler into the polymer matrix.
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Fig. 5 EDX mapping of (a) SBF-45S5 PLGA (magnification 500x) and (b) SBF-1393 PLGA (magnification 2500x).
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Our second hypothesis suggests that through SBF
treatment, precipitated Ca*>" ions on the surface of bioactive
glass might form ionic bonding with the carbonyl group
present in PLGA, which also leads to strong electrostatic
interaction; in addition, hydrogen bonding could also be
achieved between P-OH and C=O0, as shown in Fig. 6. This
could contribute to better wetting of the polymeric solution
with the modified glass surface. This might also be the
reason for strongly agglomerated composite microspheres as
shown in the inset of Fig. 4(d) and (e). This crystalline
bioactive CHA layer formation on the bioactive glass could
potentially improve the attachment of the bioactive glass
particles onto the amorphous PLGA matrix as compared to
the unmodified amorphous bioactive glass.

Conclusion and future work

In this work, we have shown the effects of SBF treatment of
bioactive glasses on the surface properties of these powders.
We could show that this treatment led to an increase in
surface roughness and active bonding sites on nonporous
melt-derived commercial bioactive glass powder particles
(45S5 and 1393 in our case), which was shown to be helpful
for improved incorporation of glasses in a polymer matrix
during the emulsion process for composite powder
fabrication. Due to the extremely low specific surface area of
the melt-derived bioactive glasses, instead of using
commonly exploited silane coupling agents,*® slight nano-
crystalline growth in SBF solution can activate the surface of
bioactive glasses in the form of CHA precipitation to allow
physicochemical interaction with the polymer matrix. In
addition, SBF surface treatment acts as an environmentally
friendly and easy alternative as well. In our future work, we
plan to study the wetting behavior and adsorption of
polyesters like PLGA and their derivatives onto different
silicate-based bioactive glasses,’® bioactive borate glasses,"!
mesoporous bioactive glasses*> and also silica with controlled
porosity like COK12.*> The study of interaction with bio-
resorbable polyesters with different chemical compositions of
bioactive glasses having controlled porous structures can
help improve composite fabrication for tissue engineering.
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