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Abstract

In vitro dynamic dissolution of bioactive glass S53P4 particles was studied in a cascade of three reactors. Tris buffer (pH
7.40) and lactic acid (pH 2.00) with flow rates of 0.2 and 0.04 ml/min were fed through the reactors for 24 h. The increased
ion concentrations in Tris inflows to the second and third reactors decreased the dissolution of the particles. However, the
normalised surface-specific mass loss rate decreased from the first to the third reactor and with decreasing flow rate. No dis-
tinct differences were observed in the reaction layers on the particles in the three consecutive reactors. This implied that the
ions released in the previous reactors contributed to the reaction layers formed in the following reactors. Highly incongruent
dissolution with similar dissolution rates of sodium, calcium, and phosphorus occurred with the two flow rates in lactic acid.
Although a thick silica-rich layer formed on the particles, the low pH prevented calcium phosphate layer precipitation. The
results imply that S53P4 particles in an implant react at different rates depending on their location but form similar reaction
layer morphologies independent of their location in physiological solutions (pH 7.4). On the other hand, S53P4 particles
exposed to acidic solutions with a pH <5 likely dissolve incongruently, leaving a slowly dissolving Si-rich layer. In such
an environment, the dissolution rates of Na, Ca, and P are independent of the location of the S53P4 particle in the implant.
Thus, the pH and fluid flow are critical factors for the dissolution of S53P4 bioactive glass particles.

Keywords Bioactive glass - In vitro - Biomaterial - Dissolution behaviour - Dynamic - Cascade reactor - Tris-buffer - Lactic
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Introduction

Bioactive glasses dissolve and react to form surface lay-
ers when in contact with aqueous solutions [1]. Since
their discovery in the 1960s, bioactive glasses have been
studied in many sample forms and various aqueous envi-
ronments [2]. Today, two bioactive glasses, 45S5 (in wt%
458i0,-24.5Ca0-24.5Na,0-6P,05) [3] and S53P4 (in wt%
53Si0,-20Ca0-23Na,0-4P,05) [4] are clinically used
chiefly as filler materials for bone cavities [5]. Bioactive
glasses’ low silica content indicates lower chemical dura-
bility than conventional soda—lime-silica glasses [6]. For
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example, the low durability provides antibacterial properties
in vivo due to a rapid exchange of alkali and alkaline earth
ions in the glass surface with hydrogen ions in the surround-
ing solution [7].

The reactions between the bioactive glass and surround-
ing solution begin with the rapid ion exchange reaction. In
this reaction, hydrogen ions (H") in the solution form silanol
groups (Si—OH) on the glass surface. Phosphate ions (PO43_)
are also released into the surrounding solution in the ini-
tial steps. The decreased H* concentration, and thus, the
increased pH and hydroxyl ion (OH™) concentration, lead
to the breaking of silicon—oxygen bonds in the glass net-
work. Accordingly, the concentration of dissolved Si spe-
cies [Si(OH),] in the solution increases. Then, the insolu-
ble Si—OH at the surface condensates and repolymerises to
a silica-rich layer. Ca** and PO,*" ions migrate from the
bulk glass to the surface and, together with ions from the
solutions, precipitate into an amorphous CaO-P,Os layer.
After reacting with carbonate, this layer crystallises into
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carbonated hydroxyapatite and provides bonding to the bone
apatite. [3, 8]

The reaction steps above are often studied in vitro with
simplified solutions mimicking the extracellular body fluid
[9, 10]. Conventional in vitro experiments are usually con-
ducted by immersing the bioactive glass sample in static
solutions and studying its reactions as functions of time [11].
Circulating the immersion solution has been suggested to
mimic the dynamic human body [12]. The environment has
been created by replenishing static solutions [13, 14], cir-
culating the solution above a particle bed [15], or introduc-
ing a single-pass flow-through setup where an as-prepared
solution is continuously fed through the sample [16]. The
dynamic in vitro environment is assumed to provide a homo-
geneous environment, typically seen as more uniform reac-
tion layers on the particle surfaces than in static solutions.
Most experiments utilising fluid circulation have been con-
ducted with a fixed flow rate.

The flow rate in bones depends on the diameter and
length of the vessels, as well as the differences in the pres-
sure and viscosity of blood [17]. Also, location in the body
and the patient’s age and health affect the blood flow in
the bones [18]. Measuring the exact flow rates inside the
bones is challenging, and non-invasive methods for precise
measurements are needed. Thus, only estimations based on
measuring the flow rate in vessels surrounding the bones
are available [19]. One study suggests an intraosseous blood
flow rate of 5-20 ml/min per 100 g of bone [20]. In vitro
studies in a dynamic environment showed that the reaction
behaviour of bioactive glasses markedly varied with the flow
rate. During the first 20 min of dynamic dissolution, slower
flow rates released ions from the bioactive glass 1-98 (in
wt% 53Si0,—-22Ca0-6Na,0-2P,05-11K,0-5MgO-1B,05)
in a more considerable extent than a faster flow [16]. For
bioactive glass S53P4, the pH in the dynamic solution out-
flow was consistently higher for slower flow rates compared
to faster flow rates [21].

The pH highly affects the reactions of bioactive glasses
[22]. Most in vitro studies are conducted at a physiological
pH of 7.40. However, the local pH around bone infections
can be lower, around 5.5-6.7 [23]. Such an environment
might build up when bioactive glasses are used to treat,
e.g. osteomyelitis in long bones [24-26]. Even though the
pH of solutions in contact with bioactive glasses seldom
decreases below 5, a reduced local acidic environment may
occasionally occur [27]. Additionally, bioactive glasses are
used in the oral cavity as dental implants [28], where acidic
drinks, e.g. lemon juice and soft drinks, might give a local
environment with a pH below 3 [29]. Also, bioactive glass
and polylactic acid (PLA) composites have been studied
in vitro and in vivo for possible bone replacement [30]. The
PLA degrades in body solutions to lactic acid (LA) through
hydrolysis [31]. The impact of PLA degradation products

@ Springer

on the bioactive glass dissolution in composites is not fully
understood. However, initial studies on bioactive glass dis-
solution in LA suggested that immersed bioactive glass
plates gradually turn into silica-rich samples [32]. At the
same time, alkali and alkaline ion concentrations increased
in static and dynamic solutions [32, 33]. Thus, further stud-
ies in LA environments are vital for understanding the glass/
solution behaviour in challenging environments and the role
of the silica-rich layer as a nucleation site for Ca and P [34].

The dissolution of the bioactive glasses 4555 and S53P4
in a dynamic environment [35, 36] suggested that the com-
bination of an increased pH, concentrations of released ions,
and reaction layers at the glass surface affected but did not
wholly hinder further dissolution. Additional in vitro test
parameters would increase the utilisation of results in, for
example, modelling. Most studies discussing ions dissolv-
ing from bioactive glasses focus on the biological and cel-
lular effects. Dissolution products from bioactive glass 45S5
increased osteoblast proliferation, leading to increased bone
regeneration [37]. In vitro cell culture studies suggested min-
eralised human adipose stem cells due to dissolution prod-
ucts from an experimental bioactive glass [38]. The disso-
lution products from bioactive glass S53P4 promoted fast
calcium phosphate (Ca/P) mineralisation in an osteogenic
medium [39]. However, estimating the interactions of bioac-
tive glasses with cellular processes in the dynamic environ-
ment calls for an enhanced understanding of the impact of
fluid flow on ion release.

This study compares the impact of the local fluid environ-
ment on the dissolution reactions of bioactive glass S53P4
particles at the physiological pH of 7.40 (Tris buffer) and an
acidic solution at pH 2.00 (lactic acid). The solutions were
fed through the glass particles in three reactors coupled in a
series using two flow rates, 0.04 and 0.2 ml/min. The results
provide novel information on the impact of differences in
interfacial conditions on the reaction behaviour of bioactive
glass particles.

Materials and Methods
Bioactive Glass Particles

Bioactive glass S53P4 was melted in-house from quartz sand
(SiO,) and analytical grade reagents [CaCO;, Na,CO;, and
CaHPO,-2(H,0)] at 1360 °C in an electric furnace for 3 h.
The melt was cast to a bar in a graphite mould, annealed for
1 h at 520 °C and then cooled to room temperature over-
night. The bar was crushed, remelted, and annealed for
homogeneity. Then, the glass was crushed with a ring and
puck mill. The glass particles were sieved to a size range
of 300-500 um. The particles were cleaned with acetone
in an ultrasound bath to remove the powder attached to the
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surfaces. Fine powder dissolving rapidly or transported by
the fluid flow through the reactor filter would challenge the
accuracy and interpretation of the dissolution mechanisms.

The crushed and cleaned particles were stored in a plas-
tic bag in a desiccator until further use. The particle size
distribution (Malvern Panalytical Mastersized 3000) and an
SEM image (scanning electron microscope; Leo Gemini,
Carl Zeiss) of the crushed and cleaned particles are shown
in Fig. 1. The elongated particles passed through the 500 um
sieve and increased the size distribution beyond the range,
as seen by the curve and SEM image. The measured surface
area moment mean (D[2,3]) was 493 um, and the volume
moment mean (D[3,4]) was 526 um. The size fraction’s spe-
cific surface area (SSA) was 4.686 mzlkg.

In Vitro Solutions

This work studied the ion release from S53P4 into Tris
buffer (Tris) and lactic acid (LA). Tris buffer was used as a
reference for dissolution into a simplified medium. For 1 1
of Tris buffer, 6.057 g of tris(hydroxymethyl)aminomethane
(Fisher Chemical) was dissolved in 900 ml of purified water
(ELGA Veolia). The temperature of the solution mixture was
increased to 37 °C in a water bath before adjusting the pH
with 1 M HCl to 7.40. LA enabled estimating the impact of
an acidic dynamic environment on bioactive glass dissolu-
tion. 0.4 M lactic acid was prepared by adding 35 ml of 85%
pL-lactic acid (Sigma) to 965 ml of purified water to give a
solution pH of 2.00.

Dissolution Study
Dissolution Setup

The setups for the continuous flow-through reactors have
been described elsewhere [16, 35]. One, two, or three poly-
propylene reactors were coupled in a series to a cascade
reactor to allow the analysis of the outflows from each reac-
tor combination and particles in each reactor. 210 +5 mg of
S53P4 particles were placed in each reactor, and the solution

Fig. 1 Size distribution of 565
S53P4 particles crushed and
sieved to 300-500 pm size
range (left) and SEM image of
crushed and cleaned particles
(right)
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was fed through them with 0.04 or 0.2 ml/min using a peri-
staltic pump (Ismatec IPC High Precision Multichannel
Pump). The lower flow rate was chosen to fit into the sug-
gested flow rate of 5-20 ml/min per 100 g of bone [20],
whilst the faster flow rate has been used in our previous stud-
ies. The pump was connected to the solutions and reactors
with thin thermoplastic tubes (Tygon®). The solutions and
reactors were kept in a 37 °C water bath during the dissolu-
tion. For the flow rate of 0.04 ml/min, the solution outflow
was collected for 1 h (2.4 ml) every hour for up to 8 h and
then at hour 24. For the solution flow rate of 0.2 ml/min,
the solution outflow was collected for 20 min (4 ml), every
20 min for the first hour, then every other hour for up to 8 h,
and finally, at hour 24. The measured values are given for the
endpoint of each solution collection. Parallel static experi-
ments were also conducted as a control using 210+ 5 mg of
S53P4 particles immersed in 30 ml Tris and LA in a 100 rpm
shaking incubator (Stuart Orbital Incubator SI5S00) at 37 °C.
At 24 h, the reactions were stopped by washing with ethanol,
followed by drying the particles overnight at 40 °C. Each
experiment was done in triplicates.

Solution pH

The pH meter (VWR, pHenomenal pH 1100 L) was cali-
brated with standardised buffer solutions (4.01 and 7.00,
VWR). The pH measurements were conducted directly
in a water bath directly after the solution collection. Each
reported value is an average of three parallel measurements.
The pH of the static solutions was measured from the super-
natants as close to the particles as possible without the elec-
trode touching the particle beds at 2, 4, 6, 8, and 24 h. The
pH of the reference solutions was measured before and after
each experiment.

lon Release
The ion concentrations were measured with inductively

coupled plasma-optical emission spectrometry (ICP-
OES, Optima 5300 DV; Perkin Elmer). Three parallel
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samples from each time point were analysed 3-5 times.
The ICP-OES was calibrated with 1, 5, and 20 ppm of Si,
Ca, Na, and P (Spectrascan) between every 60 samples.
The reported results are background corrected accord-
ingly. The limit of quantification and wavelengths were
Si=0.04 ppm; 251.622 nm, Ca=0.003 ppm; 317.933 nm,
Na=0.2 ppm; 589.592 nm, and P=0.03 ppm;
213.617 nm.

Normalised Surface-Specific Mass Loss

The measured ion concentrations were converted into
normalised surface-specific mass loss rate according to

Eq. (1) [16]:

i)

where C; is the concentration of element i (mg/l), f; is the
mass fraction of element i in the glass, SA is the initial total
surface area of the glass particles (m?), and F is the flow
rate of the solution (m>/s). Equation (1) gives the normal-
ised surface-specific mass loss rate (NR;) for element i at a
desired time point (g m~2 s~!). The initial total surface area
was calculated from the analysed specific surface area (4.686
m?/kg) and the initial mass of bioactive glass particles. NR;
was calculated for each element for the bioactive glass dis-
solution to the two solutions at the two flow rates.

Reaction Layers

After the dissolution, the glass particles were cast in epoxy
resin for analysis with a scanning electron microscope cou-
pled to an energy-dispersive X-ray (EDX; Thermo Scien-
tific UltraDry, Thermo Scientific). The embed particles
were ground and polished with ethanol and abrasive paper
to reveal the cross-sections.

Results
Solution pH

Figure 2 shows the pH of Tris and LA in the dynamic and
static experiments as functions of time. The results for the
experiments using 0.2 ml/min Tris and static Tris have been
reported earlier [36, 40]. The pH graphs do not include
deviations of the parallel measurements as most were
below +0.05 pH units, with a maximum deviation of +0.12.
The pH increased during the first hour and then gradually
decreased towards the values before dissolution.

For both solutions, the highest pH was measured after
three reactors at 1 h for the flow rate of 0.04 ml/min. The
pH was consistently higher in the slower flow than in the
faster one. In each experiment, the pH of Tris was within
the solution’s buffering capacity range. In contrast, the pH
of the static solutions increased slowly during the immer-
sion. At 24 h in Tris, the pH of the static solution was the
same as after one reactor in the cascade reactors for both

1 reactor 2 reactors 3 reactors
8.5 ) 8.5 85
g3 ——0.04 ml/min g3 g3
’ ——0.2 ml/min ’ ’
8.1 --Static 8.1 8.1 +
“ 579 L7.9
= 7.7 7.7
7.5 75 +
7.3 7.3 f } } t
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
Time (h) Time (h) Time (h)
4.4
3.9
T 34
< 29
24 4
_
19 ¢ } 1.9 ¥ } } f f
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Fig.2 Change of pH in the outflow of dynamic and static 0.05 M Tris (pH 7.4) and 0.4 M lactic acid (pH 2.00) with an increasing number of
reactors horizontally. Static and 0.2 ml/min Tris are from results reported elsewhere [36, 40]
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flow rates. In contrast, the pH of the static LA corresponded
to the value after three reactors for the 0.04 ml/min flow
rate at 24 h.

lon Release

Tables 1 (Tris) and 2 (LA) show the average ion concen-
trations (mg/l) in the outflows measured with ICP-OES.
Also, results in Tris using the flow rate of 0.2 ml/min are
included [36]. The ion concentrations at 24 h static experi-
ments in Tris [40] and LA are marked in the table using the
symbol 24S. The highest deviations (+ 13 mg/l Na in Tris,
and +200 mg/l Ca in LA) were measured for the slowest
flow rate and at the first measurement points. The devia-
tions are omitted from the table for clarity. The significant
difference in the solution volume fed through the reactors
using the two flow rates explains the concentration differ-
ences between the two flow rates at each time point. The
total solution volumes consumed during the 24 h were 57.6
and 288 ml for the flow rates of 0.04 and 0.2 ml/min, respec-
tively. Although the concentrations of released ions into Tris
increased with the number of reactors, the relative increases
in the second and third reactors were markedly less than in
the first reactor. In contrast, the dissolved ion concentrations
in LA increased after each reactor equally.

Reaction Layers

SEM-EDXA of particles reacted for 24 h in 0.2 and
0.04 ml/min Tris are shown in Fig. 3. Si concentration
increased in all reactors from the bulk glass towards the
glass surface. Increased Ca and P concentrations at the
outermost surfaces suggested calcium phosphate (Ca/P)
precipitation. However, no pure Ca/P was analysed on
particles from any reactor, as silicon was also present in
the outer layer. The reaction layers developed similarly on
the particles in both flow rates. However, the precipitated
Ca/P layer was slightly thicker at the 0.2 ml/min flow rate.
Also, the silica-rich layer was thicker on the third reactor
particles in the faster flow.

Figure 4 shows SEM micrographs and line analyses of
cross-sections of particles after 24 h of continuous LA
flow. Contrary to Tris, an almost pure silica-rich layer had
formed on the particle surfaces. No distinct difference was
observed between the thickness of the layers when com-
paring the reactor number or flow rate.

Figure 5 shows SEM images of particles from experi-
ments in static and dynamic 0.04 ml/min LA for 24 h. A
more even silica-rich layer had formed on particles in the
dynamic than in the static system. The formed layer was
also thicker on the particles in the dynamic fluid flow.

Table 1 Measured ion concentrations (mg/l) in 0.05 M Tris outflows after 1, 2, or 3 reactors for 0.2 ml/min [36] and 0.04 ml/min, n/fa= <LOQ

Si Ca

0.2 ml/min 0.04 ml/min 0.2 ml/min 0.04 ml/min
h 1 2 3 1 2 3 1 2 3 1 2 3
1 68 80 95 83 106 126 92 123 155 162 204 223
2 70 78 82 82 91 95 83 108 131 128 178 189
4 67 73 78 78 81 83 68 93 118 114 144 151
6 63 69 74 75 77 80 57 79 107 106 130 144
8 61 66 69 70 74 76 47 64 86 89 116 128
24 53 59 62 55 65 70 30 39 51 43 71 84
24S 12 19

Na P

0.2 ml/min 0.04 ml/min 0.2 ml/min 0.04 ml/min
h 1 2 3 1 2 3 1 2 3 1 2 3
1 119 165 205 212 305 365 8.8 8.4 11 10 4.8 2.8
2 109 156 192 176 246 277 7.7 4.5 3.8 4.7 5.5 5.2
4 89 133 178 167 211 232 6.9 4.8 2.8 1.2 n/a 0.4
6 73 110 164 154 203 219 6.0 49 2.8 1.6 0.6 0.6
8 59 88 125 130 177 195 53 4.8 3.9 2.1 0.9 0.8
24 37 48 65 55 100 123 4.1 4.6 5.4 3.6 3.1 2.0
248 31 0.5

248 gives the concentration after 24 h of static dissolution in Tris [40]
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Table 2 Measured ion concentrations (mg/l) in the outflow of 0.4 M lactic acid after 1, 2, or 3 reactors for 0.2 ml/min and 0.04 ml/min

Si Ca

0.2 ml/min 0.04 ml/min 0.2 ml/min 0.04 ml/min
h 1 2 3 1 2 3 1 2 3 1 2 3
1 2.2 4.4 6.4 15.8 31.7 48.6 211 409 582 1489 2640 3627
2 2.1 4.3 5.8 10.4 19.9 30.6 138 283 399 863 1659 2475
4 2.2 4.3 6.2 9.9 18.4 26.8 103 206 296 585 1131 1673
6 2.5 4.6 6.5 10.2 18.7 26.5 86 169 248 469 909 1314
8 2.8 4.8 6.9 10.8 19.9 26.7 71 143 209 402 809 1142
24 3.8 6.8 9.8 16.0 25.4 34.1 32 64 91 171 330 512
248 3.2 154

Na P

0.2 ml/min 0.04 ml/min 0.2 ml/min 0.04 ml/min
h 1 2 3 1 2 3 1 2 3 1 2 3
1 233 456 654 1625 2869 3963 25 49 71 187 319 449
2 152 316 446 932 1760 2614 16 35 48 109 226 338
4 112 231 334 630 1201 1771 12 25 37 74 142 210
6 94 190 278 504 981 1439 10 21 31 59 114 168
8 79 162 234 434 857 1226 9 18 26 51 102 144
24 35 70 104 202 363 552 4 8 12 22 42 65
248 269 11

248 gives the concentrations after 24 h of static dissolution in LA
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Fig.3 SEM-EDXA of S53P4 particles in the three reactors in experiments conducted with 0.2 and 0.04 ml/min Tris for 24 h. Each arrow in the

magnified figure corresponds to 25 pm
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Fig.4 SEM-EDXA of S53P4 particles in the three reactors after dynamic lactic acid exposure for 24 h. Each arrow in the magnified figure cor-

responds to 80 um

Discussion

This work studied the impact of ions released from bioac-
tive glass S53P4 on the dissolution trends of neighbouring
glass particles in dynamic solutions of Tris (pH 7.40) and
lactic acid (pH 2.00) using two flow rates of 0.04 and 0.2 ml/
min. Static immersions served as references. The dynamic
dissolution studies were performed in a cascade system of
three reactors to analyse changes in the solution composition
(ICP-OES) and particle surface composition (SEM-EDXA)
with progressive dissolution during 24 h. In contrast to con-
ventional static immersion studies where pH and ion con-
centrations increase gradually [41, 42], these values first
increased rapidly, decreasing then towards the values in the
reference solutions (Fig. 2; Table 1).

The ion dissolution into Tris gradually decreased with
time after the initial dissolution peaks of all ions around
one hour. Despite the significant differences in the solution
volume fed through the samples using the two flow rates,
the concentration of silicon species released into Tris at 24 h
was on the same level, around 55 mg/l in the first reactor
(Table 1). Similarly, the Si release was much less, 10 mg/1
or lower, from the second reactor for the two flow rates,
whilst still less dissolved from the third reactor particles.
The lower Tris flow rate led to clearly higher calcium ion

release throughout the 24 h dissolution. Sodium ion con-
centration after the first reactor was higher for the lower
flow rate. Calcium and sodium ion concentrations released
from the second and third reactor particles were significantly
lower than from the first reactor. The phosphate concentra-
tions suggested that all phosphate released from the particles
in the first reactor had formed calcium phosphate in the two
following reactors. Especially the sodium concentration was
relatively high after the third reactor. This implies that toxic
effects due to locally high ion concentrations must be con-
sidered for bioactive glasses containing elements critical for
tissue healing and regeneration at elevated concentrations.
SEM-EDX results suggested some calcium phosphate
on the particles’ outer surface (Fig. 3). The thicknesses of
the reaction layers were almost similar for both flow rates
of Tris. However, the precipitated Ca/P layer was slightly
thicker in the faster flow. This suggests that Ca/P precipi-
tated faster due to the increased Ca and P concentrations in
the faster Tris flow. Silica-rich and Ca/P layers were identi-
fied on the particles, although the ion dissolution decreased
after the first reactor (Table 1). Likely, the ions dissolved
from the first reactor particles in Tris contributed to the layer
growth in the consecutive reactors. Thus, the increasing ion
concentrations retarded the glass dissolution but did not sig-
nificantly affect the reaction layer morphology of the glass
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Dynamic (0.04 ml/min)

Fig.5 S53P4 particles after 24 h in static LA (above) and 0.04 ml/
min LA in the 1st reactor (below)

particles in Tris. The particle surface composition implies
that the primary silica-rich layer on the first reactor particles,
i.e. particles representing exterior particles in a bed, was
due to ion exchange. At the same time, dissolved species
recondensed in the subsequent reactors representing inte-
rior particle behaviour as soon as suitable nucleation sites
had formed on them. Compared to static conditions, the ion
release concentrations suggested similar trends, i.e. high
release of sodium ions, some silicon species released, and
precipitation of Ca/P. The incongruent and particle unspe-
cific dissolution in LA led to similar silica-rich layers on all
glass particles in the three reactors (Fig. 4).

Interestingly, the ion release into LA showed different
trends. First, the release of silicon species was much less
than in Tris. The relative ion release from each reactor stayed
on similar levels, independent of the concentration in the
inflow. The dissolution of Si was around 9-16 mg/I for the
slower flow rate, 0.04 ml/min, at 24 h. Less silicon dissolved
into each reactor using the faster flow rate, around 3—4 mg/I.
In contrast, calcium, sodium, and phosphorus were read-
ily released from the glass particles. Similar results due to
accelerated ion exchange and alkali hydrolysis have been
reported for alkali aluminoborosilicate glasses in static HCI

@ Springer

(pH 2.00) [43]. The SEM images showed thick silica-rich
surface layers without signs of calcium phosphate precipi-
tation (Fig. 4). Fast dissolution kinetics in an acidic static
environment has been reported to lead to faster polymerisa-
tion of the silica-rich layer [44]. In this work, the pH after
the reactors did not significantly increase due to the continu-
ous feed of as-prepared LA. Further, no calcium phosphate
precipitated (Figs. 4, 5) because calcium compounds dis-
solve in acidic solutions [45]. The solution pH did not in any
experiment increase above 5, i.e. levels at which amorphous
calcium phosphate precipitates [46]. Calcium and phosphate
ions released were likely effectively chelated by LA [47].
Whether this means that lactic acid produced in the degrada-
tion of polylactide-based biopolymers prevents hydroxyapa-
tite precipitation in a PLA-bioactive glass composite needs
further study.

The pH of Tris stayed within the stability range of Ca/P
precipitation and the silica-rich layer provided suitable
nucleation sites during the dynamic and static experiments
(Figs. 2, 3). On the other hand, increased dissolution of
amorphous silica occurs in solutions with a pH above 8
[48] and Si dissolution from a two-component glass was
promoted in alkaline solutions with a pH well above 9 [49],
consequently leading to a decreased silica-rich layer for
Ca/P-precipitation. In this work, the pH of Tris outflows
was below 8.28. However, the pH inside the particle beds
might have been higher locally than the measured pH of
the outflow solutions [15]. Thus, the changes in Si species
concentrations after the first reactor (Table 1) indicate that
the local pH stayed below the level leading to increased Si
dissolution (Tris). Thus, the continuous solution feeds pre-
vented high local pH and promoted dissolution. Similarly,
a large reactor study in vitro with 3 um/s SBF flow over a
bioactive glass 13-93 implant concluded that the dynamic
environment allowed the pH to stay below levels that would
impact the reaction behaviour [50].

Apart from our previous reports implementing a cascade
reactor system [35, 36], studies on the impact of bioactive
glass ion dissolution products on the reactions of nearby
glass particles are sparse. Further, to the authors’ knowl-
edge, studies of the effects of dissolution products on the
reactions of neighbouring bioactive glass particles in LA
are limited [32, 33]. Alkali and alkaline ion release in these
studies was higher than in physiological pH. Furthermore,
bioactive glass 45S5 neutralised replenished LA (pH 4.00)
when incorporated in a resin composite [51].

Figure 6 shows the share (wt%) of the dissolved elements
(silicon, calcium, sodium, and phosphorus) in dynamic Tris
and LA. The dissolution was calculated from the ion concen-
tration differences between outflows and inflows (Tables 1,
2), the volume of solution flowing through the setup, and the
total mass of the elements in the unreacted glass. In 0.04 ml/
min Tris, the dissolution decreased in the consecutive
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reactors from 12% in the first reactor, to 4 and 1.8% in the
second and third reactors. In contrast, the total dissolution
decreased from 41% (first reactor) to 12% (second and third
reactors) for the faster flow rate. The decreasing dissolution
suggests that the dissolved ions in the solution flowing into
the second and third reactors decreased the dissolution. At
the same time, the reaction layer morphologies were almost
similar (Fig. 3). Likely, the dissolved ions from the first and
second reactor particles contributed to the layer formation
by recondensation and precipitation in the consecutive reac-
tors. On the other hand, no similar decrease was measured
in the dissolution in the consecutive reactors in LA at 24 h.
The dissolution consisting mainly of Ca, Na, and P varied
between 36 and 42% in both flow rates. In the static condi-
tions, the dissolution was 1.5% in Tris and 10% in LA at
24 h. The differences in the dissolution degrees and reac-
tion layer morphologies were assumed to depend on lower
concentration gradients in the interfacial solution inside the
particle bed in dynamic conditions compared to the static
systems. The location of the S53P4 particles in the particle
beds, the solution pH, and the flow rate thus affected the
dissolution rate. Accordingly, a thorough understanding of
the fluid flow rate around and within an implant is crucial for
tailoring a bioactive glass-based implantable device.
Figure 7 shows the calculated normalised surface-specific
mass loss rate (NR;) for the glass particles in each reactor as
a function of time for experiments conducted in Tris for the
two flow rates. Although the ion concentrations measured
were higher for the slower flow rate, a higher share of glass
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was dissolved in the Tris buffer fed with a higher flow rate
after 24 h, explained by the larger total solution volume fed
through the reactors. Accordingly, the normalised surface-
specific mass loss rate was higher for the higher flow rate.
The normalised dissolution trends also imply decreased
rates with the increasing number of reactors. The higher
flow rate gave a higher NR; for all elements. The elements
initially leached at different rates (incongruent dissolution)
with higher rates for Ca, Na, and P than Si. The dissolution
in the first reactor with a flow rate of 0.2 ml/min was con-
gruent at 24 h. In the two other reactors, the initially incon-
gruent dissolution also approached congruent dissolution at
longer times. The differences between Ca and Na rates were
assumed to depend on the precipitation of Ca/P based on
the P dissolution trends. The ion release trends to the lower
Tris flow rate showed similar trends but slower normalised
dissolution as the higher flow rate. However, the lower disso-
lution is seen as a much lower normalised dissolution. Ca/P
precipitation was assumed based on the line analyses of the
reaction layers (Fig. 3). Negative P-values in the second and
third reactors in Fig. 7 also indicate Ca/P precipitation. The
dissolution rate of P was markedly less in the consecutive
reactors and the lower flow rate. In vivo, Ca/P precipitation
is likely more rapid due to the higher ion concentrations in
the physiological solution.

Calculated NRg; in LA are presented in Fig. 8. In contrast
to Tris, the surface-specific mass loss rates of Ca, Na, and P
were similar throughout the experiments. Thus, the particles

dissolved similarly in all three reactors at both flow rates.
Correspondingly, the surface-specific Si mass loss rate was
much lower. NRg; was slightly higher in the first reactor for
both flow rates. As the silica-rich layer thickness was almost
equal on particles in each reactor, the slightly higher release
rate in the first reactor might indicate a recondensation of
silicon species in the second and third reactor particles.

Studies in a dynamic environment are limited, and most
have used a flow rate of 0.2 ml/min [35, 36, 52-54]. A
slower fluid flow rate has been suggested to increase the ion
exchange [21, 55]. This study showed higher ion concentra-
tions in slower flows of Tris and LA (Tables 1, 2). The lower
flow rate (0.04 ml/min per 0.210 g glass) was still on the
higher end of the estimated blood flow in bones [20]. Thus,
lower rates are recommended for future studies to under-
stand the impact of ion release from bioactive glasses. NR;
of Ca, Na, and P were considerably higher in LA than in
Tris. Interestingly, the NR; values were similar regardless of
the reactor and flow rate. This aligns with the increased ion
release of Ca and P from bioactive glass 4555 in a 0.56 ml/
min dynamic acetic acid sodium acetate buffer (pH 4) com-
pared to the Tris-buffered simulated body fluid [56].

The three-step cascade reactor in this study can be com-
pared with a bed of implanted bioactive glass particles.
The first reactor in the cascade is proposed to mimic the
outer part of the implanted particles in first contact with the
solution. The solution with the dissolved ions then flows
further in the implanted particle bed, mimicked in vitro by
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the second and third reactors in the cascade. The results in
this study, combined with previously reported results [35,
36], suggested that dissolved ions decreased the surface-
specific mass loss rate after the first reactor at pH 7.4. In
contrast, a similar decrease was not noticed at the acidic
pH. This implies that the implanted particles would dissolve
incongruently and similarly in an acidic solution. Thus, the
dissolved ions would not affect the ion release from the
neighbouring particles or condense on these if the pH stays
well below levels where Ca/P precipitation takes place. For
a PLA composite implant, gradual polymer degradation
would lead to an incongruent dissolution of bioactive glass
particles if the local pH was less than around pH 5, inde-
pendent of the fluid flow rate or the glass particle location in
the implant. In contrast, implanted bioactive glass particles
would dissolve at different rates depending on their location
in physiological solutions (around pH 7.4).

The dissolution rate of a bioactive glass depends not only
on its composition but also, to a great extent, on the local pH
environment. Temperature also affects the dissolution kinet-
ics and mechanism [16] but has a minor impact in the narrow
body temperature range. Further, the porosity of the implant
and the fluid flow rate around and through the implant affect
the dissolution rate and mechanism. Interestingly, the reac-
tion layers in different locations of a porous S53P4 scaffold
implanted in the rabbit femur were similar [57].

The results of this study provided some insights into the
impact of the pH environment on the reactions in differ-
ent implant parts for designing devices based on bioactive
glass to various fluid flow conditions. Longer runs in the
continuous flow conditions are needed to better understand
the long-term fate of the glass and how the findings correlate
with the in vivo behaviour.

Conclusion

Dissolution behaviour and reaction layers were studied for
bioactive glass S53P4 particles in a dynamic cascade reac-
tor system in physiological (Tris buffer solution, pH 7.4)
and acidic (lactic acid, pH 2.00) conditions. In Tris, the ion
concentration increased in the solution inflow to the second
and third reactors, leading to decreased ion release from the
particles in these reactors. In contrast, the dissolution was
less affected by the changes in the ion concentrations in the
acidic solution. The cascade reactor enabled following the
impact of ions dissolved from the glass particles on the reac-
tion behaviour of nearby particles. Despite the decreasing
ion release in Tris, the reaction layer thicknesses were equal
on the particles in the three reactors at 24 h. Thus, the dis-
solved ions readily recondense on particles, decreasing the
dissolution at physiological pH. However, the dissolved ions
only slightly affected Si release or reaction layer thicknesses

in lactic acid. The glass particles dissolved incongruently
and at almost the same rate, independent of their location
in the lactic acid flow. The slower flow of the Tris (0.04 ml/
min) gave higher ion concentrations in the outflow than the
faster rate (0.2 ml/min). The normalised surface-specific
mass loss rate decreased with the flow rate. Correlating the
results with an implanted bioactive glass particle bed sug-
gested that particles inside the bed react slower than exterior
particles in the physiological pH range. In contrast, inside a
system where pH might decrease to around 2, e.g. due to a
degrading biopolymer composite, the bioactive glass parti-
cles would dissolve incongruently and similarly throughout
the implant. How an acidic degradation of polylactic acid in
a bioactive glass composite would locally affect the bioac-
tive glass reactions in the physiological pH range is unclear
and needs further study.
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