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Abstract

Glass is a versatile material used in our everyday life. The chemical durability
of glass depends on its composition. Some applications benefit from lower
chemical durability. Glasses in a narrow compositional range are reactive in
aqueous solutions and form hydroxyapatite on the surface. Such glasses are
defined as bioactive glasses. Bioactive glasses are clinically used as a filler
material due to diseases causing bone cavities. The formed hydroxyapatite
bonds to bone apatite and new bone regenerates as the implanted bioactive
glass dissolves. The dissolution occurs from the surface of the bioactive glass
and is highly dependent on the environment. The environment inside and
outside of a porous implant can differ (e.g., due to dissolution products) and
the local environment can change depending on the implant site (e.g., fluid
flow rate) or due to diseases (e.g., decrease of pH).

In vitro dissolution experiments are commonly conducted by immersing
the bioactive glass in physiological-like solutions. Mimicking the circulating
solutions in the human body in vitro contributes to an increased knowledge
of the behaviour of bioactive glasses. Such experiments lead to better
estimations of in vivo reactions, ultimately decreasing the number of in vivo
tests needed before clinical applications.

This thesis investigated how dissolution products, fluid flow rate, and
solution pH influence the in vitro behaviour of the bioactive glasses 45S5 and
S53P4 in a dynamic environment. Also, the impact of solution pH and ion
concentrations on the bioactive glass S53P4 in a static environment was
studied. Dissolution experiments were performed in simulated body fluid,
Tris buffer solution of different initial pH values, acetic acid-sodium
hydroxide solution, and lactic acid. The impact of solution composition was
studied using a cascade reactor, i.e, multiple reactors in series, to a
continuous flow-through setup. The glass dissolution reactions were
expressed as changes in the outflow solutions from each reactor and the glass
samples in the reactors. Static tests were conducted by immersing the
bioactive glass samples in extracts containing dissolution products from
previous dissolutions. Also, two different flow rates were studied.

The reaction products, fluid flow rate, and pH influenced the in vitro
reaction behaviour of the bioactive glasses. In the physiological pH range
(7.4), the increasing ion concentrations hindered the bioactive glass
dissolution, but typical reaction layers on the particle surfaces developed
regardless. The results from the cascade reactors suggested that particles
react differently depending on their location in a particle bed. Particles inside
a bed or the interior of a porous implant would dissolve slower than the
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material on the outer surfaces. In contrast, particles in the bed dissolved
similarly in lactic acid (pH 2), i.e., the dissolution products did not influence
the release of alkali and alkaline earth ions.

Although the pH and ion concentrations increased with decreasing flow
rate in the physiological pH range, the release rate normalised to the solution
volume suggested slower release for the lower flow rate. In contrast, the fluid
flow rate change did not similarly impact the release rate in the acidic
solutions (pH 2). Thus, to avoid undesired cellular effects, the local fluid flow
rates must be considered when tailoring bioactive glasses to clinical
applications.

The key features of bioactive glasses are the silica-rich and hydroxyapatite
layers that form on the surfaces in vitro and in vivo. The formation and nature
of these reaction layers depended on the pH of the test solutions. Solutions
with an alkaline pH (9) dissolved glass without typical reaction layers. Silica-
rich and calcium phosphate layers formed in dynamic and static solutions
with a physiological-like pH (7.4). However, increased ion concentrations in
the solutions resulted in mixed layers of silica and calcium phosphate. Static
acidic pH (5) solutions resulted in a thick silica-rich layer with some calcium
phosphate. In contrast, only a thick silica-rich layer formed in solutions with
alower pH (2).

The results of the thesis increased the knowledge of bioactive glass
reactions and can be used to develop new compositions for new clinical
applications. This thesis suggests that developing new experimental methods
that better imitate the complex human body would further minimise the gap
between in vitro and in vivo, ultimately decreasing the animal tests needed
before clinical use.

IV



Svensk sammanfattning

Glas ar ett versatilt material vi anvander i vart vardagliga liv. Den kemiska
hallbarheten av glas beror pd dess sammansattning. En del glastillimpningar
gynnas av en ligre kemisk hallbarhet. Glas i ett begriansat samman-
sattningsomrade ar reaktiva i vatskor och bildar hydroxiapatit pa ytan.
Sadana glas definieras som bioaktiva glas. Bioaktiva glas anvands kliniskt
som utfyllnadsmaterial i benhaligheter orsakade av till exempel sjukdomar.
Hydroxiapatit som bildats pa glasets yta binder till benapatit och nytt ben
regenereras samtidigt som det implanterade bioaktiva glaset loses upp.
Upplosningen av glaset sker fran materialets yta och ar i hog grad beroende
pa miljon. Bland annat ar miljén utanpa och inuti ett pordst implantat olika
(pa grund av upplosningsprodukter) och miljon kan variera beroende pa
implantatldget (varierande flodeshastighet) eller sjukdomar (lagre pH).

Upplésningsexperiment av bioaktivt glas in vitro ar vanligtvis utférda
genom att placera materialet i vatskor som simulerar kroppens. Genom att
utforligare imitera den cirkulerande vatskan i manniskokroppen in vitro kan
okad forstaelse om bioaktiva glasets reaktionsbeteende erhallas. Detta leder
till en battre uppskattning om beteendet in vivo, saledes behdvs farre in vivo-
test fore den kliniska tillampningen.

Denna avhandling studerade hur reaktionsprodukterna, flodes-
hastigheten, och 16sningens pH paverkade bioaktiva glasen 45S5 och S53P4
in vitro-reaktioner i en dynamisk miljo. Effekten av pH och
reaktionsprodukter studerades ocksa pa det bioaktiva glaset S53P4 i en
statisk miljé. Upplosningsexperiment utfordes i simulerad kroppsvatska,
Tris-buffertlosningar med varierande pH-varden, attiksyra-buffertlosning
och mjolksyralosning. Effekten av 10sningens sammansattning studerades i
en kaskadreaktor, det vill siga reaktorer kopplade i serie, i den dynamiska
genomstromningsuppsattningen. Glasets reaktioner studerades som
forandringar i utflodet fran reaktorerna samt forandringar i material-
strukturen. Statiska experiment utférdes genom att placera glasprovet i
vatskor med reaktionsprodukter fran tidigare upplosning. Tva olika
flodeshastigheter studerades.

Reaktionsprodukterna, flodeshastigheten och pH paverkade de bioaktiva
glasens in vitro-reaktioner. En o0kad jonkoncentration hindrade
upplésningen av bioaktivt glas i det fysiologiska pH-omradet (7.4), diremot
hindrades inte den typiska lagerbildningen. Resultaten fran kaskadreaktorn
antyder att partiklar reagerar olika beroende pa deras placering i en
partikelbadd. Partiklar inuti en badd eller inuti ett porést implantat skulle
reagera langsammare an partiklar pa ytan. Daremot uppldstes partikel-



badden likformigt i mjolksyra (pH 2), det vill sdga, upplésningsprodukterna
paverkade inte upplésningen av alkalimetaller och alkaliska jordarts-
metaller.

Aven om pH och jonkoncentrationerna 6kade med en ligre flodeshastigt i
det fysiologiska pH-omradet, indikerade en normalisering av genom-
strommad volym en lagre upplosning for den lagre flodeshastigheten.
Daremot paverkade inte uppldsningen i mjoélksyran pa ett liknande satt vid
forandrad flodeshastighet. Alltsa, for att undvika odnskade celleffekter
behovs den lokala flodeshastigheten beaktas nar bioaktivt glas skraddarsys
for klinisk anvandning.

En av huvudfunktionerna av bioaktivt glas ar det kiselrika lagret och
hydroxiapatit som bildas pa ytan in vitro och in vivo. Bildningen och typen av
dessa lager var beroende pa testvatskans pH. Alkaliska vatskor (pH 9) l6ste
glaset utan att bilda de typiska lagren. I bade dynamiska och statiska
l6sningar med ett fysiologiskt pH (7.4) bildades typiska kiselrika och
kalciumfosfatlager. Daremot bildades ett blandat lager av kisel och
kalciumfosfat nar reaktionsprodukter fanns med i 16sningen. En statisk syrlig
l6sning (pH 5) resulterade i ett tjockare kiselrikt lager med kalciumfosfat pa
ytan. Daremot bildades enbart ett kiselrikt lager i vatskor med ett lagre pH
(2).

Resultaten fran denna avhandling okade forstaelsen av bioaktiva
glasreaktioner in vitro. Denna forstdelse kan anvdndas i framtiden for en
utveckling av nya glassammansattningar for nya kliniska tilldimpningar.
Avhandlingen foreslar att nya experimentella metoder behovs for att battre
simulera den komplexa manniskokroppen och sdledes minimera gapet
mellan in vitro och in vivo, féljaktligen minska anvandningen av djur innan
den Kkliniska anvandningen.
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Abbreviations and Terms

3R
4555

Allograft

ATP

Autograft

BCE

BES

Bone matrix
Ca/P
Cancellous bone
CE mark
Cortical bone
Differentiation
DNA

EDX/A

FDA

FTIR

HA

HEPES
ICP-OES

In vitro
In vivo
ISG

ISO
ISO 23317

LA

LOQ
Macrophage
MGP

MOPS
Osteoblast
Osteoinduction
Osteomyelitis

Replace, Reduce, Refine

Bioactive glass, Bioglass® (wt-%) 45Si102-24.5Ca0-
24.5Na0-6P,0s5

Graft harvested from one patient/cadaver and
implanted in another patient

Adenosine triphosphate

Graft harvested and implanted in the same patient
Before common era
N,N-Bis(2-hydroxyethyl)-2-aminoethanesulfonic acid
Intercellular substance of bone

Calcium phosphate

Spongy bone found in the centre of the bone
Product following EU legislation

Compact bone found at the surface of the bone

Cell division to change function

Deoxyribonucelic acid

Energy-dispersive X-ray/analysis

U.S. Food and Drug Administration
Fourier-transform infrared spectroscopy
Hydroxyapatite
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
Inductively coupled plasma-optical emission

spectroscopy
Latin "within the glass", laboratory tests

Latin "within the living", animal/clinical tests

International Simple Glass (wt-%) 56.25i02-5Ca0-
12.2Na;0-17.3B,03-6.1A1,0-3.3Zr0>
International Organization for Standardization

Implants for surgery - In vitro evaluation for apatite-
forming ability of implant materials

Lactic acid

Limit of quantification

Type of white blood cell that digests pathogens
Matrix Gla protein
3-(N-morpholino)propanesulfonic acid

Bone cell

Induces stem cells to bone cells

Bone infection
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Osteostimulation Promote proliferation and differentiation of bone

PLA
PMMA
ppm
Proliferation
Prosthesis
RNA

rpm
S53P4
SBF

SEM

Stem cell
Ty

Tris
Xenograft
XRD

cells by inducing growth factors
Polylactic acid

Poly(methyl methacrylate)

Parts per million (mg/1)

Cell division to produce daughter cells
Artificial replacement of body part
Ribonucleic acid

Revolutions per minute (rotation frequency)
Bioactive glass (wt-%) 53Si02-20Ca0-23Na;0-4P,0s
Simulated body fluid

Scanning electron microscope

The earliest type of cell

Glass transition temperature
Tris(hydroxymethyl)aminomethane

Graft harvested from a non-human animal
X-ray diffraction analysis
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1. Introduction

The human skeletal system changes throughout its lifecycle. These changes
can result from external forces, such as traumas or disuse, or internal ones,
for example, diseases or hormonal/nutritional imbalance [1-3]. Ageing also
naturally weakens the bone tissue after age 30 [4]. Critical-sized bone defects
caused by disruption to the natural bone healing mechanism may need
materials to correct the defect [5]. Such materials are commonly defined as
biomaterials. Biomaterials are used to increase the quality of life by
replacing, restoring, or regenerating bodily functions [6]. Implanted
biomaterials for treating a disease or injury are in close contact with the
living tissue. Because these materials are considered foreign to the human
body, it is necessary to understand their behaviour in the physiological
environment before implantation [7]. The early implantable biomaterials
were desired to be as inert as possible, e.g., metals, to not react with the
surrounding tissue [8]. Today, prostheses for total joint replacements are still
metals, mainly titanium-based alloys [9]. However, even inert materials
stimulate a tissue response causing an inflammation known as a foreign body
reaction [10]. Due to the foreign body reaction, “inert” materials cause
fibrous scar tissue to form and encapsulate the material inside the body [11].
The body environment is also corrosive, easily causing corrosion even on
“inert” metals [12]. As an alternative, degradable materials, such as
biodegradable polymers and reactive materials that actively form a bond
with the living tissue and activate bone regeneration have been used as
implant materials [13,14]. Synthetic materials have been suggested as
biomaterials due to their higher availability and producibility [15]. However,
extensive research is needed to go from innovation to a marketable product
[16]. For example, glass is a multifunctional synthetic material used early as
ocular prostheses [17] and has been studied as a further biomaterial [18].

1.1 Glass

Glass has been produced intentionally and unintentionally throughout the
years, where a few found glass samples date to 8000 BCE, with more
prevalence to 2500 BCE [19]. Currently, commercial glasses are mainly soda-
lime-silica glasses [20]. Glass has been considered one of the most important
materials for human civilisation, where people use common glass in
everyday life [21]. Windows, electronics, drinking vessels, medicinal
technology, and interior design use glass in different forms.

Glass is commonly seen as a solid material, but is sometimes defined as a
liquid [22]. However, melting is not mandatory for producing glasses [23].



Therefore, the current definition of glass is a non-crystalline solid exhibiting
a glass transformation behaviour [24]. In molten glasses, crystallinity is
avoided by supercooling the molten phase to the transition temperature (Tg),
which determines at what temperature the glass solidifies or softens [25].
Solidifying the glass too slowly risks crystallisation, and solidifying the glass
too fast can cause shattering due to internal stresses. At the same time,
sintering occurs above Tg indicating that crystals can easily appear in
sintered scaffolds [26].

Commercially used soda-lime-silica glasses are synthetic inorganic
mixtures in the oxide system Na0-Ca0-Si0;. Other elements can be added to
the composition to tailor the glass toward specific properties [27,28]. The
main component, silica, is essentially quartz sand and functions as the
network former when melted from a crystalline to an amorphous structure
at a high temperature (1700°C) [29]. To decrease the melting temperature,
network modifiers (Na;0 and Ca0) are added to the composition to disrupt
the highly connected SiO, network by replacing bridging oxygen with non-
bridging oxygen [30].

Two of the most important properties of glass are mechanical and
chemical durability. High mechanical durability is desired in almost every
glass application, while chemical durability can differ depending on the
application. High chemical durability is desired for float glasses (windows)
[31] and nuclear waste glasses [32]. However, all glasses in contact with
solutions will react, and usually develop a surface layer structurally different
to the bulk glass [33]. The durability is highly dependent on the composition
of the glass [34] and controlled degradation is desired for specific purposes
[35]. Understanding the dissolution of glasses increases the possible
utilisation of glass in, for example, the medical field.

1.1.1 Bioactive glass

Bioactive glass is a synthetic speciality glass intended for use inside or in
close contact with the human body [36]. The unique properties of bioactive
glasses cause the material to react, dissolve, and form reaction layers on the
surface when in contact with aqueous solutions [37]. Compared to common
soda-lime-silica glasses, bioactive glasses contain less silica and more other
oxides. Additionally, phosphorus pentoxide (P.0s) is added to the glass to
enhance bioactivity [38]. The history of bioactive glasses began during a
discussion between an army veteran and a glass scientist, Professor Larry L.
Hench, travelling to a conference on a bus:

“The human body rejects metallic and synthetic polymeric materials by
forming scar tissue because living tissues are not composed of such materials.



Bone contains a hydrated calcium phosphate component, hydroxyapatite
[HA] and therefore if a material is able to form a HA layer in vivo it may not
be rejected by the body.” [39]

This hypothesis behind a new material to be used as implants resulted in
the invention of bioactive glasses in the late 1960s [39]. Professor Hench and
colleagues developed the first bioactive glass, 45S5, with the composition (in
weight percentage, wt-%) 45Si0:-24.5Ca0-24.5Na;0-6P,0s5 [40]. This
composition was easy to melt and had a high Ca/P ratio inducing bioactivity.
Upon implantation, bioactive glass bonds to bones through a chemical
fixation between a developed hydroxyapatite layer on the glass surface and
the apatite in the bone [41]. In vitro experiments confirmed that the layer
formed on the bioactive glass was structurally the same as the
hydroxyapatite crystals in bone [39]. Today, bioactive glass 45S5 is
trademarked as Bioglass®. From this invention forward, over 9000
publications can be found on Web of Science™ using the words “bioactive
glass” or “bioglass”. The publication and citation trends are shown in Figure
1[42].
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Figure 1. Publication and citation trends of "bioactive glass” or "bioglass" since
its discovery to today. Acquired from Web of Science™ on 6.10.2023.

1.2 Motivation of the work

Most in vitro experiments use a static, physiological-like environment to
investigate the bioactive glass/solution reactions upon contact. However, the
human body is not a static system due to the dynamic fluid flows with
different rates in different body parts. Understanding the fundamental in
vitro reactions in different environments paves the road for better



estimations of the bioactive glass’ reactions in vivo. Simultaneously, the
number of in vivo experiments needed before clinical use decreases.
Late Professor Hench, the inventor of bioactive glass wrote in one of the
last papers:
“Authors should strive for unique and innovative approaches at a
fundamental molecular biology level to create new bioactive conditions that
mimic their use clinically.” [43]

This work strives to enhance the knowledge of bioactive glasses by
studying in vitro reactions in settings better mimicking the in vivo conditions
and focusing on earlier dismissed variables, such as solution composition
changes and fluid flow rate. Bioactive glasses react with the body fluids while
releasing ions. In literature, the research on ions, i.e., dissolution products
from bioactive glasses, has focused on the biological and cellular responses.
However, in this work, dissolved ions are hypothesised to change the
bioactive glass’ dissolution behaviour and reaction layers, which likely
influences biological reactions. Researching the continuous dissolution of
bioactive glasses in solutions already containing ions released from the
material has not been systematically done.

Today, most clinical applications of bioactive glass are based on implanted
particles. Whether the particles react similarly independent of their location
in the implant is unknown. Further, classic static in vitro studies are not ideal
for estimating the reactions in dynamic conditions. For example, the static
experiments are not suitable for tracing back how the dissolving particles
interact with each other. This thesis aimed to develop a novel method to
study the average dissolution behaviour of bioactive glass particles
depending on increasing dissolution products in the surrounding solution.

1.3 Objective of the work

This thesis aimed to clarify the impact of dissolution products, fluid flow rate,
and pH on the reaction behaviour of well-known bioactive glasses. The setup
used was developed during the work of the thesis and is based on the Abo
Akademi University dynamic in vitro flow-through setup [44], to mimic the
dynamic human body environment better than static in vitro tests. Thus, the
implant’s in vivo environment can be estimated more accurately using in vitro
experiments. The novel setup introduced a cascade reactor of three reactors
coupled in series to the flow-through setup. Connecting reactors in the
dynamic setup allowed a practical investigation of bioactive glass particles
regarding their placement in a particle bed and increasing dissolution
products in the surrounding solution. The reactor series was interpreted in



the following way: particles in the first reactor represent the outermost part
of a particle implant with the first solution contact, while the subsequent
reactors represent the internal parts of a particle implant with a solution
containing dissolved ions from the outermost part. The thesis aimed to:

1. Investigate the glass in vitro behaviour in environments mimicking
the in vivo environment using dynamic flow-through tests.

2. Investigate various parameters that likely influence the reaction
behaviour in vivo. These parameters included different fluid flow rates
and changes in the solution composition as the solution flows through
an implanted particle bed.

3. Clarify the influence of pH on dissolution and reaction layers.
Understanding the pH effects is crucial, as an infection or composite
implant degradation may decrease the pH of the surrounding solution.



1.4 List of Publications

The thesis is compiled around the following peer-reviewed original
publications:

I.  Siekkinen M., Karlstrém O., Hupa L. “Effect of local ion
concentrations on the in vitro reactions of bioactive glass 4555
particles” International Journal of Applied Glass Science, Vol 13
(2022) 4, pp. 695-707,DOI: 10.1111/ijag.16579

II. Siekkinen M., Karlstrom O., Hupa L. “Dissolution of bioactive glass
S$53P4 in a three-reactor cascade in continuous flow conditions”
Open Ceramics, Vol 13 (2023), DOI: 10.1016/j.oceram.2022.100327

I[II. Siekkinen M., Engblom M., Hupa L. “Impact of solution pH (5-9) and
dissolution products on in vitro behaviour of the bioactive glass
$53P4” Journal of Non-Crystalline Solids: X, Vol 20 (2023) DOI:
10.1016/j.nocx.2023.100199

IV. Siekkinen M., Engblom M., Karlstrém O., Hupa L. "Dissolution of
bioactive glass S53P4 in continuous flows of Tris buffer and lactic
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1.5 Contribution of the author

Publications I-1V: The author collaborated with the co-authors to construct
the experimental design. The experimental work was conducted by the
author. Specialists conducted particle size analyses and SEM-EDXA while the
author was present. ICP-OES was measured and analysed by a specialist. The
author evaluated the results and wrote the first drafts of the manuscripts.
The drafts were later finalised with the co-authors.

Publication V: The author helped with the samples and conducted a part of
the dissolution study. The author participated in writing the manuscript.

1.6 Introduction to the Publications

This work is based on five peer-reviewed articles that are presented in their
original form at the end of the thesis. All articles investigate the dissolution
of bioactive glasses in vitro.

[.  The article introduces the concept of using a cascade reactor system as
a practical method to study the impact of ion concentration changes on
bioactive glass dissolution using the well-known bioactive glass 45S5.

[I. The article discusses the use of bioactive glass S53P4 in the cascade
reactor, and the results are compared to the findings in Publication I.

[II. The article investigates the changes to the solution pH due to
material/solution reactions or infections at the implant site. The
changes are studied in vitro in static solutions while discussing the
impact of increasing dissolution products in the immersion solutions.

IV.  The article studies the dissolution behaviour of bioactive glass S53P4
particles depending on the solution flow rate, ion concentration
changes, and solution pH in the cascade reactor.

V. The article presents the long-term dissolution of bioactive glass 45S5
and S53P4 particles and sintered scaffolds in a dynamic environment.
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2. Literature review

2.1 Biomaterials

A biomaterial is any implant or device of a biological or synthetic nature used
to interact with the human body [45]. The properties needed for biomaterials
are thoroughly determined, and the four following categories are
characterised before implantation [46]:

1.

Biocompatibility: An implant with living tissue contact cannot cause
any harm to the surrounding tissue, i.e., the implant must be non-toxic,
non-allergenic, and non-carcinogenic.

Mechanical and physical properties: Adequate mechanical and
physical properties are needed to replace and restore tissue.
Important properties are strength, hardness, wear resistance, and
fatigue. For bone implants, sufficient porosity is also needed to match
the porous structure of both cortical and cancellous bone.

Chemical properties: Chemical degradation of the material may
influence the biocompatibility negatively.

Manufacturing: The manufacturing of the biomaterial should be of
high quality and at a reasonable economical cost. Also, the finished
products must be sterilisable.

For ideal implantable scaffolds used for bone regeneration, the following
nine criteria must be fulfilled [47]:
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Biocompatibility.

Chemical bond to host bone.

Sufficient porosity to allow vascularisation and bone ingrowth.
Same degradation rate as the regeneration rate of bone.
Proper surface for osteogenic cell attachment.

Ability to promote bone regeneration.

Similar mechanical properties as host bone.

Possible to be shaped to fill the implant site.

Potential to be commercially produced and be sterilisable.

Human bones are complicated biological systems, with vascularisation
and increased porosity towards the centre [14]. Therefore, autologous bone
grafts (autografts) are the most common procedure when filling bone
cavities [48]. Autografts are bone tissue harvested and implanted in the same
patient [49]. However, the supply is limited and using autografts for cavities



increases the risks by adding a surgical site and extending the surgical time
[50]. Allografts, bone tissue harvested from one patient/cadaver and
implanted in another patient, are also widely used as filler materials [51].
However, the risks associated with allografts include infections, rejections,
and disease transmission, which are more common than risks with
autografts [52]. Xenografts, i.e., grafts harvested from non-human species,
are a third option for bone grafting [53]. However, xenografts carry the risk
of zoonotic diseases [54], and no clinical standard is currently in use [55].
Synthetic materials are, therefore, also used for replacing hard tissues and
restoring bodily functions [56].

Synthetic biomaterials can be divided into four groups: metals, ceramics,
polymers, and composites [57]. Each synthetic biomaterial has advantages
and disadvantages. The goal is to mimic the bone as closely as possible while
fulfilling the previously mentioned properties and criteria. The desirable
properties of synthetic biomaterials are their tuneable physicochemical
properties and adjustable degradability [58]. For example, composites of
polylactic acid (PLA) and hydroxyapatite (HA) degraded slower in vivo than
pure PLA implants [59]. With its unique properties, bioactive glass is a
relatively new synthetic material used as a grafting material [60].

2.2 Bioactive glass

Bioactive glass is a non-crystalline material able to bond to the bone while
simultaneously dissolving over time and stimulating tissue growth [61]. As
of 2023, a proposed updated definition of bioactive glass is “a non-crystalline
material at non-equilibrium that is intended to promote biological activity”
[62]. Bioactive glasses can be produced by either melting or using a sol-gel
technique [63]. This thesis discusses only bioactive glasses produced by
melting.

From the first bioactive glass developed in the 1960s, many different
compositions have been studied to analyse their possible bioactivity.
However, it has been found that glasses are only bioactive in a narrow
compositional range. For example, the bone-bonding diagram for soda-lime-
silica glasses with a fixed 6 wt-% P20s (as in 45S5) is given in Figure 2 [39].
The composition of the bioactive glass 45S5 is marked as B. The glasses in the
other areas provide the following interactions: A = bone bonding, C = non-
bonding due to too low reactivity, D = non-bonding due to the reactivity being
too high, E = non-bonding due to a non-glass forming composition, and S =
soft tissue bonding compositions. Only compositions in the A area are
considered when developing new bioactive glasses based on the given
oxides. Even though the P,0Os content varies from 6 wt-% for several new
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compositions, the ternary diagram in Figure 2 can be used to illustrate
composition differences. For example, bioactive glass S53P4 would be
slightly above the B-point in the diagram [64]. S53P4 was developed at AAU
in the 1980s and showed similar properties and bioactivity as 45S5 in initial
in vitro and in vivo tests [65].

Sio,

Ca0 Na,0

Figure 2. Bioactive glass phase diagram with a fixed 6 wt-% P.0s. Bioactive
glass 4555 is found at B. Area A indicates bone bonding compositions, C = non-
bonding due to too low reactivity, D = non-bonding due to too high reactivity, E
= non-glass forming compositions, and S = soft tissue bonding [39].

Table 1 presents the oxide compositions of four silicate-based bioactive
glasses. Of these compositions, 45S5 is the most studied and cited glass.
However, the research at AAU has focused on S53P4. Today, 45S5 and S53P4
are clinically used, but comparisons between the glasses in the same
indications are unavailable. 13-93 was also developed at AAU and showed
good hot-working properties with similar bioactivity as S53P4 [66]. These
properties imply that 13-93 could be applicable as scaffolds or fibres as the
crystallisation risk would be decreased. Similarly, the AAU bioactive glass 1-
98 also demonstrated high processing temperatures without crystallisation
[67]. Only 45S5 and S53P4 will be discussed further in this thesis.

Table 1. The oxide composition (wt-%) of four silicate-based bioactive glasses

Bioactive glass Si0; CaO0 Na;0 P;05 KO MgO B;0;

4585 45 245 245 6 - - -
S53P4 53 20 23 4 - -
13-93 53 20 6 4 12 5 -
1-98 53 22 6 2 11 5 1

Bioactive glass fulfils eight out of nine criteria discussed in 2.1 (Biomaterials)
for implantable scaffolds and only misses out on similar mechanical
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properties as host bone. Even though it has a compressive modulus of 60 GPa
(45S5), compared to 7-30 GPa of cortical bone [68], bioactive glass is, like
common glass, brittle and fails without warning. Additionally, sintering
bioactive glass particles into porous scaffolds easily leads to crystallisation
into a glass-ceramic, causing a loss of bioactivity [69]. For example, the T, of
45S5 is 532°C, the onset of crystallisation temperature 655°C, and the
crystallisation peak temperature 708°C [67]. These temperatures indicate a
narrow range of sintering without crystallisation. Therefore, bioactive glass
is currently not used in load-bearing applications due to the loss of
bioactivity of sintered scaffolds and natural brittleness, and clinical
utilisation is limited to particles.

2.2.1 Bioactive glass - aqueous solution reactions

Bioactive glasses start to react immediately upon contact with aqueous
solutions. The reaction behaviour can be simplified into leaching, nucleation,
and precipitation. The reactions can be highly impacted by changes in the
environment or the material, as follows:

Physiological pH (7.40)

In physiological solutions in vivo or in in vitro solutions mimicking the body
solutions, rapid reactions occur initially at the surface/solution interface. The
reactions change the solution’s pH and composition, and the material
structure. Figure 3 shows the typical reaction behaviour of bioactive glasses
in contact with physiological-like solutions. The following reactions take
place [70]:

1. Ion exchange of the hydrogen ions in the solution and the network
modifier ions (sodium and calcium) in the glass structure. During this
stage, phosphate ions are also released. The decrease of hydrogen ions
in the solution leads to a pH increase, and the increase of H* ions in the
glass structure increases silanol groups (Si-OH) on the material
surface.

2. The increase of the local pH and, consequently, a relative increase of
hydroxide ions breaks the Si-O-Si bonds in the glass network and
dissolves silicon species (Si(OH)4) into the solution. After these
reactions, more silanol groups are present on the glass surface.

3. Silanol groups condense on the glass surface, followed by a
repolymerisation of a silica-rich surface layer. The gelatinous silica-
rich layer functions as a nucleation site for apatite formation.
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4. Calcium and phosphate ions left in the glass structure migrate through
the silica-rich layer to the surface simultaneously as calcium and
phosphate ions in the solution precipitate on the surface. An
amorphous Ca0-P;0s-film forms on the surface.

5. The amorphous CaO-P;0s-film crystallises to hydroxyapatite by
incorporating hydroxyls and carbonates from the solution.

Solution with H*ions

1. 2.
=
[Na] | [Po,> [sicom), [ca ] [Pot]
| =]

_ Hydroxyapatite

Si-OH - silica-rich
layer

Bioactive glass: Si0,, Ca0, Na,0, P,0-

Figure 3. The five initial steps between the bioactive glass surface and the
surrounding solution. (1) a rapid ion exchange between solution and material,
(2) the increase of solution pH breaks the silicon bonds in the glass, leaving
silanol groups on the surface, (3) the silanol groups condensate and
repolymerise to a silica-rich layer, (4) calcium and phosphate ions from the
bulk glass and solution precipitate on the surface and form an amorphous Ca/P
layer, (5) the amorphous Ca/P layer crystallises to hydroxyapatite.

The five steps have been thoroughly investigated under common in vitro
environments. Due to structural alikeness, the crystallised HA layer can later
bond to biological apatite in vivo. The biological reactions are not as studied
but are proposed to be the following [71]:

Protein adsorption in the hydroxyapatite layer.
Stimulation of macrophages.

Osteoblast stem cell attachment to the surface.
. Osteoblasts differentiate and proliferate.

10. The bone matrix generates.

11. The bone matrix crystallises.

12. New bone proliferates and regenerates.

© © N o
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Alkaline solutions

Increased pH, and consequently, an increase of OH- concentration in
solutions, favours the solubility of silicon from binary alkali-silicate glasses
[72,73]. Similarly, silicon dissolves more rapidly when bioactive glasses react
with solutions with increased pH [74]. Above pH 9, an excessive dissolution
of silicon from the bioactive glass can be expected [75]. Simultaneously,
calcium and phosphorus dissolve slower due to the decrease of available
hydrogen ions for ion exchange, leading to a delayed apatite formation [76].
A physiological solution pH above 9 is unlikely. However, in some cases in
vitro, the local pH inside a particle bed can increase to above 11 due to the
rapid ion exchange [77]. Below pH 9, reactions are equivalent to the
physiological pH reactions explained above. However, above pH 8, the
polymerised silica-rich layer is more soluble than at a physiological pH,
indicating thinner reaction layers on bioactive glass [78].

Acidic solutions

A decrease in the solution pH impacts the reaction behaviour of bioactive
glasses. For example, hydroxyapatite developed on bioactive glass plates in
solutions with a pH above 4. In contrast, the plates gradually became silica-
rich when the solution stayed below pH 4 [79]. Thus, the release of alkali and
alkaline earth ions from the bulk glass increased with decreasing pH. Even
though the silica-rich layer functions as nucleation sites for calcium
phosphate [80], the decrease in pH leads to increased solubility of calcium
compounds, i.e., calcium phosphates [81]. In the human body, the pH around
infected bone tissue can be as low as 5 to 6 [82]. Also, biodegradable polymer
reactions can decrease pH [79]. An in vitro study with immersion solutions at
pH 5 showed similar apatite formation, analysed with XRD, on bioactive glass
45S5 as in physiological pH [76]. However, FTIR analyses showed an
increased peak of vibrations correlating to a crystalline apatite layer at pH 5
compared to the physiological pH indicating faster precipitation of Ca/P at
the lower pH.

Glass composition

Commercial soda-lime glasses are inert in physiological solutions, while
bioactive glasses dissolve due to their lower content of network formers.
Melt-derived silicate-based bioactive glasses show varying degrees of
bioactivity depending on their silica content. Table 2 shows the ion
concentration changes after immersion of bioactive glass particles 45S5 and
S53P4 in Tris buffer solution (Tris) and simulated body fluid (SBF) [83]. At
24 h, the degree of dissolution was higher for 45S5 as compared to S53P4.
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However, at increased immersion time, a more consistent dissolution of
S53P4 was reported [84].

Solution composition

Depending on the solution composition, the reaction behaviour changes.
Calcium dissolves slower in SBF as compared to Tris (Table 2). Therefore, the
weight loss of bioactive glass was slightly lower in SBF as compared to a Tris
buffer solution [85]. Saturating a solution with silicon resulted in the
formation of an amorphous alteration layer on immersed International
Simple Glass (I1SG), inhibiting silicon dissolution [86]. In addition, dissolution
studies in unbuffered solutions, such as water, increased the pH quickly to
above 10, and silicon was released more rapidly than in the Tris-buffered
solutions [74].

Table 2. lon concentration changes (mg/I) in Tris and SBF for bioactive glasses
4555 and S53P4 as a function of time (100 mg glass/ml solution) [83]
Tris
Si Ca Na
h | 4555 S53P4 | 4585 S53P4 | 4555 S53P4
17.5 9 41 18 69 34
4 | 231 13 53 22 91 50
24 | 37 27 93 65 176 124
SBF
Si Ca Na
h | 4555 S53P4 | 4585 S53P4 | 4555 S53P4
1 19 11 35 4.9 66 30
4 22 17 43 16 173 37
24 | 34 26 72 43 124 127

[EnN

Solution flow rate

Most in vitro studies on bioactive glass dissolution have been conducted in a
static environment. As a result, the effect of flow rate on the dissolution has
not been extensively investigated. However, introducing a dynamic in vitro
environment also allows the investigation of increased or decreased solution
flow rates. The flow rate inside the human body depends on location, health,
and age [87]. Measuring the exact flow rate inside the bones is challenging,
and non-invasive methods for precise measurements are still needed [88].
Ultrasound measurements can be used to estimate the blood flow inside the
bones by measuring vessels outside of them. For 100 g of bone, a blood flow
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rate of 5-20 ml/min has been given as an estimation [89]. On the other hand,
ultrasound measurements of the common femoral artery gave a flow of
around 280 ml/min and in the mandibular lingual vascular canal 9 ml/min
[90,91]. Initial dynamic tests show that the reaction behaviour of bioactive
glasses also depends on the flow rate. For example, slower flow rates
increased ion concentrations and pH in the dynamic solution outflows from
bioactive glass particle beds [44,92].

Other parameters that may influence the dissolution but are not discussed
in this thesis include solution temperature, surface area to solution ratio, and
particle bed dimension.

2.2.2 In vitro studies

One of the most important properties of bioactive glass is its bioactivity. In
bone grafting, a bioactive material influences bone formation [93]. Assessing
the bioactivity of bioactive glasses in vitro combines analyses of the pH
changes in the fluid around the glass sample, the changes in ion
concentrations in the solution, and layers formed on the glass surface [94].
Researching the bioactivity in vitro of potential bioactive glasses is generally
done in static physiological-like solutions [95]. Also, implants with the ability
to form apatite are evaluated in vitro according to ISO 23317 [96]. SBF was
introduced as a solution for testing the bioactivity of bioactive glasses [97].
As shown in Table 3, SBF is a solution with ion concentrations close to human
blood plasma. Additionally, SBF is Tris-buffered in the interval 7-9 [98],
meaning that SBF can be pH adjusted to 7.40, similar to buffered blood [99].

Table 3. Ion concentrations (mM) in human blood plasma and simulated body
fluid (SBF) as prepared by Kokubo and Takadama [97]

Ion concentrations (mM)
Na* K+ Mgz Caz* CI-  HCOz HPO4% S04

Human blood

plasma 1420 50 15 25 103.0 27.0 1.0 0.5

SBF 1420 50 15 25 1478 4.2 1.0 0.5

Noticeably, CI- and HCO3- in SBF differ from the ion concentrations in the
blood plasma. Other SBF compositions have been tested, but solutions with
increased HCO3- are unstable, and calcium carbonates precipitate more easily
in such solutions [100]. Due to the complexity and complicated preparation,
the use of SBF has been questioned [101]. Tris as the buffer in SBF has also
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been discussed and questioned, as it increased the dissolution and influenced
the apatite formation of glass-ceramics [102]. However, no replacement of
Tris has been found, as buffers such as HEPES [103], MOPS [104], and BES
[105] also influenced the dissolution and apatite formation of glass-ceramics.
Therefore, it was suggested that the reaction layers of biomaterials should
not only be considered when investigating the reactivity [106]. The
dissolution behaviour of bioactive glasses has been studied in simplified
solutions, which do not contain initial common ions affecting or exhausting
the reactions [107]. Tris-HCl buffer is free of the inorganic ions possibly
interfering in the supersaturated SBF but is buffered similarly [108].

As explained above, the reaction behaviour differs depending on the
solution’s pH. Even though biomaterials are mainly implanted in locations
experiencing a physiological pH, a local decrease of pH could occur at an
infection [82] or due to acidic degradation of an implant [109], as well as in
the oral cavity with the intake of acidic foods and drinks [110]. Additionally,
an increase in local pH occurs at the solution/material interface due to the
ion exchange between bioactive glasses and the surrounding solution [111]

Static environment

Previous studies on bioactive glass dissolution have primarily been
conducted in static environments by immersing the material in a solution
mimicking the body solution. ISO 23317 was developed for bioactive coatings
on metal discs with a specific surface area (S.) to volume (V) ratio calculated
for dense samples (Vs = 100 - S;) [96]. The clinical use of bioactive glasses is
still in particle form, and particles exhibit a larger relative surface area than
dense plates. In 2015, the International Commission on Glass Technical
Committee TC04 (Glasses for Medicine and Biotechnology) carried out a
round-robin test for a unified method to test bioactive glasses in vitro [95].
The method uses various characterisations for evaluating the apatite
formation on bioactive glasses by immersing 75 mg of 45-90 pm bioactive
glass particles in 50 ml SBF for up to 4 weeks. The suggested method proved
to be most suitable for studying bioactive glasses with a high surface area.
However, the size range of bioactive glasses for clinical use varies, and the
reaction behaviour of bioactive glasses is dependent on the surface area to
volume ratio. Therefore, the total surface area of the particles to be tested
must also be taken into consideration.

The immersion of a sample into a static solution gives an initial
understanding of the reaction behaviour of the studied bioactive glass. A
static environment can be considered well-controlled, and changes to
different parameters can easily be done. However, immersion of bioactive
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glass samples might lead to a quick saturation of the static solution.
Consequently, the reaction behaviour of the immersed sample is impacted.
Simultaneously, it is well known that the human body is a dynamic system
where bone grafts are in contact with a flowing solution and not immersed in
a static body solution.

Dynamic environment

Dynamic in vitro studies have been proposed to mimic the dynamic flow
conditions in the human body [112]. Still, investigating bioactive glass
reactions in a dynamic environment has been done to a limited extent. Initial
tests have been done by replenishing a static solution [113], circulating the
solution above a particle bed [114], or continuously feeding an as-prepared
solution through the material [44]. Results of studies in these dynamic
environments showed uniform reaction layers due to a more homogeneous
environment than a static one. The continuous flow-through setup developed
by Fagerlund et al [44] at AAU is presented in Figure 4. In this setup, bioactive
glass particles are placed in a reactor, where a pump feeds a fresh solution
continuously through the material bed.

Flow
rate
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Figure 4. A continuous flow-through setup for experiments with bioactive
glasses in a dynamic environment as developed by Fagerlund et al [44]. The
figure is acquired from Publication 1. © Wiley

Studies utilising the continuous flow-through setup to study bioactive glasses
are limited. Early tests developing the flow-through setup showed that
changes to different parameters also changed the bioactive glass reactions in
aqueous solutions. The tests continuously measured pH and ion
concentrations for the initial 30 minutes to evaluate the method for studying
the bioactivity through continuous dissolution [44]. For example, the
solution pH increased rapidly as compared to the gradual pH increase in
static solutions. An online ICP method concluded that the flow-through setup
could be used to follow the ions released from bioactive glass, especially to
compare different glass compositions [115]. Recent research at AAU has
implemented the flow-through setup by focusing on specific parameters that



may influence the dissolution behaviour. Microspheres have been of interest
due to their well-defined surface area. However, fine commercial S53P4
microspheres (45-90 pm) were almost inert, possibly due to compositional
change during production [116]. It was possible to produce bioactive S53P4
and 13-93 microspheres with flame-spraying that showed similar surface
changes as irregular-shaped particles [117]. Sintered bioactive glass
scaffolds have also been studied, where the 50% porous scaffolds dissolved
gradually in SBF while the necks were strengthened by Ca/P precipitation
[118]. Changes to the fluid flow rate have been discussed, and it was
concluded that the ion release was incongruent at a slow flow rate [92].

In addition, static-dynamic tests have been developed to combine the
well-controlled static environment with the dynamic environment,
mimicking the human body [102-105]. These studies were mainly conducted
by placing a glass-ceramic scaffold in a solution volume corresponding to the
volume flowing through the dynamic reactor for one day. In these studies, the
solution was replenished each day. Further, in vitro test also indicates
different cell tests, e.g., testing the cytotoxicity of newly developed bioactive
glasses [119].

2.2.3 In vivo studies

The results from in vitro experiments can be used to estimate reactions in
vivo. However, poor correlation between in vitro tests and in vivo results still
causes the need for in vivo studies to fully understand the reaction behaviour
of bioactive glass in contact with living tissues [120]. Compared to complex
body solutions, in vitro tests are still made in simplified environments. For
example, solutions may include ions comparable to the blood plasma (such
as SBF) but incorporate no cells or proteins found in the blood. Therefore, it
is still necessary to use in vivo models to evaluate the reactions of materials
in a complex physiological environment [121]. Today, many research
facilities are working with the 3R principle. The EU Directive 86/609 3R
implies replacing animal tests with alternative methods, reducing the use of
animals, and refining test procedures to minimise pain and discomfort [122].
In Finland, the Project Authorisation Board must authorise all projects that
include in vivo tests [123].

Necessary in vivo models are chosen to resemble the human as closely as
possible and include changes to time, tissue quality, and age [124]. Early in
vivo studies concluded that bioactive glass formed a bond to the cortical bone
after 6 weeks that was equal to or stronger than the host bone strength [125].
In contrast, SiO; control implants did not bond to the bone. The “Oonishi
model” introduced a method to drill holes with a diameter of 6 mm in the
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animal bones and fill them with bioactive glass particles after the bleeding
was momentarily halted [126]. This method used an animal with several
defects, where each defect was filled with particles of different sizes and
shapes. It can be debated that multiple critical-sized defects could influence
each other. Therefore, one implant per femur was used in a recent study to
research possible new bioactive glasses showing promising results in vitro
[127]. This thesis will not further discuss in vivo studies as the experimental
part is only in vitro.

2.2.4 Clinical use of the bioactive glasses 45S5 and S53P4
Bioactive glass has been clinically used since 1985 when 45S5 was FDA-
approved as an implantable monolith in the ear canal to restore hearing loss
[128]. Due to the material degradation, the implant was found to experience
fragmentation in the ear canal and was removed from the US market at the
beginning of the 2000s [129]. In the late 1980s, a 45S5-based implant
functioning as a strong base for dental implants was introduced and is still
used today [130]. At the beginning of the 1990s, 45S5 particles were FDA-
approved as a filler material for jaw and dental defects [131], and in 1995
they were awarded the CE mark for the European market [47]. 45S5 is also
used to remodel maxillofacial defects and other non-load-bearing hard tissue
corrections [132]. The bioactive glass S53P4 got the CE mark for orthopaedic
corrections in 2006 and further FDA approval in 2008 [133]. Today, S53P4 is
marketed as Bonalive® as particles or a premade putty and is used in, for
example, trauma surgery, benign bone tumour surgery, and mastoid surgery
[134].

Surgical treatment of osteomyelitis, i.e., infected bone tissue, leaves a
cavity in the bone that is commonly filled with biomaterials presenting
antibacterial properties [135]. A desired property of bioactive glasses is their
antibacterial effects [136]. For example, bioactive glass S53P4 powder
showed antibacterial properties against 17 anaerobic and 29 aerobic
bacteria [137,138]. Therefore, bioactive glasses have been used as a
treatment option for chronic osteomyelitis [139,140]. Bioactive glass S53P4
has shown a similar level of bone healing in cases with chronic osteomyelitis
as autografts [141]. Furthermore, a 50-people study showed that treating
chronic osteomyelitis with bioactive glass S53P4 decreased the overall
medical costs by an average of 6573 €/patient compared to treatment with
PMMA [142].

Apart from a filler material, bioactive glass 45S5 is also used as the active
ingredient in certain toothpastes to treat dentin hypersensitivity [143]. In
this case, the bioactive glass remineralises the tooth structure and blocks the
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opened tubules in the enamel [144]. Recently, bioactive glass toothpaste with
either fluoride or chloride ions to increase apatite precipitation entered the
market with FDA approval in 2020 [143].

2.3 Elements in bioactive glass
In this thesis, the elements discussed are those in the bioactive glasses 45S5
and S53P4. The elements further discussed, silicon, calcium, sodium, and

phosphorus, are all naturally abundant and found in the earth’s crust [145]
as well as in the human body [146,147].

Silicon

Silicon is naturally present in bones, ligaments, and other tissues in the
human body [148]. Silicon plays an important role in new bone formation
[149] and is involved in collagen synthesis and bone matrix mineralisation
[147]. The dissolution of silicon from bioactive glasses refers to soluble
silicon species (Si(OH)4) released into the surrounding solution due to the
increased local pH [70]. In cell tests mimicking the human body, Si(OH)a
increased the collagen type 1 synthesis and enhanced differentiation of the
osteoblasts [150]. Also, aqueous silicon was found to induce the precipitation
of hydroxyapatite in vitro [151].

Calcium

99% of the calcium in the human body is found in either bones or teeth as
hydroxyapatite [152]. Calcium deficiency highly affects bone structures and
decreases bone mineral density [153]. Initial reactions between a bioactive
glass and the surrounding solution cause a release of calcium ions (Ca?+) into
the solution. Ca?* increases the mineralisation of the extracellular matrix in
vitro by increasing the proliferation and differentiation of osteoblasts [154].

Sodium

Sodium ions maintain the internal homeostasis of the human body [155].
Consequently, most sodium is found in blood, particularly in plasma [156].
The solution, either physiological or simulated body fluid, already contains
high levels of sodium ions (142 mM). Sodium is also present in bones,
indicating that bone would work as a sodium reservoir [157]. In the initial
reactions between bioactive glass and the surrounding solution, abundant
sodium ions (Na+) are released into the solution.
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Phosphorus

Over 80% of the phosphorus in the body is found as hydroxyapatite in the
bones and teeth [158]. Additionally, phosphorus is found on a cellular level
in the human body in DNA, RNA, and ATP [159]. Inorganic phosphate
stimulated the MGP for bone formation in vitro [160]. During bioactive glass
dissolution, phosphorus is released into the solution as phosphate (P043-).
Together with the released calcium, phosphorus will precipitate on the
bioactive glass surface and later crystallise to hydroxyapatite, as explained in
2.2.1.

2.3.1 Dissolution products from bioactive glass

Early on, the dissolution of silicon and calcium ions from bioactive glasses
was considered to play a key role in apatite formation [161]. Also, dissolved
silicon and calcium from bioactive glass 45S5 were found osteostimulative in
the range of 15-30 ppm Si and 60-90 ppm Ca [162]. However, it might be
difficult to identify which reaction step impacts the dissolution due to a rapid
initial release.

The change in solution pH and the following impact on the bioactive glass
dissolution have been studied in detail. However, studies on the effect of the
dissolution products from bioactive glass are limited and mainly focused on
the biological and cellular responses in static environments. Biologically, the
dissolution products from bioactive glasses are proposed to alter cell
metabolic activity, spreading, and proliferation [163]. Dissolved ions from
bioactive glass 45S5 improved bone regeneration by shortening the
osteoblast growth cycle [164]. Ions dissolved from an experimental bioactive
glass have also been found to mineralise human adipose stem cells in a
hydrogel [165]. In addition, dissolution products from bioactive glass S53P4
have been shown to promote calcium phosphate mineralisation in an
osteogenic medium [166]. However, one study concluded that dissolved ions
from bioactive glass only stimulated bone formation if chemical supplements
known to induce osteogenesis were present in the cell culture tests [167].
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3. Experimental

This chapter presents the bioactive glasses and solutions, and the
experimental methods used in the thesis. The thesis focused on
understanding the impact of dissolution products on the reaction behaviour
of bioactive glasses. Hence, the studied compositions were the two most
common and most researched bioactive glasses, 45S5 (Publications [ and V)
and S53P4 (Publications 1], III, IV, and V).

3.1 Bioactive glass

Table 4 presents the nominal compositions, in wt-% (mol-%), of the two
bioactive glasses studied, the mass fraction of each element, and the reagents
used for melting the glasses. The glasses were melted in-house for
Publications I, III, IV, and V. The Belgian quartz sand (SiO2) and analytical
grade reagents (Ca0, Na;CO3, and CaHPO4:2(H,0)) were mixed in a container,
added to a platinum crucible in an electric oven, and kept at 1360°C for 3
hours to fully melt. The melt was then cast to a bar in a graphite mould and
annealed for 1 h at 520°C. Afterwards, the annealing oven was turned off, and
the solidified glass bar was cooled overnight. The melting and annealing
procedure was repeated once more to obtain homogeneity. For Publication
[, Bonalive Biomaterials Ltd provided a wide particle size range of bioactive
glass S53P4.

Table 4. The nominal glass compositions of 4555 and S53P4 in wt-% (mol-%),
the mass fractions, and the reagents used for glass preparation

wt-% (mol-%)

SiO; CaO Naz0 P20s
45S5 45 (46.1) 24.5(26.9) 24.5(24.3) 6 (2.6)
S53P4 53(53.9) 20(21.8) 23 (22.7) 4 (1.7)
mass fraction
Si Ca Na P
45S5 0.210 0.175 0.182 0.026
S53P4  0.248 0.143 0.171 0.017
reagents
SiOz CaC03 N32C03 CaHPO4-2(H20)
Manufacturer BZ;?Z; Fluka Sigma SZ:;Z;%
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Bioactive glass particles with a size range of 300-500 pm were chosen for all
studies. The particles were produced by crushing the bioactive glass bar to
particles with a puck and ring mill. Glass particles passing through a 500 um
sieve and staying on a 300 um sieve were used. Similarly, the wide size range
particles for Publication II were sieved to a 300-500 pm size range. Before
analyses and dissolution studies, the particles were cleaned in acetone in an
ultrasound bath to remove fine dust and powder attached to the surfaces that
might disrupt the accuracy of the dissolution studies.

Scaffolds for Publication V were prepared by filling cylindrical graphite
moulds of a diameter of 5 mm and height of 10 mm with crushed and cleaned
bioactive glass particles (300-500 pm). The porous scaffolds were sintered
for 90 minutes in nitrogen at 1030°C for 45S5, and at 720°C for S53P4. The
temperatures were chosen according to previous studies to produce partially
crystallised scaffolds with sufficient handling strength [168,169].

Melted bioactive glass, cleaned particles, and sintered scaffolds were
stored in plastic bags in a desiccator until use.

3.2 Dissolution media

Table 5 presents the solutions used in the publications. Each solution was
prepared in-house. Before preparation, beakers, flasks, and other glassware
and tools were thoroughly cleaned with HCI, ethanol, and purified water to
minimise contamination. Particular caution was taken with SBF
preparations. Purified water (ELGA Veolia) was used as the solvent for all
solutions. Solutions buffered with tris(hydroxymethyl)aminomethane (Tris)
were prepared as a 50 mM base. The solutions were stored in a refrigerator
until the experiments. The final solution pH was checked before each
experimental run.

Table 5. Solutions used for the studies reported in the attached publications
SBF Tris (7.4) Tris (9) Tris(5) HAc(5) LA
Publication [ I,V LI 1L IV,V 111 111 111 IV

Simulated body fluid (Publications 1, II, and V)

Table 6 presents the reagents added to 800 ml of purified water to prepare 1
L of SBF. When not used, the reagents were stored in a desiccator to minimise
exposure to air. The reagents were added separately and carefully to the
solvent. The solution was continuously stirred throughout the preparation.
Each reagent was completely dissolved before adding the following one. The
HCl was added cautiously to minimise precipitation due to a rapid pH change.
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Finally, separately dissolved Tris was slowly added to the solution. The
solution was brought to 37°C in a water bath and kept for 4 hours at the
temperature to thoroughly dissolve the reagents. Later, the pH of the solution
was adjusted to 7.40 at 37°C.

Table 6. Reagents for 1L of SBF to give the solution composition according to
Kokubo and Takadama [97] and the reagent for Tris buffer solutions

Reagent SBF Tris Manufacturer
NaCl 7.996 - VWR Chemicals
NaHCO3 0.350 - J.T. Baker
KCl 0.220 - Sigma Aldrich
K;HPO4-3H,0 0.228 - Sigma Aldrich
MgCl2-6H20  0.305 - Sigma Aldrich
1M HCl (aq) 35ml - Sigma Aldrich
CaCl2:2H.0  0.368 - VWR Chemicals
NazS04 0.071 - Sigma Aldrich
Tris 6.057 6.0571 Sigma Aldrich/Fluka
3.02905L

Tris (Publications I, 11, 111, IV, and V)

For Tris buffer, the Tris reagent in Table 6 was added to purified water, and
the temperature was increased to 37°C in a water bath. After a couple of
hours, the pH was adjusted to 9 or 7.40 with 1M HCI. Tris (5) was pH adjusted
to 5 with 1M acetic acid (HAc) instead of HCl to avoid excessive chloride
precipitation on the immersed glass samples.

Acetic acid sodium hydroxide (Publication I11)

0.5 L of 0.1M HAc was prepared by adding 3 ml of HAc (J.T. Baker) to 450 ml
of purified water. The solution was later pH adjusted to 5 with 1M NaOH at
37°C.

Lactic acid (Publication IV)

35 ml of 85% DL-Lactic acid (Sigma) was added to 965 ml of purified water
to prepare 1 L of 0.4M LA (pH 2).
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3.3 Dynamic environment

Publications I, II, IV, and V were conducted in a dynamic environment. For a
single-pass continuous flow-through setup, the reactor was connected
through a thin thermoplastic tube (Tygon®) to a peristaltic pump (Ismatec
IPC High Precision Multichannel Pump) feeding the solution. Figure 5 shows
the reactor parts and explanations. The bioactive glass particles were placed
in the inner compartment. For Publication V, sintered scaffolds, crushed
sintered scaffolds, or crushed particles were used. Filter papers prevented
the particles from flowing with the solutions to the thin tubes and from
causing blockages.

Solution flow

b) d) e) a)

Memoioni

Outer reactor parts
b) Filter paper
c) Inner compartment
d) Porous plastic filter
e) Rubber reactor seal
f) Plastic guidance for solution

Figure 5. Reactor parts of a single-pass flow-through reactor for experiments
in a dynamic environment.

3.3.1 Cascade reactor setup

In the dynamic continuous flow-through setup, a three-step cascade reactor
was utilised. The cascade was inspired by a standard cascade reactor used to
analyse the steady-state growth kinetics of microorganisms [170]. In this
work, up to three reactors were coupled in series, as seen in Figure 6. This
experimental setup allowed the investigation of the solution outflows from
each reactor, i.e,, the solution inflows to the next reactors. The cascade
enabled the examination of differences in the reactions of the particles in the
three reactors.

_>“‘ — — —

Figure 6. A cascade reactor setup with three reactors coupled in series. The
solution flows from left to right.

The particles in the first reactor were assumed to mimic the outer part of an

implanted particle bed with the first solution contact. In contrast, the
particles in the second and third reactors were supposed to simulate
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particles inside a porous particle bed where the solution flows after reacting
with the outer particles. The reactions, such as the increase of pH and ion
concentrations, occurring in the first reactor were assumed to influence the
reactions in the consecutive reactors.

For Publications I, II, and IV, 210 + 10 mg of bioactive glass particles were
placed in each reactor. The peristaltic pump continuously fed the solutions to
the cascades with either 0.2 ml/min (Publications I, II, IV, and V) or 0.04
ml/min (Publication IV). These rates led to a total solution of 288 ml or 57.6
ml passing through the reactors each day. The solution outflow was collected
continuously throughout the experimental time. The dynamic experiments
were conducted for up to 3 weeks (Publication V), 1 week (PublicationI), 120
h (Publication II), and 24 h (Publication IV).

3.4 Static environment

Immersions in Publication Il were conducted in a static environment, while
a static environment was used as a reference for Publication IV. In all static
in vitro experiments, the theoretical surface area of glass particles to solution
volume ratio was around 0.4 cm-. This ratio was calculated by assuming
spherical particles with an average diameter of 400 pm. However, the actual
surface area to solution volume ratio was lower, as suggested by the irregular
particles and the measured particle size distribution, giving an average ratio
of 0.33 cm-! (see 4.1). In the conventional static experiments, 30 ml of the
solution was poured into polypropylene centrifuge tubes and the
temperature was increased to 37°C before adding 210 + 5 mg of bioactive
glass particles. The static immersions were done in a shaking incubator
(Stuart Orbital Incubator SI500) set at 37°C and rotated at 100 rpm.

In Publication III, the supernatants were extracted at 24 and 72 h for reuse
as immersion solutions with unreacted particles. As small samples of the
solutions were extracted for ion analysis, the mass of unreacted glass
particles was 202 * 3 mg in 28.5 ml of the extracted solutions to keep the
surface area to solution volume ratio constant. The bioactive glass particles
were immersed for 120 h in Publication IIl and 24 h in Publication IV.

3.5 Analyses

Changes to the solutions and bioactive glass particles were analysed as
functions of time. Bioactive glass/solution reactions occur rapidly upon
contact. Therefore, solution collections and measurements were conducted
more frequently at the beginning of the experiments.
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3.5.1 Solution pH

The pH (Mettler Toledo SevenEasy or VWR pHenomenal pH 1100 L) of the
collected outflows from the dynamic experiments and the supernatant
solutions in the static experiments were measured at either room
temperature (Publications I, II, and V) or 37°C in a water bath (Publications
[II and IV). Before each run, the pH-electrode was calibrated with buffer
solutions (4.01, 7.00, and 9.21, VWR/Fluka/Merck). The solution pH was
measured directly in the collected outflow. The supernatant pH was
measured close to the particle bed without the electrode touching the
particles. The pH of a supernatant solution increases the closer to the particle
bed it is measured [114]. The reference solution pH was also measured
before and after each experimental run.

The solution pH varies with the temperature. An increase in temperature
decreases the pH. Therefore, the pH values measured at room temperature
were calculated into pH at 37°C according to Equation 1. Equation 1 is based
on the Tris buffer solution [171]. The pH of SBF was also converted with the
same equation. The equation was verified by measuring the pH of Tris and
SBF solutions in a water bath in the 20-45°C temperature range.

pH37 = pHmeasured - (0-027 * (37 - Tmeasured)) (1)

3.5.2 Ion concentrations

lon concentrations were analysed with an inductively coupled plasma-
optical emission spectrometer (ICP-OES, Optima 5300 DV; PerkinElmer,
Waltham, MA). For dynamic tests, 1 ml of the collected outflows was diluted
with 9 ml of ultrapure water before analysis. An aliquot (1 ml) from the
supernatant solution was similarly diluted before analysing the solutions
from the static tests. The extracted aliquot was not replaced with a new
solution, but the decrease in total immersion volume was considered for
further calculations.

The ICP-OES was calibrated with commercial standard solutions
(Spectrascan) of 1, 5, and 20 ppm silicon, calcium, sodium, and phosphorus.
The calibration was verified by measuring the 1 ppm standard before each
run and after every 60 samples. The background was measured
simultaneously. The presented results are background corrected. Each
reported measurement point represents three parallel samples analysed 3-5
times with the ICP-OES.

Aliquots were extracted multiple times during the static immersions,
changing the surface area to solution volume ratio. The reported values for
Publication III are, therefore, normalised according to Equation 2 [172]:
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a
Cij = Cij+ % XY Cija (2)
where C; ; is the normalised ion concentration of element i at time point j
(mg/1), Ci; is the measured ion concentration with ICP-OES of element i at
time pointj (mg/1), Vais the volume of the aliquot (ml), V5 is the volume of the
immersion solution (ml), and Cj;.; is the measured ion concentration of
element 7 at time point j-1.

3.5.3 Particle analyses

Particle size distribution

The particle size distribution was measured with a laser diffraction system
coupled with a wet dispersion unit (Malvern Panalytical Mastersized 3000)
for each new crushed, sieved, and cleaned batch of 300-500 um bioactive
glass particles. Bioactive glass particles were added to distilled water until
the measuring device sensed particles in the flowing solution. Five parallel
measurements were done. The irregular-sized particles were measured
according to their volume and compiled to their corresponding spherical
diameter with the software.

Surface characterisation

Surfaces and cross-sections of particles were investigated with a scanning
electron microscope (SEM, Leo Gemini, Carl Zeiss), and the reaction layers
were analysed with energy-dispersive X-rays (EDX, Thermo Scientific
UltraDry, Thermo Scientific) coupled with the SEM. After the dissolution, the
bioactive glass particles were washed with ethanol to stop the reactions and
dried in a 40°C oven overnight. For surface images, the particles were directly
analysed with the SEM. For particle cross-sections, the particles were
embedded in epoxy resin (polyester resin with organic peroxide catalyst)
until hardened and later ground and polished with abrasive paper and
ethanol to reveal the cross-sections. SEM images were taken with different
magnifications over the particles, but EDX analyses were focused on
randomly selected particles with visible changes to the surface or cross-
section. The elements silicon, calcium, sodium, phosphorus, and oxygen in
the bioactive glasses were analysed using SEM-EDXA.
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4. Results and discussion

4.1 Particle and scaffold characterisation

Figure 7 a) shows particle size distributions for the samples studied in
Publications I-IV. The SEM image in Figure 7 b) shows unreacted particles
used in Publication IV. Figures 7c) and d) give the surface of a sintered 45S5
scaffold in two magnifications (Publication V). Even though the glass
particles were sieved to 300-500 pm, the measured particle size range was
larger. This is partly because the measurements give the average diameter
based on measuring the particle volumes and estimating spherical particles
and partly due to elongated irregular particles passing through the 500 pm
sieve and contributing to an overall increased particle size range. The share
of particles in the sieved size range was 59% in Publication I, 52% in
Publication II, and 69% in Publications III and IV. The specific surface area of
the particles was 4.686 m2/kg (Publications III and IV). The surface of the
sintered 45S5 scaffold (Figure 7 c) shows somewhat rounded particles,
compared to the sharp edges of crushed particles (Figure 7 b). Figure 7 d)
shows part of the surfaces of two sintered particles with a surface roughness
suggesting partial crystallisation.

18 o N\ —1: 4555

—11: S53P4

——1II/IV: S53P4

Bl-_ - _ /v =3VIm
Figure 7. a) Particle size distribution of 4555 and S53P4 particles, b) surface of

unreacted S53P4 particles, c) and d) surface of a sintered 4555 scaffold. Figures
reproduced from Publications I, 11, I1, IV, and V. © Wiley, Elsevier, Springer.

SEM images of the scaffold cross-sections (Figure 8) show the extent of

surface crystallisation caused by the sintering of the S53P4 scaffolds. Figure
8 b) shows the grey crystalline structure and the black amorphous structure.
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The extent of surface crystallisation caused by the sintering was estimated to
be 58 vol-%. In contrast, the sintered 45S5 scaffolds consisted of fine-grained
crystals throughout a residual amorphous phase.

>, 100pm | T00pm ’
e B

< "
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Figure 8. Cross-section of an as-prepared sintered S53P4 scaffold. Manipulated

figure (b) shows the amorphous structure in black and the crystallisation in
grey. Publication V ©Springer

4.2 Dynamic dissolution

Figure 9 compares the silica-rich layers formed on particles after 24 h in the
dynamic (0.04 ml/min, 1st reactor) and static LA with an initial pH of 2
(Publication IV). Compared to the static environment, more homogenous and
thicker layers formed in the dynamic environment. Even though the static
solution was agitated throughout immersion, the solution environment was
not homogeneous in the particle bed. Thus, the static in vitro experiments
likely did not give a comparable environment to the dynamic human body.

Static Dynamic ml/min)

Figure 9. SEM images of S53P4 particle cross-sections after 24 h in static (left)
and dynamic (right) 0.4M LA environments. Publication IV ©Springer

4.2.1 Comparison of 45S5 and S53P4 dissolution

In the dynamic environment, silica-rich layers were visible after 4 hours of
flow-through of Tris and SBF (7.4) on 45S5 particles in most reactor
combinations (see Publication I). In SBF, the third reactor particles showed
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uneven sporadic reaction layers typical for the initial release of calcium,
sodium, and phosphorus from the glass. Similar progress at 4 h of the
reaction layer forming trend was not seen on bioactive glass S53P4 particles
(see Publication II), indicating an overall slower reaction behaviour
compared to 45S5. Also, the 45S5 particles in SBF had around 10% less silica
analysed in the silica-rich layer than in Tris. The apatite formation has been
suggested to be slower in SBF than Tris [173].

Figure 10 shows SEM-EDXA of selected bioactive glass S53P4 particles
after 24 h of continuous (0.04 ml/min) flow-through of Tris (7.4) for the
reactor series (Publication IV). The SEM images do not show apparent
differences between the layer structures on particles in the three reactors. In
all reactors, the particles had formed a silica-rich surface layer with some
Ca/P, given by the EDX analyses.

_ 0.04 ml/min
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Figure 10. SEM-EDXA of reacted S53P4 particles after 24 h of dissolution with
0.04 ml/min Tris for the three reactors. Publication IV ©Springer

3rd reactor

Figure 11 shows the pH changes in the outflows for the first 48 h of cascade
reactor experiments conducted in Tris (left) and SBF (right) with 45S5 and
S53P4 bioactive glass particles (Publication II). The pH decreased and
stabilised slightly above the solutions’ reference values at prolonged
experiments. Importantly, the pH stayed consistently between the buffering
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capacity of Tris (7-9). This indicates that the pH remained below the levels of
increased silicon dissolution [75].

In all cases, the pH increased initially to 7.6-8, where the highest increase
was always noted in the outflow of the third reactor. The pH change was
initially slightly higher for 45S5 than S53P4. The pH increased to a lower
extent in SBF than in Tris. Interestingly, a second increase in SBF pH was seen
with multiple reactors in the setup. The second increase was measured
around 8 h with 45S5 and 24 h with S53P4. This was assumed to correlate
with the known lower bioactivity of S53P4 compared to 45S5 [84]. These
results imply that the ion exchange will proceed in the second and third
reactors when the reactions have started to slow down in the first reactor as
the solution is continuously fed through the system.
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Figure 11. The pH changes as a function of time for dynamic experiments
conducted in Tris (left) and SBF (right) with 4555 and S53P4. Publication II
©Elsevier

The ion concentration changes in Tris (7.4) for each reactor with 45S5 and
S53P4 for 120 h are seen in Figure 12 (reworked from Publications I and II).
The changes were calculated from the measured values in the outflows
subtracted with the measured values of the inflows to the reactors, i.e., the
outflows from the previous reactors. The figure shows that most of the
dissolution into Tris occurred from the first reactor. Also, the dissolution
from the second and third reactors was equal. It can be assumed that the
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dissolved ions in the first reactor decreased the ion release in the second
reactor. Consequently, as the dissolution did not increase dramatically in the
second reactor, the dissolution from the third reactor was still mainly
influenced by the dissolved ions from the first reactor. As seen in Figure 10,
decreased dissolution did not inhibit the formation of reaction layers on the
particles. Thus, it is proposed that the layers formed on the second and third
reactor particles were not limited to the dissolution from the particles in
respective reactors. On the other hand, the dissolved ions from the previous
reactors contributed to the layer growth.

These results also show that the release of silicon differed between 45S5
and S53P4 in the first reactor. Silicon released quickly from 45S5 and
stabilised around 20 mg/1 after 24 h of dissolution. In contrast, silicon was
released at a higher rate from S53P4 for the first couple of days and stabilised
around 20 mg/I after 72 h of dissolution. Static dissolution has shown that
S53P4 initially dissolved slower than 45S5 but dissolved more consistently
over two weeks [83,84]. This can be explained by S53P4 containing 53 wt-%
Si0; compared to 45 wt-% in 45S5, i.e., 8 wt-% more network formers which
consequently increases the chemical durability of the glass. However, these
bioactive glasses are still highly reactive materials and gradually dissolve
over time.

Si Ca Na P

fk

e
Pl —===s e

©
5
™
IS
5
Y
3
N
S

—=—1st reactor

o
2
2
3
3
w
5
e

2nd reactor

N
S

3rd reactor

4585
Ac (rgg/l)
Ac (;\g/lJ
Ac [r;g/ll
A; (mg/1)

~ 0 : ¢
1 - 0 R ——— 5 : =3 0/ 20 40 60 80 100 120
0 20 40 60 80 100 120 0 20 40 60 80 100 120 0 20 40 60 80 100 120 -10 Time (I

Time (h) Time (h) Time (h) ime (h)

Y
3

IS}
5
>

S53P4
Ac [gg/l)
Ac lrgng/ ]
Ac (r;g/ll

Ac (:g/ll

20 4

s
S

—~ 20 % 0 ——
— 3 m— — l? 20 40 60 80 100 120

T ¢ T T d 0 % T T T T 1
0 20 40 60 80 100 120 0 20 40 60 80 100 120 0 20 40, 60 80 100 120 -5
Time Time (h) Time (h) Time (h)

0

Figure 12. Change of ion concentrations in the solution (outflow-inflow) after
each reactor in the cascade for dynamic (0.2 ml/min) experiments conducted
in Tris with 4555 and S53P4. Reworked from Publications I and II.

SBF contains calcium and phosphorus. Thus, Ca/P precipitation is not limited
to the released calcium and phosphorus from the bioactive glass into the
solution, as in Tris. Figure 13 shows the calcium and phosphorus
concentrations in the SBF solution outflows of cascade reactor experiments
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with 45S5 and S53P4 for 120 h of dissolution (reworked from Publications I
and II).

The figure shows an initial increase of calcium and phosphorus in the
outflows for the first hour of flow-through. Noticeably, the calcium
concentrations from 45S5 have a similar second increase as seen in the pH
(Figure 11), correlating with the ion exchange between hydrogen and
calcium ions. For S53P4, the calcium concentrations decreased towards the
reference solution without a similar second increase as for 45S5. This
suggests a more consistent ion exchange between S53P4 and the SBF
throughout the experiments; the second pH increase for S53P4 was also not
as pronounced as for 45S5. In contrast, the phosphorus concentration
decreased quickly below the reference solutions’ values after an initial ion
release peak, indicating phosphorus precipitation in the reactors. The lowest
phosphorus concentrations were measured in the outflow after three
reactors. This implies that most phosphorus would have precipitated in the
last reactor. Thus, the dissolved phosphorus in the first reactor promoted
precipitation in the second and third reactors. Overall, these results suggest
that the phosphorus concentration is the limiting factor of Ca/P precipitation.
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Figure 13. The concentration of calcium and phosphorus in the SBF solution
outflows for dynamic (0.2 ml/min) cascade reactor experiments with 4555 and
S53P4. The dotted line indicates Ca and P concentrations in the reference SBF.
Reworked from Publications I and II.

The thickness of silica-rich layers and precipitation of Ca/P increased in both
Tris and SBF with the flow-through time. Figure 14 shows SEM-EDXA over
selected bioactive glass 4555 and S53P4 particles in experiments after 72 h
with Tris and SBF for each reactor in the series (reworked from Publications
I and II). The faster formation of the silica-rich layer providing nucleation
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sites for apatite likely explains the difference in the apatite growth in the two
solutions (see Publications I and II). The figure shows that a pure Ca/P outer
layer developed only in SBF. In Tris, the precipitation from the solution was
minor. Thus, the released Ca and P species were assumed to form a mixed
layer of silica and Ca/P. Such a mixed layer was typically analysed on 45S5
particles. In contrast, a similar mixed layer structure was not seen on
particles exposed to SBF. This suggests that the bulk glass dissolution
decreased in SBF as a function of time, but precipitation occurred due to
calcium and phosphorus ions in the surrounding solution. The Ca/P-layer has
earlier been proposed to slow down the dissolution [174].
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Figure 14. SEM-EDXA of reacted 4555 and S53P4 particles after 72 h of
continuous flow-through (0.2 ml/min) of Tris and SBF in each reactor in the
series. Reworked from Publications I and I1.

4.2.2 Effect of fluid flow rate on S53P4 dissolution

Table 7 presents the ion concentrations (mg/l) released from S53P4 in the
LA outflows for 0.2 and 0.04 ml/min flow rates after each reactor
combination (Publication IV). Also, the ion concentrations at 24 h of
immersion in static LA are indicated. Calcium, sodium, and phosphorus
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dissolved from S53P4 to LA at elevated levels. The high release of these ions
was due to the low pH (2) and, consequently, a high concentration of
hydrogen ions available for ion exchange. This suggests a higher alkali and
alkaline earth ion dissolution at implant sites experiencing a local pH
decrease due to an infection or in composites with an acidic degradation.

The silicon release was much lower compared to the buffered Tris and
SBF. Comparing the concentration differences between the outflows and
inflows from each consecutive reactor shows similar dissolution levels from
each reactor. Accordingly, the dissolution of silicon from the second and third
reactors was consistently equal to that from the first reactor. Decreasing the
flow from 0.2 to 0.04 ml/min increased the other ion concentrations 4- to 7-
fold, which is proportional to the flow rate and suggests similar dissolution
in both flow rates.

Table 7. lon concentrations in the outflows from each reactor for dissolution of
S53P4 in 0.4 M LA using the flow rates of 0.2 and 0.04 ml/min. 24S gives the ion
concentrations after static immersion after 24 h. Publication IV
Si Ca
0.2 ml/min 0.04 ml/min 0.2 ml/min 0.04 ml/min

h 1) @ @3] @ (2) B |11 @ )| W (2) (3)

1 22 44 64 16 32 49 211 409 582 | 1489 2640 3627

2 21 43 58 10 20 31 138 283 399 | 863 1659 2475

4 22 43 6.2 10 18 27 103 206 296 | 585 1131 1673

6 25 46 65 10 19 26 86 169 248 | 469 909 1314

8 28 48 69 11 20 27 71 143 209 | 402 809 1142
24 | 38 68 98 16 25 34 32 64 91 171 330 512
24S 3.2 154

Na P
0.2 ml/min 0.04 ml/min 0.2 ml/min 0.04 ml/min

h 1) @ @3] @ (2) B |11 @ )| W (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
24S 269 11

The ion concentrations dissolved in Tris (7.4) were also higher for the slower
flow rate. However, the concentration differences between Tris fed with two
flow rates were smaller than for LA (see Publication IV). For the flow rates
0.2 and 0.04 ml/min, the volume of solution flowing through the system
varied significantly, from 2.4 ml for the slower flow to 12 ml for the faster
flow for one hour. The significant difference in the solution volume makes a
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direct comparison between the glass dissolution at the two flow rates
difficult. For an easier comparison of the impact of dissolved ions from each
reactor on the dissolution mechanism, the normalised surface-specific mass

loss rate (NR;) was calculated according to Equation (3) [44]
Ci
NR; = ) (3)
where C;is the ion concentration of element i (mg/1), f; is the mass fraction
of element 7 in the unreacted glass (unitless), SA is the total initial surface
area (m2), and F is the flow rate of the dynamic solution (m3/s). The total
initial surface area was calculated using the specific surface area analysed
during particle size distribution (4.686 m?/kg) and the mass of S53P4
particles in each reactor (210 mg). This gave a total unreacted surface area
0f 0.00098 m2/reactor.

Figure 15 shows the calculated reactor-specific NR; for dissolution of
S53P4 into Tris (7.4) for 0.2 and 0.04 ml/min. The elements initially
dissolved incongruently from the first reactor with the 0.2 ml/min flow rate.
Calcium, sodium, and phosphorus were released similarly from the glass
particles, while silicon dissolved at a slower rate. At around 24 h, the mass
loss rate from the surfaces was equal, and the elements released more
congruently.

1st reactor 2nd reactor 3rd reactor
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Figure 15. Normalised surface-specific mass loss rate of elements from S53P4
to Tris (7.4) for the three reactors. Publication IV ©Springer

The mass loss rate from S53P4 decreased with the flow rate. For 0.2 ml/min,
the release of sodium was around 120 mg/1 from the first reactor at 1 h. For
the slower flow rate (0.04 ml/min), an equal mass loss rate would mean
around 600 mg/l from the first reactor. However, the measured
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concentration was about 210 mg/l. This difference indicates that the flow
rate highly influenced the dissolution of bioactive glasses in solutions with a
pH of around 7. Similarly, the dissolution products in the solution also
decreased the mass loss rate, as seen for the second and third reactors in
Figure 15. This implies that particles inside a particle bed react slower than
the exterior particles. Whether the location of individual particles in a
particle bed would partly explain remnants reported in long-term clinical
studies is unclear [175,176].

Similar calculations for surface-specific mass loss rate conducted with LA
(see Publication IV) suggested similar dissolution rates of calcium, sodium,
and phosphorus from S53P4 particles regardless of reactor or flow rate but
a slower silicon dissolution rate. Thus, a lower pH did not impact the
dissolution behaviour of bioactive glasses as much as a physiological-like pH.

4.2.3 Effect of initial pH on S53P4 dissolution

Figure 16 shows the pH change in the solution outflows for the two flow rates
of Tris (above) and LA (below) with an increasing number of reactors loaded
with S53P4 particles (Publication IV). The figure also includes results from
the dissolution of S53P4 particles in static Tris (Publication III) and static LA
as a comparison. The graphs do not include deviations, as most were below
+ 0.05 pH units (highest + 0.12 pH units). In all dynamic cases, pH initially
increased rapidly and slowly decreased towards the reference solutions’
values.

The pH was consistently highest in the outflows with the slower flow rates
and third reactor. However, the measured pH of Tris was always within the
buffering capacity range of 7-9, as in the dynamic 0.2 ml/min flows of Tris
and SBF through 45S5 and S53P4 particles in Publications I and II. The
solution fed through the S53P4 using the slower flow rate led to higher
concentrations of released calcium and sodium ions, thus explaining its
higher pH (Publication IV). After 24 h, the pH of static Tris in contact with
S53P4 particles approached the same value as the dynamic Tris solutions fed
through the particles using both flow rates. On the other hand, the pH of static
LA in contact with S53P4 particles increased rapidly close to the outflow pH
from the third reactor for the flow rate of 0.04 ml/min at 24 h. This increase
correlated with the higher ion exchange at the glass surface at a lower pH.
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Figure 16. pH of Tris and LA (0.2 and 0.04 ml/min) outflows from an increasing
number of reactors loaded with S53P4 particles for 24 h. pH of the static

solutions are shown in the 1st reactor graphs. Publication IV ©Springer

Figure 17 shows the SEM-EDXA of bioactive glass S53P4 particles after 24 h
of dynamic LA for the two flow rates of 0.2 and 0.04 ml/min (Publication IV).
All particles had developed a silica-rich layer due to the extensive ion
exchange. The layers were similar, and no significant differences in the layer
compositions, regardless of fluid flow rate or reactor in which the particles
had been exposed, were analysed. The silica-rich layer provided nucleation
sites for calcium and phosphorus precipitation in the physiological pH range.
However, the local pH stayed acidic throughout the experiment when LA was
continuously fed through the reactor system. Ca/P did not precipitate as the
solubility of calcium compounds increases with decreasing pH [81]. In
contrast, LA chelates with the released calcium and phosphorus, further
hindering Ca/P precipitation [177]. Whether the chelates would influence or
interfere with hydroxyapatite formation in composites of PLA-based
polymers and bioactive glasses is unclear.
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Figure 17. SEM EDXA of S53P4 particles after 24 h of continuous flow-through
with 0.2 or 0.04 ml/min 0.4M LA for the three reactors in the series. ©Springer
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Bioactive glass plates immersed in static acidic solutions (LA and HCl)
suggested Ca/P precipitation when the pH increased above 4 [79]. However,
thicker Ca/P formed in a solution based on HCI than LA. In another study, a
high level of chloride ions led to the precipitation of calcium chloride on
bioactive glasses [178]. Even though the highest measured pH in the
collected LA outflows in this work was 4.59 after three reactors and the local
pH inside the particle bed was likely higher, the pH was not high enough to
promote Ca/P precipitation. The chelation of calcium ions would explain this
observation.

4.2.4 Impact of prolonged dissolution on S53P4 scaffolds

Figure 18 shows SEM images of sintered S53P4 scaffold cross-sections after
21 days of continuous flow-through with Tris (7.4) (Publication V). The EDXA
corresponding to the points 1A-B, 2A-C, 3A-B, and 4A-Cis presented as oxides
in Table 8. The figure shows a particle in the scaffold with a partly dissolved
outer crystallised layer and a completely dissolved amorphous core (a) and
a particle in the scaffold with a partly dissolved inner amorphous core and a
less dissolved outer crystallised surface layer (b). The scaffolds continued to
dissolve over time in Tris. After 21 days, the scaffolds had lost their structure
due to dissolution, and some particles in the scaffolds were mainly shells (a)
comprised of silica and low levels of calcium oxide and sodium oxide (Table
8).
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Figure 18. SEM images of S53P4 scaffolds after 21 days of continuous flow-
through of Tris. a) particle in scaffold with a partly dissolved outer crystalline
structure and almost completely dissolved amorphous core. b) particle in
scaffold with partly dissolved amorphous core and outer unreacted crystalline
structure. EDX analyses of points 1-4 are seen in Table 8. Publication V
©Springer

Some Ca/P was analysed on particles after 72 h in Tris (Figure 14), but after
21 days of continuous Tris flow, S53P4 particles were almost completely
dissolved. Table 8 presents the EDX analyses of the oxides, in wt-%, from the
points in Figure 18. Low compositions of Ca0 and P,0s were analysed on
some of the reacted scaffolds (2A and B). The unreacted amorphous core (4A)
had a composition close to that of the bulk glass. In contrast, the crystalline
structure (4B and C) was mainly silica with lower levels of the other oxides.

Table 8. EDXA (in wt-%) of points in Figure 18 and theoretical wt-% of S53P4.
Publication V

1 2 3 4
S53P4 | A B A B C A B A B C
SiO: 53.0 | 934 736|911 924 99 |942 452|561 879 872
Cao 20.0 1.8 129 | 6.8 58 10| 48 267|192 78 81
Na:0 | 23.0 1.0 135 | 03 0 0 281|204 26 25
P20s 4.0 0 0 1.0 0.7 0 0 0 42 10 17
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4.3 Static dissolution

Table 9 presents the measured average pH of the four immersion solutions
before immersion and during immersion (Publication III). The deviations are
omitted for clarity but varied between * 0.01 and 0.08 pH units. The as-
prepared solutions are marked as (0), and the 24 and 72 h extracts as (24)
and (72), respectively. The decrease of reference pH in the extracts compared
to the measured pH of the corresponding supernatant before extraction, for
example, 9.31 to 9.10 in Tris (9), is likely due to the time lag for pH
equalisation throughout the solutions. Upon immersion, the pH increased
gradually throughout the immersion time for all solutions. The highest pH
was measured at 120 h in all solutions. This indicates gradual dissolution
throughout the experiments regardless of dissolution products present or
the solution’s initial pH.

Table 9. The pH of the supernatant solutions as functions of time before (0 h)
and during immersion of S53P4 particles. The as-prepared solutions are noted
as (0). The bold values indicate the pH measured above the glass particles
before extraction, while the underlined values indicate the pH values in the
extracted and mixed solutions before adding new particles. Publication 111
Tris (9) Tris (7.4) Tris (5) HAc (5)

@O 9 (7)) @ 49 (2| O (249 72)] 0 (24 (72
897 912 910 | 735 746 758 | 496 509 515|493 505 5.08
9.10 9.15 911 | 744 757 7,59 | 506 511 519 | 501 505 511
911 915 912 | 746 753 761|507 512 522|505 507 514
9.12 9.15 914 | 747 7,52 7.62 | 508 513 524 | 503 509 5.16
913 917 915|749 753 759 | 510 515 526 [ 504 508 5.17
24 | 915 920 917 | 752 757 769|515 523 532|511 514 517
48 | 923 925 928 | 759 7.60 7.69 | 526 526 548|516 515 524
72 | 931 929 933 |7.62 764 771|526 536 555|516 520 529
96 | 931 934 937 | 762 765 7.73 | 527 535 560 | 523 525 535
120 | 938 937 941|766 7.68 775 | 538 542 568 | 527 530 540

@ O BN O |

Figure 19 shows the normalised ion concentrations of silicon, calcium, and
sodium in the aliquots extracted from the static supernatant solutions as
calculated with Equation 2 (Publication III). Phosphorus concentrations are
omitted from the figure. All measured phosphorus values were below the
limit of quantification (LOQ) in Tris (9) and between LOQ and 2.8 mg/l in
other solutions (see Publication III). In most of the solutions, the ion
concentrations of all ions increased with immersion time. The dissolution
products in the extracts did not inhibit further ion release from S53P4
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particles. However, in Tris (9) and Tris (7.4), dissolved ions in the extracts
decreased the dissolution. The decrease was linear in Tris (9) and highest for
the 24 h extract of Tris (7.4).

Interestingly, the silicon concentrations at 120 h were on an equal level
for Tris (9) and Tris (7.4), even though the final pH (9.38) of the as-prepared
Tris (9) could have led to higher dissolution [75]. HAc (5) contains a high
sodium concentration in the as-prepared solution (1570 mg/1). The sodium
analysis suffered from a much higher concentration than the calibration
standard for sodium (20 mg/1). Nevertheless, the concentration trends were
assumed to correlate with the sodium release. Sodium release trends in HAc
(5) were similar to Tris (5) for the first 72 h. Calcium and sodium releases
were higher in the initial pH 5 solutions, as in the dynamic LA (pH 2)
experiments.
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Figure 19. Normalised ion concentrations in the as-prepared and extract
solutions after the static dissolution of S53P4 particles. Publication Il

©Elsevier

The normalised silicon, calcium, sodium, and phosphorus mass loss rates in
static solutions (Figure 20) were calculated according to Equation 4 [179].
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Cc/—Co

NL; = (S_A)fi (4)

NL; gives the normalised mass loss of element i (g/m?), C; is the
normalised ion concentration of element i calculated with Equation (2)
(mg/1), Cy is the ion concentration in the reference solution (mg/l1), SA is the
total surface area of unreacted bioactive glass particles (m?), Vis the volume
of the immersion solution (L), and f; is the mass fraction of element i
(unitless). The mass losses of silicon, calcium, and sodium in Tris (9) were at
similar levels and increased linearly with time. The mass loss slightly
decreased in the extracts. Figure 20 suggests a congruent silicon, calcium,
and sodium dissolution in Tris (9) and its extracts. In contrast, the elements
dissolved incongruently in Tris (7.4), Tris (5), HAc (5), and their extracts.

As-prepared 24 h extract 72 h extract
20 . 20 20
—~Si —~Ca
sdls Na P —15 15
—~ E £ €
D =m0 ®10 % 10
2 2 Zs
= // . 1
o= . o= 0=
0 20 40 60 80 100 120 0 20 40 60 80 100 120 0 20 40_ 60 80 100 120
Time (h) Time (h) Time (h)

2 5 5 5
RN o =

L e 0 4 : . ! " ; 0 -
0 20 40 60 80 100 120 [ 20 40 60 80 100 120 0 40 60
Time (h) Time (h) Time (h)

-

7.4)
NL; (g/m?)
NL; (g/m?)
NL (g/m?)

80 100 120

25 25 25
_ Ew F20 E 20
N w15 @15 =15
a 2 10 =10 =10
(= 594 5 - 5
P z SE—
0 Ho—To—= : - . ) 0 T 7 - 0 T T T T
0 20 40 60 8 100 120 0 20 40 60 8 100 120 0 20 40 60 8 100 120
Time (h) Time (h) Time (h)
40 40 40
30 —~30 30
& £ £ £
ISR $14 20 w20
Q o =5 5
< Z1w0 Z 10 =90
a ~
P Asr—— — = 0 N ———————— 0 &
0 20 40 60 80 100 120 0 20 40 60 80 100 120 0 20 40_ 60 80 100 120
Time (h) Time (h) Time (h)

Figure 20. Normalised surface-specific mass loss of elements from S53P4 during
immersion in the as-prepared Tris (9), Tris (7.4), Tris (5), HAc (5) and their
extract solutions after 24 and 72 h of dissolution. Publication Il ©Elsevier

Figure 21 shows SEM micrographs of bioactive glass S53P4 particle surfaces
before (reference) and after 120 h in the four as-prepared static solutions
(Publication III). Particles immersed in Tris (7.4) show a typical silica-rich
layer (as a cracked surface) and Ca/P accumulations on the surface. Similar
structures had formed on particles immersed in Tris (5) and HAc (5). In
contrast, no Ca/P precipitation was identified on particles in static LA (Figure
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9). Particles immersed in Tris (9) did not show specific layers but signs of
glass corrosion due to congruent dissolution.

Reference Tris (9) Tris (7.4) i HAc (5)
20 - ix 4 7 v VAl S e

Figure 21 SEM images of 553P4 particles before immersion [reference] and
after 120 h in the four as-prepared solutions. Publication Il ©Elsevier

Figure 22 shows the SEM-EDX analyses of S53P4 particles immersed for 120
hin Tris (7.4), Tris (5), and HAc (5) and their 24 and 72 h extracts. Immersion
in Tris (9) did not lead to any reaction layers on the surfaces (Figure 21) or
on the cross-sections (Publication III). Even after 120 h, pure Ca/P was not
identified on any of the analysed particles. The presence of dissolved ions in
the 24 and 72 h extracts of Tris (5) and HAc (5) did not impact the reaction
layer compositions. In contrast, after immersion in Tris (7.4) 72 h extract, the
particles had a mixed Si/Ca/P layer, suggesting that the increased
concentration of dissolution products in the solution led to precipitates and
formation of the mixed layer on the particles, as also analysed in dynamic Tris
(7.4) (Figure 14).
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Flgure 22 SEM-EDXA of S53P4 particles after 120 h in three as-prepared
solutions and their 24 and 72 h extracts. Publication III ©Elsevier
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4.4 Dissolution of elements from glasses

The cumulative dissolution was calculated from the ion analysis data (ICP-
OES), the volume of the solution, and the mass of elements in the unreacted
glass sample. SBF already containing ions present in the bioactive glass
challenged the accuracy of the dissolution calculations. However, as SBF is
initially free of silicon, the calculated cumulative silicon dissolution was used
to compare the overall dissolution of 45S5 and S53P4 into Tris and SBF in the
cascade reactor (Figure 23, Publication II).

Silicon dissolved in Tris throughout the experiment. Even though the
silicon release in the second and third reactors was significantly less than in
the first reactor, it increased slowly over time. In contrast, the silicon release
into SBF ceased at around 48 h for both 4555 and S53P4 in all reactors. It was

assumed that the precipitated Ca/P, as seen in Figure 14 on the particle
surfaces, hindered further dissolution.
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Figure 23. Calculated cumulative dissolution of silicon from 4555 and S53P4 in

dynamic (0.2 ml/min) Tris and SBF in the cascade reactor. Publication Il
©Elsevier

The ion concentration of the inflow highly influenced the silicon dissolution.
Even in Tris, which is initially free of interfering ions, the silicon dissolution
from 45S5 decreased from 77% in the first reactor to 20 and 15% in the
following reactors at 120 h. In SBF, the dissolution decreased from 34% in
the first reactor to 18-19% in the second and third reactors. Simultaneously,
as shown by the SEM images (Figure 14), the reaction layers grew in
thickness. As discussed in 4.3.2, the dissolved ions from the first reactor likely
contributed to the growth of the reaction layers on the particles in the second
and third reactors, thereby partly hindering the dissolution.

Figure 24 shows the calculated share of silicon, calcium, and sodium
dissolved from S53P4 in the static as-prepared Tris (9), Tris (7.4), Tris (5),
HAc (5), and their 24 and 72 h extracts at 120 h (Publication III). The final pH
of the Tris (9) solutions varied between 9.37 and 9.41 in the supernatants.
However, the local solution pH next to the dissolving particles was likely
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higher than the measured pH. Thus, the pH was high enough to provide
congruent dissolution, as suggested by the minor differences in dissolved
silicon, calcium, and sodium. The slight decrease of dissolved species in the
extracts was assumed to depend on the ions present. Thus, the impact of the
ions in the extracts was higher than the impact of pH on the dissolution.
However, the decrease in the percentages of dissolved species is slight and
close to the range of the experimental error.
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Figure 24. Dissolution of silicon, calcium, and sodium from S53P4 particles after
120 h of static immersion in the as-prepared solutions (0) and their 24 and 72
h extracts (24 and 72). Publication IlI ©Elsevier

In the other static solutions, the increased dissolution of calcium and sodium
indicates an incongruent dissolution typical for bioactive glasses, as seen in
Figure 20. For Tris (7.4), the dissolution products in the extracts decreased
the dissolution of all ions. Thus, a local ion concentration increase might
decrease the dissolution of implanted bioactive glasses. The silicon
dissolution was almost constant in the as-prepared pH 5 solutions and their
extracts, implying that the silica network dissolution was not influenced by
the dissolved ions in the immersion solutions but depended on the
immersion time. Similar to the dynamic environment, the dissolved ions in
the static extracts hindered the dissolution but not the reaction layers.
Interestingly, the silicon dissolution was similar in Tris (9) and Tris (7.4).
The pH of Tris (7.4) stayed within the buffering capacity (7-9), while the pH
of Tris (9) only slightly exceeded the nominal buffering range. Thus, it was
assumed that the pH did not considerably influence the silicon dissolution
within or close to the buffering capacity. However, prolonged immersion
would likely lead to higher silicon dissolution into Tris (9) than Tris (7.4).
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5. Conclusions and future work

A cascade reactor with three reactors coupled in a series was used to explore
the impact of solution composition changes, solution flow rate, and solution
pH on reactions of bioactive glasses 45S5 and S53P4 in a particle bed. The
three reactors separated a larger particle bed into three parts to compare
local conditions in various fluid flow environments. The first reactor can be
considered to mimic the outer part of an implant with the first fluid contact.
The fluid with dissolution products from the first reactor was then fed into
the second reactor, which simulated an inner part of a larger particle bed, and
so on. A static setup was also utilised to investigate the influence of solution
pH and dissolved ions on the further reactions of bioactive glass particles.
The results indicated that a more homogenous environment was achieved in
the dynamic setup. The results showed that:

1. Dissolution products from the bioactive glasses 4555 and S53P4
decreased the dissolution rate in physiological-like pH environments.
Still, they did not impact the glasses’ ability to form surface layers
responsible for bone tissue bonding.

The slightly increased pH of Tris and SBF in the dynamic fluid flow conditions
did not considerably impact the glasses’ dissolution behaviour, as the fluids
were consistently within their buffering capacity. In contrast, differences in
the glass dissolution were mainly associated with the dissolution products in
the fluids and not the pH increase.

The relative dissolution decreased in the cascade downstream reactors.
The dissolution decrease did not hinder the formation of the silica-rich layer
and Ca/P precipitation on the bioactive glass particle surfaces in the
physiological-like pH environments. Thus, the ions dissolved from the first
reactor particles likely contributed to the reaction layers that formed on the
second and third reactor particles. Therefore, the dissolution of ions from the
particles in the second and third reactors had less impact on the surface
layers. Also, rather than contributing to an outer layer of pure precipitated
Ca/P, the ions released into Tris (7.4) precipitated within the silica-rich layer
on the second and third reactor particles, leading to mixed layers. In the static
experiments, particles immersed in fluid extracts formed similar mixed
layers as in flow-through conditions.

In lactic acid (pH 2.00), the mechanism and dissolution rate of S53P4
particles were similar in the different reactors, i.e., independent of their
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location in the cascade. A thick silica-rich layer developed on particles in all
reactors, indicating a highly incongruent dissolution in lactic acid.

2. The dissolution rate of S53P4 was highly influenced by the flow rate.

The pH and ion concentrations were locally higher at a slower fluid flow rate.
This indicates that implanted bioactive glass particles may locally experience
an environment of higher pH or elevated ion concentrations. These factors
might influence the biological response around the dissolving bioactive
glasses. In the physiological range of about pH 7.40, the bioactive glass
released ions at a much lower rate when normalised to the surrounding
volume in slower fluid flow than in higher flow. In contrast, the flow rate in
lactic acid did not affect the ion release. This suggests that the ion diffusion
through the silica-rich layer on the glass surface was the rate-limiting
dissolution mechanism in lactic acid.

3. The fluid pH influenced the dissolution rate and reaction layer
morphology.

The incongruent dissolution in lactic acid led to a silica-rich layer. High
solubility of calcium compounds in acidic solutions and chelation of calcium
ions with lactate prevented calcium phosphate (hydroxyapatite)
precipitation. Ca/P precipitated on the silica-rich surface in less acidic
environments (pH 5). In physiological-like solutions (pH 7.4), the bioactive
glasses formed a thinner silica-rich layer, compared to acidic solutions, with
a Ca/P precipitate. In the slightly alkaline solution (pH 9), only surface
corrosion occurred without any typical surface layers for bioactive glasses.

This work increased the understanding of bioactive glass reactions in
environments not systemically studied previously. The knowledge gained
can be used to design new compositions for new clinical applications. The
results indicated that the reaction behaviour of bioactive glass particles in
near-neutral solutions depended on the previous reactions of the
neighbouring particles. Thus, the reactions proceeded differently over a
particle bed. In contrast, bioactive glass particles in acidic solutions would
react more similarly in the implant.

Future work includes developing new experimental setups that better
simulate the complex human body and, thus, decrease the gap between in
vitro and in vivo tests. For example, designing reactors with multiple inflows
to mimic the extensive vascularisation in bones would provide a novel
approach to exploring the fate of bioactive glasses and decrease the number
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of animal tests needed to assess their performance. Also, utilising artificial
intelligence to interpret the results from experiments could aid in developing
individual solutions for patient-specific requirements.

Bioactive glasses doped with various trace elements in the body are
intensively explored for their impacts on specific cellular effects in tissue
engineering. Understanding their release from the bioactive glass matrix is
crucial for achieving the desired effect and avoiding toxicity due to
uncontrolled, high local concentrations. Therefore, dynamic fluid flow
studies with accurate ion analyses are also needed for future bioactive glass
development.
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established, the impact of the local environment on the dissolution behavior in
the dynamic environment is not fully understood. Here, we show that the ion
concentrations released from 45S5 into Tris-buffer solution and simulated body
fluid (SBF) in a cascade system of three reactors in a series significantly differed
depending on the ion concentrations in the inflow solutions to each reactor. The
ion concentrations and pH of the solutions were measured after each reactor
for up to 7 days. Also, the reaction layers at the glass particles were analyzed.
The release of Si species into Tris decreased in the consecutive reactors from
92% to 26% and 24% at 168 h. Correspondingly, the release of Si species into SBF
decreased from 35% to 20% and 19%. The share of elements in the remaining glass
particles markedly varied between the reactors throughout the dissolution. The
results imply that gradients of local ion concentrations have an essential effect
on the dissolution of 45S5. The results provide guidelines for utilizing Bioglass
45S5 in different bone and soft tissue applications.

KEYWORDS
bioactive glass, durability, in vitro, leaching

1 | INTRODUCTION rate.®> After implantation, the bioactive glass also stim-
ulates tissue growth* while dissolving over time.’ Thus,

When implanted into the human body, a bioactive glass  the concentrations of the ions released into the extracel-

develops a hydroxyapatite (HA) surface layer, which binds
the material chemically with living tissues.! The bone-
like HA layer formation occurs in the body and in vitro
in SBF through three simplified reaction steps: leach-
ing, nucleation, and precipitation.” The initial reaction
rates depend on the glass composition, surface to vol-
ume ratio, sample dosage, solution composition, and flow

lular solution control the biocompatibility and osteocon-
ductivity of bioactive glasses.® The local increases in the
ion concentrations and pH have been shown to induce
antibacterial effects around the dissolving glass.”® For
example, bioactive glass particulates and nanoparticles
of 45S5, the most widely utilized bioactive glass com-
position used in orthopedics to regenerate bone tissue,
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showed antibacterial properties against several microor-
ganisms associated with caries and periodontal disease.’
In two extensive studies, the antibacterial effects of sev-
eral bioactive glasses were tested in broth cultures of
29 aerobic and 17 anaerobic microorganisms.!’'> Of the
tested bioactive glass compositions, S53P4 showed the best
ability to inhibit the growth of pathogens usually con-
nected with enamel caries, root caries, and periodontitis in
vitro.?

As the bioactive glass reacts, the composition of the sur-
rounding solution changes.!* Various in vitro techniques
have been applied, as a result, to investigate the ion release
behavior of bioactive glasses. In conventional static stud-
ies, the bioactive glass is immersed into a buffered solu-
tion for various time periods.””"'” Such static environments
provide well-controlled conditions and the possibility to
adjust a range of parameters. Macon et al.'® recommended
a procedure for analyzing time dependent in vitro dissolu-
tion and reactions of bioactive glasses. In that procedure,
bioactive glass particles or powders are immersed in SBF in
a shaking incubator at 37°C. Sepulveda et al.!” suggested
utilizing various particle sizes, glass types (porous sol-gel
derived particles and solid particles), and volume fractions
for achieving well-controlled dissolution rates and bioac-
tivity of 45S5. In general, experiments in static solutions
provide valuable information regarding the overall reac-
tion behavior of bioactive glasses. However, the immersion
in static conditions results in gradual pH changes and ion
concentration changes of the solution.”’ The saturation
of SBF in static solutions, especially for Si species,'® will
eventually inhibit the dissolution. Such critical solution
composition changes occur in a lower degree in dynamic
body conditions and also in systems with a controlled and
adjustable feed of fresh solution, mimicking the dissolu-
tion of bioactive glass in vivo.?"*

In static conditions, the reactions start with the release
of alkali ions from the bioactive glass through ion exchange
with the H* ions in the solution leading eventually to a
pH increase. Breaking of Si-O-Si bonds in the glass leads
to partial dissolution of silicon species and formation of
silanols.??

The formed silanols then condensate on the glass sur-
face to a porous silica-rich gel.?>** In the following steps,
Ca* and PO4>~ groups migrate from the glass and solution
to form an amorphous CaO-P,0s-rich surface film.>* The
CaO0-P,0s-rich film incorporates carbonates and hydroxyls
from the solution. Finally, the film crystallizes into HA.*

Zhang et al.?® studied the pH of the solution in a bioac-
tive glass particle bed to better understand the local envi-
ronment’s importance on the dissolution. The particles
were placed in a bottom cavity of a small container, thus
separated from the static bulk fluid. The pH varied signif-

icantly in the bed of particles. Also, the thickness of the
reaction layers at the particle surfaces varied. On the other
hand, when the solution was circulated above the glass
particle bed, more even reaction layers were formed at the
particles.?’ Local solution saturation was a plausible expla-
nation for the observed differences in pH and reaction layer
thicknesses. There has also been reports of differences in
the in vitro and in vivo reactivity of bioactive glass particles.
Radin et al.?® reported cases where only the outermost cal-
cium phosphate (Ca/P) shell was present after long-term
in vitro studies of bioactive glasses. In a clinical follow-
up study using bioactive glass to fill bone defects, Lind-
fors et al.?’ reported glass residues embedded in bone still
after 14 years. The reason for the residual amorphous phase
left in the clinical study is unclear. One plausible explana-
tion could be that the glass dissolution had ceased due to
local saturation of, for example, Si-species and extensive
HA precipitation.

To better understand the variable dissolution behavior
of bioactive glass, Fagerlund et al.> developed a dynamic
in vitro method to mimic the body’s fluid flow conditions.
In these experiments, a fresh solution was continuously fed
through a reactor filled with bioactive glass particles. The
pH and ion concentrations were measured on-line for the
first 20 min of the dissolution. These results suggest that
such a dynamic environment better mimics an in vivo fluid
environment than a static test.”

Sidhu et al.*® compared standard and step-feed cas-
cade reactors to analyze the steady-state growth kinetics of
microorganisms. In the standard cascade reactor, the reac-
tors were coupled in series. The solution was fed into the
first reactor, and the flow from this reactor was entered
into the second reactor, and so on. In the step-feed cascade
reactor, an equal proportion of the feed stream entered
into each reactor. From the first reactor, the solution was
then fed into the second one, and so on. Interestingly, they
found no differences in the final effluent concentrations of
the two reactor arrangements.

This work aimed to explore the impact of local ion con-
centrations on the dissolution of bioactive glass 45S5 in
continuous fluid flow conditions. Three identical reactors
filled with the glass particles were coupled to a standard
cascade reactor system for mimicking the conditions in
glass particle beds implanted in the dynamic body environ-
ment. With this reactor arrangement, the ion concentra-
tions of the outflow in tris(hydroxymethyl)aminomethane
(Tris) and simulated body fluid (SBF) solutions were
assumed to increase after each consecutive reactor. Conse-
quently, this should lead to variations in the reactor layer
development on the glass particles. Accordingly, the dif-
ferences in the reaction layers on the glass particles in
the consecutive reactors can be used to achieve a novel
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understanding of the impact of local ion concentrations on
bioactive glass 45S5 dissolution reactions.

2 | MATERIALS AND METHODS

2.1 | Glass sample preparation

Bioactive glass 45S5 particles with the nominal compo-
sition (in wt%) 45 SiO,, 24.5 CaO, 24.5 Na,O, and 6
P,0s were prepared in-house.’! The batch consisting of
quartz sand for SiO, and analytical grade reagents Na,CO;,
CaHPO,-2H,0, and CaCOj; for the other oxides were
melted together in a platinum crucible in an electric fur-
nace at 1360°C for 3 h. A graphite mold was used for cast-
ing molten glass. The glass block was annealed at 520°C for
1h and then cooled to room temperature. The glass bar was
then crushed and re-melted to obtain a homogenous glass
bar. The glass bar was ground with a ring and puck mill and
sieved into different fractions. For the dissolution experi-
ments, particles that passed a 500 um sieve and collected
on a 300 um sieve were used. The glass particles were
cleaned in acetone with ultrasound to remove any fine
powder attached to the particles. The cleaned glass par-
ticles were stored in a desiccator until further usage. The
particle size fraction 300-500 um for the dissolution stud-
ies was selected for two reasons. Firstly, smaller particles
with a larger surface react more rapidly and might lead to
supersaturation of the solution in the cascade reactor, thus
causing blockage of the tubes. Secondly, the size fraction
is close to commercial products used in bone cavity fill-
ing. The particle size distribution of the 300-500-um frac-
tion was measured with a laser diffraction system (Malvern
Panalytical Mastersized 3000). As shown in Figure 1, the
median size of the particles was 520 um and included parti-
cles from 200 to around 1200 um. The 300-500-um fraction
outliers are likely due to the irregular, often elongated par-
ticle shapes, as seen in the scanning electron microscope
(SEM) micrographs (Figure 4).

SCIENCE

2.2 | Buffer solution preparation
Tris(hydroxymethyl)aminomethane (Tris) and SBF solu-
tions were prepared using standardized methods for buffer
solution making.*> Chemicals for each solution were
added into purified water while stirring continuously.
Before adjusting the pH of the solution to 7.4 (37°C) by
adding 1 M HCI, the solutions were kept in a 37°C water
bath for 4 h (SBF) and 2 h (Tris). SBF is a Tris-buffered
solution that contains inorganic ions in similar conditions
as human blood plasma. Accordingly, SBF is considered to
better mimic in vivo reactions than the sole Tris. The ion
concentrations in SBF are given in Table 1. The high ini-
tial concentrations of especially Na ions in SBF influence
accurate measurements of Na release from glass 45S5. In
contrast, Tris enables more accurate measurements of the
fundamental glass dissolution steps.

2.3 | Cascade reactor system

The experimental set-up for a single reactor is illustrated
in Figure 2A. The ion release from bioactive glass 45S5 was
studied after each reactor in a cascade reactor system of
three identical reactors coupled in a series (Figure 2B). In
Figure 2C, the three reactors are fused to a larger reac-
tor, corresponding to the assumed ion change along a sin-
gle reactor. Hypothesized increases in ion concentrations
of the solution along the system are shown as a gradu-
ally darker color throughout the reactors. Glass particles
in the first reactor (Figure 2B) and the first section of
the fused reactor (Figure 2C) can be assumed to repre-
sent implanted particles at the outer surface of a particle-
filled cavity. These particles have the first contact with
the solution with ion concentrations close to the nomi-
nal fluid composition, that is, extracellular fluid. The sec-
ond reactor (Figure 2B) and the middle part of the reactor
(Figure 2C) were assumed to represent the bulk phase of
the implanted articles. Finally, the third reactor (Figure 2B)
and the section just before the outflow from the large reac-
tor (Figure 2C) were assumed to describe the environment
of the innermost parts of a particle bed.

24 |
set-up

Continuous flow-through reactor

Before each experiment, the three reactors were cleaned
(1M HCl with ultrasound) and then filled with 210 + 10 mg
4585 glass particles. This amount of particles was assumed
to be suitable for revealing the reactions typical for par-
ticles in different locations of a bioactive glass-filled cav-
ity. The reactors were connected from the buffer solution
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TABLE 1 Measured ion concentrations in mg/1 for experiments conducted with Tris and simulated body fluid (SBF) up to 168 h
c (mg/1)
1 reactor 2 reactors 3 reactors
t(h) Si Ca Na P Si Ca Na P Si Ca Na P
Tris 33 63 108 144 21 78 138 215 1 97 168 259 39
133 75 100 145 16 80 120 175 12 87 139 209 10
8 38 34 49 2 49 54 80 2 65 70 11 2
24 24 18 26 2 36 32 51 3 44 43 65 7
168 7 3 2 1 16 7 9 1 23 13 17 2
SBF .33 40 191 3540 53 47 219 3559 55 50 240 3443 47
133 43 154 3498 45 45 154 3398 42 43 159 3293 39
8 35 110 3277 28 49 128 3354 21 62 167 3277 14
24 19 98 3364 28 22 105 3407 16 53 124 3225 1
168 3 82 3494 17 1 80 3439 23 9 65 3601 1
SBF ref .0 97 3195 31
Accuracy Tris 1 1 3 4
SBF 1 6 97 2
@
4 )
& i
== J u
|
1st reactor 2nd reactor 3rd reactor
(©)
1st
FIGURE 2 (A) Conventional continuous dissolution set-up with a single reactor. (B) The cascade reactor system with three identical

reactors coupled in series; (C) the cascade reactor system applied onto a singular reactor. The solution flows first through the first section,
continuing to the second section with dissolution products from the first section and finishes through the third section with ions released in

both the first and second sections of glass particles

flasks via a peristaltic pump to each other to a container
for the outflow. Fagerlund et al.> give a detailed description
of the reactor system for continuous-flow dissolution in a
single reactor. The flow rate was set to .2 ml/min, and the
temperature in the reactor was set to 37°C. Before starting
an experiment, a reference solution from the buffer solu-
tion was taken in a test vial. At different time points, 4
ml of the outflow was collected for temperature and pH-
measurements, and ion analysis. The experiments were
stopped at several selected times, and the glass particles
were collected for analysis. The reactions were expected
to occur more rapidly during the first hours. Accordingly,
the ion release measurements were conducted more fre-

quently during the beginning of the experiments. During
the first 2 h, solutions were collected every 20 min. After
that, solutions were collected at hours 4, 6, 8, 16, and 24.
From 24 h and onward, solutions were collected every 24 h
up to 7 days.

2.5 | Temperature and pH

The temperature and pH were measured for all the col-
lected outflow solutions. The solution temperature in the
thin tubes decreased during solution tapping into vials
after the reactors. The pH meter was calibrated using
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two, or three reactors coupled in a series

standardized buffer solutions with pH 4.01, 7.00, and 9.21.
The pH measurements were conducted at room temper-
ature, but the results were converted to pH at 37°C by
using Equation (1).** The equation was verified by measur-
ing the pH of three sets of the buffer solutions at five dif-
ferent temperatures in the interval of 20-45°C in a water
bath.

PH37 = pPHieasured — (0.02664 (37 — Tmeasured)) (1)

2.6 | Ion analysis

Inductively coupled plasma optical emission spectroscopy
(ICP-OES, Optima 5300 DV; Perkin Elmer, Waltham, MA)
was used to determine concentrations of elements in the
solutions collected in the vials. The solutions for the ICP
analysis were prepared by diluting 1 ml of the collected
solution with 9 ml of ultrapure water and acidifying it with
concentrated HNOj. The elements analyzed in Tris and
SBF with ICP-OES were silicon (1 = 251.611 nm, limit of
quantification (LOQ) ~ .004 mg 171), calcium (1 = 317.933
nm, LOQ % .03 mg 171), sodium (1 = 589.592 nm, LOQ ~

T - T T
80 100 120 140 160
time (h)

The pH of the solution as a function of time (h) for 45S5 dissolution in Tris (A) and simulated body fluid (SBF) (B), in one,

.2 mg 17Y), and phosphorous (A = 213.617 nm, LOQ ~
.03 mg17h).

2.7 | Reaction layer formation

An SEM (Leo Gemini; Carl Zeiss, Oberkochen, Germany)
with energy-dispersive X-ray analysis (EDX, Leo Gemini;
Carl Zeiss, Oberkochen, Germany) was used to study the
changes in the cross-sectional area of the partly dissolved
particles. The EDX analysis focused on separate particles
of each sample with distinct layers. Before the SEM-EDX
analysis, the particles were cast in epoxy resin, ground, and
polished to show the cross-sectional area.

3 | RESULTS
3.1 | Influence of glass dissolution rates
on pH

Figure 3 shows the pH change for Tris and SBF as func-
tions of time after each reactor, including an inset plot for
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the pH change for the initial 10 h. All presented pH val-
ues are averages of 2-5 parallel pH measurements. The pH
was consistently higher after the third reactor than the first
reactor. Also, the pH of the second reactor was higher than
after the first reactor for 144 h in Tris and 120 h in SBF.
The pH differences were minor at prolonged dissolution.
The pH of Tris showed a narrow and high initial peak at 2
h (Figure 3A). After around 18 h, the pH was almost con-
stant, but slightly higher than the reference solution’s pH.

The initial pH change in SBF showed a similar rapid
increase as in Tris (Figure 3B). However, the peak pH value
was at 20 min (.33 h) as compared to 2 h for Tris. After the
initial pH peak, the pH increased again, followed by a grad-
ual decrease in the second and third reactors. During the
3 last days, that is, after 72 h, the pH of SBF remained at
a low but stable level for all three reactor configurations.
Also, the pH of the solutions was higher than the reference
solution’s pH at each time point.

3.2 | Effects of cascade reactor system
on ion concentrations

Table 1 shows ion concentrations in Tris and SBF after the
three different reactor set-ups at selected time points. Each
value is an average of 2-3 separate ICP-OES measurements

Scanning electron microscope (SEM) images of the cross-sectional surfaces of 45S5 glass after 4, 24, 72, and 168 h in Tris (A)

of the collected solutions. All values are given as mg/1. The
analyzed ion concentrations in the initial SBF and ion anal-
ysis accuracy in both Tris and SBF are also given in Table 1.
A low initial P content of the unreacted bioactive glass and
thus relatively low P concentration changes in the solu-
tions explain the low accuracy of P.

The highest element concentrations (shown in bold in
Table 1) in Tris were measured at the two first time points,
20 min (.33 h) or 80 min (1.33 h), after which concentra-
tions gradually decreased. The highest ion concentrations
in SBF were measured in the second and third reactors at
around 8 h. The highest Na release in SBF, corresponding
to an increase of about 400 mg/l, was measured after the
third reactor at 168h. At each time point, the Si release was
lower in SBF than in Tris.

3.3 | Formation of surface reaction layers
SEM images of the overall layer developments on the cross-
sectional areas of 45S5 particles in both solutions after 4, 24,
72, and 168 h are presented in Figure 4. Some particles in
the SEM images can perceive finer than the average diame-
ter of 300-500 um. This is due to the cross-section for some
particles being closer to the particle surfaces than the mid-
dle parts. In both solutions, Si-rich layers were observed
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TABLE 2 Elemental analysis in wt-% of the Si-rich layer at selected 45S5 glass particles in the three reactors after 4 h of continuous

dissolution in Tris and simulated body fluid (SBF)

%
Sio, Ca0 Na,0 P,0,
Tris SBF Tris SBF Tris SBF Tris  SBF
Si-rich Ist 93.8 824 3.0 9.2 17 3.7 13 33
2nd 9238 84.3 4.0 7.3 10 2.4 13 48
3rd 91.9 - 27 - 13 - 9 -
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FIGURE 5 Scanning electron microscope (SEM) images and energy-dispersive X-ray (EDX) analyses of the cross-sections of 45S5
particles in each reactor after the continuous flow of Tris after 4, 24, 72, and 168 h

(thin gray surface layers in the SEM images). SEM images
of the particles in the first reactor showed signs of a silica-
rich layer after the exposure to both solutions already after
2 h. However, the layer development could not be verified
on the particles in the third reactor.

After 4 h in SBF, the glass particles did not show any
apparent progress in the layer development as compared to
the 2-h dissolutions. The elemental analyses of the oxides

in the Si-rich surfaces at 4 h are seen in Table 2. In general,
the results suggest that the Si-rich layer had proceeded to
a larger extent in Tris than SBF.

Figure 5 (Tris) and Figure 6 (SBF) show SEM images
and EDX analyses over the cross-section of the partially
reacted 45S5 particles after continuous dissolution for 4, 24,
72, and 168 h. With increasing time, there are apparent dif-
ferences between particles after the dissolution in the two
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FIGURE 6 Scanning electron microscope (SEM) images and energy-dispersive X-ray (EDX) analyses of the cross-sections of 4555

particles in each reactor after the continuous flow of simulated body fluid (SBF) after 4, 24, 72, and 168 h

solutions. The EDX line analyses show the content (wt-%)
of elements from the particle bulk to the surface.

After prolonged dissolution in Tris, Ca/P embedded in
the outer part of the silica-rich surface layer was identi-
fied. At the longest time points, also thin Ca/P layers with
molar ratios close to HA were analyzed. In contrast, parti-
cles in experiments conducted with SBF (Figure 6) do not
show significant differences in the mixed silica-rich and
Ca/P layers between 72 and 168 h. The EDX analyses show
that the weight percentages of Ca and P are related to each
other after the initial decrease of the elements in the Si-rich
layer. As of the observed mixed layers, the trends of Ca and
P follow each other.

At 168 h, most of the bulk glass had dissolved in the first
reactor in Tris, and the residual particles consisted mainly
of mixed silica-Ca/P shells. The reactions had progressed
to a lesser degree in the two following reactors. On the
other hand, the substantial Ca/P formation had fused the

particles in SBF. The sample shattered into pieces when
removed from the reactor. In SBF, the individual parti-
cles showed distinct silica-rich and Ca/P rich layers with
a mixed layer in between. In the second and third reactors,
the reaction layers showed similar trends to the layers at
particles in the first reactors for both solutions. However,
the reactions had progressed to a lower degree in the suc-
cessive reactors.

3.4 | Dissolution of silicon

The cumulative dissolution of Si from the bioactive glass
during the Tris and SBF experiments is given in Figure 7.
The dissolution was calculated from the ion concentrations
(Table 1), the volume of solution flown through the sys-
tem, and the mass of Si in the unreacted glass, assuming
linear dissolution between two consecutive time points.
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The Si released from particles in the first reactor shows
apparent differences between the dissolution in Tris and
SBF. The cumulative dissolution profiles suggest an almost
complete dissolution of Si in the first reactor during the 168
h experiment. On the other hand, only 40% of the Si dis-
solved in the experiment with SBF. The dissolution of Si
steadily increased in Tris, whereas the dissolution in SBF
leveled out within 3 days.

3.5 | Mass share of elements in particles

Figure 8 shows the average Si, Ca, Na, and P shares in the
4585 particles in the three reactors as functions of dissolu-
tion time in Tris. The complexity and high initial ion con-

80
time (h)

* e
----- t ik - *
T T T T
100 120 140 160

Cumulative dissolution of Si (mass-%) from 45S5 in Tris (above) and simulated body fluid (SBF) (below) as functions of time

centrations did not provide a reliable basis for similar cal-
culations in SBF. The mass shares of elements were calcu-
lated from their initial theoretical mass in the sample sub-
tracted with the measured cumulative dissolution. Then,
this value was compared to the overall calculated mass of
the elements in the remaining particles.

The share of Si in the particles in the first reactor
increased initially but then steadily decreased. Si left in
particles in the second and third reactors continued to
increase with time, as also indicated by the Si-rich layers in
Figure 5. The Ca share neither increased nor decreased in
the second and third reactors. In contrast, the share of Ca
in particles increased in the first reactor during the experi-
ment. At 168 h, there was almost no Na left in the first reac-
tor particle. The Na share in the second reactor particles
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FIGURE 8 Shares of silicon, calcium, sodium, and
phosphorous (wt-%) in the remaining particles in (A) the first, (B)
second, and (C) third reactors as functions of dissolution time in Tris

decreased slowly, while its share in the third reactor par-
ticles decreased slightly throughout the dissolution. The
only noticeable change in the P shares throughout the dis-
solution can be seen as an increase in the first reactor and
a minor increase in the second reactor. Overall, the share
of elements in the third reactor particles did not signifi-
cantly change during the dissolution. In contrast, notable
changes in the share of elements were noticed in the first
reactor particles.

4 | DISCUSSION

To the authors’ knowledge, no similar dissolution studies
of bioactive glasses in a continuous fluid flow using multi-
ple reactors connected in a series have been reported. The

three reactors can be assumed to represent a single parti-
cle bed, where each reactor represents different sections of
the bed (Figure 2). Thus, the first reactor would describe
the outermost particles, the second reactor the particles
in the next layer, while the third reactor shows reactions of
the innermost particles in the single bed. The results imply
the differences when such a bioactive glass implant reacts
in a cavity: the outermost particles react more rapidly than
the innermost particles.

The lower release of Si in the second and third reactors
(Figure 7) is interesting. The ion dissolution from the par-
ticles in the first reactor with fresh solution feed affects
the ion release from the particles in the next two reactors
with changed ion concentrations in the inflow (Table 1).
The decrease in Si concentration with prolonged dissolu-
tion also correlates to the decreasing Si content of the unre-
acted bioactive glass left in the reactors.

The solubility of silica glasses is affected by the glass
composition, the solution pH, and the alkali ions in the
solution.** The rapid ion exchange between the glass and
solution increases the pH of the solution and subsequently
decreases the H* ion concentration. Decreased H* in the
solution reduces the ion exchange between the glass and
solution, ultimately leading to an inhibited dissolution
of alkali ions from the bulk glass. On the other hand,
increased pH and thus increased OH™ concentration favor
the solubility of Si from the bulk glass® by attacking the
silica network in the bulk glass. Extreme dissolution of
silica is usually noticed when the pH of the solution is
above 9.%° However, the solubility of silica has also been
reported at pH 7-8.° On the other hand, the pH of buffered
solutions is controlled. In this work, the highest measured
bulk solution pH was 8.06, that is, close to pH = 8.0, at
which the buffering capacity of Tris is highest. After the
maximum bulk values, the pH started to decrease gradu-
ally. This decrease is most likely due to the less unreacted
material left in the reactors. However, the relative Si dis-
solution differences in the three reactors were assumed
to depend on the local conditions around the dissolv-
ing particles. The fresh solution fed into the first reac-
tor supported rapid ion exchange and increased the pH of
the outflow. The dissolution decreased in the second and
third reactors due to the lower hydrogen ion concentration
available.’* Although the pH was likely to increase inside
the particle bed locally,”’ the solution’s buffering capacity
was assumed to prevent any further pH increase beyond
the maximum capacity, thus suppressing the relative Si-
dissolution from the samples. The formation of the Ca/P
rich layer on the particles in the two first reactors also
likely affected the dissolution as high concentrations of Ca
and P species promote Ca/P precipitation.’’ In SBF, the
solubility of silica is strongly hindered by the less soluble
Ca/P layer.*®
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The stabilization of the release of Si species in SBF at
around 72 h (Figure 7) implies that an inhibiting layer had
formed on the glass particle surface (Figure 6), thus retard-
ing the dissolution. Aqueous Si species have been reported
to induce HA precipitation on the surface of bioactive
glasses.*>#0 Several studies in static environments have
shown that HA can be noticed after 2 days of immersion of
bioactive glasses.**> After 72 h in Tris and SBF, the Ca/P
molar ratio in the outermost layer particles in all reactors
is close to the molar ratio of 1.67** of HA. After 168 h in
SBF, Ca/P had glued the glass particles in the first reac-
tor, and the sample shattered in pieces when removed from
the reactor. In the subsequent reactors, the Ca/P forma-
tion was less pronounced (Figure 6). This suggests that the
silica-rich layer providing the nucleation site for Ca/P had
formed later in the second and third reactors. After the first
reactor, the Ca and P ion concentrations in the solution
after the first reactor were lower than in the original SBF,
suggesting that these concentrations were not high enough
to provide thick Ca/P layers on the particles in the second
and third reactors (Table 1, Figure 6).

In Tris, the low P species concentration seems to con-
tribute mainly to the precipitation of a mixed Si-rich and
Ca/P layer at the particles in all three reactors (Figure 5).
Bingel et al.?? reported that the ion exchange between the
glass and the solution, and the apatite formation on the
surface, are slower at a higher pH. As the pH increased
after each subsequent reactor, less ion exchange occurred
between the glass and the solutions in the second and
third reactors. Similarly, Wetzel and Brauer** showed that
SBF had a slower apatite formation ability than Tris on
immersed bioactive glass, as seen when comparing the
SEM images at 4 h for both solutions (Table 2, Figure 4).

The first reactions between the solution and the bioac-
tive glass particles increased the pH of the solution, fol-
lowed by the initial release of soluble Si species and
precipitation and condensation of the silica-rich surface
layer.* The results of this study agree with previous studies
according to which common ions in the solution retard the
ion release into the solution.'”?>#° In the present study, the
solution was fresh when fed into the first reactor. However,
the higher ion concentrations slowed down the ion release
in the second and third reactors.

Some studies™*’ have investigated the dissolution of
bioactive glass 45S5 in cell culture media. Solutions con-
taining ionic products from bioactive glass stimulated the
gene transcription in osteoblasts and, consequently, short-
ened the human osteoblast growth cycle. Biologically, this
is considered as a beneficial property of the material. The
present study has shown differences in the dissolution
of bioactive glass 45S5 particles in conditions where the
solution’s ion concentrations gradually change. The dif-
ferences in pH, ion concentrations and reaction layer for-

SCIENCE

mation imply that small variations in the solution’s local
ion concentrations influence the ion release rates and sub-
sequent layer formation. The concentration differences
between the in- and outflow solutions were much smaller
after the second and third reactors, thus verifying that
the glass particles react slower when the ion concentra-
tions in the solution increase. The slower reactions were
especially noticeable for experiments with SBF. The ini-
tial pH increase and the significant increase in all ion con-
centrations resulted in rapid reactions between the sur-
face area and SBF. However, the higher pH of the inflow
to the second and third reactors did not provide a higher
ion release.

The cross-sectional images (Figure 5) after 168h of con-
tinuous dissolution in Tris showed that the particles dis-
solved faster in the first reactor than the second and third
reactors. The low P concentrations in the outflow solutions
suggest that some of the released P forms Ca/P in each
reactor (Table 1). However, as the P content was low in
the original glass, only thin Ca/P layers formed. The SEM
images of the 45S5 particles in the first reactor suggest a
rapid dissolution in Tris (Figure 5), where the lack of phos-
phate in the solution restricts the formation of Ca/P. In
contrast, the continuous phosphate feed with SBF led to
an extensive formation of an almost pure Ca/P at the par-
ticle surfaces (Figure 6). However, for the layer formation
to occur, the glass dissolution must first proceed to such an
extent that the silica-rich layer supports Ca/P-nucleation.
In SBF, thick mixed silica-rich and Ca/P layers had formed
at the particle surfaces in all reactors after 168 h. The Ca/P
precipitation was most extensive in the first reactor. The
SEM-EDX analyses of the samples in all three reactors sug-
gest that thick Ca/P slows down the dissolution of the
glass, as expected.*®

In general, the differences in the reaction layers at the
particles in the three reactors imply that the formation
of the silica-rich layer providing suitable nucleation sites
controls the Ca/P precipitation. When the common ion
concentrations in the solution increase, the dissolution of
the glass and layer forming ability decreases. Thus, the
local environment strongly affects the in vitro reactivity
of the bioactive glass. These results also indicate that in
packed beds of implanted bioactive glass particles, the out-
ermost particles react more rapidly while the particles well
inside the sample react slower, provided that there are
similar ion concentration differences as described above.
Although the pH trends (Figure 3) show the overall values,
the pH differences between the successive reactors sug-
gest local variations and thus partly explain the differences
in ion release and layer formation (Table 1 and Figures 5
and 6). Differences in the local ion concentrations would
explain the remnants of implanted bioactive glass particles
reported in some clinical trials.>**®
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5 | CONCLUSIONS

The ion release from bioactive glass 45S5 into Tris-buffer
and SBF was studied in a continuous cascade reactor sys-
tem consisting of three reactors coupled in series. This
approach provided a more detailed insight into local effects
at glass-to-solution interfaces. The release of ions from the
reactors differed significantly, strongly implying that gra-
dients of local ion concentrations have an essential effect
on the dissolution and reaction layer formation. The share
of elements in the remaining glass particles varied between
the three reactors throughout the experiments.

The ion dissolution and surface layer development typ-
ical for bioactive glasses occurred more rapidly in the first
than the second and third reactor. The pH increase after
each consecutive reactor did not increase the overall disso-
lution, most likely due to fewer hydrogen ions available for
alkali ion exchange reactions after the first reactor. Thus,
the slower reactions in the second and third reactors imply
that changes in the local ion concentrations lead to lower
overall dissolution rates. The results imply that individual
bioactive glass particles in an implanted particle bed might
react nonuniformly in conditions where the ion concentra-
tions locally increase due to fluid flow path differences.
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This study expands the knowledge of bioactive glass S53P4 dissolution by implementing a cascade reactor to a
continuous dissolution setup. Three reactors were coupled in a series to study the effects of released ions on
S53P4 reactions in each reactor. The pH and ion concentrations were measured in Tris-buffer and simulated body
fluid flowing through the cascade reactor for five days. The reaction layer formed on the particles in each reactor
were also analysed. In Tris, the dissolved Si decreased from 100% to 40% and 26% in the consecutive reactors
after five days. In SBF, Si decreased from 64% to 11% and 8%. Thus, the ions released and decrease of available

hydrogen ions for ion exchange influenced the dissolution behaviour of S53P4. The results partly explain the
differences in the reaction degree between individual bioactive glass particles used as a bone graft in the same

defect site.

1. Introduction

Biocompatible materials for repairing or replacing tissue include
inert materials, such as metals, and active, such as bioactive, and
regenerative materials [1]. A particular category of bioactive implant
materials is bioactive glass, used to repair injured or diseased bones
since 1985 [2]. Professor Hench and colleagues discovered and devel-
oped the first bioactive glass 45S5 in 1969 [2]. Since then, several glass
compositions have been proven to gradually dissolve while forming a
characteristic hydroxyapatite surface layer in aqueous solutions. This
surface layer binds the material with hard and soft tissues [3]. The
dissolution of bioactive glasses has been investigated in vitro and in vivo
to verify the bioactivity of different compositions [4-7]. 4585, also
known as Bioglass®, consists of (in wt-%) 45 SiO, 24.5 CaO, 24.5 Nay0,
and 6 P05 [8]. Another clinically used bioactive glass, S53P4, was
developed in the 1990s [9]. S53P4 has been reported to show antibac-
terial properties and have a similar dissolution behaviour as 45S5 [7,
10]. The oxide composition of S53P4 is (in wt-%) 53 SiO9, 20 CaO, 23
Nay0, and 4 P,0s.

Invitro comparison of bioactive glass 4585 and S53P4 plates showed
that S53P4 immersed in static buffered solutions increased the solution
PH to a smaller extent than 45S5 [11]. On the other hand, the released Si
concentration from the plates after one week was of a similar level for
both glasses. S53P4 powder has antibacterial properties against 17
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anaerobic and 29 aerobic bacteria [12,13]. The antibacterial properties
of S53P4 have been clinically verified, e.g., in treating chronic osteo-
myelitis of long bones [14]. Further, using S53P4 provided antibacterial
properties without the need for additional antibiotic therapies [15].
S53P4 has also been reported as well-tolerated in patients and supports
faster healing of chronic osteomyelitis than conventional bone grafts
when removing benign bone tumours [16,17]. Both the antibacterial
effects and the bone regeneration depend on the ion dissolution rate
from the glass. Long-term clinical results also reported residual glass
within the well-regenerated bone [17]. The composition of these S53P4
remnants, however, is not known.

The reactions occurring at the bioactive glass surface upon exposure
to physiological solutions in the human body or simulated body fluid
(SBF) in vitro are usually described with the five following steps [18]: (i)
exchange of alkali and alkaline ions from the glass with hydrogen ions
from the solution and creating silanol bonds on the glass surface, (ii)
local increase of solution pH leading to breaking of the glass structure
(Si-O-Si bonds) and leaching of soluble silicon species to the solution,
(iii) formation of a Si-rich layer on the surface as Si-OH groups
condensate, (iv) migration of Ca** and PO3~ groups from bulk glass and
solution to form an amorphous film of CaO-P30s on the surface, and (v)
incorporation of hydroxyls and carbonates from the solution into the
film followed by crystallization of the CaO-P,Os-film to a hydroxyapa-
tite layer similar to bone apatite. After the hydroxyapatite layer has
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formed, a series of biological mechanisms result in the bonding to the
bone.

In vitro experiments are often performed by immersing either small
blocks or particles of the bioactive glass in a static, buffered solution [4,
19,20]. As such static tests are conducted in a well-controlled environ-
ment, they allow changing parameters to investigate the effect of glass
composition, solution, or time on the dissolution behaviour. However, it
has been suggested that static studies do not reflect the dynamic envi-
ronment of the body [21,22] and, as a result, dynamic in vitro experi-
ments have been introduced [23]. Since bioactive glasses are highly
soluble materials, tests with a circulating solution have been evaluated
to avoid solution supersaturation [24]. Some studies replaced the im-
mersion solution SBF with fresh SBF after 6, 24, and 48 h [25] or every
day for 28 days [26]. Also circulating the SBF with a flow of 1 ml/min
through the sample has been studied [27]. These studies concluded that
experiments in replenished or circulating solutions mimic the dynamic
body environment better than experiments in static solutions. Further-
more, thinner but more uniform layers formed on particles in tests where
the solution was circulated above the particle bed [28,29]. Continuous
flow-through reactor with the possibility to adjust the fluid flow rate was
developed to study the initial ion release from bioactive glasses into a
fresh solution fed through the glass particles [10,30]. In these studies,
the glass surface area, particle bed dimensions, flow rate, temperature,
and composition of the solution affected the initial ion release from the
bioactive glass 1-98 (in wt-% 53 SiO,, 22 CaO, 6 Nay0, 2 P20s, 11 K50,
5 MgO, and 1 B203).

The role of surface area on bioactive glass dissolution has been
studied using different particle size fractions [31,32]. Smaller particles,
i.e., a larger specific surface area, release ions quicker than larger par-
ticles, i.e., smaller specific surface area. As the released ions change the
local ion concentrations of the surrounding solution, the ions are likely
to affect the overall dissolution behaviour of the glass. So far, research
focusing on the effect of local ion concentrations on glass dissolution is
scarce. Although the solution pH inside a particle bed undergoing
dissolution can be measured [28,29], analysing the reaction layers after
the experiment is challenging as the particles’ location in the bed during
the experiment is difficult to trace.

In our recent study, a cascade reactor was used to separate 4555
particles section-wise into three batches, and the solution was fed
through the reactors connected in series [33]. Faster reactions and
increased dissolution of particles were identified for particles in the first
reactor compared to the second and third reactors. Also, the dissolution
of silicon decreased from 92% in the first reactor to 26% and 24% in the
second and third reactors after seven days of continuous Tris flow. For
dissolution in SBF, the Si release was 35%, 20%, and 19% of the Si in the
samples in the three consecutive reactors. Although the experiments
with 4585 in the cascade reactor system with a continuous fluid flow
introduced a novel experimental procedure to consider for researching
new implantable materials, the understanding of the impact of the local
ion concentration on the overall dissolution is still poorly understood.

The present study investigates the impact of dissolved reaction
products from the bulk glass, i.e., how the ion concentrations and pH
changes in the surrounding solution influence the dissolution behaviour
of S53P4 in vitro. The experiments were conducted in the cascade reactor
system with a continuous flow of Tris and SBF. The ultimate goal was to
shed light on the long-term dissolution behaviour of bioactive glasses
used as bone grafts.

2. Materials and methods
2.1. Glass particles

S53P4 particles were provided by Bonalive Biomaterials Ltd (Turku,
Finland). The wide size range of particles was sieved to a 300-500 pm

size fraction. The particles were cleaned with acetone in an ultrasound
bath until the acetone stayed transparent after the cleaning, to remove
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powder adhered to the particle surfaces. Fig. 1 presents (a) the particle
size distribution (Malvern Panalytical Mastersized 3000) and (b) an SEM
image of the unreacted glass particles. The average diameter was 500
pm, and 57% of the particles had a diameter between 272 and 515 pm.
Due to the irregular shapes of the crushed glass particles, some elon-
gated particles could pass through the 500 pm sieve, influencing the size
distribution. It should be noted that the SEM image in Fig. 1 represents
particle cross-sections taken in a random location of a particle bed.

2.2. Buffer solution preparation

The in vitro studies were conducted in simulated body fluid (SBF)
[34] and tris(hydroxymethyl)aminomethane (Tris) and were prepared
in-house. SBF is considered to mimic the reactions occurring in vivo more
effectively than sole Tris, due to its similar content of inorganic ions as
human blood plasma. However, as SBF already contains high concen-
trations of some inorganic ions, supersaturation during the ion release
from the glass may be an issue [35]. The Tris-buffered SBF was prepared
according to ISO 23317:2014 [36] by adding each chemical (Table 1)
into 850 ml of purified water in a beaker with a magnet continuously
stirring throughout the dissolution. The Tris-buffer for SBF was sepa-
rately dissolved in a small amount of purified water before slowly being
added to the solution with the inorganic ions. Before adjusting the pH,
the solutions were kept at 37 °C in a water bath for 4 h (SBF) and 2 h
(Tris). The pH was adjusted by adding 1 M HCl into the buffered solu-
tions until the pH was 7.4 at 37 °C. The solutions were transferred to a
volumetric flask into which purified water was added to obtain the
correct volume. The solution volumes were temperature-adjusted at
room temperature.

2.3. Experimental setup

The experiments were conducted in a cascade setup consisting of
three reactors connected in series with a continuous flow of the buffered
solutions through the reactors. A detailed description of the setup can be
found elsewhere [30,33,37]. The three reactors were assumed to
represent different locations of dissolving particles in a bed. The glass
particles in the first reactor were assumed to represent those with the
first contact with the solution. Correspondingly, the particles in the
second reactor would correlate to the bulk phase particles. Finally, the
third reactor particles were assumed to have experienced a similar
environment as the innermost particles in a single bed. 205 + 5 mg
S53P4 glass particles were added to each reactor.

A peristaltic pump fed the buffer solution through the cascade
reactor system with a 0.2 ml/min flow rate. Thin thermoplastic Tygon®
tubes connected the solution to the inflows and outflows from the re-
actors. The solution and reactors were kept in a 37 °C water bath to
mimic the temperature inside the human body. After one, two, and all
three reactors, the outflow solution was collected into test vials at
various time points for 20 min to provide a total solution of 4 ml for
further analyses. The solutions were collected every 20 min for the first
hour and then at 2, 4, 6, 8, 16, and 24 h. After 24 h, the solution was
collected every 24 h for 5 days. Additionally, 1 ml of the bulk solution
outflow between each measurement point was collected for further ion
analysis. Three parallel runs were conducted for experiments up to 5
days. Several samples of the buffer solution were used to obtain its
average pH and initial inorganic ion concentrations. The cross-sections
of partially reacted glass particles were analysed at 4, 24, and 72 h.

2.4. Temperature and pH

The temperature and pH (Mettler Toledo SevenEasy S20) were
measured directly after collecting the solution from the outflow. As the
solution temperature rapidly decreased to room temperature, the values
were calculated to give the pH at 37 °C using equation (1) [38]. The
equation was verified by measuring the pH of the reference solution at
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Fig. 1. Particle size distribution (a) and SEM image of unreacted S53P4 particles (b).

Table 1
Concentrations (g/1) of chemicals in SBF and Tris buffer solutions.
NaCl NaHCO; KCl K,HPO4-3H,0  MgCly-6H,0 1 M HCl (aq) CaCly-2H,0 Na,SOy4 Tris
SBF 7.996 0.35 0.224 0.228 0.305 35 ml 0.368 0.071 6.057
Tris - - - - - - - - 6.057
Manufacturer VWR Chemicals J.T. Baker Sigma Aldrich Sigma Aldrich Sigma Aldrich Sigma Aldrich VWR Chemicals Sigma Aldrich Sigma Aldrich

different temperatures in a water bath. Calibration of the pH meter was
done with standardized buffer solutions with pH 4.01, 7.00, and 9.21.

PH37 = pHueasured - 0.02664 * (37 - Trpeasured) Eql

2.5. Ion analysis

The concentrations of Si, Ca, Na, and P species in the collected so-
lutions were analysed with inductively coupled plasma optical emission
spectroscopy (ICP-OES, Optima 5300 DV; PerkinElmer, Waltham, MA).
Three parallel samples were performed at each time point. The limits of
quantification of the analysed ions were 0.004 mg/1 for Si, 0.03 mg/1 for
Ca, 0.2 mg/l for Na, and 0.03 mg/l for P. The wavelengths for the
conducted analyses were 251.622 nm for Si, 317.933 for Ca, 589.592 nm

Tris

1 reactor

2 reactors

e U R 3

for Na, and 213.617 for P. The collected solutions were diluted in the
volume ratio of 1:10 before the ICP-OES analysis. The ICP-OES was
calibrated with ultrapure water and a commercial multi-element stan-
dard (Spectrascan) with 1, 5 and 20 ppm Si, Ca, Na, and P. The cali-
bration was verified by measuring the ion concentrations of the multi-
element standard after every 60 samples. The background level was
recorded before each sample run. All reported ion concentrations are
background corrected.

2.6. Reaction layers on particle surfaces

The reaction layers on the particle surfaces were analysed with a
scanning electron microscope with energy dispersive x-ray analysis
(SEM-EDX, Leo Gemini; Carl Zeiss, Oberkochen, Germany). For this, the
partly dissolved particles were removed from the reactors, washed with
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Fig. 2. The pH changes as functions of time for experiments conducted in Tris (left) and SBF (right) for the consecutive reactors with S53P4 and 45S5 [33].
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ethanol to stop the reactions, dried at 40 °C in an oven overnight, and
then embedded into epoxy resin. The cross-sectional areas of the parti-
cles were obtained by grinding and polishing the epoxy-embedded
particles.

3. Results
3.1. Influence of glass dissolution on pH

Fig. 2 shows the pH changes during the first 48 h of dissolution of
S53P4 particles in Tris (left) and SBF (right) after each reactor in the
cascade reactor system, with an increasing number of reactors arranged
vertically. The figure also displays the corresponding data for 45S5 [33].
For all reactors, pH first increased to 7.6-8, followed by a decrease in
both solutions. In SBF, the pH first decreased more rapidly than in Tris.
Between 2 and 8 h, the pH decreased similarly in Tris and SBF. Inter-
estingly, a second increase and decrease of pH in SBF can be observed
after multiple reactors at around 24 h for S53P4. After 24 h, the pH of
Tris stabilized in all reactors and the first reactor in SBF. The stabiliza-
tion of the pH took longer for the second and third reactors.

In Tris and SBF, the initial pH increases were consistently highest
after all three reactors and lowest after the first reactor. Also, the pH
increased with the number of reactors at all times. However, the total pH
increases between the solution inflows and outflows were lowest for the
second and third reactors, and highest for the first reactor. In Tris, the
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highest pH increase compared to the inflow pH was at 20 min (0.33 h)
with the total increases as follows: 0.38 pH units (1st reactor); 0.12 (2nd
reactor); 0.10 (3rd reactor). The corresponding pH differences in SBF
were: 0.34; 0.12; 0.09.

3.2. Ion release

Fig. 3 shows the ion concentrations in the solutions after each reactor
as functions of time. The highest Ca, Na, and P concentrations in Tris
were measured at 20 min (the first measuring point). On the other hand,
the highest Si concentration was measured at shorter dissolution times
for increasing number of reactors according to 2 h, 40 min, and 20 min.
In SBF, the highest Si concentration was measured at 1 h after one and
two reactors and at 20 min after all three reactors. The highest Ca
concentration in SBF was measured at 20 min for all reactors. The high
initial Na concentration in SBF prevented accurate simultaneous ana-
lyses with the other ions. Thus, the reported Na concentrations released
from the glass into SBF are only indicative. The highest Na concentra-
tions were measured at 120 h in the first and second reactors. For three
reactors, the highest Na concentration was measured already at 20 min.
Correspondingly, the highest P concentrations in SBF were measured at
20-60 min after the two first reactors and at 2 h after all three reactors.
Noticeably, the highest P concentrations in SBF were measured after one
reactor, followed by all three reactors. The relatively low initial P con-
tent of the unreacted S53P4 was assumed to provide only minor changes

Tris

SBF

100 4 ——1 reactor
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3 reactors
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Fig. 3. Average concentrations of Si, Ca, Na and P species released into Tris and SBF in the three consecutive reactors as functions of dissolution time. The standard
deviations are shown for the analyses from 24 h onward. The dashed lines give the initial concentrations in SBF.
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in the ion concentration of the solution, thus influencing the accuracy of
the measurements.

The changes in Si concentration in Tris and SBF after each reactor are
presented in Fig. 4. The figure also includes results of 4555 under similar
conditions [33]. The values for S53P4 were calculated from the Si
concentrations (mg/1) given in Fig. 3. In general, the Si trends were
similar for both Tris and SBF. The highest Si concentrations were
observed in the first reactor in both solutions and for both glasses. For
S53P4, it should be noted that the Si concentration decreased more
rapidly in SBF than in Tris. On the other hand, the decrease of Si con-
centration was more rapid in Tris than SBF for 45S5. However, the Si
concentration in Tris for 4585 was stable at around 25 mg/1 after the
decrease. A similar stabilization level for S53P4 was also seen in Tris, but
the decrease was less rapid than for 45S5. For the second and third re-
actors, the first 48 h show apparent differences between S53P4 and
4585. In both Tris and SBF, the biggest change of Si concentration can be
seen for the first measuring point for S53P4, while for 45S5, the high and
broad peak of the change of Si concentration can be seen between 8 and
48 h in SBF.

3.3. Reaction layers

SEM images of S53P4 after dissolutions in Tris and SBF for 4, 24, and
72h are shown in Figs. 5 and 6. Already at 4 h in Tris, thin silica-rich (Si-
rich) layers (light grey) are visible for particles from the first and second
reactors. At 4 h, no surface layer can be seen on the particles in the third
reactor in Tris or any of the reactors in SBF. At 24 h, distinct Si-rich
layers and indications of calcium phosphate (Ca/P) layers are seen on
some particles in all reactors in Tris and SBF. However, the SEM images
and line imply that surface layers formed in Tris were indistinct.

The line analyses (EDX) close to the external surface of separate
particles is shown in Fig. 5 for S53P4 particles after dissolution in Tris
for 4, 24, and 72 h. Particles from the first and second reactors have a
silica-rich layer at 4 h, while no layers can be seen on glass particles
taken from the third reactor. The line analysis along the particle surface
cross-section shows the silica-rich layer as increased Si and decreased
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Fig. 4. Si concentration change in Tris (above) and SBF (below) after each
reactor for S53P4 and 4585 [33].
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Ca, Na, and P contents. The Na content is almost constant in the
unreacted particle parts below the surface layer. With increasing
dissolution times, the thickness of the Si-rich layer increased. Also, the
Ca and P concentrations at the outermost surface increased. At 72 h, Ca
and P increased within the Si-rich layer. This mixed Si-rich + Ca/P layer
was more pronounced in the second and third reactors than in the first.
These analyses suggest that no pure Ca/P outer surface layer had formed
on the particles in Tris in any of the investigated cases.

The EDX-line analyses of S53P4 particles after dissolution in SBF for
4, 24, and 72 h is shown in Fig. 6. No layers can be seen in particles from
any reactor at 4 h, implying that the reaction layers formed later. The
line analyses also show an almost constant concentration of the elements
throughout the particle cross-section in all reactors. However, after 24 h
in SBF, distinct Si-rich layers can be seen on particles from all reactors.
Additionally, a mixed layer consisting of Ca/P and Si, followed by a Ca/P
outer surface layer can be noticed in the first and second reactor parti-
cles. The line analyses also confirm the Ca/P layer in this case; the Si
content decreases towards zero, while only Ca and P are present on the
outer surface. On the other hand, only a mixed layer of Ca/P and Si was
analysed on the third reactor particles.

Between 24 and 72 h, the reaction layer thickness increased in SBF.
The first reactor particles display a distinct Si-rich layer, indications of a
mixed layer, and an extensive outer, almost pure Ca/P-layer. The ana-
lysed particle in the second reactor showed similar but notably thinner
layers. Finally, the analysed particle in the third reactor showed an
uneven Si-rich layer, a mixed layer, and a thin pure Ca/P-layer.

The EDX line analyses along the particle surfaces in Figs. 5 and 6,
show increases in the Ca and P contents after 24 and 72 h in Tris and
SBF. In Tris, Ca and P increases are accompanied by Si. In contrast, the
outer layer consisted of almost pure Ca/P, with Si and Na close to zero
after SBF dissolution. At 24 h and onward, only the third reactor parti-
cles showed a mixed layer of Si, Ca, and P in SBF. These results suggest
that the phosphate content released in Tris was not high enough to form
a pure Ca/P layer on the S53P4 particles. Instead, a mixed layer formed
in Tris. In contrast, the particles had visibly fused by the outermost Ca/P
layer after 120 h in SBF.

4. Discussion

Highly reactive materials, such as bioactive glasses, release ions
when in contact with physiological solutions. However, the role of the
released ions on the dissolution of bioactive glasses has been poorly
studied. Only a few studies discuss the impact of the dissolution prod-
ucts. The main emphasis has been on the cellular responses to the
dissolution products from the dissolved bioactive glass [39-41]. For
example, dissolution products from bioactive glass 45S5 have been
shown to shorten the human osteoblast growth cycle [40].

In an earlier study, we showed that a cascade reactor could be uti-
lized in the continuous dissolution flow-through to investigate the
release of ions between each section of a larger implanted particle bed
[33]. The ability of bioactive glasses to exchange ions with the sur-
rounding solution is one of the most distinctive properties of the mate-
rial and is correlated to the pH increase. In this study, an increasing
number of reactors increased the pH of the solution flowing through the
bioactive glass particles (Fig. 2), indicating that fewer hydrogen ions
were available for ion exchange with the particles. Consequently, this
led to delayed reactions between material and solution in subsequent
reactors. The impact of the reaction products on the dissolution of
bioactive glasses was especially noticeable in SBF. Interestingly, with
added reactors in SBF, a second increase in the pH was seen for S53P4
and 45S5. This indicates that the reaction products delayed the
solution-material reactions as the increase of pH is one of the earliest
steps of the reaction behaviour. However, the second increase was
measured later for S53P4 than 45S5 (at 24 h compared to 8 h). For
S53P4, there is a dramatic decrease of P in SBF between 8 and 24 h
(Fig. 3). The lowest levels of P concentrations were measured in SBF at
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Fig. 5. SEM images and EDX-analyses of S53P4 particle cross-sections after different dissolution times in a continuous flow of Tris.

24 h as 27 mg/] after one reactor, 18 mg/1 after two reactors, and 13
mg/1 after all three reactors. Only after the first reactor did the P con-
centration at 120 h increase to the measured P levels in the reference
SBF. Whereas for 4585, a similar P decrease was seen earlier, between 6
and 8 h of continuous dissolution. A decrease in the P species concen-
tration of SBF is usually seen in static experiments when the phosphate
in the solution precipitates on the material surfaces [42]. However,
precipitation of Ca/P starts at established nucleation sites (Si-rich layer).
The decrease of P in the inflow to the second and third reactors indicate
that P in the SBF precipitates in the first reactor as soon as a suitable
nucleation site is present. As particles in the later reactors lack the
Si-rich layer during the first hours, Ca/P cannot precipitate from the
solution rich in P. Reaction layers, especially the outer Ca/P layer, are
crucial for bonding to the bone in vivo [43]. In SBF (Fig. 6), a pure outer
Ca/P layer can be seen from the line analyses in the two first reactors at
72 h, whereas the outer Ca/P layer in the third reactor suggests
decreasing Si concentrations along the line. In Tris (Fig. 5), similar
mixed Si and Ca/P layer could be seen at 72 h in all reactors. Similar
reaction patterns were identified for 45S5 in the cascade reactor [33].
Fig. 7 shows the cumulative dissolution of Si from S53P4 and earlier
studied 45S5 [33]. The cumulative dissolution is calculated from data in
Fig. 3, the volume of the solution fed through the system, and the
amount of Si in the unreacted bioactive glass sample placed in the

reactors. Overall Si-release from S53P4 and 45S5 into the two solutions
correlated with the total SiO; content in the glasses. A high Si release
from the first reactor particles decreased the concentration gradients
around the particles in the consecutive reactors, thus leading to lower
cumulative Si dissolution. Although S53P4 has a higher concentration of
Si-species available for dissolution, the glass also has higher chemical
durability. Accordingly, Si-rich and Ca/P layers formed slower on S53P4
than on 4585 particles. Thicker Si-rich and Ca/P layers more effectively
decreased the Si-release from the 45S5 particles to both solutions [33].
The large differences in the cumulative Si-release from S53P4 between
the first and the two consecutive reactors were assumed to depend on a
combined effect of chemical durability, higher concentration gradients
around the second and third reactor particles, and also, to some degree,
the Ca/P layers retarding the Si-species diffusion from the bulk glass.
Thus, larger differences were measured between the S53P4 particles in
the three reactors than reported for 45S5. However, the trends measured
for S53P4 were similar to 45S5, verifying the impact of local ion con-
centrations on bioactive glass dissolution. The release of all ions from
S53P4 increased with an increased number of reactors (Fig. 3). How-
ever, when comparing Si concentrations after each reactor, the decrease
in the release was not proportional to the sample amount in the reactor
(Fig. 4). The Si concentrations in the outflows from the second and third
reactors were almost identical when correlated to the Si concentration in
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Fig. 6. SEM images and EDX-analyses of S53P4 particle cross-sections after different dissolution times in a continuous flow of SBF.

the inflow. At 72 h, 39.8 mg of the total 50.8 mg Si in the first reactor
was dissolved. Corresponding amounts were 11 mg from the second
reactor and 7.4 mg from the third reactor. In SBF, the release of Si
decreased from 29.1 to 5.2 and 1.9 mg from the three consecutive re-
actors. The dissolved Si from the first reactor is thus suggested to slow
down the further dissolution of Si in the second and third reactors. This
effect is likely due to soluble Si species in the solutions being close to
saturation levels in the second and third reactors.

S53P4 contains 8 wt-% more SiO; than 4585, indicating that more Si
can be released from S53P4 (in this study 50.8 mg Si in S53P4 and 44.9
mg in 4585 in each reactor). S53P4 has been shown to initially dissolve
slower than 45S5 in static conditions [11,44]. However, S53P4 has been
reported to show a more consistent dissolution over a two-week im-
mersion test than 45S5. Further, S53P4 dissolved more in Tris than in
SBF [11]. In the present work, the Si release was higher from S53P4 than
4585 in prolonged continuous flow experiments in Tris. Similar trends
were measured in SBF for only one reactor. However, more Si was
released from 4585 than S53P4 in multiple reactors (Fig. 7).

The role of pH on bioactive glass dissolution has also been studied.
Precipitation of Ca and P species has been demonstrated to occur more
rapidly on 45S5 upon immersion at increasing pH in static conditions
[45]. The precipitated Ca and P on the glass surface simultaneously
decreased the ion release from the bulk glass. Hence, the release of Ca

and P is expected to increase at decreased pH, as reported in acidic so-
lutions [46]. Si release also increases with pH due to the ion exchange
between the solution and the glass [18,47]. In this work, the solution pH
after each reactor was still within the buffering range of the solutions,
thus partly explaining that the Si release rate slowed down with disso-
lution time. However, all Si was dissolved from the S53P4 in the first
reactor into Tris at 120 h (Fig. 7). This can be explained by the thin Ca/P
layer and the Si species concentration being below the saturation level.

Even though it has been proposed that released ions hinder the
dissolution of bioactive glasses, the dissolution products only initially
slowed down the dissolution in this work. However, as soon as the
bioactive glass particles in the first reactor had developed a Ca/P reac-
tion layer, the dissolution of Si increased in the next reactors. After the
Ca/P layer had formed on the first reactor particles, it retarded their
further dissolution. Thus, Si concentration gradients around the parti-
cles in the following reactors increased, leading to increased Si
dissolution.

The results suggest that the released ions strongly affect the disso-
lution rate of bioactive glasses. Small changes in local ion concentrations
had a dramatic effect on the dissolution of S53P4 and 45S5 in SBF. This
implies that a larger implanted particle bed may be expected to react
non-uniformly in vivo under similar flow conditions as reported in this
work. However, Fig. 6 shows that an outer pure Ca/P layer had formed
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even in the third reactor particles at 72 h. Thus, these areas representing
the conditions inside the particle bed, or the interior part of a porous
implant, are gradually covered by Ca/P. This layer can then develop into
hydroxyapatite and further convert into bone tissue.

5. Conclusion

This study investigated the effect of released ionic species on the
dissolution and reaction layer formation on bioactive glass S53P4 par-
ticles in a three-reactor cascade in continuous flow conditions. The
released ions from the glass particles in the first reactor influenced the
dissolution of the particles in the consecutive reactors. The ion release
occurred more rapidly in the first reactor representing the exterior
surfaces of an implanted particle bed. In contrast, the increased ion
concentrations in solution inflows to the second and third reactors,
representing the interior surfaces of the particle bed, led to markedly
slower dissolution. Si-rich and Ca/P surface layers developed more
rapidly in the first reactor particles than particles in the following two
reactors. After a Ca/P layer had formed, the dissolution slowed down.
The results imply that the increased local ion concentrations delay re-
actions in the interior parts of implanted particle beds. Finally, the
cascade reactor system provided additional confidence to the estab-
lished static and dynamic dissolution tests.

Summary of novel conclusions Turku, 17.8.2022

This work enhances the understanding of the in vitro reactions of
bioactive glass S53P4 particles in different locations of a particle bed in
continuous fluid flow. This approach simulates the actual conditions, e
g., grafting bone cavities with bioactive glass particles. When a fresh
fluid, such as the co-called simulated body fluid, is fed through the
particles, the ions released from the particles with the first contact affect
the reactions of the other particles. As the particles were separated into
three different reactors in series, the reactions could be studied
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individually for each reactor. The results showed that the dissolution of
bioactive glass in later reactors were affected by the ions released from
the first reactor. The results provide new knowledge on the gradual
degradation patterns of implanted bioactive glass particles or porous
bodies.
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The impact of dissolution products on the reaction behaviour of bioactive glasses was explored. Bioactive glass
S53P4 particles were immersed in solutions with initial pH of 5-9. After 24 and 72 h, the solution extracts were
used for testing unreacted particles. The pH, ion concentrations, and glass surfaces were analysed as functions of
immersion time. More Ca, Na, and P dissolved at lower pH (5) than at higher pH (7.4 or 9). The dissolution

changed from an incongruent to an apparent congruent with increasing pH. Dissolution products in extracts
changed the reaction layer structure on glass particles and led to lower ion release at pH 7.4 and 9. Dissolution
increased almost linearly with time in acidic solutions. Silica-rich layer and calcium phosphate were identified on
the particles after immersion in all solutions except at pH 9. Local ion concentration variations affected disso-
lution, leading to nonuniform ion release rates.

1. Introduction

Bioactive glasses are commonly characterised by their ability to form
a chemical bond with living tissues, mainly bone, through the hy-
droxyapatite layer that develops at the glass surface in vivo [1].
Controlled degradation and release of ions are unique properties of
bioactive glasses [2]. Since their discovery in the late 1960s [3],
bioactive glasses have evolved from bone grafting materials to implants
and scaffolds for various tissue engineering applications [4-6]. Professor
Hench, the inventor of bioactive glasses, observed the strong bond be-
tween bone and silicate-based glasses of a narrow composition range.
The first bioactive glass reported by Hench is known as Bioglass® 45S5
[7]. The oxide composition of this glass is (in wt%) 45 SiO,, 24.5 CaO,
24.5 Nay0, and 6 P5Os [8].

Today, a wide range of glass compositions has been studied for their
potential bioactivity. For example, bioactive glass S53P4 with higher
silica and lower contents of the other oxides compared to 45S5 showed
desired properties for bone tissue applications in several in vitro, in vivo
and clinical studies [9]. Today, 45S5 and S53P4 are widely used in
commercial implant products in the human body [9-13]. Besides stim-
ulating bone growth, S53P4 showed antibacterial effects in vitro against
29 aerobic and 17 anaerobic bacteria [14,15]. Clinical studies verified
its suitability for treating osteomyelitis in long bones [16,17]. The
antibacterial properties are suggested due to the dissolution behaviour

* Corresponding author.
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of bioactive glasses [18], ie., the increased pH and the increased ion
concentrations in the surrounding solution. Additionally, the release of
ions from the glass was verified to stimulate cellular processes in bone
regeneration and, accordingly, to produce new bones in an injured site
[19].

Similar reactions between the bioactive glass and surrounding so-
lution occur in vivo and in vitro. The reactions are rapid and are proposed
to take place in the following five steps [20]: [i] ion exchange of the
alkali and alkaline ions in the bioactive glass surface with the hydrogen
ions in the solution, [ii] increase of the solution pH, followed by the
release of soluble silicon groups (Si(OH)4) from the glass, [iii] conden-
sation and repolymerisation of silicon on the glass surface to a silica-rich
layer, [iv] migration of Ca®" and PO3~ groups from the glass and pre-
cipitation from the solution to amorphous calcium phosphate (Ca/P)
layer, [v] crystallisation of the Ca/P-layer to a hydroxyapatite layer as a
result of carbonates and hydroxyls incorporating from the surrounding
solution. In vivo mechanisms then conclude the bonding to the bone.

The dissolution rate of bioactive glasses depends, among other
things, on the solution pH, glass surface area to solution volume ratio,
and solution composition [21]. An early study showed that the extrac-
tion of alkali ions from a binary alkali silicate glass (K20-SiO5) decreased
rapidly above pH 9 [22]. Also, calcium dissolved more rapidly from
bioactive glass 45S5 in an acidic solution (pH 5) compared to neutral
(pH 7.4) and alkaline (pH 9) solutions [23]. On the other hand, at
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Fig. 1. Particle size distribution (a) and cross-sectional SEM image (b) of unreacted S53P4 particles.

increased pH levels, Si is expected to dissolve more rapidly than alkalis.
The critical pH level of increased Si dissolution from the glass structure
is pH 9 [24]. As smaller particles have a larger surface area, they dissolve
faster than larger particles [25]. In addition, particles in a cascade
reactor, i.e., in separate reactors connected in series, were reported to
react differently in a continuous solution flow due to increasing con-
centration of dissolution products [26]. This implies that particles inside
an implanted bioactive glass particle bed will be in contact with a so-
lution already containing dissolution products from the outer bed par-
ticles. Consequently, these interior particles likely experience a higher
pH than the outer particles. However, the dynamic body system strives
to maintain the pH of the extracellular fluid constant, i.e., around 7.4
[27]. At the same time, the pH can be within 5.5-6.7 at bone infection
sites [28]. Even lower local pH levels can occur if the bioactive glass is
used as a component in a composite with a biodegradable polymer, e.g.,
polylactic acid, giving an acidic environment due to degradation re-
actions [29]. Also, the oral cavity can experience an environment with
decreased pH due to the intake of drinks or food with a lower pH [30].
On the other hand, locally increased pH at the implant site can appear at
the glass/solution interface and affect the dissolution behaviour of the
glass [31].

Immersing bioactive glass in a static solution is a standard procedure
when investigating in vitro behaviour [32]. Experiments conducted with
solutions containing dissolution products from bioactive glasses are
limited and mainly focused on the biological response. For example, the
human osteoblast growth cycle was shortened when ions dissolved from
bioactive glass 45S5 were present [33]. Furthermore, ions dissolving
from bioactive glasses induced osteogenesis in vitro [34]. Dissolved ions
from an experimental bioactive glass promoted strong mineralization of
human adipose stem cells in hydrogels [35]. Similarly, ions common in
bioactive glasses have been identified to induce HA precipitation
(aqueous Si) [36], increase osteoblast proliferation and differentiation,
increase mineralization of the extracellular matrix (Ca ions) [37], and
stimulate the main protein (matrix Gla protein) for bone formation
(phosphate) [38]. In a dynamic environment, the increase of ion con-
centrations and, consequently, the decrease of available hydrogen ions
for ion exchange have been proposed to delay the reactions of bioactive
glasses [26,39]. However, the impact of dissolution products in the so-
lution on the reaction behaviour of bioactive glasses at different pH
levels is not fully understood.

This study aimed to investigate bioactive glass S53P4 particles in
different environments that could occur in the human body, including
changes in the surrounding solution pH due to infection or material/
solution reactions. Also, the solution composition might change as it
flows in voids of particle beds or porous bodies, thus affecting the re-
actions in various parts of the implanted material. In this work, the re-
actions of bioactive glass S53P4 particles were studied in solutions at
three pH levels (5-9) in static conditions for up to 120 h. In addition, the
extracts after 24 and 72 h of dissolution were reused to study the impact

Table 1
Reagents for 0.5 1 buffer solutions, solution pH, and calculated base and acid
molarities of the solutions at 37 °C.

Tris HAc HCl NaOH pH  base acid
[€3) (ml) (ml) (ml) (mM) (mM)
Tris (9) 3.03 - 1.5 - 9 50 3
Tris
(7.4) 3.03 - 17.9 - 7.4 50 36
Tris (5) 3.03 24.7 - - 5 50 50
HAc
[©)] - 3 - 34.1 5 68 100

of increased ion concentrations on the dissolution of unreacted particles.
The results give indications of the dissolution mechanisms of bioactive
glasses in various in vitro and in vivo conditions.

2. Materials and methods
2.1. Bioactive glass samples

Bioactive glass S53P4 (in wt%) 53 SiOy, 20 CaO, 23 NayO, and 4
P,0s was produced by mixing quartz sand with analytical grade re-
agents NayCO3, CaHPO4-2H,0, and CaOs. The batch was added into a
platinum crucible and melted in an electric furnace at 1360 °C for 3 h.
The melt was cast in a graphite mould to give a glass bar, annealed at
520 °C for 1 h and cooled down to room temperature in the oven. The
bar was crushed and remelted to obtain a homogeneous glass. Finally,
bioactive glass particles were produced with a ring and puck mill. Par-
ticles that passed through a 500 pm sieve but stayed on a 300 pm sieve
were used for the immersion studies. Before immersion, the particles
were cleaned in acetone in an ultrasound bath to remove fine powder
adhered to the particle surfaces. Fine, rapidly dissolving powder might
affect the accuracy of dissolution studies [40]. Fig. 1 shows a) the par-
ticle size distribution (Malvern Panalytical Mastersized 3000) and b) an
SEM image of the S53P4 particle cross-sections. The median diameter of
the analysed particles was 445 pm, and 69% were in the size range of
310-516 pm. 28% of the particles were > 516 pm, and 3% were < 310
pm. The irregular-sized particles increased the possibility of elongated
particles passing through the sieve, contributing to the increased parti-
cle size distribution.

2.2. Immersion solutions

Tris(hydroxymethyl)aminomethane (Tris), with the pH indicated in
parenthesis after the solution symbol, was prepared using the reagents
given in Table 1. The pH of Tris (5) was adjusted using acetic acid
instead of the usual hydrochloric acid (HCI) to minimize the risk of Cl
ions interfering with the apatite formation on the glass particle surfaces
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Table 2
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PH as functions of the immersion time for the solutions used to dissolve S53P4 particles: as-prepared (0), extracted after 24 h (24) and 72 h (72). Bold values indicate
the pH measured above the glass particles at 24 and 72 h, while the underlined values give the extracted and mixed solution pH before adding new particles.

Tris 9 Tris 7.4 Tris 5 HAc 5
h ) 24 (72) ) 24) (72) ) @24 (72) ) (24) (72)
0 8.97 9.12 9.10 7.35 7.46 7.58 4.96 5.09 5.15 4.93 5.05 5.08
2 9.10 9.15 9.11 7.44 7.57 7.59 5.06 5.11 5.19 5.01 5.05 5.11
4 9.11 9.15 9.12 7.46 7.53 7.61 5.07 5.12 5.22 5.05 5.07 5.14
6 9.12 9.15 9.14 7.47 7.52 7.62 5.08 5.13 5.24 5.03 5.09 5.16
8 9.13 9.17 9.15 7.49 7.53 7.59 5.10 5.15 5.26 5.04 5.08 5.17
24 9.15 9.20 9.17 7.52 7.57 7.69 5.15 5.23 5.32 5.11 5.14 5.17
48 9.23 9.25 9.28 7.59 7.60 7.69 5.26 5.26 5.48 5.16 5.15 5.24
72 9.31 9.29 9.33 7.62 7.64 7.71 5.26 5.36 5.55 5.16 5.20 5.29
96 9.31 9.34 9.37 7.62 7.65 7.73 5.27 5.35 5.60 5.23 5.25 5.35
120 9.38 9.37 9.41 7.66 7.68 7.75 5.38 5.42 5.68 5.27 5.30 5.40

[41]. The buffer capacity of Tris is between 7 and 9 [42]. Therefore, an
additional HAc-NaOH (HAc) buffer solution was used for immersion
studies within the buffering range of 3.6-5.6. The reagents (in bold,
Table 1) were added to purified water and wholly dissolved before the
temperature of the solutions was increased in a water bath to 37 °C.
Finally, the pH of the solutions was adjusted by slowly adding 1 M HCl,
1 M HAc, or 1 M NaOH under continuous stirring. The theoretical mass/
volume and molarity of the acids and bases are also presented in Table 1.
The acid and base concentrations for the desired buffer pH values were
calculated using the Henderson-Hasselbalch equation [43], with the pKa
(37 °C) of Tris as 7.8 and of HAc as 4.67.

2.3. Immersion tests

A shaking incubator (Stuart Orbital Incubator SI500) with a rotation
speed of 100 rpm at 37 °C was used for the immersions. 210 + 5 mg of
bioactive glass particles were added in 30 + 0.1 ml solution in a covered
polypropylene centrifuge tube (50 ml). Assuming spherical particles
with an average diameter of 400 pm gave an approximate surface area to
volume ratio of 0.4 cm ™. The immersion tests were carried out for 24,
72, and 120 h. The 120 h experiments had three parallel runs. The pH of
the solutions was measured every other hour for up to 8 h, and from 1
day forward, every 24 h. At hours 8, 24, and 72, an aliquot of 1 ml was
extracted for ion analysis. Further, the ion concentrations were
measured at 120 h. The reacted particles were washed with ethanol and
dried at 40 °C before being stored in a desiccator until further analyses.

Additional glass samples were immersed for 24 and 72 h to achieve
extracts for investigating the effect of the released ions on the dissolu-
tion of new, unreacted S53P4 particles. For a surface area to volume
ratio similar to the initial immersion tests (0.4 cm’l), 202 + 3 mg of
bioactive glass particles were immersed in 28.5 ml of the extracted so-
lutions. The solutions and glass particles were collected for further an-
alyses at the same measurement points as experiments with as-prepared
solutions.

2.4. Change of solution pH

The pH is temperature dependent and was therefore measured by
placing the vials with the immersed particles in a 37 °C water bath to
keep the temperature constant during the pH measurement. The mea-
surements were conducted close to the particle bed without the pH
electrode touching the particles. The pH has been shown to increase the
closer the pH electrode is to the particle bed in a container [44]. How-
ever, the agitation during the immersion likely contributed to equalising
pH throughout the solution. Also, the pH of the reference solutions, kept
in the same incubator as the bioactive glass immersion solutions, was
measured at 0 and 120 h. The pH-meter (VWR pHenomenal pH 1100 L)
was calibrated with the pH standards 4.01 and 7.00 (25 °C).

2.5. Ion analysis

The collected solutions were analysed with inductively coupled
plasma-optical emission spectrometry (ICP-OES, Optima 5300 DV;
Perkin Elmer, Waltham, MA). The extracted 1 ml solution was diluted
with 9 ml of purified water. The ICP was calibrated with 1, 5, and 20
ppm commercial (Spectrascan) multi-element standards of Si, Ca, Na,
and P. Before and after the measurements, the background level was
recorded by analysing the 1 ppm standard of each element. The reported
ion concentrations were background corrected accordingly. The ele-
ments were analysed with the limit of quantification (LOQ) Si = 0.04
mg/l, Ca = 0.003 mg/l, Na = 0.2 mg/1, and P = 0.03 mg/1. Ion analysis
was conducted for three parallel samples, and each sample was analysed
3-5 times. Aliquots were extracted at 8, 24, and 72 h, so the surface area
to volume ratio changed accordingly. Therefore, the measured values
were calculated according to Eq. (1) [45].
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where C;j is the normalised concentration of element i at time j, C;; the
measured concentration of element i at time j, V* the volume of the
extracted aliquot, V* the volume of the immersion solution before
extraction of the aliquot, and Cj;-1 the measured concentration of
element i at time point j-1. The normalised mass loss of each element was
then calculated according to Eq. (2) [46].
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where NL; is the normalised loss of each element (g/mz), Cf is the nor-
malised ion concentrations of element i calculated with Eq. (1) (mg/1),
Cyp is the ion concentration of element i measured with ICP-OES in the
reference solution (mg/1), SA is the total surface area of the unreacted
immersed glass particles (m?), Vs the volume of immersion solution (1),
and f; is the mass fraction of element i in the unreacted glass sample.

2.6. Glass surface analysis

After 120 h, the glass particles from the dissolution experiments in
the four as-prepared immersion solutions and their 24 and 72 h extracts
were embedded in epoxy resin. The embedded particles were ground
and polished with abrasive sandpaper to reveal the cross-sections. A
scanning electron microscope (SEM, Leo Gemini; Carl Zeiss, Oberko-
chen, Germany) was used to take images of the cross-sections and the
surfaces of particles immersed for 120 h. For particles with visible layer
formations, energy dispersive X-ray line analysis (EDX, Leo Gemini; Carl
Zeiss, Oberkochen, Germany, coupled with SEM) of the cross-sections
was also taken.
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Fig. 2. Normalised ion concentrations of Si, Ca, and Na in the solutions during 120 h dissolution of S53P4 particles.

3. Results
3.1. pH of immersion solutions

Table 2 shows the average pH of the four immersion solutions as
functions of the immersion time, where 0 indicates the as-prepared so-
lutions, and 24 and 72 are for the extracts. Due to the minor pH dif-
ferences between the parallel samples, the table does not include the
variations. The three measured parallel samples for the immersion using
the as-prepared solutions gave a variation of +0.04 (Tris 9), & 0.02 (Tris
7.4), £+ 0.02 (Tris 5), and + 0.02 (HAc 5) pH units. Similarly, the vari-
ations in immersions using the extracts were also minor, i.e., + 0.01 - +
0.08 pH units. The pH values of the supernatants measured above the
glass particles at 24 and 72 h are marked in bold, and the pH of the
extracted and mixed solutions before adding new particles are under-
lined in Table 2. The difference between the two pH values for the su-
pernatant and extract varied between 0.03 and 0.21 pH units depending
on the solution. These differences were likely due to the time lag for pH
equalisation throughout the solution. However, as the pH of all samples
containing glass particles was measured similarly, the pH trends for each
solution were assumed to correlate with the progress of the glass re-
actions. In addition, the total volume of the solutions decreased by up to

3 ml due to the sampling of the aliquots for elemental analysis. Thus, the
pH from 24 to 96 h cannot directly be compared with pH values
measured at earlier points or 120 h. The pH of all solutions increased
with increasing immersion times and was highest for the immersions
done using the 72 h extracted solutions.

3.2. Ion analysis

Fig. 2 shows the normalised Si, Ca, and Na concentrations (mg/1) in
the static solutions as functions of time. As the pH of HAc (5) was
adjusted with NaOH, the high Na levels in the solutions (1570 mg/1 in
the as-prepared solution) questioned the accuracy of Na in HAc solu-
tions. However, the Na concentration trends in HAc (5) and its extracts
were assumed to correlate with the Na release. In general, the ions
released from S53P4 particles into the solutions increased with immer-
sion time but in lower concentrations when using the extracts.

Similar Si concentration levels were measured in the as-prepared Tris
(9) and Tris (7.4) throughout the immersions. In contrast, the Si con-
centration was lower in the as-prepared Tris (5) and HAc (5). Interest-
ingly, the Si concentrations increased roughly linearly with time in the
as-prepared solutions and extracts of Tris (5) and HAc (5), indepen-
dent of the concentration before the immersion. However, the changes
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Table 3

Concentration of P (mg/1) after the dissolution of S53P4 particles in the as-prepared solutions (0) and extracts (24 and 72). n/a = values below the LOQ.
Time (h) Tris (9) Tris (7.4) Tris (5) HAc (5)

(0) (24) (72) (0) (24) (72) (0) (24) (72) (0) (24) (72)

0 n/a n/a n/a n/a n/a 0.2 n/a n/a n/a n/a 0.3 0.8
8 n/a n/a n/a 0.3 n/a 0.7 n/a 0.5 0.5 n/a 0.9 1.4
24 n/a n/a n/a 0.5 n/a 0.7 0.1 0.5 0.8 0.7 0.9 1.5
72 n/a n/a n/a 0.4 n/a 0.6 0.5 0.7 1.5+1 1.8+1 1.3 1.8
120 n/a n/a n/a 08+1 n/a 0.5 19+1 0.7 1.3 1+1 1.9 2.8

As-prepared

Tris (5) Tris (7.4) Tris (9)

HAc (5)

24 h extract

72 h extract

Fig. 3. SEM images of S53P4 particles immersed in the four as-prepared solutions and their 24 and 72 h extracts for 120 h.

in Si concentration during 120 h dissolution in the as-prepared Tris (9)
at its 72 h extract were 41 mg/I and 26 mg/1. Corresponding values for
the as-prepared Tris (7.4) and its 72 h extract were 41 mg/l and 18 mg/I,
respectively.

The lowest Ca and Na concentrations were measured in Tris (9). Ca
and Na releases were the least in the 72 h extract of Tris (9). Corre-
spondingly, the highest Ca and Na concentrations were measured in Tris
(5) and HAc (5). For most solutions, the concentration of P species was
close to or below the limit of quantification (LOQ), as shown in Table 3.

3.3. Glass particle surface changes

Fig. 3 shows SEM images with two magnifications of S53P4 particle
cross-sections immersed for 120 h in the four as-prepared solutions and
their two extracts. It should be noted that not all particles in the sample
had formed similar surface reaction layers, as shown in the figure. The
magnified images present typical single particles with distinct changes

in the surface composition. Notably, no distinct layers were seen after
the dissolution in Tris (9). After the dissolution in all other solutions and
extracts, typical silica-rich and calcium phosphate layers were identified
on the particle surfaces. The thickness of the silica-rich layer seen with
the dark-grey colour increased with the decrease of the solution pH.

Fig. 4 shows SEM images of particle surfaces before and after 120 h in
the four as-prepared solutions in two magnifications. Even though the
cross-sectional images of Tris (9) immersed particles (Fig. 3) did not
show any reaction layers typical for bioactive glasses in vitro, the surface
images suggest glass corrosion. After the immersion in Tris (7.4), large
cracks typical for SEM images of the silica-rich layer are seen in the
particle surfaces. The accumulations after the immersions consisted of
calcium phosphate (Fig. 5). Similarly, the cracks in particles immersed
in Tris (5) and HAc (5) suggest a silica-rich layer. Some calcium phos-
phate precipitates had also formed in these solutions.

The element composition of the surface layers on the particles after
120 h in all solutions except the Tris (9) is given by the EDX line analyses
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Reference

Tris (5) Tris (7.4)

HAc (5)

Fig. 4. SEM images of S53P4 particles before (Reference, 0 h) and after im-
mersion (120h) in the as-prepared solutions in two magnifications.

in Fig. 5. After the immersion in Tris (7.4), the line analyses indicate a
silica-rich layer next to the bulk glass (start of the arrow). The silica-rich
layer appears thicker and almost free of Ca, Na, and P for the as-prepared
solution. Then, the outermost layer suggests peaks of Ca and P in molar
ratios typical for hydroxyapatite. After the immersion in the 24 and 72 h
extracts, Ca and P are also present in the silica-rich layer. However, after
immersion in Tris (5), the silica-rich layer appears thicker and is almost
free of Ca and P.

4. Discussion

Immersion of bioactive glasses in Tris buffer enables a significantly
easier comparison of dissolution reactions than studies in the complex
simulated body fluid (SBF) [47,48]. In this work, Tris buffer solutions
and their extracts after 24 and 72 h immersion of bioactive glass S53P4
were used to gain an increased understanding of the impact of dissolu-
tion products in the solution on surface reactions leading to tissue
bonding of bioactive glasses. Earlier studies in vitro have been conducted
with, for example, 75 mg of small particles (<50 pm in diameter, some
even 2 pm) immersed in 50 ml of buffered solutions [23,41,49,50]. Such
small particles have a large surface area, leading to much faster glass
dissolution and, consequently, a notable increase in the pH of the sur-
rounding solution. For example, inside a bed of S53P4 particles of a
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diameter of <45 pm, the pH of SBF had increased to 11 after 24 h, while
for particles in the size range of 315-500 pm, the pH had increased to 8.6
[51]. Therefore, using larger particles, 300-500 pm, was assumed to
retard the rapid initial reactions.

Fig. 6 shows the normalised mass loss rate from the original samples
of S53P4 particles in the as-prepared solutions and their extracts for 120
h and the dissolution of elements (mol%) at 120 h. The ion concentra-
tions dissolved in the extracts at 120 h were calculated as the difference
between the values at the beginning of the experiment (0 h) and after
120 h (Fig. 2).

In Tris (9) and its extracts, the release of Si, Ca, and Na was around 1
to 3 mol%, suggesting congruent dissolution within the experimental
error. The normalised mass loss rate also shows similar dissolution
throughout the immersion time. However, the dissolution of alkalis was
much less in Tris (9) than in the other solutions, thus explaining that no
reaction layers could be verified at the surface (Figs. 3 and 4). This
decrease in the dissolution rate aligns with the observations from the
dissolution studies of borosilicate glasses, for which the dissolution rate
markedly decreased around pH 9 [52]. The phosphorous levels below
LOQ (Table 3) also implied a minor dissolution. After 120 h, the pH was
slightly higher for the extracts than as-prepared Tris (9). Further, it was
assumed that the local solution pH next to the dissolving particles was
higher than the measured supernatant pH above the particles [44].
Consequently, network dissolution of the glass above pH 9 led to a slow
congruent dissolution of Si, Ca, and Na. On the other hand, the dissolved
amount of the glass decreased with increasing content of dissolved ions
in the extracts, thus suggesting that the impact of dissolution products
retarded the reactions. In a study immersing the International Simple
Glass in a Si-saturated solution with a starting pH of 9 at 90 °C, an
amorphous alteration layer formed on the glass surface hindered the Si
network dissolution [52]. Similarly, Si in the immersion solution hin-
dered the dissolution. In the present work, the maximum initial Si in Tris
(9) was 22 mg/1 compared to 260 mg/1 in the saturated Si study [52].
Interestingly, this small increase in the Si concentration in the solution
also slowed the dissolution. However, it should be emphasised that the
four-oxide bioactive glass S53P4 contains only one network former
compared to two or three in the more complicated aluminoborosilicate
glasses studied for an enhanced understanding of the dissolution
mechanisms in alkaline solutions [52]. The lack of an alteration layer on
the bioactive glass S53P4 implies that the experimental time was too
short for a detectable surface layer to form. The low network connec-
tivity might have also supported congruent dissolution at pH 9.

The higher dissolved amounts of Na and Ca than Si in Tris (7.4)
suggest incongruent dissolution typical for bioactive glasses (Fig. 6). The
higher the concentrations of dissolved ions in the extracts, the less the
concentrations increased during the 120 h immersions in Tris (7.4).
Interestingly, the accumulation of calcium and phosphate on the glass
surface and in the silica-rich layer during the immersion in the extracts
suggests that calcium and phosphate ions in the solution affected the
diffusion of the released ions through the silica-rich layer (Figs. 4 and 5).
The pH of the as-prepared Tris (7.4) and its extracts slightly increased
but was well within the buffering range throughout the immersions
(Table 2). Na, Ca and P concentration profile changes were sharp at the
interface of the unreacted glass and silica-rich layer after the dissolution
in the as-prepared Tris (7.4) (Fig. 5). However, the Ca and P profiles
were less steep for the particles immersed in the extracts. Thus, the
diffusion of the ions through the alteration layer on the glass particles
was retarded by the increased ion concentrations in the solution or by
early precipitated calcium phosphates on the surface. A further impli-
cation is that increasing concentrations of released ions might locally
retard the reactions of implants based on bioactive glass S53P4.

Finally, the dissolution of S53P4 particles was highly incongruent in
the acidic solutions, Tris (5) and HAc (5) (Fig. 6). The thick silica-rich
layers also verify the rapid release of Ca and Na ions (Figs. 3 and 5).
Interestingly, the silicon release was almost constant in the as-prepared
solutions and their extracts. This implies that the dissolution of the silica
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Fig. 5. EDX line analyses of S53P4 particles after 120 h in as-prepared solutions of Tris (7.4), Tris (5) and HAc (5) and their extracts.

network was not affected by the dissolution products in the solution but
depended on the immersion time. The pH of the solution increased to
5.2-5.7, thus favouring the precipitation of calcium phosphate species
[29]. However, the release trends of Ca and Na ions imply a slight
decrease caused by the dissolution products in the solution. No apparent
differences were observed in the dissolution of the glass particles in Tris
(5) and HAc (5), most likely due to the relatively small differences in the
PH of the solutions at different time points. Thus, the reaction mecha-
nisms were similar, and the high content of hydrogen ions in the solu-
tions favoured rapid ion exchange with Ca and Na ions, i.e., incongruent
dissolution. The Si release increased with time and likely correlated with
the low network connectivity and silica content in S53P4.

Interestingly, the dissolved Si concentrations were almost similar in
Tris (9) and Tris (7.4). Tris (7.4) solution was well within the buffering
range, while the pH of Tris (9) did not markedly increase beyond the
range. This implies that classical hydration and ion exchange reactions
can be used to describe the in vitro behaviour of silicate-based bioactive
glasses. These reactions led to the formation of thick silica-rich layers on
the particles in Tris (7.4). Whether this took place through the classical
multistep mechanism, including the ion exchange of mobile cations to
protons in solution, followed by protonation, condensation and repo-
lymerisation to form a silica-rich layer or through an interfacial-
dissolution-re-precipitation mechanism is unclear [53]. In contrast,
the dissolution was congruent but markedly slower already at pH 9, with
no detectable silica-rich layer. The higher dissolution of Ca and Na ions
in Tris (7.4) and its extracts can be explained by the higher concentra-
tion of hydrogen ions available for ion exchange between the glass
particles and solution. This results in slower ion release at a higher pH
[23].

Partly reacted bioactive glasses have been reported to continue dis-
solving in replenished solutions [54]. This work investigated the
reversed situation when extracts with dissolved ions were added to
unreacted S53P4 bioactive glass particles. The dissolution reactions
were not hindered but retarded by dissolution products in the extracted
solutions. The observations imply that the dissolution of, e.g., the outer
section of a porous implant exposed to an extracellular solution with the
nominal composition will affect the dissolution of the inner sections of a
porous implant or particle beds. Ca ions in the solution have been sug-
gested to promote apatite precipitation on bioactive glasses [55]. Dy-
namic in vitro studies of bioactive glasses 45S5 and S53P4 using

solutions buffered at pH 7.4 indicated that the formation of reaction
layers was delayed when the concentration of dissolution products in the
solution increased [26,39]. The static tests in this work showed that the
dissolved ions from the bioactive glass affected the dissolution of
unreacted particles most in the pH range typical for the extracellular
fluid, i.e., around 7.4. In contrast, the dissolution products had a minor
impact on the glass dissolution in alkaline and acidic environments.

5. Conclusions

This work explored the impact of dissolution products in the im-
mersion solution on the ion release from bioactive glass S53P4 in static
alkaline (pH 9), physiological (pH 7.4) and acidic (pH 5) solutions. The
as-prepared solutions initially contained no dissolved ions from the
glass, while the solutions extracted after 24 and 72 h of immersion
served as solutions with released ions in typical ratios dissolving from
the glass. Glass particles immersed in the alkaline solution dissolved
slowly and almost congruently, without forming typical reaction layers
on the particle surfaces. The extracts slightly decreased ion release, but
the reaction mechanisms were unchanged. Incongruent dissolution fol-
lowed by the formation of typical silica-rich and calcium phosphate
layers at the particle surfaces took place in the solution buffered at pH
7.4. The presence of dissolution products retarded the dissolution. Also,
increasing calcium and phosphorus concentrations were identified in the
silica-rich layer formed during immersion in the extracts. Finally, the
dissolution was highly incongruent in the acidic solutions and increased
almost linearly with immersion time. The dissolution products in the
solution had a minor effect on the reactions. Despite the ion release, the
pH of the buffered solutions increased only to a limited degree. Thus,
changes in glass dissolution were mainly attributed to the dissolved ions
in the solution. The results imply that implanted bioactive glass particles
experiencing different local solution compositions react nonuniformly at
a physiological pH and more uniformly in lower and higher pH
environments.
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Fig. 6. Normalised mass loss rate from the unreacted S53P4 particles for 120 h of immersion and the dissolution of Si, Ca, and Na (mol%) at 120 h in the as-prepared

solutions (0) and extracts (24 and 72).
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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
acid

Introduction example, the low durability provides antibacterial properties

in vivo due to a rapid exchange of alkali and alkaline earth

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%
45Si0,-24.5Ca0-24.5Na,0-6P,05) [3] and S53P4 (in wt%
53S8i0,-20Ca0-23Na,0-4P,0;) [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

P4 Minna Siekkinen
minna.siekkinen @abo.fi

High-Temperature Processes and Materials, Abo Akademi
University, Henrikinkatu 2, 20500 Turku, Finland

Industrial Engineering and Management, Department
of Mechanical and Materials Engineering, University
of Turku, Turku, Finland

Published online: 20 November 2023

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 PO43’ 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,0-5MgO0-1B,0;)
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
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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 45S5 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 mz/kg.

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 11
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

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]:

Ci
NR, =

o)

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
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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 71 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 45 3.8 4.7 55 52
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 39 2.1 0.9 0.8
24 37 48 65 55 100 123 4.1 4.6 54 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/1) 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 22 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 43 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 16.0 254 34.1 32 64 91 171 330 512
24S 32 154

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-
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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/l
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/1 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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Fig.6 Cumulative dissolution of Si, Ca, Na, and P to dynamic Tris
(a) and LA (b) for 24 h of continuous flow-through with 0.04 and
0.2 ml/min solution flow
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2nd reactor

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 45S5 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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Abstract

Although the initial in vitro dissolution of bioactive glasses (BAG) is well characterized, the long-term behaviour of crys-
tallized BAG scaffolds in a continuous fluid flow is incompletely understood. A detailed understanding of the long-term
dissolution of scaffolds is vital for predicting their behaviour in clinical applications. Here, we explored the dissolution and
reaction mechanisms of partly crystalline and glass—ceramic scaffolds based on the bioactive glasses S53P4 and 45S5 using
a continuous flow-through method in Tris-buffer (Tris) and simulated body fluid (SBF) for up to 21 days. Granules of the
parent glasses were used as references. The main crystalline phase in both scaffolds was sodium-calcium-silicate. The scaf-
folds® dissolution suggested that the sodium-calcium-silicate crystals dissolved incongruently to yield hydrous silica. The
silica phase then provided abundant nucleation sites for hydroxyapatite precipitation, resulting in fine-grained crystalline
structures. When exposed to Tris, the scaffolds almost completely dissolved within the test period, leaving only highly porous
remnant phases. For the 45S5 scaffolds, the calcium phosphate reaction layers that formed on their surfaces effectively slowed
the dissolution in SBF. In contrast, this effect was less apparent for the S53P4 specimens.

Keywords Bioactive glass - Crystallization - Scaffolds - Biomedical materials - Biodegradable materials - Dissolution
behaviour - Continuous - Dynamic - Tissue engineering

Introduction [8], and closed circulation systems [9], knowledge on the

reaction kinetics using continuous flow-through test meth-

The dissolution of bioactive glasses (BAGs) determines
their ability to produce therapeutic effects, stimulate tissue
growth, and interact with cellular processes in bone tissue
regeneration [1-3]. Improved understanding of the disso-
lution process is necessary to develop tissue-engineering
scaffolds based on BAGs. Despite extensive research on the
in vitro dissolution of BAGs in static [4-7], half-dynamic
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ods is limited. Furthermore, previous studies have mainly
focussed on glass powders or particles [10-15].

Ideally, a BAG dissolves at a rate comparable to tissue
regeneration, thus providing space for neogenesis [16]. The
biological reactions at the BAG lead to a dual-surface layer
that chemically binds the BAG to tissue, especially to bone
[3, 17]. The release of soluble silicate species and calcium
ions from the BAG during dissolution induces osteostimu-
lation [18-20]. Moreover, the gradual formation of a dual
surface, consisting of an inner silica-rich and an outer crys-
talline hydroxyapatite (HA) layer, likely changes the dissolu-
tion kinetics of the glass, which also affects the biological
response of the BAG [21].

When designing BAG-based implants for new medical
applications, one major challenge is understanding the short-
and long-term behaviour of the implant in vivo. Release of
ions from the BAG to the surrounding solution should be
sufficiently high to stimulate the cellular processes needed
to support tissue regeneration or bacteriostasis [1, 22]. If
HA deposition retards overall dissolution, ions released from
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the BAG may decrease below the critical biological levels
needed to support cellular processes. Conversely, a BAG that
does not develop a suitably thick HA layer may dissolve too
rapidly, making it an ineffective scaffold [21, 23].

BAGs are currently used primarily as granules in various
bone-filling clinical applications [3]. Increased research is
devoted to developing porous BAG-based scaffolds [24-35].
The strong crystallization tendency of two well-known com-
mercial BAGs (45S5 and S53P4) limits their hot-working
into amorphous scaffolds. Consequently, amorphous porous
scaffolds from other glass compositions with relatively high
silica content have been developed, allowing hot-working
without crystallization [36, 37]. Interestingly, amorphous
S53P4 scaffolds have recently been successfully sintered
under carefully controlled conditions [38, 39].

Several variables affect the in vivo degradation behav-
iour of BAGs [40]. The dissolution of 45S5 and S53P4
depends on the location of the implant [41]. Unreacted 45S5
has been found several months after implantation in rab-
bit femurs [42]. Similar findings were reported for clinical
studies of S53P4. In addition to anatomical location, bone
remodelling also depends on the amount and particle size
of the implanted BAG [41, 43]. Crystallization reduces the
dissolution rate compared with the parent BAG [44, 45].
Understanding the detailed dissolution kinetics of partially
crystallized S53P4 and glass—ceramic 45S5 scaffolds may
aid in developing mechanically strong implants for load-
bearing applications.

This work reports on the dissolution behaviour of crystal-
line and partially crystalline scaffolds of 45S5 and S53P4
BAGs using a continuous flow-through test method in simu-
lated body fluid (SBF) and Tris for up to 21 days. The objec-
tive of this study was to assess the impact of crystallization
on scaffold dissolution. The results provide insight into the
reaction kinetics of these crystalline phases, which may lead
to improved tissue-engineering scaffold designs with con-
trolled degradation.

Materials and Methods
Scaffold Preparation

BAGS S53P4 and 45S5 were prepared by mixing appropri-
ate amounts of Na,CO;, CaHPO,-2(H,0) CaCOj, and glass-
quality Belgian quartz sand (Sigma-Aldrich, Steinheim,
Germany). The batches were melted at 1360 °C in separate
platinum crucibles for 3 h before casting the glass into a
block-form graphite mould. For homogeneity, the glasses
were melted twice and crushed between melts. After casting,
the glass blocks were annealed at 520 °C for 1 h before the
annealer was allowed to cool. The nominal oxide composi-
tions of 45S5 and S53P4 are shown in Table 1. The annealed
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Table 1 Nominal oxide compositions of BAGs 45S5 and S53P4 in
wt% (mol%)

Glass Sio, Na,O Ca0 P,0;
4585 450 (46.1)  245(243)  245(269)  6.0(2.6)
S53P4  53.0(53.9)  23.0(227)  20.0(21.8)  4.0(L7)

blocks were crushed and sieved to yield granules between
300 and 500 pm. These granules were filled into separate
cylindrical graphite moulds (@5 x 10 mm) and sintered at
720 °C (S53P4) and 1030 °C (45S5) in nitrogen for 90 min
to form porous scaffolds. Based on prior studies [46, 47], the
sintering temperature of the S53P4 BAG was chosen to yield
a partially crystallized scaffold that was strong enough for
handling. The sintering temperature for the 45S5 BAG was
higher because it does not form an adequate glass—ceramic
scaffold below 1000 °C [47, 48].

In Vitro Dissolution Setup

The in vitro dissolution of the glass granules, crushed scaf-
folds, and sintered scaffolds was studied in continuous flow-
through reactors. Simulated body fluid (SBF) and Tris-buffer
(Tris) were continuously fed through the samples at an aver-
age flow rate of 0.2 mL/min. Fagerlund et al. described the
reactor cell configuration in detail [12]. The flow rate was
assumed to mimic the typical laminar flow of extracellular
fluid in the human body [13]. SBF was prepared according to
the protocol developed by Kokubo et al. [49]. Tris (50 mM,
Trizma base, Sigma-Aldrich) was adjusted with 1 M HCI
(J.T. Baker) to a pH of 7.40 at 37 °C.

The mass of the S53P4 granules and scaffolds varied from
270 to 300 mg. Dissolution tests with the more rapidly dis-
solving 45S5 granules and scaffolds were performed using
smaller samples, ranging from 195 to 230 mg. The smaller
4585 specimens ensured ion release in concentrations suf-
ficiently low to prevent blockage. HA deposition within the
reactor tubes was noted in preliminary tests when larger
45S5 masses were used.

The dissolution characteristics of granules and crushed
scaffolds were analysed for 14 days. Sintered scaffolds were
evaluated for 21 days. Solution temperatures were main-
tained at 37 °C.

The solution volume fed through the samples was meas-
ured at each time point. For each experiment, three discrete
samples were sequentially collected at 15-min intervals
every 1 to 3 days for up to 21 days. These samples were sub-
sequently analysed for the amount of released inorganic ions.
Then, once the total solution volume and the measured ions
at each timepoint were known, an estimation of the amount
of dissolved elements at each timepoint r was determined as
a mean of the three consecutive measurements,
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where c; is the measured concentration (mg/L) of element
i, and V(1) is the volume of the sample. The pH was also
measured at each time point. When estimating the cumula-
tive overall dissolution of each element, ion release between
two consecutively measured time point was assumed as a
mean of the two values. The dissolved fraction of element
i cumulated until each time point # can then be written as
Dy () =Dy(t—-1)+ W%IOO% 2)
where Dj(t-1) is the dissolved fraction of element i deter-
mined at the previous measurement point, V(Az) is the meas-
ured volume of solution between the current time point and
the previous measurement, x; is the weight fraction of the
element i in the glass, and m, is the total original mass of
the sample k.

Released ion concentrations were analysed using an
inductively coupled plasma optical emission spectrom-
eter (ICP-OES, Optima 5300 DV; Perkin Elmer, Waltham,
MA). Before analysis, the solutions were diluted 1:10 using
ultrapure water. The analysed elements included silicon
(A=251.611 nm), calcium (4=317.933 nm), and sodium
(4=589.592 nm). Phosphorus concentrations were too low
to provide reliable data after the first few test days. Thus,
phosphorus was omitted from the analyses. Calibration of
the spectrometer was conducted using ultrapure water and
multielement standards (Perkin Elmer Multi-Element Stand-
ard 25; silicon standard from Ultra Scientific) with 1 ppm
Si, Ca, and Na. The calibration was reverified after every 20
samples. All values were background corrected. Due to the
breakage of several 45S5 scaffolds when they were initially

inserted into the reactor cells (@5 x 11 mm), larger diam-
eter reactor cells (5.7 ~5.8 mm) were used for subsequent
specimens.

Scaffold and Granule Analyses After Inmersion

After the in vitro experiments, the remaining scaffold
pieces and granules were rinsed with ethanol to terminate
the reactions, dried, weighed, and cast into epoxy resin.
The resin-embedded samples were polished to reveal cross-
sections of the reaction layers. The thickness and composi-
tion of the reaction layers were examined with a scanning
electron microscope (SEM, Leo Gemini 1530, Carl Zeiss,
Oberkochen, Germany) equipped with an energy dispersive
X-ray analyser (EDX, UltraDry X-ray detector, Thermo
Fisher Scientific, MA, USA).

The crystallized surface layer to the amorphous core ratio
was identified from seven cross-sectional scaffold SEM pan-
orama images for each S53P4 sample using image-analysis
software (Photoshop CS6, Adobe Systems, Inc, San Jose,
CA, USA). The percentage of the crystallized layer was
then calculated from manipulated images by comparing the
number of pixels in crystalline and amorphous areas. The
amount of the crystalline and glassy phases in the thin crys-
tallized layer was also calculated from 10 cross-sectional
SEM images (5 k magnification), as described above.

Results
lon Release
The concentrations of silicon released in both solutions and

sodium and calcium released in Tris from S53P4-based
samples are shown in Fig. 1. The phosphorus concentration
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Fig. 1 Concentrations of ions released from S53P4 granules, scaffolds, and crushed scaffolds into the continuous flow of Tris and SBF: a Si in
Tris and in SBF, b Na in Tris, and ¢ Ca in Tris. Dashed lines provide visual guidance only
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was close to the limit of quantification (LOQ). The cor-
responding ion concentrations released from 45S5-based
samples are shown in Fig. 2. Although the initial ion con-
centrations released from the scaffolds were generally lower
than those released from the glass granules, the differences
diminished over time. After 21 days in continuous Tris flow,
only a 1-3 mg remained of the amorphous S53P4 and 45S5
granules.

Sodium, calcium, and silicon species were released from
the S53P4 scaffolds into Tris at measurable concentrations
for 17 days. After longer periods, only the values for silicon
were greater than the LOQ. The concentrations were lower
for the scaffolds than granules for all elements, especially
during the first days. There were no notable differences
between the crushed scaffolds and the granules.

Despite its lower mass, the initial ion release was higher
from the 45S5 samples than S53P4 samples. However, the

80

ion concentrations dissolving from 45S5 granules rapidly
decreased after the initial peak. The released silicon concen-
tration was higher from 4585 scaffolds than from granules
only for 1 day and 3 days for Na and Ca. The ion concentra-
tions released from crushed 45S5 scaffolds were similar to
the concentrations measured for granules. After 6 days in
SBEF, the ion concentrations dissolving from all 45S5 sample
types also decreased below LOQ. In Tris, the concentra-
tions for the crushed 45S5 scaffolds were below LOQ after
9 days. In contrast, the ion dissolution from 45S5 scaffolds
was within the measurable range for 17 days.

The calculated cumulative dissolved fractions (calculated
from Eqgs. 1 and 2) of silicon for S53P4 and 45S5 samples
are shown in Fig. 3. The last concentrations above the LOQ
were measured at after 17 days after which the concentra-
tions were below the LOQ for all measured elements. The
values over 100% are considered due to having only a few
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measurement points during the initial diffusion-dominated
phase of dissolution. The approximation here assumes the
concentration between two consecutively measured time
points as a mean of the two values.

The evolution of pH was examined throughout the dis-
solution (data not shown). The highest pH values, 7.81 for
4585 granules and 7.72 for S53P4 granules, were measured
at 60 min (the first measurement point). After 24 h, the pH
decreased to 7.44 for S53P4 scaffolds and 7.58 for 4555
scaffolds.

Scaffold Morphology Before Dissolution

According to SEM images and EDX analyses of S53P4 scaf-
folds, the crystallized surface layer appeared to contain a
high share of amorphous phase, with more Si and less Na
and Ca than the crystals. The calculated percentage of the
phases in the manipulated (black and white colours) SEM
image in Fig. 4b suggested 67 +3% (95% confidence level)
crystals in the layer, with the remaining 33% being an amor-
phous phase. The thickness of the crystallized layer varied
from 40 to 80 pm, depending on the measuring point in the
scaffold. The smaller particles in the SEM image (Fig. 5)
that suggest total crystallization were assumed to show the
top or bottom cross-sections of the sintered granules in the
scaffold and were thus disregarded in the thickness calcula-
tion. Figures 4b and 5 show that the crystallized surface
layer covered 65+9% (95% confidence level). Combining
the thickness of the layer and its share of crystals yields an
average of 44 + 6% (95% confidence level) of crystals in the

. 100pm
v —

N [

Fig.5 a SEM image of S53P4 cross-section showing crystallized sur-
face layer and amorphous cores b Manipulated SEM image showing
the crystalline layer (grey) and amorphous cores (black)

cross-sectional area of sintered S53P4 scaffolds. Assuming
spherical particles and their isotropic distribution, 58 vol-%
of glass had crystallized. In contrast, the glass—ceramic 45S5
consisted of fine-grained crystals and a minor residual amor-
phous phase throughout the structure. Thus, similar estima-
tions of the shares of the phases in 45S5 scaffolds could not
be performed.

Reaction Layer Formation at Sample Surfaces

Figure 6 shows SEM analyses of S53P4 granule cross-sec-
tions after 14 days in continuous flow of Tris and 6 days
in SBF. A silica-rich layer had formed on the granules in
both solutions, but a calcium phosphate (CaP) layer could
be identified only on granules exposed to SBF. The granules
had dissolved to different extents in the two solutions. Some

Fig.4 a SEM image and EDX
line analysis along the arrow
showing minor compositional
differences between amorphous
S53P4, crystals, and residual
amorphous phase around the
crystals. b SEM image of '
S53P4 scaffold showing crystals o
embedded in the amorphous .
phase (lower image) and a 2
manipulated SEM image show- ‘

ing the residual amorphous 100
(black) and crystalline (white) a)
phases (upper image). The
calculated amount of crystals in 754
the SEM image is 62.5%

R

=

b=

2 50

N
00 56 112 168 224 280 336 392 448 504
microns

I10Eml
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Fig.6 SEM images of cross-
sections of amorphous S53P4
granules after a 14 days in con-
tinuous flow (0.2 mL/min) of
Tris and b 7 days in continuous
flow (0.2 mL/min) of SBF

Unreacted

core

Si layer

CaP layer

granules had dissolved almost entirely in Tris, whilst others  reaction layers either left after the granules had dissolved or
still seemed intact after 14 days in Tris (Fig. 6a, b). All three  detached from the granule surfaces.

S53P4-based specimens showed similar differences in degra- There was no observable CaP layer on S53P4 scaffolds
dation after the dissolution tests. After SBF dissolution, the  after 21 days of continuous Tris flow (Fig. 7). The scaf-
shred-like CaP formations (Fig. 6b) were assumed to be CaP ~ folds had lost their structure due to degradation of the

Fig.7 SEM images of S53P4 scaffold remnant cross-sections after Granule-level detail of partly dissolved amorphous core. EDX analy-
21 days of dynamic Tris flow. a Granule-level detail of partly dis- ses of the points 1A-B, 2A-C, 3A-B, and 4A-C are shown in Table 2
solved crystallized layer and almost completely dissolved core. b
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Table 2 EDX analyses of points

shown in Fig. 7 Si0, Na,0 CaO P,Os
1A 934 1.0 1.8 0
1B 73.6 135 129 0
2A 911 03 68 1.0
2B 924 0 58 07
2C 990 0 10 0
3A 942 0 48 0
3B 452 281 267 O
4A 561 204 192 42
4B 879 26 78 1.0
4C 872 25 8.1 1.7

All values in wt%

necks between the granules. The most degraded scaffold
granules also comprised of shells of the partly leached

crystallized surface layers (Fig. 7a). According to EDX
analyses, these shells mainly consisted of silicon and oxy-
gen, with minimal amounts of sodium and calcium in loca-
tions next to the granule core (Table 2).

After the dissolution of S53P4 scaffolds in SBF, a CaP-
rich layer was identified on the outer surfaces and within
the partly leached crystallized surface layer (Fig. 8a, b).
The molar ratio Ca/P in the layer was close to 1.67 (i.e. the
hydroxyapatite ratio). The amorphous cores of the scaf-
fold granules started to dissolve during the experiments, as
indicated by the gap between the core and outer CaP-rich
surface layer (Fig. 8b).

There were thin CaP-rich surface films on the 45S5
scaffolds after 21 days in Tris (Figs. 9a, b). In contrast,
the CaP layer formation was so extensive in SBF on glass
4585 samples that the CaP layer connected granules after
7 days (Fig. 10b).

100pm

wwe=C —=Na s
60 —=5i ---=Ca
Bo) =P
BQ )~ ™, ™\
2 40N
2
v
H
20
04— 7 — y 252 336, 42 y :
00 84 168 252 336 420 504 588 672 756 00 84 168 252 336 420 504 588 67.2 756

microns

microns

Fig.8 SEM-EDXA of S53P4 scaffold after 14 days of continuous flow in SBF: a Reaction layer formation at the granule surface, b crystallized
layer has formed CaP and the amorphous core has started to react, ¢ granules with CaP surface layers left

Fig.9 SEM images of 45S5 scaffolds after 21 days in continuous
flow of Tris: a Fine-grained structure showing various degrees of dis-
solution and reaction. b Higher magnification of the structure. EDX

analysis of the brighter coloured points 1, 2, 4, and 5 suggested Ca, P,
and O, whereas the darker points 3, 6, and 7 consisted of Si, Na, Ca,
O, and P
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Fig. 10 Glass 45S5 granules
after a 3 days in continuous
flow (0.2 mL/min) of Tris and
b 7 days in continuous flow
(0.2 mL/min) of SBF. In the
latter, the CaP formation (seen
in white) has joined granules
together. In the former, there is
no considerable CaP layer but
only a silica-rich layer (seen in
dark grey)

Discussion

The degradation of porous S53P4 scaffolds with a crystal-
lized surface layer and porous 45S5 glass—ceramic scaffolds
was studied in continuous flow-through of Tris-buffer and
SBF solutions for up to 21 days. The two BAGs exhibit dif-
ferent crystallization behaviours during sintering [46—48,
50]. Glass 45S5 exhibits bulk crystallization, with the pri-
mary crystalline phase Na,CaSi,O precipitating at approxi-
mately 610 °C and the secondary phase Na,Ca,(P0O,)2SiO,
precipitating above 800 °C [48, 50]. 45S5 scaffolds sintered
at 1030 °C consist of a fine-grained crystallized structure
with a small residual glass share [51]. Glass S53P4 has a
somewhat lower crystallization tendency than 45S5 and
exhibits surface crystallization [46]. S53P4 can be sintered
into amorphous or partially crystalline scaffolds under con-
trolled conditions [38, 39, 47].

The in vitro degradation of the bioactive glass-based sam-
ples was studied in continuous fluid flow conditions to better
mimic in vivo conditions than static in vitro tests. Further,
feeding a fresh solution through the sample does not lead to
saturation of the solutions [9, 12, 52, 53]. In static condi-
tions, the solution saturation and high pH lead to extensive
hydroxyapatite precipitation on the BAG, thus retarding the
glass dissolution [54]. The overall validity of in vitro studies
in SBF has been questioned during the past decade [53, 55],
as highly reactive materials can exhaust the SBF solution in
hours under static conditions. However, in a flow-through
reactor setup the pH stays within the buffering range of the
solution.

Silicate-based glasses have been studied under dynamic
conditions for 30 min to four days [10-15]. The results are

@ Springer

consistent with those in this study: after an initial rapid burst,
the dissolution changes into a more steady ion release. The
initial ion release observed for all BAG-based samples is
well established [7, 12, 13, 15, 56]. The initial rapid increase
in pH might have contributed to the release of silicon spe-
cies (Figs. 1 and 2). However, the highest solution pH val-
ues (7.7-7.8) did not exceed the buffering capacity of the
solutions. Thus, the low network connectivity (NC), rather
than hydrolysis of the Si—O-Si bonds in the glass struc-
ture contributed to the gradual degradation of the samples
[57]. The calculated NC is higher for S53P4 than for 45S5
(NCgs3p =2.54; NCys55=2.12), explaining the higher dis-
solution of Si from 45S5.

Overall, the amorphous granules dissolved more rapidly
than crystallized scaffolds, which was observed in both solu-
tions. Interestingly, ion dissolution from the amorphous
granules and crushed scaffold particles of S53P4 and 45S5
exhibited no notable differences in Tris solution (Figs. 1 and
2). This indicates that the slower dissolution of scaffolds in
Tris was mainly due to lower surface area and the different
fluid flow paths through granules beds and porous structures.

In Tris, the crystallized structure of the scaffold par-
ticles did not prevent the dissolution, as almost all mate-
rial dissolved. After 21 days of Tris solution immersion,
only a small (1-3 mg) amount of material was left after
the experiments. All material from amorphous granules
was exhausted. Interestingly, very fragile, shell-like Si—O
structures were left from the crystallized scaffolds of both
glasses. This implies that the crystalline phases in 45S5 and
S53P4 dissolved incongruently, releasing Na and Ca ions
after the residual amorphous phase had leached out. This
was observed by EDX analyses, showing only Si and O in
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the most degraded sites of the structures. No XRD analyses
could be performed to identify the phase compositions of the
remnants, due to the small amount of material.

In SBF, the crystalline structures did not slow the forma-
tion of the HA layer. The SEM images showed CaP precipi-
tation inside the crystallized surface layer for both glasses
(Fig. 8), as also reported by Fagerlund et al. for glass S53P4
[46]. The HA layer was more extensive on the crystallized
scaffold particles than on amorphous granules. This sug-
gested that the leached crystallized layer provided a large
number of nucleation sites for CaP precipitation. This led
to a dense mixed layer that slowed (for glass S53P4) and
stopped (for glass 45S5) the dissolution of the amorphous
core. The differences between the two glasses were assumed
to be due to their different phase compositions and crystal
microstructures.

For S53P4, it is unclear, whether the ion-exchange reac-
tion occurred primarily between Na* in the scaffold and
H* in the solution or also with Ca®*. The larger size of the
calcium ions compared to sodium ions may retard their dif-
fusion from the fine-grained 45S5 glass—ceramic structure.
The observations of the 45S5 scaffold in SBF agree with the
reported transformation of sodium-calcium-silicate crystals
to amorphous calcium phosphate in vitro through a series
of interactions between the crystals and solution [24, 31].

Our results show that despite the crystalline glass—ceramic
structure, the dissolution continues until almost all mate-
rial has been exhausted even though some remnant, highly
porous phases were left. This implies that the remnant
phases do not prevent the dissolution but provide nuclea-
tion sites for HA precipitation. These findings are important
for future modelling of the crystallized BAG dissolution.

Conclusion

The long-term dissolution behaviours of sintered scaffolds
of BAGs 45S5 and S53P4 were studied in continuous flow of
Tris and SBF for up to 21 days. Amorphous granules of both
glasses were used as references. S53P4 scaffolds consisted
of granules with amorphous core and crystallized surface
layers, whereas 45S5 scaffolds were throughout crystallized.

The crystallized layers dissolved incongruently. In Tris,
the dissolution continued of crystallized S53P4 and 45S5
scaffolds until almost all material had been exhausted even
though some remnant, highly porous phases were left. In
SBF, the HA formation was more extensive on the leached
crystalline surfaces than on the amorphous granules. The
HA layer precipitated extensively inside the crystalline
structure, whereas for the amorphous granule surfaces,
the HA layer only precipitated on the granule surface. The
remnant phases did not prevent the dissolution but provided
more nucleation sites for HA precipitation.

The results suggested that the glass—ceramic specimens
would fully dissolve with prolonged immersion time also in
SBF, even though the solution pH values after the reactor did
not markedly increase from the inflow values.
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