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Chapter 1

Aims and Motivation

Humans have a natural urge for self-preservation. [1, 2] Living organisms like the human body
are equipped with several tools and mechanisms to preserve its integrity by self-healing, but
they are not invincible and still have limitation. [3-8] This urge, and limitation inevitably lead
to the development of medicine as a means to preserve and prolong one’s life by treating
diseases and injuries. [9, 10] The main structural and mechanical framework of the human body
is the skeleton. [1, 12] If this framework is compromised several mechanisms activate to
regenerate the skeleton at the site of fracture, but some defects may be too big a task. Mostly
when the defect size is too big (defect size < 2.5cm [13] ) the body cannot fully bridge and restore
the missing bone. [14, 15] To be able to treat such defects above the critical defect size,
researchers, and clinicians developed bone replacements. As for the origin of these
replacements there are three different options: autologous (autograft), allogenic (allograft) and
xenogenic (xenograft). [16-21] These were already reported in skeletal remains of prehistoric
people such as Aztecs, Egyptians and Khurits. [19, 22] In 1668 Jacob van Meekeren described the
first bone grafting procedure. He transplanted a xenograft from a dog calvarium to a soldiers
skull. [23] A further documented surgery was an allograft transplant performed in 1882 by
William MacEwen. [17] At the start of the 1920’s bone grafting was an established surgical

technique. [18]

Autografts are bone replacements from the same organism. Here a donor site, most frequently
the ilia crest due to its quality and volume, gets selected inside the patient’s body and the
necessary bone size and shape gets extracted from there to be placed into the defect. [24-26]
The same is true for allografts, but the body of origin is not the patient’s body but a different
donor body. A xenograft does not come from a human body but is from an animal body or

manufactured completely outside of one and is then introduced into the defect like an implant.

The first two have the advantage of a high biocompatibility being the same material
(bone mineral and collagen) as the one that needs to be replaced. This offers a high

osteoconductivity, growth factors (non-collagenous bone matrix proteins) for osteoinduction,
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and progenitor stem cells for osteogenesis. [16, 24] First of all the availability and compatibility
(possibility for transfer of contaminants, toxins, or infections from the donor) of an allograft
makes it very hard to rely on it. [27-29] Allografts can be processed before implantation to
minimize the risk of a pathogenic transfer, but this may degrade the transplant biologically and
impair the mechanical properties. [28, 29] Autografts circumvent the compatibility problem by
using the same body as the origin, but that also means first an additional surgery is needed to
extract the graft that lengthens the surgery but is limited by supply, iatrogenic complications
secondary to graft procurement. [30] Additionally a high donor site morbidity is reported which
makes it less attractive. [31-34] Nevertheless autografts are still the gold standard. [35, 36] But
because this method has drawbacks for the patient and is limited by the defect size and available
donor sites, researchers strive to develop materials for xenografts, that can supersede autografts

as the gold standard. [37]

For xenografts several material properties, that come naturally with auto- and allografts, must
be taken into account. A material that is supposed to be used as a bone replacement should be
at least bio-inert like titanium for example. But important properties to compete with natural
materials are cytocompatibility, osteogenesis, osteo-conductivity, structural support [38] and a
benefit would be osteo-inductivity. [27, 39] Besides metal and polymer based implants also
implants with a composition closer to actual bone are of great interest. [40] Here a separation
is made between sintered ceramic implants and mineral bone cements. [41] Both materials are
prepared by mixing a powder with a liquid (water or organic binder) and shaping them into the
desired form. The distinction between sintered ceramics and cements is made in the next step.
While cements just set over time and develop mechanical strength on their own, sintered
ceramics need to be treated thermally to evaporate the liquid and enable a reaction in the
powder component. Bioinert sintered ceramics can be of alumina, zirconia or mixed origin,
while bioactive sintered ceramics can be bioactive glasses, mainly based on a doped SiO, glass,
but also calcium phosphate ceramics. [41] The latter composition is also found as the main

group of mineral bone cements.

Calcium phosphate cements (CPC) find application in a wide variety of formulations and
forms. However, they are far from perfect. [42] They offer the general material properties
mentioned above, but cements require elevated attention to specific characteristics. These
requirements are the ability to sterilize the cement educts without altering their behaviour
during application. Further, these cements need to develop a sufficient mechanical strength to
be suitable for a bone replacement even for low load-bearing defects. Also the degradability or

resorbability of the set cement is of high interest as it is one of the main advantages of these
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types of materials over e.g. metal or polymer-based implants. A big unique selling point of
cements is the ability to mould them into a defect specific shape during application as these
materials transition from a liquid pasty consistency to a sturdy hardened implant shortly after
the application. This transition behaviour and the time that it takes for the cement can be
utilized to achieve minimal invasive application methods via the injection through a syringe.
This adds the injectability of a cement paste to the list of highly interesting characteristics of

such materials.

Additionally, from a clinicians point of view there is a demand for higher resorption rates and
better physical properties. [43] For self-setting formulations also an improvement in cement
viscosity is of high demand to prevent separation during injection. [44-47] The paste cohesion
is often even more important for the cement’s behaviour after injection to prevent leakage and
spreading of the paste into undesired areas next to the defect site. [48] As these cements start
setting as soon as the educts are combined there is not only the need for a quick application,
but also for the cement to be mixed on site in the operating theatre. This can cause problems
of deviation between applications by the operation theatre staff and poses the risk of
contamination as they usually need to be prepared in an open container and then transferred

into the syringe. [49-54]

It becomes clear, these injectable cements are amongst the CPCs most in need of
improvements. Here problems such as filter pressing, phase separation and overall bad
injectability hold them off from a broad application by surgeons. Modifications to the cement’s
viscosity and setting behaviour are the most promising starting points. However, this is often
detrimental to the overall injectability, when focussing only on paste cohesiveness. (55, 56] The

field of self-setting calcium orthophosphate cements is of great potential.

Therefore this work aims to address several important characteristics for both major CPC
systems (apatite and brushite forming cements). The goal was to investigate the possibility to
use new setting retarder like sodium phytate (IP6) to not only control the setting time and
behaviour but also create a paste that shows improved injectability due to the newly introduced
modification. Furthermore, a system that can be stored as a premixed paste based on the
modification of an apatite-forming cement modified with sodium pyrophosphate (PP) should

be developed.

The need for a development into this direction is supported by extensive reviews on these
materials. These proposed some important topics that have to be addressed to further develop

this material class for both brushite and apatite forming cements. [57-59]



Chapter 1

i.  Fully Injectable formulations [60]

ii.  Open microporous formulations for optimized osteoconductivity [60]
ili.  Drug / hormone loaded cements for treatment of diseases [61-63]
iv.  Incorporation of autologous or allogenic osteoprogenitor cells [64-66]
v.  Premixed calcium phosphate cements [67-74]

vi.  Patient or defect specific grafts fabricated via novel 3D printing techniques [75]

In Chapter 2 an overview of all relevant topics for this work is given. The start from natural
occurrences of calcium phosphates, both geologically and biologically, transitioning into the
specifics of the relevant calcium phosphate minerals and their characteristics serves as an
introduction to the topic. Further into the chapter this fundamental information gets set into
context with the mechanisms of cement systems. Here after the explanation of each system also
the relevant properties a calcium phosphate cement (CPC) must exhibit are presented and
possible modifications are proposed. This proposal directly leads to applications of these
materials, but also to current limitations. Some of these limitations may be overcome by further
research in their direction. This thesis aims to address the property of injectability by
manipulation of the cements setting time and interparticle interactions affection the viscosity.
Referring to the proposed improvements above, Chapter 3 and 4 address mainly point (i) and

to a lower extend point (ii) and Chapter 5 focusses mainly on point (v).

In Chapter 3 and Chapter 4 commonly known apatite forming and brushite forming CPC
systems of a-TCP or B-TCP as starting powder respectively are modified by the addition of
sodium phytate to the liquid. This addition tackles the problem of fast setting time by retarding
the setting reaction to reach a time applicable for the desired surgical window. The addition of
these phytate ions into the liquid also alters the particles surface charge and therefore
influences their particle-particle interaction leading to a better injectability via an increased

viscosity.

While the retarding effect of phytate in Chapters 3 and 4 enabled a good injectability and
application within an appropriate amount of setting time. The goal of the work presented in
Chapter 5 was to produce a water-based cement paste that can be stored as a premixed paste
without reacting. To stop the setting reaction once the powder and liquid is combined
completely and rather introduce a mechanism to store the now premixed paste, the inhibitory
effect of sodium pyrophosphate on CPCs is utilized. This paste is then activated once the
reaction is needed via a secondary water-based solution containing a high concentration of

sodium orthophosphate salts. The possibility to premix a paste and then store it until it is
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needed introduces a way to control the composition more precisely from the manufacturer side.
Common uncertainties in the preparation of the CPC in different operation theatres are

eliminated.

Chapter 6 the concluding discussion and outlook is based on additional work outside of this
thesis with the materials presented in the previous chapters Chapter 3, 4 and 5. The materials
from Chapter 3 and 4 have been evaluated concerning their cell compatibility with
osteosarcoma cell line MG63 for the osteoblastic cells and RAW 264.7 for the osteoclastic cells.
These tests have been done by a dental student (Valentin Steinacker) in coordination with

Jan Weichhold.

Chapter 5 shows possible other material scientific options to use a CPC paste modified in the
presented way. Here not yet published work on a 3D printer ink composed of the system
presented in Chapter 5 and further adjusted in terms of viscosity by the addition hyaluronic

acid (HyAc) shows a promising future to tackle point (vi).
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Chapter 2

State of Knowledge

2.1 Calcium phosphates

The group of calcium phosphates (CaPs) has many representatives in nature. Some are in form
of inorganic mineral ores, while some are found in the form of skeletal part in living organisms
such as bones or teeth. As humans are composed of 3-7 wt% of bone mass this chemical group
is of high interest. [76-78] There have been extensive studies of calcium phosphates over a wide

range of years and topics. [76-84]

The group of calcium phosphates is made up of minerals consisting of mainly calcium cations
(Ca**) and phosphate group anions (PO,*). Depending on the circumstances during formation
a varying degree of hydrogen ions (as OH", HPO,>, H,PO, or H,O) are integrated. [85] Due to
the vast amount of combination possibilities of calcium and phosphorous oxides with and
without H,O the supergroup of calcium phosphates needs to be subdivided into several
chemically similar smaller sections. This is done through the differentiation by phosphate
anions and leads to the suffixes ortho- (for PO>), meta- (for POy’), pyro- (for P,O,#+) and poly-
(for (PO;)n™). For ortho- and pyrophosphates the individual members of the respective
subgroup can further be categorized by their calcium ion substitution. Here a numerical

labelling approach leads to mono-, di-, tri- and tetra-calcium phosphates. [86-88].

Orthophosphates can contain a wide range of dopants both introduced intentionally in a lab
setting, to control its properties, and due to the chemical composition of the surrounding
environment during natural formation. Here calcium ions (Ca**) in the crystal lattice can be
partially replaced by Sr**, Ba**, Mg>*, Mn**, K*, Na* or Fe*3* ions. In the case of naturally formed
apatites the fluoride is sometimes swapped out for hydroxide, chloride, and bromide. [89] Lastly
the orthophosphate ions can be substituted to form carbonate variants (CO;*), but also
vanadate (VO,*) and arsenate (AsO,*) ions can be incorporated. [go] These substitutions

normally don’t exceed trace concentrations, except for F- and OH" where complete solid
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solutions can be achieved. As with almost all crystalline material aside from substitutions also
imperfections in the form of missing ions in the lattice are a common alteration, leading to non-
stochiometric minerals. Non substituted calcium phosphates exhibit a clear white colour, but

this can change drastically with different substitutions.

This work will mostly concentrate on orthophosphates as the main subject of research with
the exception of a pyrophosphate salt as an optional additive. The main representatives of this
mineral group relevant for this work are the chemically equal but crystallographic different
tricalcium phosphate (TCP, Cas(PO,).) polymorphs «-TCP and B-TCP. Additionally the main
water containing calcium phosphate minerals are brushite (Bru, DCPD, CaHPO,-2H.O) and
hydroxyapatite (HAp, Ca,(PO,)s(OH).) or rather its variant calcium deficient Hydroxyapatite
(CDHA, Caio-x(PO,)6x(HPO,)x(OH),« ; x=1 mostly).

12
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2.1.1 Natural occurrences

Geological occurrences

While some of these minerals and variants have not been found formed under natural
conditions most of them are. The aforementioned calcium deficient hydroxyapatite was found
in an ion-substituted form. [g1] Others form deposits in igneous rocks , but also in sedimentary
rocks as phosphorites. [92-95] These are formed as metabolites of various sulfur bacteria,
consisting of mainly francolite (carbonate-fluorine apatite, Ca;[(F,OH,CO.,)/(PO,);]) and can be
found all over the world in Morocco, Florida, Tunisia, Estonia, Algeria and Germany (Leipzig).
[94, 96-100] This mineral francolite has a variation that is also of a biological origin but then
found in geological context. Collophane is a cryptocrystalline mineral that was discovered as
early as 1870.[101, 102] All natural phosphorites consist mainly of these minerals, but can also
contain other minerals from the calcium phosphate group. These include a monoclinic
analogue to hydroxyapatite named clinohydroxyapatite [103], staffelite, which is formed in

environments high in carbon [104], and also brushite. [105, 106]

Aside from these occurrences where the calcium phosphates are the main component of the
rock deposit, they can also be found in smaller quantities throughout a variety of geological
sites. To be economically usable as a source for calcium phosphates a rock must have at least
over 15 % apatite. These rocks serve as sources for the elements to be further used in industrial
production. To achieve this, they are broken up and refined to fit their purpose, but nature also
holds minerals that are found in industrial products. On the far end of the Ca/P spectrum (=2.0)
is tetracalcium phosphate or hilgenstockite [107], which was found naturally in Horde
(Westphalia. GER). Its trivial name is used but does not serve as its official mineral name. [108]
The B-polymorph of TCP can be found in its natural form of whitlockite or Ca-whitlockite in
New Hampshire (USA) and is a highly ion substituted variant of the stochiometric TCP. [108-

111]

Biological occurrences

Calcium phosphates are also a common find in a biological context. The described
phosphorites are partially made up of minerals of bacterial origin, but also bigger organisms
like isolated cells, invertebrates and vertebrates synthesize them. [112] The ability to store and
regulate essential elements like calcium or phosphorous, through the synthesis of CaPs in the
form of ACP near the mitochondria, enables the control of element concentrations inside basic
organisms. [113] Vertebrates use CaPs as the main inorganic component of their skeletal parts

e.g., bones, teeth, fish enameloid and antlers), but they can also form pathological calcifications
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like dental and urinary calculus/stones. [114-119] CaPs can even precipitate in the brain as so-
called brain sand.[120] Focussing on the human body, with the exception of some parts of the
inner ear all hard tissue is made up of sodium, potassium, magnesium or carbonate substituted
CDHA called “biological apatite” [121-125], also called by its mineral name dahlite. [126, 127]
Human bone is not 100% CaP. Only about 60-70% is CaP accompanied by 20-30% collagen and
water as the rest. [120, 128, 129] It can also be found dissolved in body fluids such as blood serum

[130], urine [131], sweat [132] and milk. [133, 134]

Bone

The term skeleton summarizes all osseous tissue of a single animal or human. It has a variety
of functions including the protection of organs, serving as the support structure for the whole
body and facilitate movement. [135] From a material science point of view the material known
as bone is a complex composite of inorganic crystalline phases (calcium phosphate minerals)
intertwined with bioorganic phases (collagen). [136-140] This composite has been “used” by
nature for a long time. Already dinosaur fossils were found to be of CaP composition. [141-146]
Most fossils can be found of a diagenetic fracolite composition. [147] Francolite is a variation of
fluorapatite and is characterized by a wide variety of substitutions ranging from magnesium,
strontium or sodium for the calcium position to sulphate or carbonate for the phosphate
position depending on the chemical composition of the surroundings where the fossil was

sedimented. [148-150]

In this work mostly the inorganic parts, which make up about 25-75% (dry weight) and 35-65%
(volume) of bone, are of interest. The high range of these values is a result of drastically different
compositions not only between different mammalians, but also between various locations in
the same organism. The ratio of collagen to inorganic compound can adjust its mechanical
properties. A higher mineral content leads to a more pronounced brittle behaviour [151-153],
whereas a larger amount of collagen enables a much more flexible nature. [154] Further bone
can be divided into two types. The dense outer layer is called compact or cortical bone, which
encases a much more porous (avg. 75-97% porosity) inner bone mesh called cancellous,

trabecular or spongious bone. (Figure 1)

As it is of much higher density (~1.80 g/cm3), cortical bone accounts for a bigger part of the
weight of the skeleton. On the other hand, the porous foam-like shape of cancellous bone makes

up the majority of volume. [86, 16, 138, 139]
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Figure 1. General structure of a mammalian bone. Reprinted from [155] under the terms of the
Creative Commons Attribution 4.0 International License (CC BY 4.0) .

As stated above the inorganic part of bone consists of biological apatite like ion substituted
CDHA, but with a deficiency in hydroxyl groups. [156-158] Even though the composition of bone
is known and investigated to a good degree, there is no agreement yet on the formation
mechanism. Generally, the formation is divided in two biomineralization processes in literature.
The active, or (organic) matrix mediated, way is described as a formation process where the
mineral deposits are directed to form in a way not recognised in simple supersaturated
solutions. Here individual nano sized biological apatite crystals are assembled into bones
through the activity of cells like osteoblasts. [159, 160] On the other hand the passive, also called
biologically induced, way of mineralization is similar to the precipitation from a supersaturated
solution. No cells are required to guide the process and the nucleation may happen on all
thermodynamically suitable nuclei. [114, 140, 161-166] Bone is not only formed in human bodies
but can also be used in medicine to heal them. This happens in form of bone substitutes as

allografts [167] from cadavers and xenografts. [168]
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2.1.2 The Ca0-P,0s5 system

All CaPs can be categorized and named by their chemical compositions as described above,
but there are some key characteristics that help to group them also by their behaviour. As seen
below (Figure 2 a) the main factor to influence the mineral composition of a calcium phosphate
mixture is the relation of available calcium oxide to phosphor oxide or easier the ratio of Ca/P.

Small variations can lead to a biphasic material composition during synthesis.

1 Ca/P
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Figure 2. a) Binary phase diagram in the system of CaO (C) and P.Os (P) and b) highlight of the
region around the relevant composition of HAp. Reprinted with permission from [169].

This ratio ranges from o.5 for monocalcium phosphate anhydrous/monohydrate
(MCPA/MCPM, Ca(H,PO,)./-H,0) to 2.0 for tetracalcium phosphate (TTCP, Ca,(PO,).0) with
the range of the highest interest at 1 for Brushite (DCPD) and Monetite (DCPA) over 1.5 for o-
and B-TCP to 1.5-1.67 for CDHA and HAp.(Table 1) In the system of CaO-P,Os there are no

studies in the recent past showing the existence of solid solutions. [170]

Acidity/basicity and solubility are directly dependant on the Ca/P ratio, where minerals of
higher Ca/P ratio exhibit more basicity and are therefore less soluble. [86-88] This means it is
possible for CaPs to be dissolved as a highly soluble mineral with lower Ca/P ratio and then
subsequently be precipitated elsewhere after being transported with the solvent. This is the

main mechanism of hydraulic cements.
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Table 1. Summary of existing orthophosphates and important characteristics [87, 155, 171-174].

Solubility at Density
Ca/P Compound Abbr. Formula Space group
25°C [g/1] [g/cm3]
0.5 Monocalcium MCPM  Ca(H.PO,).-H.O ~18 Triclinic 2.23
phosphate P1
monohydrate
0.5 Monocalcium MCPA Ca(H.PO,)- ~17 Triclinic 2.58
phosphate anhydrous P1
1.0 Brushite, Dicalcium  DCPD CaHPO,-2H.O ~0.088 Monoclinic 2.32
phosphate dihydrate 1a
1.0 Dicalcium phosphate DCPM CaHPO,-H:-0O - Monoclinic -
monohydrate P2,/c
1.0 Monetite, Dicalcium  DCPA CaHPO, ~0.048 Triclinic 2.89
phosphate anhydrous P1
1.33 Octacalcium OCP  Cas(HPO,).(PO,), ~0.0081 Triclinic 1 2.61
phosphate -5H.O
15 o-Tricalcium o-TCP a-Caz(PO,)2 ~0.0025 Monoclinic 2.86
phosphate P2./a
1.5 B-Tricalcium B-TCP B-Cas(PO,) ~0.0005 Hexagonal 3.08
phosphate R3c
1.2-2.2  Amorphous calcium ACP CaxH,(PO,).-nH.O - - -
phosphate n=3-4.5
1.5-1.67  Calcium- deficient CDHA Cawnx(PO4)s- ~0.0094 Monoclinic 3,13
hydroxyapatite x(HPO4)x(OH):x P2./b or
(0<x<1) hexagonal
P6;/m
1.67 Hydroxyapatite HA, Cawn(PO4)s(OH). ~0.0003 Monoclinic 3.16
HAp P2./b or
hexagonal
P6s;/m
2,0 Tetracalcium TTCP Ca,(PO,).0 ~0.0007 Monoclinic 3.05
phosphate P2,

2.1.3 Minerals of the Ca0O-P;0s-H,0 System

Alpha tricalcium phosphate (a-TCP)

The alpha polymorph of TCP (Ca;(PO,).) is known as a unique phase since 1932. [175, 176] It is
obtained by heating CDHA or a mixture of CaCO; and MCPM with a Ca/P ratio of 15
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above ~1125°C as here the transition of B-TCP to o-TCP starts. (Figure 2) [177] Hence it is a high
temperature phase of the CaP group. Other sources report transitioning temperatures from
1100°C [178], over 1155°C [170, 179, 180] up to 1350°C [181]. Due to the higher temperatures and its
metastability at ambient conditions [182] it is considered to be the high temperature polymorph
of B-TCP. But studies show it to be obtainable at 800-1000°C, when doped with silica [183] and
is therefore called “silica stabilized a-TCP”. [184-186] Being a polymorph it shares the same
chemical composition as other TCPs, but differentiates itself by solubility and crystal structure.

(Table 1)

Figure 3. Unit cell of a-TCP shown from the a) a-axis, b) b-axis and c) c-axis. Created with Vesta
Ver. 3.5.7 [187]; Ca**: red orbs, PO 2": green tetrahedrons with blue dots(O?).

The crystals of «-TCP consist of tightly bonded PO, tetrahedrons (green and blue) bound by
Ca** ions (red orbs).(Figure 3) It is of monoclinic structure made up of 24 formula units
containing 312 atoms in the space group P2./a. [188-190] Simplified it consists of two repeating
and alternating columns aligned along (o 1 0) where one only has Ca*>* ions (A) and the other

one is a combination of calcium and phosphate ions (B).

Due to its higher solubility and lower stability compared to its  polymorph, it exhibits
higher reactivity in aqueous systems. [182] The hydrolysis of a-TCP with water yields CDHA.

[191-193] Its reactivity can be increased by milling the powder. [194].

In medicine it finds use case as a component of self-setting CPCs. [195, 196] On its own it is
resorbed faster than new bone can be formed [197] and normally converts to the less

degradable CDHA. This TCP variant of particular interest has been studied extensively. [198]
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Beta tricalcium phosphate (B-TCP)

The other common polymorph of TCP (Ca;(PO,).) besides a-TCP is B-TCP. [175, 176] Just like
the other high temperature polymorph it may also not be precipitated from aqueous solution
but can be prepared similarly to a-TCP by heating mixtures of calcium and phosphate salts with
a Ca/P ratio of 1.5 across the mixture. As it starts to transition to its «-polymorph above 1125°C
the temperature is to be kept between 800°C and 1100°C to obtain pure B-TCP. Phase purity can
be aided by the addition of Mg>* ions. [199] This is then closer to the substituted variant
Whitlockite (B-TCMP, B-(Ca, Mg);(PO,).) that can be found in nature. [109] Although being
called a high temperature variant it may also be obtained at around 150°C by precipitation from
water free ethylene glycol. [200, 201] It shows a higher symmetry compared to o-TCP and

crystallizes in the hexagonal system with the space group R3c.(Figure 4)

Its unit cell contains 21 formula units with 273 atoms. Six Ca** sites (red orbs) are only half
occupied (half-filled red and white orbs) to maintain charge neutrality per unit cell. These

vacancies can also be distributed differently over the six sites. [189, 190, 199]

The magnesium substituted B-TCMP is less soluble than pure 3-TCP [202] so B-TCMP can be
formed in nature. This is as e.g., dental calculi, urinary stones, dentinal caries, salivary stones,
arthritic cartilage and sometimes in soft-tissue deposits. [86, 15, 203-206] Just like a-TCP also
the B polymorph is used in medicine. Here it is part of self-setting CPC formulations [57] or in

different grafts. [197, 207-212].

B-TCP has not only medicinal use. One interesting usage is in food industry. Here the additive
known also as E341 prepared from calcium hydroxide and phosphoric acid is used as an
improver for bakery and helps prevent clumping of powders (flour, milk, dried cream, cocoa

powder) through its hygroscopic properties. It might also be added as a supplement. [213]
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Figure 4. Unit cell of B-TCP shown from the a) a-axis, b) b-axis and c) c-axis. Created with Vesta
Ver. 3.5.7 [187]; Ca**: red orbs, PO 3: green (P>*) tetrahedrons with blue dots(O?).
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Figure 5. Crystal structure of hydroxyapatite (HAp, Ca,o(PO4)s(OH).) presented from a) the top

(c-axis) and b) the side; Ca*: green orbs, PO/ pink tetrahedrons, OH™: red and white tablets.
Reprinted with permission from [214].
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Hydroxyapatite (HA or HAp)

Hydroxyapatite is usually written as Ca,(PO,)s(OH). even though it can be shortened to
Ca;(PO,);(OH), but as its unit cell contains two formula units this is ignored.(Figure 5) It is the
second most stable CaP after fluorapatite and the least soluble.(Table 1) HAp is composed of
two different kinds of layers that repeat along the c-axis. Layer 1 (Figure 5) only contains
calcium ions, whereas Layer 2 contains both calcium and phosphate ions. Between these layers

the OH" ions can be found. [215-218]

Its crystal structure shows monoclinic symmetry in the space group P2,/b [218, 219], which is
transformed to the hexagonal space group P6;/m above ~250°C. [173, 218, 220, 221] During this
transition only the orientation of the OH" inside the crystal lattice changes. The hexagonal
variant is not stable as the shift of the OH ions may induce strain into the lattice. This strain
can be compensated by vacancies or substitutions. This is also the reason why hexagonal HAp

is mostly substituted and very rarely stochiometric at ambient temperature.

HAp can be synthesized in ambient conditions through wet methods and from solid-state
reactions. [222] Wet methods include hydrothermal synthesis, precipitation and hydrolysis of
other CaPs like a-TCP. As with previous CaPs the Ca/P ratio is crucial. To obtain phase pure
HAp it has to be exactly 1.67.(Figure 2, Table 1) But even then, as described earlier, HAp
seldomly precipitates stochiometrically. This implies the formation of precursors like the non-
crystalline amorphous calcium phosphate (ACP) or the calcium deficient hydroxyapatite

(CDHA). This can be prevented in high pH (10-11) and higher temperature (>90°C). [223]

Though HAp is never pure in a biological setting, it is commonly used as a component in
medical application, be it as coatings, dental implants [224-226] or bioceramics. [227-229] Aside

from biomedical usage HAp has a wide variety of applications across a large field.
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Calcium deficient hydroxyapatite (CDHA)

This non stochiometric HAp also called calcium deficient hydroxyapatite, due to the lack of
one calcium ion compared to HAp, with the formula Ca,ox(PO,)sx(HPO,)x(OH),« (0<x<1) is
known to literature since the 1770s. [230, 231] The crystal structure of CDHA not only shows Ca
vacancies but also OH vacancies. This is accompanied by protonation of some PO, groups
leading to further vacancies. [232] These vacancies may be compensated by substitution of OH-

with neutral H,O. [233]

It can be prepared similarly to the wet methods for HAp, but the Ca/P ratio may vary between
1.5 and 1.67 influencing the degree of deficiency. A common method is to boil a calcium and
phosphate rich solution for several hours and subsequently precipitate CDHA. [234, 235] The
easiest way of synthesis is the hydrolysis of «-TCP. [191-193] Like HAp, the precipitation pathway
of CDHA initially forms ACP as a precursor phase, which transforms then to the crystalline and
stable CDHA. CDHA exhibits a poorly crystalline structure, when precipitated. As mentioned
previously it can be converted to 3-TCP above ~700°C when the Ca/P ratio equals 1.5. Otherwise

it is a biphasic mixture of HAp and B-TCP. [236]

In a biological context CDHA is always doped with a variety of ions: Na*, K*, Mg*, Sr**
substitute Ca**, CO5* substitutes PO,> or HPO,> and F~ or Cl replace OH". Together with some
water this forms the main inorganic component of human and animal normal and pathological
calcifications. [86, 113, 5] Hence, CDHA is one of the most important materials for bone

replacement applications. [237]
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Amorphous calcium phosphate (ACP)

This member of the CaP group is the only non-crystalline phase with variable composition. It
was first described in 1845 [238] and for the longest time viewed as a unique CaP, when it is
more the amorphous state of all members in the CaP group. [239] There are two groups of ACPs
as all other CaPs can also be divided into low-temperature (precipitation) or high temperature
(solid state synthesis). [239] ACP was earlier described as a precursor to HAp or CDHA during
hydrolysis. This happens in the form of low-temperature ACPs (CaHy(PO,),-nH.O n=3-4.5)
precipitating in supersaturated solutions of calcium and orthophosphate salts [218] in the form
of spherical particles in the diameter range of 200-1200 A. The size decreases with higher pH
and increases with the temperature. [240] These ACP spheres subsequently recrystallize as more

stable crystalline CaPs like CDHA [218]

ACPs find application in self-setting CPCs [57], as a component in bioactive composites [239,
241] and in surgery [239, 242]. Apart from medical applications ACPs also have a use e.g., in food

industry as clearing for syrups.

Octacalcium phosphate (OCP)

The CaP with the highest water content, Octacalcium phosphate (OCP,
Cag(HPO,),(PO,),5H.0), is, just like ACP, found to be a transitional stage during the hydrolysis
of one better soluble CaP to a less soluble. It is known since 1843 [243] and can be prepared
through a variety of pathways. [244-247] Similarly to ACP and other low-temperature CaPs it
can be precipitated from supersaturated solutions containing Ca and PO, ions, as long as the
Ca/P ratio equals 1.33. OCP forms very small plate-like crystals. Its crystal structure is triclinic
with the space group P1. [248] Its unit cell has an apatite layer with a similar composition as
HAp enclosed by two hydrated layers.(Figure 6) [249] The transition from OCP to HAp

happens by the elimination of the described hydrated layers.
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(b)ocp

Figure 6. Crystal structure of octacalcium phosphate (OCP, Cas(HPO,),(PO,),5H.0) oriented
along the c-axis. Ca**: green orbs, PO/ light blue tetrahedrons, H,O: red and white sticks.

Reprinted and modified from [248] under the terms of the Creative Commons Attribution 4.0
International License (CC BY 4.0).
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Figure 7. Crystal structures of a) Brushite (DCPD, CaHPO,2H.O) along its a-axis (top) and its
b-axis (bottom), b) Dicalcium phosphate monohydrate (DCPM, CaHPO ,-H,O) along its c-axis
(top) and its a-axis (bottom) and c¢) Monetite (DCPA, CaHPO,) along its c-axis (top) and its b-
axis (bottom); Ca**: green orbs, PO/ pink tetrahedrons, O of H.O: blue orbs. Reprinted and

modified from [174] under the terms of the Creative Commons Attribution 4.0 International
License (CC BY 4.0).
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Brushite (DCPD), Monetite (DCPA) and DCPM

The mineral known as brushite is also abbreviated DCPD in the context of CaPs and is known
since 1804.[250] As a natural mineral it was discovered in guano on Avis Island (Caribbean).[251]
Its synthesis is like most other CaPs a precipitation of crystals from a supersaturated solution
containing calcium and phosphate ions. The important factors are again the Ca/P ratio
equalling 1, while the pH is in the range from 2.0 to 6.5. [252] It may also be prepared by
neutralization of phosphoric acid or MCPM solutions with a calcium source. This source is
commonly CaO, CaCO; or a basic CaP. As the name states, DCPD contains two water molecules
per formula unit. This water is stored in layers between calcium and phosphate layers.
(Figure 7 a; blue water layers between green and pink layers) These layers alternate along the

b-axis of the monoclinic crystal lattice. [253]

This crystal water is lost at temperatures above ~80°C and leads to a ~11% volume decrease
during the transformation to the triclinic anhydrous Monetite (DPCA) (Figure 7 b). [254] The
anhydrous DCPA was not known until 1879 [255] and described as the mineral monetite before
1882 found in Puerto Rico. [256] As a result of the absence of water in the crystal lattice, it is less
soluble than brushite (Table 1). Just like its water containing counterpart DPCD it can be
precipitated under the same conditions but at elevated temperatures (>90°C). Its formation can
also be favoured, if the availability of water is limited or no water is present at all. This is

achieved in gels [257], ethanol [258] and in water-oil/oil-water systems. [259]

In contrast to DCPA, DCPD can be found in pathological calcifications. [86, 115, 116]
Nevertheless both DCPD and DCPA are used in medicine as components of self-setting CPC

formulations. [57] DCPA also gets implanted as a bioceramic. [260]

In line with other CaPs, DCPA and DCPD also find usage in the food industry. DCPD can be
used as a calcium supplement in food. Further it is used to adjust texture, help in bakery and
serve as a water retention additive. Lastly dairy industry uses it as a mineral supplement. Also
DPCA finds usage as nutritional supplement in cereals or noodle products and as a dough

conditioner. [195]
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DCPM was only recently discovered in 2020 [174] and is not yet fully established as a cement
phase. In water it is reported to be stable for half an hour and then transform into poorly
crystallized HAp within the next 30 minutes. It can be stabilized in water by the addition of
citrate salts for at least 2h or even longer when adding sodium polyacrylate. The solution pH of
a DCPM solution can reach values of 8.2, which makes it the highest among the DCPX
variations. They also report it having the highest solubility among the DCPX variations, but no
definitive value is known yet. Another noteworthy property of DCPM is its high adsorption
capacity for different drugs like ibuprofen. This might make it a suitable material for drug

delivery applications.

Bi- and Tri-phasic CaPs

Briefly, all mentioned CaPs might also be fabricated in a mixture of two or more different
minerals. The minerals phases can either be of the same Ca/P ratio (e.g., a- and B-TCP) or of
different values (e.g., HAp and B-TCP). The resulting multiphase formulations can further be
specified by their preparation conditions. A difference is made between heating a compound of
non-stochiometric ACP [261-263] or CDHA above ~700°C or bringing stochiometric

compositions up to a temperature of above 1300°C. [236]

These material mixtures offer more flexibility and adjustment possibilities in their properties
(bioactivity, bioresorbability, osteoconductivity and osteoinductivity), as two CaPs can behave
different in the same environment. As an example, in a mixture of HAp with a TCP [185, 264-
267] the apatite is less soluble, therefore an increasing amount of it leads to a slower resorption

and vice versa. [236]
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Magnesium (MgP), Calcium Magnesium (CaMgP) Phosphate and Calcium Silicate (CaSi) minerals

Aside from CaP based mineral bone cements also magnesium phosphate (MgP, MgO - P,O;),
calcium magnesium phosphate (CaMgP, CaO -MgO -P,0;) and calcium silicate
(CaSi, CaO - SiO,) cements are used. The difference of minerals from these classes to the
aforementioned CaP minerals is first of all the lower amount of research done for an application
as biomaterials. Most relevant MgPs show a Mg/P ratio between 1 and 1.5 similar to the Ca/P
ratio found in brushite, monetite, DCPM, and the TCP variants (Table 2). An equivalent to HAp
with a ratio of 1.67 is not present in the MgP system. Compared to the CaP counterparts the
MgP phases show an increased amount of crystal water and can be precipitated from aqueous
solution. [268, 269] Except for Newberyite (MgHPO,3H.O), all other MgPs dissolve
incongruent. [268] Through high temperature calcination the water containing MgPs can be
converted into magnesium pyrophosphate (Mg.P.O,) or the TCP equivalent orthophosphate
farringtonite (Mg;(PO,).). [270, 271] Just like CaPs, MgPs can incorporate several cations in their
crystal structure like Na*, K* or NH,*. [270, 272-275] The latter is of special interest for MgPs as
the incorporation of ammonium ions into the MgP crystal allows for the precipitation of
another group of minerals not present in the CaP system. Dittmarite (dimagnesium ammonium
phosphate monohydrate, MgNH,PO,-H,O), schertelite (dimagnesium ammonium phosphate
tetrahydrate, MgNH,PO,-4H,0), struvite (dimagnesium ammonium phosphate hexahydrate,
MgNH,PO,-6H,0) [276] and hannayite ((NH,).Mg;(HPO,),-8H.0) [277] are the most common

representatives of this group.

While these were pure MgPs or ammonium substituted MgPs, also magnesium substitution
for CaPs (CaMgP) can be of interest. The presence of Mg>* ions can inhibit the crystallization of
CaP phases and promote the formation of amorphous phases. This is an effect of the active
growth sites being blocked by the Mg** ions. [278-284] This retardig effect is discussed further
in the section about cement modification. As already mentioned above, B-TCP can be stabilized
with Mg** even >1125 °C and prevent the phase conversion to its a variant resulting in a particular
dense monolith. [285, 286] Here up to 14 mol% Mg** can be incorporated which then leads to
formation of the mineral whitlockite. [287, 288] The magnesium doping leads to a decreased

solubility, but improves the mechanical behaviour, of the tricalcium phosphate. [289]
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Table 2. Minerals in the NH,-MgO-P,Os system, their corresponding solubility product
constants and solubilites calculated at 25 °C, Reprinted and modified with permission from [290].

Mg/P Solubility Solubility
MgP compound Chemical formula
ratio -log(Ksp) mg/l
- Magnesium oxide MgO 25.0 12710
- Brucite Mg(OH), 1.2 6.79
0.5  Schertelite (NH,).Mg(HPO,).-4H.O - -
0.75 Hannayite (NH,).Mg(HPO,),-8H.O - -
1 Newberyite MgHPO,-3H.O 5-51-5-82  (1.69-2.54)-103
1 Struvite NH,MgPO,-6H,O 9.94-13.4 8.38-19
1 K-Struvite KMgPO,-6H.O 10.6 78.0
1 Dittmarite NH,MgPO,-H,O - -
1.5  Farringtonite Mg;(PO,). 23.4 2.15
1.5  Bobierrite Mg;(PO,).-8H.O 25.2 1.46
1.5  Catiite Mg;(PO,).-22H,O 23.1 6.2

Also, HAp can have a tenth of its calcium substituted by magnesium. [291, 292] As magnesium
has a smaller ion radius this leads to a reduction of lattice parameters [293] and crystallinity of
HAp. [291, 292] The doping of HAp increases its solubility compared to non-doped
stochiometric HAp probably as a result of the reduced crystallinity and/or an increased surface
hydration. [293, 294] On the other side of the CaP spectrum is brushite, which can also be
substituted with magnesium. Here the substitution enables brushite to be stable under

physiological conditions without converting to HAp. [295]

Apart from these phosphates also silicates are of interest for a biomedical application. Relevant
representatives of this group are tricalcium silicate (alite, Ca;SiOs, C;S) and dicalcium silicate
(belite, Ca,SiOs, C.S). [296-298] These calcium silicates make up about 75% of the fully set
portland cement. [299] The main active component of the clinker is alite (C5S), which is
responsible for the strength development up to 28 days after starting the setting reaction. [300-
302] It has a nesosilicate structure, meaning it contains [SiO,]* tretrahedrons which can bond
with metal ions such as calcium, magnesium, iron and more. [303] Like the TCPs also alite shows
a polymorphism dependend on the temperature and impurities. From lower to higher
temperature alite can crystallize in the triclinic (T alite), monoclinic (M alite) and
rhombohedral (R alite) crystal system. Here the symmetry increases with the temperature, but

the unit cell size decreases. [304-307] Belite (C.S) is the second most important clinker phase.
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In contrast to alite it has a slow reactivity in the early stages of the setting, but accounts for the
main compressive strength of the set cement. Aside from that it also improves the durability of
the cement in terms of resistance to drying, shrinkage or chemical attack. [308] As with alite
and the TCPs also belite shows polymorphism. Here the potential crystal structures also change
with the temperature and impurities and range from monoclinic (f belite), orthorhombic (¢
belite) to hexagonal (« belite) with increased synthesis temperature. There is also the possibility
for a y belite at temperatures between 3 and o’ belite, but it is the least desirable phase as it is
non-reactive with water. [298, 309] There is also a x belite variant reported. [303] It is reported

to show “tunnels” which enable higher reactivity than usual for belite. [303]

These are mostly accompanied by different other minerals in varying quantities from the
aluminate or sulfate group like tricalcium aluminate (celite, Ca;Al.Os, C;A), calcium sulfate
(anhydrite, CaSO,, Cs$). These minerals dissolve in an aqueous solution and produce mainly
portlandite (Ca(OH),) and amorphous calcium silicate hydrate gel (C-S-H) that solidifies
subsequently. [310-312] These materials are mainly used in endodontic procedures like pulp
capping, apexogenesis or root end filling. [313-315] An important difference of the CaSi based
minerals to the others presented here is the lack of resorbability in vivo. The main use cases for
these types of cements in a biomedical application are therefore aimed towards permanent

augmentations. [316]

Like most reactive CaPs also these calcium silicates are usually synthesized by a high
temperature solid state reaction. The simplicity of the process is the main advantage, but the
high energy cost and high carbon footprint due to calcination of one of the main educts calcite,
increased the attention to alternative synthesis routes. [317, 318] These include Pechini, sol-gel,

solution combustion or to a lesser extent also aerosol methodologies. [319]
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2.2 Cement systems

A cement is by definition a binder that sets, hardens and binds with other materials. [320] The
first known human use of such a material was in ancient Rome under the name of
“opus caementitium”. This material contained a varying combination of components: typically
fly ash, volcanic dusts, tuff and rubble. [321] Nowadays the most common cement is the so-
called “Portland cement” or ordinary Portland cement (OPC) it was first presented by Joseph
Aspdin in 1843 [322] and contained a mixture of calcium silicates, aluminates, ferrite and
gypsum. [296-298, 323] Its mainly used as a construction material and obtained from limestone
and clay. [296] Following the example set first by the romans, then researched more in detail
with the same purpose of building construction and civil engineering by researchers like Joseph
Aspdin, nowadays many different cements with a variety of applications are being used and
improved all over the world. These can be of inorganic nature like the initial examples or just
take the general idea of a powder mixed with a liquid leading to a reaction that produces a paste
setting into a solid product while being composed of organic monomers, polymers and/or

initiators.

Non mineral cements

Suitable bone replacement cements can also be of a non-mineral fashion. Polymethyl
methacrylate (PMMA) finds good use in surgery since 1943. [324] The cement sets via
polymerization of a MMA monomer solution mixed with a MMA-styrene powder. [324] This
reaction is an exothermic free-radical polymerization process and heats up to about 82-86°C.
[325, 326] This high temperature during setting is its main drawback compared to most mineral

bone cements.
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Mineral cements

Hydraulic mineral cements set at significantly lower temperatures and via six distinct

categories of steps involving a collection of chemical processes. [327] The categories, in usually

consecutive but sometimes also in a parallel or more complex order, are:

1

Dissolution/dissociation in water is described by the disintegration of the cement
powder surface layer. [328, 329]

Diffusion involves the transfer of the dissolved material within the paste porosity
(mechanism 5, 14) or in the adsorption layer on the solids surfaces. [330, 331]

Crystal Growth is the first counterpart to the dissolution step and is characterized by
a surface attachment and assembly of the dissolved material into an amorphous solid
or a crystalline structure within its self-adsorption layer. [332]

Nucleation further promotes the crystal growth through precipitation of solids in a
heterogenous or homogenous way on solid surfaces or in solution, respectively. [333]
Complexation is the process of different reactions occurring between ions to form ion
or adsorbed molecular complexes on solid surfaces. [334, 335]

Adsorption, once a solid particle is formed, other ions or molecular units can

accumulate on its interface with the surrounding liquid. [330, 332, 334]

The first four steps can control rate and the kinetics of the whole hydration reaction of a

cement, and this makes it a very complex process to understand and describe in detail. [327]

Many of the aforementioned CaPs can be synthesized through a precipitation pathway. Because

the mechanism of dissolution and precipitation is the fundamental form of hydraulic cement

hardening, they are suitable as material for a mineral cement and due to their composition, they

fit for a bone replacement application. [336-338] Their precipitate can either be a conglomerate

of crystals or a gel, so the hardening of these cements can be attributed to either a sol-gel

transition [339] or the entanglement of the newly formed crystals [61].
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2.2.1 Calcium phosphate cement (CPC) systems

To be able to turn a CaP into a calcium phosphate cement (CPC), the only requirements are a
soluble CaP (preferably low Ca/P ratio and high acidity), a less soluble possible CaP at the given
temperature and pH and a solvent (mostly water, phosphate buffered saline (PBS), sodium
orthophosphate solutions (~0.25 M), orthophosphoric acid, citric acid (~o0.5 M)[340], sodium

silicate[341, 342], magnesium hydroorthophosphate[343] or revised simulated body fluid(rSBF)
[344].
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Figure 8. Theoretical compositions in the ternary system of CaO, P.Os and H,O. Reprinted with
permission from [345]. Values are presented in wt%.

Figure 8 shows the ternary system of CaO-P,Os-H,O and the twelve possible non-ion
substituted CaPs, that can be formed. It is clearly visible, that even though water is not only
necessary as a solvent, but also functions as a reaction partner, not a lot of water is incorporated
into the products of the possible cement reactions.[338, 346, 347] The hydration product
incorporating the most water during precipitation is brushite. CPCs can set generally through

two types of reactions.
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In literature the cement reaction has been separated into two types of reactions: acid-base
reactions and hydrolysis. As with some nomenclature in literature some researchers started to
use specific terms, more adapted the term and nobody would look at it critically again. Though,
if looked at critically, all mineral bone cements set via a typical solution precipitation
mechanism governed by the solubility of the initial mineral components in the used aqueous
liquid and the following precipitation of less soluble minerals that interlock into a set
mechanically stable cement. The reactions described as acid base cement reactions could be
described as multi mineral component cements and the ones described as cement setting via
hydrolysis can be described as single mineral component systems. But because the declaration
of these cement types as acid-base and hydrolysis cements is the prevailing opinion in literature,

these will be described as such in the following overview.

Acid-base reactions

In cements setting by an acid base reaction the components (e.g., one acidic and one basic)
react to a neutral product. The cement system described by Brown and Chow, and consisting of
a powder mixture of monetite (slightly acidic) and TTCP (basic) in an aqueous solution reacting

to HAp (neutral), shows this perfectly Eq.(1)[336, 348-350]:

2CaHPO, + 2Ca,(PO,).0 - Ca,n(PO,)s(OH), Eq.(1)

The same reaction with brushite instead of monetite yields two additional molecules of
water.[351] Neither acidic nor basic products are released by these reactions, thus the pH
remains around neutral. The products in Eq.(1) however are only half correct, when describing
the whole setting process, as only the first precipitations yield stochiometric HA and any further
growth happens in form of CDHA. [352] As a second example, the reaction between the almost
neutral B-TCP and the acidic MCPM to form the less acidic DPCD presented by Lemaitre et

al.[353] illustrates the results do not have to be neutral. Eq.(2 )

B'Ca3(PO4)2 + Ca<H2PO4)2'H20 + 7H20 g 4C&HPO4'2H20 Eq.(Z)

This equation can serve as a template for many different reactions by swapping out either
reaction partner e.g., B-TCP for a-TCP[354, 355],CDHA or HAp[356, 357] and MCPM with
orthophosphoric acid[358-361]. Many of the commonly investigated and/or used self-setting
CPC formulations based on the reaction mechanism demonstrated above. These include ACP +

o-TCP [362], ACP + DCPD [363, 364], OCP + TTCP[365] or OCP + o-TCP[366, 367].
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Hydrolysis

In contrast to the acid-base reaction-based cements the formulations utilizing a hydrolysis
setting do not use a combination of two CaPs of different Ca/P ratios to result in a CaP of a third
Ca/P ratio. These cements are characterized by the same Ca/P ratio for educt and product. This
means, judging also by the name, an aqueous solution, possibly deviating from plain water as
described earlier, is necessary to enable the reaction. A typical reaction working this way is the

hydrolysis of TCP to CDHA shown in Eq.( 3 )[191-193, 368-376]:

3(acor B)-Ca;(PO,). + H,O - Cay(HPO,)(PO,)s(OH) Eq.(3)

Other common CaPs undergoing a hydrolysis reaction are ACP [377, 378], DPCD [341, 379],
CDHA [342] and TTCP [343, 380-382]. Most of them result in a recrystallization to CDHA, but
might be altered by an adjustment of the aqueous solution.[383] CPCs can chemically be
characterized by their reaction mechanism, but for a material scientific point of view the results
of the various reactions is of much higher importance. Figure 9 shows the solubility phase
diagrams for the CaO-P,O5-H,O-system dependant on the pH. It is directly visible, there are
two distinct end products for a CPC: calcium deficient/ hydroxyapatite (CDHA /HAp) or
brushite/Monetite (DCPD/DCPA) mostly dependant on the pH of the solution they are
precipitated from with a value either above 2.5 (a) or 4.2 (b) for apatite or below for brushite
dependent on the solubility product of (a) Ca** or (b) H,PO, /HPO,*. Hence CPCs are usually

divided into (hydroxy)apatite- and brushite-forming systems.
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Figure 9. Solubility phase diagrams dependent on the pH value for the ternary system, Ca(OH ).~
H;PO,~H.O, at 25 °C, showing the solubility isotherms of CaHPO, (DCPA), CaHPO,2H,O
(DCPD), CasH.(PO,)s5H.O (OCP), a-Cay(PO,). (a-TCP), B-Ca;(PO,). (B-TCP), Ca,(PO,).O
(TTCP), and Ca,o(PO,)s:(OH), (HA). a) Reprinted with permission from [384] and b) from [385]
under the terms of the Open Archive TOULOUSE Archive Ouverte (OATAO).
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Theoretically the starting material reacts fully to the corresponding products, but in reality

there is almost always residual educt. [386]

Apatite cements

The cement reactions presented in Eq.(1) and Eq.( 3 ) result in the formation of HAp or CDHA
with a Ca/P ratio between 1.5-1.67 and are therefore those of apatite-forming cements. [387]
CDHA is mainly formed if the reaction takes place in an aqueous solution and crystallizes
similarly to the aforementioned biological apatite (dahlite), which can be the cause of their good
in vivo behavior, when they are set completely. [388] This might also be the case for its
description of a biomimetic setting process, as the reaction also runs in a physiological
environment at 37°C. [62] Due to them reacting and precipitating at practically neutral pH and
being of similar composition of bone mineral, they are very stable inside the body. But they still
may be slowly [389] dissolved and resorbed with the same mechanism as for natural bone

mineral by a locally lowered pH induced by osteoclasts.[390]

Brushite cements

With a Ca/P ratio of 1 the chemical equation shown in Eq.( 2 ) results in the formation of
brushite (DCPD).[353, 391] By looking at Figure 9, it is obvious that they are not formed at
physiological pH and all of them are set through an acid-base reaction. Therefore the cement is
always acidic while setting [87, 360], but changes slowly to its equilibrium pH afterwards. [359]
Even though brushite does not mimic the composition of natural bone it is very biocompatible.
[87] Bringing the cement into physiological conditions (e.g., by implanting) brings it into a meta
stable condition [392], in which it degrades by itself. This takes place faster and without the
additional aid that apatite cements need. [393-395] Because of this brushite cements can cause
immature bone formation by a sometimes too fast degradation rate, but there are studies

solving this issue with the addition of B-TCP granules. [396, 397]
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Monetite Cement

The same Ca/P ratio can be found in the mineral monetite (DCPA) and its therefore formed
by so called monetite cements. The reaction is very similar to the brushite forming reaction in
Eq.( 2 ) just two less water molecules are needed. The formation of monetite against that of
brushite is therefore directly governed by the availability of water during the reaction.
Additionally, the ion strength is a controlling factor in the formation of monetite. Like its water
rich companion brushite also monetite is very soluble in vivo with a solubility product of 6.63 -
log(Ksp) and 7.02 -log(Ksp) at 37°C respectively. [337] So much that it even surpasses brushite in
its resorption time and also its mechanical properties due to the small nanosized monetite

crystals forming and interlocking. (56, 57,58)

OCP cement

The last cement that is important to note here is a cement resulting in octacalcium phosphate
(OCP). OCP is often a by-product of an apatite forming cement or can be found as a precursor
to HA as the final product. It can be prepared by a mixture of MCPM, calcium carbonate (Cc)
and a-TCP (3:5:9 mol) combined with a sodium hydrogen phosphate buffer solution (pH 7.4).
[398] There is a variety of proposed benefits and possible composite formulations discussed in

literature. [399]
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2.2.2 Cement properties

Setting time

Both previously presented systems have different setting times, but to be applicable as a bone
replacement material they have to set within a specific time frame. They should set slow enough
to be able to be applied without the risk of preliminary setting and compromising the grafts
properties, while also setting fast enough to not freely flow out of the intended application site.
Their setting behaviour can be described by two factors. The initial (T;) and the final (T¢) setting
time. Generally, two approaches are used to determine these times. Firstly, the Vicat needle
method (ASTM C191-92) [400] and secondly the Gilmore needle method (C266-89) [401]. Both
methods use a combination of a physical test and a visual examination of the sample. They use
standardized weights/forces applied (DIN EN 196-3:2005(D) and EN 13279-2:2004(D)) onto the
sample surface and then evaluate the time point that does not show an indentation. The last
method can also be optimized by using an Imeter (MSB Messysteme, Augsburg, Germany)
which automatically repeats the measurement on a fresh surface spot until the time points for
Ti and Tr have been reached. As this method measures the force directly and no visual
examination is needed, it is also more precise. The setting process can also be recorded
continuously without destroying the sample e.g., via pulse-echo ultrasound [402, 403],
isothermal scanning calorimetry [344, 370, 372, 404-408] or alternating current impedance

spectroscopy [409] (see the methods section for calorimetry and I-meter measurements)

The desired values for Ti and Tr can be described as “3 < Ti< 8”and “Tr < 15” (values in min
[61]). Additionally, the time of cohesion (Tc), the time when the paste stops to fall apart in a
Ringer’s solution, has to be 1 min (when mixing in a mortar 2 min) minimum. [410] In a practical
clinical setting these times mean the paste should be prepared latest until Tc, applied until T;
and the wound can be closed after Tr. [61, 410].0ne should not that, even after Tr has been
reached, only about 5-15% of the reaction has been progressed and it will usually go on for a

couple of days. [371, 386]

Apatite cements usually set slow (15-20 min) [336, 348], but this has been addressed in a
number of ways, either by lowering the liquid amount (lower L/P) or by the addition of additives
(e.g., MCPM, H;PO, or sodium phosphate salts). [339, 368, 370, 372, 374, 377, 381, 411, 412] The
particle size (reduction accelerates the reaction) [413-415], the temperature and the presence of
initial particles to aid nucleation (e.g., ~10% HAp powder) also influence the setting time and

may be adjusted accordingly.[62, 336, 348, 416, 417]
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For brushite cement one important factor to regulate the setting time is the solubility of the
basic component involved in the acid-base reaction. The higher the solubility of that phase the
faster the reaction runs. [56, 418] The setting times increase in the following order: HAp
(few minutes) > B-TCP (0.5-1 minute) > o-TCP (few seconds).[353, 391].In contrast to apatite
cements the intend with brushite cements is to delay the reaction to a suitable time. Here also
different additives may be used to achieve that. [418] With citric acid or sodium citrate the paste
handling may be improved. [340, 382, 419-421] Chondroitin 4-sulfate [422] or glycolic acid [423]
have a comparable effect. Additionally the presence of magnesium ions can inhibit the setting

mechanism [424] and reduce the setting time [56, 418].
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Injectability and Rheology

The setting time is one of the regulating factors of the paste’s behaviour. The chemical and
physical process during setting is directly reflected in the paste viscosity. [425] Cement pastes
are a suspension of small particles in a liquid. As described above these particles dissolve first
and later new particles precipitate and grow. Therefore, the viscosity first decreases and later
increases until the cement is set. The desired viscosity varies with the application. For a manual
application with the surgeon’s fingertips a high viscosity is needed to ensure good handling. If
the paste is to be injected from a syringe the viscosity has to be low in comparison. [426]
Literature suggests the injection option to be the preferred one at the moment. The
comparatively low viscosity should be kept in the range of 100-2000 Pa-s to avoid high injection

forces, while simultaneously prevent the loss of cohesion. [427]

An injection route as the chosen way of application requires several properties from the
cement paste. A fitting viscosity is one part to achieve a good injectability, but cohesion after
injection is also very important. [428, 429] As a means to quantify the injectability of a paste,
one should specify the term. Injectability is the value used to describe the paste’s ability to be
pressed from a syringe through a needle (generally @ 2mm [427, 430], but can vary [431, 432])
It is displayed as (Eq.( 4 )) the quotient of the difference between the initially loaded cement
(m;) and the residual cement (m;,) after injection divided by the amount that was initially loaded

(m;) in percent.

m; 00 Eq.(4)

This percentage is calculated after the filled syringe has been loaded with a defined maximum

load (Usually 100 [410]-300N [340]).
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A schematic of the experimental setup is shown in Figure 10.

<— applied pressure

5 ml syringe

custom metal

@ 2 mm needle syrmge mount

Figure 10. Experimental setup of an injectability test.

The process of injection can be seen as a flow of a viscous liquid through a tube. This allows
the characterization of this process through rheological methods.[425, 433] Injectability and

rheology of CPCs have been correlated in a wide arrays of studies already. [364, 432, 434-437]

A theoretical approach to this was done by Bohner and Baroud [427] and further described in
[438]. They investigated several influencing factors on the injectability by a newly developed
model combining the Hagen-Poisell equation (flow of the paste through the canulla) (Eq.(5))

with the derivative of Darcys Law (filtration of the liquid phase through the particle network)

(Eq.(6))

12811, L,Q,
i = T[Df{ Eq-(S)
D? e
h2 m
¢ <150pl (1-£,,)*(1-€) C)t Eq.(6)

Where in Eq.( 5 ) P; is the injection pressure, L, and Dj are length and diameter of the needle
and Qp and p, are the flow and viscosity of the paste. In Eq.( 6 ) th is the thickness of the powder
bed that acts as a filter and is described by the particle’s diameter D, the water volume fraction
of the paste and cake € and e, the time t, the pressure drop through the cake P. and the viscosity
of the liquid p. They assumed that P. and P; are the same and the viscosity of the paste , is
further described by the Quemada result. (Eq.(7))
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SVF 2
M= B, (1- SVFrnax) Eq.(7)

Where SVFax (maximum solid volume fraction) was assumed to be equal to 1-em and related
to the plastic limit (PL), which is the minimum L/P to form a pasty cement. After conversion of

SVF, € and & to mass ratios as in L/P and PL, the equation becomes: (Eq.(8))

= (D2 22w P20 )¢
- elsop ) DﬁQp Eq.(S)

With Eq.(9)

PL3(1+p L/P)?
f( ’%)z (ispsPL()(E;P-/Pi)Z Eq.(9)
This theoretical approach in Eq.( 8 ) is not directly applicable to experimental results. The
enhancing ability of an increased L/P in real experiments could be predicted by this model, but
the positive effect of an increased viscosity was not predictable. [427] The reason for that was
attributed to the simplifications made to handle the pressures during the process. In an
experimental setup the pressure is much more complex. [439] Also the th was expected to
increase with a decreased needle diameter (D,), but the injectability tests did not reflect this

expectation, probably due to a limited amount of data. [427]

This shows a lack of theoretical knowledge in the topic of injectability and rheology in
combination with cement pastes. [438, 440] Experimentally the properties are monitored via
rheometry. [428, 441-447] The measurement geometries of choice can be a rotational parallel
plate setup with a varying shear rate (0 — 200 s) [441, 443] or rotational cone [428]. These show
that cement pastes exhibit a shear thinning behaviour. This behaviour suggests a breakup of a
certain network during the injection or shearing process. The particles inside the suspension
form a network of stacked (simplified) spheres and the constellation of this network is

dependent on the particle size and the particle size distribution. (Figure 11)
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Figure 11. Particle network dependant on the particle size and distribution shown as a schematic
of mono-dispersed particles (A and E) and transitional bi-dispersed particles (B, C and D).
Reprinted with permission from [438].

The addition of a small fraction of smaller particles to a powder of bigger particles can increase
the solid volume fraction by replacing water inside the inter particle voids. This is one way to
prevent paste separation, one of the main problems CPCs run into when they are injected. For
example of the 4.5 ml of product available from Norian SRS® [48, 61] only 3 ml are injectable,
probably due to this effect. [61] Many studies have addressed the issue of phase separation
already, hence the knowledge is more advanced compared to the extrusion described before.

[448-451] These studies could identify three mechanisms leading to phase separation:

1. Filtration in the syringe barrel causing the solid fracture to consolidate through the
drainage of the liquids, leading to a regional change in L/P [452, 453]

2. Suction as the paste exits the die, expands to flow and creates dilation [449]

3. Filtration in the needle caused by the same effect as number 1, but further leading to a

complete clogging of the needle by the formation of a solid powder mat. [451]

The mechanism of filtration (1) is a result of the syringe plunger pressing on the paste and
trying to push it inside the die. This exerts a pressure on the paste and if this pressure is high
relative to the permeability of the powder network the liquid will be pushed out of the spaces
between the particles. [431, 450, 454] In pastes with a high SVF the particles have to move close
past each other to be able to flow as a paste. This requires the, when not in motion, dense
network to loosen by expanding the space between the individual particles. The creation of
space imposes a negative pressure onto the liquid and the resulting suction (2) leads to an
increase in the liquid content in the extrudate. [453] The same effect as in (1) can also happen
when the filtration happens in the needle (3). The additional problem here is, that the areas of
inhomogeneous L/P are big enough to completely clog the needle. These can get broken up by

an increased force on the plunger, which leads to a liquid rich extrudate first and a solid rich
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section afterwards often followed by a repetition of both. [451] Additionally, a good paste

cohesion is a property preventing paste separation. [455]

Mechanical strength and Porosity

To function as a bone replacement material CPCs have to be on par with the mechanical
properties of human bone. The lowest compressive strength (CS) of the hierarchical structure
of human bone is found in the trabecular bone in the range of 4-12 MPa [456, 457] and the
highest in the cortical bone measures around 130-180 MPa [457]. Compressive strengths of CPCs
range from 10-100 MPa and suggest the ability to replace trabecular bone, judging only by the
compressive strength.[458-460] Furthermore, this value can increase after the implantation,
leading to a performance exerting values 60-70 MPa higher than normal bone. [461]. These
values can be seen as mean values and might be on the lower end for brushite cements
(CS 60 ~MPa)[462] or on the higher end for apatite cements (CS ~83 MPa). [463] But even
though the compressive strengths fit very good for the usage as a bone replacement material,
the forces that act on a bone graft are not only of compressive nature. Bones in the body
experience a complex force combination of compression, bending, torsion and tension and the
properties of CPCs only excel in the compression strength. [459] Their mechanical strengths
comes from the entanglement of small crystals that form a network. [414] In compression these
crystals are compressed even more dense until failure, while in tension the crystals interlock to
withstand the force. [464] Pre-existing flaws lead the propagation of cracks formed during a
brittle failure of these CPS. These flaws are much easier propagated in tension than in
compression. [465] The performance of brushite and apatite cements is significantly lower in a
tensile test with ~10 MPa [462] and ~16 MPa [466], respectively. However, these values do not
give a usable impression of the performance under a cyclic load and due to their brittle nature
CPCs are not directly comparable to human bone which are reinforced with collagen and exhibit
a more flexible nature. Nevertheless, the materials are interesting for low to non-loadbearing
defects and may even be improved to be used elsewhere. [467, 468] If implanted the cements
properties do not stay the same over the course of time. Apatite cements have shown to be
stronger to begin with [469] and this strength is increased further in vivo. [470] In contrast
brushite cements decrease in vivo because the solubility is much higher compared to CDHA in
a physiological environment. (Table 1) But implant sites of brushite cement increase their
mechanical strength again after time, when new bone ingrowth occurs in the newly formed
cavities of degraded brushite. [461] This ingrowth is propagated by the degradation of the
cement implant forming bigger pores suitable for osteoblasts to enter. Normally hardened
cements have pore dimensions that are too small for a fast bone ingrowth, which is a major

drawback compared to prefabricated scaffolds. [55, 56]
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CPCs usually all have a high amount (40-50%) of pores in the microporosity (8-12 pm) range.
[471] The amount and size of these pores is one of the main controlling factors of the cements
mechanical strength, as the porosity is inversely proportional to the mechanical strength. [472-

474] This was also described in an empirical relation between the strength, S, and the porosity,

P:[475](Eq.(10))

S=S,e®? Eq.(10)

Where S, is the theoretical strength without porosity and b is an empirical constant.
Experimentally, the regulating factor of this porosity is mainly the L/P: the higher the L/P, the
higher the porosity. [464] [458, 476, 477] The L/P determines how much liquid (mostly water)
is present in a cement paste. This ratio may only be optimized partially regarding the porosity,
as it also controls the pastes rheological behaviour and workability, as illustrated above. Almost
all CPC formulations are in an excess of water in respect to stoichiometry to be workable and
the residual water not used in the chemical reaction is left behind and forms pores, as CPCs set
at a near constant volume (density educt = density product). [55, 56] Despite by the adjustment
of the L/P also pressure may be applied during setting to reduce the porosity. [472, 478, 479]
The control of the size and number of pores formed in a CPC is of high interest for the CPC

research.

Porosity is not always disadvantageous for CPCs and there are even studies trying to control
pore sizes and increase porosities to achieve certain properties in the implant. [480-501] The
bioresorption of microporous cements was reported to be much higher induced by a higher
surface area and a higher cellular activity due to particle degradation [s5, 56, 502, 503] The usage
of porogens, additives or modifications leading to a controlled and or elevated production of
pores, has been investigated in a variety of studies. The main approaches are to introduce
sacrificial components, that get leached out of the set cement and leave a defined pore behind
(476, 481, 487, 495, 504-509] or the introduction of a foaming agent (e.g. by producing CO,) that
traps air inside the cement paste before or while its setting. [480, 506, 510-512] One goal here is
to create an interconnected porous network of a pore size around 50 pm. [513-516] The pore size
and distribution can be adjusted with the techniques listed above, but they seldomly lead to an
interconnected system. To ensure interconnectivity the approaches have been combined with
the introduction of hydrogels like sodium alginate [517], sodium hyaluronate or hyaluronic acid

(HyAc) [518] and hydroxypropyl methylcellulose (HPMC) [519, 520].
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The mechanical properties are among the most important characteristics of a bone cement
implant in vivo, but their control and improvement towards a usable behaviour is difficult as

these properties are dependent on almost every other aspect of the cement paste composition.
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2.2.3 Cement modifications

The main properties of a bone cement and its paste, as described above, can and must be
adjusted to fit the desired clinical application. Some ways to achieve that have already been
shown and mostly involve changing the ratios of the cements’ main components e.g., change
the L/P.([431, 454] But the properties can also be changed by adjusting the components
themselves (e.g., particle size and distribution[521], heat treatment) or adding new minor
components, additives, to the paste. [404, 416, 522] The desired effects of these additives can
vary depending on the cement paste. Brushite cements tend to react very fast, so setting
retardants may be employed here [418],while apatite cements require an acceleration effect to
react fast enough. [368-372, 374, 375, 377, 412] Both cements may benefit from a more viscous
liquid or an overall higher paste viscosity to prevent paste separation and ensure good

injectability [523], while keeping the mechanical properties in control. [517-520]

Setting speed control

For apatite cements it is common to add already formed HAp particles to the powder to act as
nucleation seed and therefore promote the precipitation step of the cement reaction. [352, 416,
524-529] There are reports that this also had a secondary effect of improving the compressive
strength. [352, 528] Using a cement liquid rich in PO, ions showed to accelerate the apatite
cement reaction without having an effect on its properties after 24h [530], hence they found

wide use as accelerators for CPCs. [416, 531, 532]

As already described earlier the addition of free cations (Sr**, Mg?, Si**) can have a retarding
effect, but they do not always enhance the hardened cements properties [533], but the delay of
a brushite cement reaction can also improve the cements properties. [418, 524, 534] The
presence of SO,* ions has shown to improve the cements final strength attributed to a refined
microstructure. [418] a-hydroxyl acids (citric acid, glycolic acid) have been shown to retard the
setting and allow an improved mixing and handling for lower L/P, when added in form of their
salts (e.g., sodium citrate). [340, 420, 421, 423, 454, 535-537] Citric acid or citrate ions form
complexes with the divalent calcium ions [538], which adsorb onto the particles surface [538,
539] and therefore makes the area of the particle and the calcium ions unavailable for

dissolution or precipitation once supersaturation has been reached. [540]

A retarding effect in form of an initial induction period of the cement reaction has been
reported for phytate (myo-inositol hexaphosphate, IP6) [541, 542] and pyrophosphate ions (PP)
by Grases, among others. [543] They showed phytate to be the best natural inhibitor for brushite

precipitation (1.2110°M prevented for at least 1th) and pyrophosphate to be the best natural
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inhibitor for HAp precipitation (2.87-10° M delayed for at least 1h).[543] The nucleation of
hydroxyapatite is more easily inhibited than that of brushite.[544, 545] Phytate acts similar to
citric acid by complexing Ca*"ions and adsorbing onto the particles surface. Here the six
phosphate groups [546] chelate with the divalent metal ion. [547-549] A similar reason for the

inhibitory effect through adsorption of pyrophosphate ions is reported in literature. [550-554]

Viscosity control

The latter two additives, phytate and pyrophosphate, not only influence the setting reaction,
but also alter the particle-particle interactions by changing the surface properties through
adsorption leading to a different paste behaviour. These can be colloidal interactions and direct
frictional interactions. [438] The adsorption influences mainly the colloidal interactions., by
changing the zeta ({) potential of the powder liquid interface. These interactions get important
once the mean particle size is lower than 40 um and increase their importance below 10 pm.
[555] CPCs generally meet these criteria. Attempts to describe the forces in such a suspension
can only simplify them to a sum of the attractive Van der Waals force and the repulsive electrical
double layer (EDL), as it would be too complex otherwise. [556] This has been defined in the
Derjaguin, Verway, Landau and Overbeek (DVLO) theory. [557, 558] (Figure 12 a) The charge
of the particle-liquid interface leads to the formation of this double layer and to maintain charge
neutrality respective ions are drawn to the surface. [559] These form the stern layer and the
diffuse layer. (Figure 12 b) When the distance between two particles is low enough for the EDLs
to overlap, they repel each other. Starting from the particles surface the surface potential
gradually decreases until it reaches zero in the bulk solution. [560] As stated above, a common
way to measure the extend of the surface charge and therefore the amount of particle repulsion,
is to determine the zeta ({) potential. Due to particle repulsion the pastes with a higher
magnitude zeta () potential are reported to exhibit less particle agglomeration leading to a
better paste consistency and ultimately better injectability. [340] For TTCP and DCPA zeta ({)
potential values of -18.4 + 1.9 mV and -15.0 + 1.8 mV have been decreased to -50.1 + 1.0 mV and -
50.6 = 3.8 mV by the addition of trisodium citrate as opposed to the usage of pure water,
respectively. Furthermore, their injectability could be increased from 59% with pure water to
94%. [340] Nevertheless this modification may have a negative effect on the paste cohesion if

the zeta () potential magnitude is too high. [455]
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Figure 12. Graphical description of the a) Derjaguin, Verway, Landau and Overbeek (DVLO)
theory. [557, 558] and b) the electrical double layer (EDL) including the stern layer, potential, the
diffuse layer and the zeta ({) potential. Reprinted with permission from [439]

Methods initially used to control the setting time of CPCs, like particle size reduction or the
adjustment of the L/P, may also have a beneficial effect on the paste viscosity. Additional
approaches to control the porosity and cohesion of the paste through additives, as listed before,

have also shown to be applicable to adjust the viscosity. [437, 561-566]

Furthermore, there are a variety of additives solely intended to affect the viscosity of cement
pastes. These include polysaccharides (namely hydroxypropyl methylcellulose, HPMC and
hyaluronic acid) [386, 518-520, 563, 567-571], gelatin [60, 572-578] and polyacrylic acid [579-581],
which are characterized by their biocompatibility and, most importantly, their ability to
significantly increase the viscosity when added even in small quantities. Solutions containing
polysaccharides generally exhibit a thixotropic i.e., shear thinning, behaviour. This is beneficial

as it allows an easier injection, while the shape fidelity after extrusion/injection is still ensured.

[57]
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2.2.4 Bone cement applications

The first medical usage of a CPC was reportedly performed in 1987 [361] and was followed by
the application of TTCP - DCPA cement disks implanted in mice in 1991. [582] Further, the teeth
of monkeys were treated with a CaP based cement. [583] These were only the first steps in a
long list of possible applications and utilizations of CPCs in a medical setting. Their highly
biocompatible, osteoconductive nature and the ease of use through their self-setting
mechanism following simple chemical processes makes CPCs a valuable material to stimulate
tissue regeneration. [409, 584] The flexibility of moulding the material in an individually needed
shape and the possibility of a remodelling by cells during bone reconstruction [393, 585-590],
while also sometimes being antimicrobial [591-595] and even able to affect osteoblast cell
adhesion and gene expression [596], further solidifies their right to exist as a biomaterial for
bone healing applications.

Direct applications

In a dental reconstruction setting, CPCs are used to enable teeth replacement in an animal
model via HAp implants inserted into the defect and fixated with the cement. [597] Different
studies investigated the usage as fillers for root canals [593, 598, 599] and pulp capping [600-
602]. These CPCs were all moulded by hand during application, but also an injectable CaP
cement has been used to fill gaps around dental implants in goats. [603, 604] The usage for
cranio- and maxillofacial defects is benefitted by the lack of stress in these areas. Again, the
shape flexibility offers great opportunities for a cosmetic use without extra cost. [605] CPCs find
use as support for metal fixtures [586] and skull augmentations [606]. A pig study showed total
replacement by bone ingrowth after 180 days [607] and a study in over 100 humans also showed
promising results in the treatment of cranial defects [608]. The orthopaedic field of application
contains a wide range of studies covering the usage of CPCs. They were used for distal radius
fractures [390, 609-611], calcaneal fractures [612], hip fractures [613, 614], osteoporotic vertebral
bodies [615], tibial plateau fractures [43, 611, 616-619], pedical screw fixation [620, 621], columbar
burst fractures [622], cancellous bone screws [623, 624], wrist anrthodesis [625] and the fixture
of titanium implants [626]. Here the CPC mostly had a reinforcing or fixing role, sometimes in
combination with other implants. The surgery for the treatment of osteoporotic vertebral
bodies is called vertebroplasty or kyphoplasty. The injectability is an integral property for these
types of applications, as the goal is to fill the cavities in the osteoporotic or fractured bone of
the spine without the need of a big surgery. This leads to a stabilization of the weakened
vertebrae and is followed by a faster healing [608, 627-635] and a lower risk of mechanical failure
in the future. Because the CPC implants set in ambient conditions and are biodegradable, they

also fit perfectly for a drug delivery approach for a variety of drugs. [636-642]
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Fabrication of 3D printed structures

Just to touch on the topic briefly. Aside from freehand moulding and injection, CPCs can be
processed into a desired shape by the ways of 3D printing. [643] A big advantage is the excellent
control over the macro porosity of a 3D printed scaffold. Such porous scaffolds have been
fabricated previously by particle leaching, foaming or freeze drying, but this poses high
limitations on the degree of control. [644, 645] The new computer guided techniques allow a
direct control. [646] For a ceramic scaffold there are five relevant 3D printing techniques. [647]

The first of which is fused deposition modelling (FDM) , where a filament of ceramic particles
gets heated and then extruded to be then deposited in a defined scaffold shape onto a collector.
[648] In another approach called selective laser sintering (SLS), a powder bed gets sintered into
defined structures by a high-power laser. [649] A similar concept is used for particle binding
(PB) and inkjet printing (IP). These approaches also use a powder bed, but the scaffold is formed
by a binder, that is applied in defined areas, to bind the individual powder grains together (PB)
[650] or a liquid that starts a cementitious reaction with the powder is applied to then lead to a
solidification by the typical cement reaction (IP) [651]. The last method is the extrusion based
printing (EBP), sometimes called direct ink writing (DIW), where a viscous cement paste (“ink”)
gets extruded without the need of preliminary heating like in FDM and then deposited again
into the desired shape. [652] Here the paste cohesion and setting time is of high interest. The
last method is the most relevant for the CPCs described above, as the important properties can
be adjusted to produce an extrudable paste. If the paste shows sufficient properties for an EBP
print run, this method is the best to produce fast and easy prototypes of bone cement-based 3D
scaffolds.[653, 654] Aside from the CPCs described above [655-668], also calcium silicates [669-
674] can be used as materials to obtain a bioactive ceramic scaffold. Bioinert scaffolds may be
produced from Alumina or Zirconia [675-682] precursors. Furthermore these monophasic
materials may be combined into composites of two ceramics (e.g., HAp + B-TCP [683], B-TCP +
bioactive glass [684]) or of ceramics combined with polymers (e.g., B-TCP + polycaprolactone
[685], HAp + poly(lactic acid) [686])or hydrogels (e.g., B-TCP + collagen [687],
HAp + alginate/gelatin [688]).
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3.1 Abstract

A calcium deficient hydroxyapatite (CDHA) forming cement with a bimodal grain size
distribution, composed of a-TCP and fine grained CDHA at a weight ratio of 9:1, was modified
by the addition of sodium phytate (IP6) in variable amounts ranging from o0.25 to 2 wt.%, related
to the powder content. The injectability of the cement paste was drastically increased by the
[P6 addition, independent of the amount of added IP6. Additionally, the cement paste viscosity
during the first minutes decreased. These effects could be clearly related to a slightly more
negative zeta potential. Furthermore, IP6 was shown to strongly retard the setting reaction, as
can be seen both in the calorimetry and X-ray diffraction measurements. In addition,
octacalcium phosphate (OCP) was identified as a further setting product. All measurements
were performed at 23 °C and 37 °C to assess the effect of temperature on the setting reaction for

both clinical handling by the surgeon and the final hardening in the bone defect.
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3.2 Introduction

Calcium phosphate cements (CPCs) are well established in medicine for bone repair and a
variety of formulations are commercially available for clinical applications. [55] Compared to
calcium phosphate ceramics, they offer the advantage of being freely moldable and therefore
perfectly adjustable to the bone defect. CPCs can be basically divided into apatite and brushite
cements, according to their final hydration product. While brushite forms under acidic
conditions at a pH < 4.2 and a physiological temperature, apatite formation occurs at neutral
and alkaline pH values. [690] Apatite and brushite cements differ in their application-relevant
properties. Hence, both types are of clinical interest, dependent on the properties required for
specific applications. While brushite cement stands out by its high resorbability, apatite cement
is advantageous with respect to its mechanical performance. [464] One approach to generate
an apatite forming cement is the mixture of a—tricalcium phosphate («-TCP) with water, which

forms calcium-deficient hydroxyapatite (CDHA) according to Eq.( 11 ). [411]
3 a-Ca;(PO,), + H,O — Ca,(PO,)s(HPO,)OH Eq.(11)

For a successful clinical application of bone cements, several aspects must be considered. One
important factor is the setting time, which needs to be slow enough to give the surgeon enough
time for implementation, but fast enough not to delay the operation [416]. Since the hydration
of crystalline o—TCP with water alone is rather slow, acceleration is necessary. One possibility
is the application of Na,HPO,, which takes advantage of the common ion effect. [531] Further-

more, the addition of nanosized CDHA as a nucleation agent can fasten the reaction. [417]

Due to the increasing relevance of minimal-invasive applications, where the cement is directly
applied to the defect by a syringe, the injectability of the cement pastes is another highly
relevant aspect. [691] Different approaches were already developed to alter cement rheology
and to improve injectability. [439] Although increasing the liquid to powder (L/P) ratio has a
positive effect [426], it has the drawback that the mechanical properties are negatively affected
due to an increase of cement porosity. [55] Second, the particle size of the cement powder can
be adjusted to optimize injectability. While a certain decrease of particle size was shown to
improve injectability, a prolonged milling leads to a reduction of injectability due to particle
agglomeration, accompanied by a decrease in compressive strength. [374] A more efficient
improvement can be achieved by adjusting a bimodal grain size distribution, for example
through the addition of fine-grained filler particles. [521] Since the setting reaction occurring in
cements negatively affects the injectability, the application of setting retarders can also be

beneficial. [435] Another approach is the alteration of the zeta potential of cement particles by
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the addition of multiple charged ions. The resulting repulsion between particles of the same
charge leads to a decrease of viscosity and an improved injectability. [537] This effect was
already described for citric acid and sodium citrate, respectively, in both brushite and apatite
forming cements. [340, 537] Unfortunately, the application of citric acid can also have some
drawbacks. For instance, previous studies indicated that the addition of citric acid was
detrimental for cell attachment and the degradation of the cement in vivo. [692, 693] Therefore,
the development of alternatives is of interest. A rather new approach is the application of phytic
acid (IP6), which was already demonstrated to be cytocompatible and effective as a setting
retarder in brushite cement. [541] While the effect of IP6 on cement setting, combined with a
detailed study of cement paste rheology, was already analyzed in detail for a brushite cement
[694], according to our knowledge no apatite cements modified with IP6 derivates were

investigated so far.

Hence, the aim of the present study was the development of an injectable CDHA-forming
cement based on a-TCP, which might open up new fields for application. Fine grained CDHA
was added as a filler to adjust a bimodal grain size distribution. As the addition of phytic acid
might result in a pH too low for CDHA formation, sodium phytate was added instead in variable
amounts to investigate its effect on cement injectability and rheology. Furthermore, the
influence of the additive on cement hydration at two different temperatures was investigated
in detail using isothermal calorimetry and quantitative X-ray diffraction (XRD), since previous
studies indicated a general acceleration of the hydration reaction with an increasing
temperature through the application of isothermal calorimetry. [191, 193, 695] A detailed
understanding of the hydration process is an essential prerequisite for the targeted

development of bone cements for clinical applications.
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3.3 Results

3.3.1 Characterization of Powder Samples

Particle Size Distribution and Specific Surface Area

The CDHA powder showed a bimodal particle size distribution, with maxima at particle sizes
of 0.8 and 2.6 um. The particle size distribution of «—~TCP was unimodal with a maximum at
20 pum, while grain sizes reached down to 0.3 um. Figure 13 and the D, values (Table 3) indicate

that the CDHA powder was basically finer than the a-TCP powder.
Quantitative Phase Composition

The o-TCP starting powder was composed of 86 + 1 wt.% crystalline a-TCP, 2.9 + 0.1 wt.%
B-TCP and 1 + 1 wt.% amorphous TCP (ATCP). The G-factor quantification of the fine milled
CDHA powder resulted in a crystalline CDHA content of 98.5 + 0.7 wt.%, which means that
practically no amorphization of CDHA had occurred during the wet milling procedure. For the
model ellipsoid used to refine the anisotropic crystallinity of CDHA, values of
rx=5.73+0.04nm and rz=16.5+0.8nm were obtained, which corresponds to a "true

crystallite size" (True CS) of 13.1 + 0.3 nm. A microstrain of 0.28 + 0.02 was obtained.
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Table 3. Dy values obtained by laser diffraction and BET surface areas of «-TCP and CDHA; the
values are the means of three independent preparations, while for the laser diffraction ten
measurement runs were performed for each preparation; the errors represent the standard
deviations of the three preparations.

Parameter a-TCP CDHA
Dvio [pum] 1.6 + 0.1 0.73 = 0.02
Dvso [pm] 1.3+ 0.8 2.3+0.1
Dvgo [pm] 35+1 10+5
BET surface area [m?/g] 0.86 + 0.06 34 £ 4

Volume [%]
T

1 10 10
Particle size [um]

Figure 13. Particle size distribution of a-TCP and CDHA, determined by laser diffraction using
isopropyl alcohol as a lubricant; the means of three independently prepared measurements are
presented; the error bars represent the standard deviation.
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Zeta Potential

The surface charge of these powders in deionized water and a sodium phytate solution is
shown in Figure 14. It can be seen that the surface charge is much less negative in pure water
or even slightly positive for the 9:1 powder mixture, compared to the sodium phytate solution.
With the addition of sodium phytate in the solution, the surface charge decreased vastly by
about 35 to 40 mV from -20 t 1mV to -55 + 1mV, -8 + 1mV to -48 + imV and 3 + o mV to —40

+1mV for a-TCP, CDHA and the mixture, respectively.

10 -
0 -

—-10 -

=

E

T -20 -

c

Qo

& -30-

_.(E

Q

N 40 4 :
04 J+H0

7]+ Na-Phytate
60 : | |
CDHA a-TCP CDHA 9/1

a-TCP

Figure 14. Surface charge of a-TCP, CDHA and a a-TCP/ CDHA mixture in water and a 0.002 M
sodium phytate solution determined by the zeta potential measurement. Every powder was
prepared independently three times, and the error bars represent the standard deviation.
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3.3.2 Cement Paste Characterization

Viscosity

As shown in Figure 15, the pastes show a clear shear thinning behaviour in the early stages of
the reaction. The reference Phy_o.00 was not measurable, as the paste was already too thick to
be prepared for the rheometer. It can be seen that the added phytate has no significant
increasing liquefying effect with an increasing amount in the paste. In contrast to this, a
temperature increase from 23 °C to 37 °C has a strong effect. This is shown by the fast viscosity
increase after the initial shear thinning period for the samples at 37 °C, compared to the slower
increase for the 23 °C samples. When the sample surface is partially hardened, the measurement
system can detach from the sample, which leads initially to a decrease in the measured viscosity

until it attaches again.

- Measurement system detachment -
104 4 : =TT
__/-,'_-- 1 ) PN j.\ .
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o ‘ .,.-..r’__f,. s A PR ‘“'\f -\Ij ¥a¥ VRY, \j
I [ ,'.‘I\‘Jl'f'\“r"l f\l AIy \.jl" ! '\,' ‘,,' (AR . )
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> ]
‘®
o
O
R
=
107 4 Q
] — Phy_0.25 23°C
—-—- Phy_0.25 37°C
—— Phy_1.00 23°C
—-—- Phy_1.00 37°C
101""I""I""I""I""I""I
0 5 10 15 20 25 30
Time [s]

Figure 15. The paste viscosity development of the samples Phy_o.25 (black) and Phy_1.00 (blue)
at 23 °C (line) and 37 °C (dotted line). The reference Phy_o.00 was not measurable. Every sample
was prepared three times independently, and one representative curve is shown.
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Injectability

The reference paste Phy_o.00, without additional modification, showed a poor injectability
after all three time points (Figure 16). The amount injected is mostly due to filter pressing. With
30% and less it is at least three times lower than that of all of the IP6 containing mixtures. All
of them are shown to be fully injectable, as the last 10% that are missing stay in the needle when
the syringe plunger reaches the end of the syringe. The injectability also does not change if the
pastes can set for a longer time. These results show a significant improvement in the paste

injectability, even with low amounts of 0.25 wt.% additional sodium phytate.

100 -

Injectability [%]

0.00|0.25|0.50 0.75|1 .00| |0.00]0.25(0.50 0.75[1 .00| 10.00/0.25(0.50 0.75|1 .00
2min 5 min 10 min

Figure 16. Injectability of all five paste formulations (Phy_o.oo - Phy_1.00) 2, 5 and 10 min after
the powder and liquid mixing. Every sample has been prepared three times, and the error bars
represent the standard deviation.
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3.3.3 Hydration Reaction

Heat Flow Calorimetry

The calorimetry curves obtained at 23 °C (Figure 17 a) mainly exhibited three maxima: The
initial heat flow already measured after a few min was followed by a sharp second maximum.
Then, a third maximum occurred, which was flat and broad for all samples. While the position
of the initial maximum was practically identical for all cement compositions, the maximum
initial heat flow was higher for the samples containing phytate. The positions of both the second
and the third maxima were shifted to later time points with an increasing phytate content.
While the height of the second maximum decreased with a rising phytate content for Phy_o.oo,
Phy_o.25 and Phy_o.50, it increased again for Phy_o.75. The maxima of Phy_o.00 and Phy_o.25
were also sharper than those with higher phytate concentrations. The second maximum of pure
o~TCP occurred later than that of the CDHA containing reference Phy_o.00, and the maximum
heat flow that was reached was also far lower. For all of the samples, the measurements were

well reproducible.

The total heat release measured until the completion of hydration varied in the range of
56 + 6 J/gpowder (Phy_0.75) to 70 % 2 J/gpowder (Phy_0.25) for the samples containing CDHA. No

systematic correlation between the phytate content and total heat release was observed.

At 37 °C, only one heat flow maximum was visible for the samples without a phytate addition
(Figure 17 b). Sample Phy_o.25 showed two maxima: A small shoulder followed the sharp initial
maximum. The samples with a higher phytate content exhibited three maxima, including the
initial one. Here, the position of the second and third maximum was increasingly postponed
with an increasing phytate content. In Phy_1.00, the heat flow completely decreased to zero and
even reached slightly negative values after the initial maximum. This induction period lasted
about 10 h. The measurements with IP6 concentrations up to 0.5 wt.% were well reproducible,
while the reproducibility was lower for higher IP6 concentrations. For example, for Phy_1.00,
the position of the second maximum varied from 9.6 to 1.5 h. As for 23 °C, no systematic

correlation between the total heat release and the phytate content was observed.
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Figure 17. The calorimetry results of the samples composed of a-TCP and CDHA (weight ratio
9:1) with different amounts of sodium phytate; a 0.2 M Na.HPO, solution was used as the mixing
liquid with an L/P of 0.3 ml/gpowder. The measurements were performed at (a) T = 23 °C and (b)
T = 37 °C; three independent measurements were run for each sample; one representative curve is
shown for Phy_o.75 at T = 23 °C and for Phy_o.50, Phy_o.75 and Phy_1.00 at 37 °C, and for the
other samples the mean of three independent measurements is presented.
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pH Development

While the 0.2 M Na,HPO, solution was slightly basic with a pH of 9.07, the pH decreased with
an increasing sodium phytate addition (Figure 18a), until it reached a value of 6.16 + 0.02 for
an addition of 2 wt.% sodium phytate. In Phy_o.00, a continuous decrease of the pH was
observed immediately from the beginning (Figure 18b). After 8 h, a pH of 7.52 + 0.03 was
measured, while the initial pH (8.96 + 0.05) was very close to that of the pure 0.2 M Na,HPO,
mixing liquid (9.07). In Phy_o.25, the starting pH was lower with 7.85 + 0.01, but close to that
of the mixing liquid containing the corresponding amount of sodium phytate (8.12 + 0.04).
Contrary to Phy_o.00, the pH of the cement paste in Phy_o.25 increased until 2 h after mixing,
reaching a small plateau at a pH of 8.62 + 0.05. After about 2.5 h, the pH started to decrease,

similar to Phy_o.oo0.

- 9.2
a) 92 b) oo Phy_0.00
8.8 e A Phy 0.25
g ¥
8.4 {4 * A
8.6 A A
870_I 8.4 @
T T 82 v A
S 7.6 . o z
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7.2 - 788 v & A
6.8 1 Ve 7.6 e o o A
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6.4 751
6.0 . . . i 7.0 —_—
0.0 0.5 1.0 15 2.0 0 1 2 3 4 5 6 7 8 9 10
wt.% sodium phytate Hydration time [h]

Figure 18. The pH measurements of (a) 0.2 M Na,HPO, aqueous solutions containing variable
amounts of sodium phytate (wt.% related to the powder content of the corresponding cement
pastes) and (b) cements composed of a-TCP and CDHA (weight ratio 9:1) with o and 0.25 wt.%
sodium phytate; a 0.2 M Na,HPO, aqueous solution was used as the mixing liquid with an L/P of
1.2 ml/gpowder. The measurements were performed at T = 37 °C; three independent measurements
were run for each sample, and the error bars represent the standard deviation.
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In-situ XRD

Measurements at 37 °C : The dissolution of crystalline a—TCP already started after about 0.25 h
in a-TCP and Phy_o.o00, while it was delayed to o.5 h for Phy_o.25 and to 2 h for Phy_o.5.
(Figure 19) An artefact of the initial increase of the a-TCP content was observed for all samples,
while it was more pronounced for higher IP6 contents. This effect most likely results from the
disappearance of a water film that might have been present at the beginning of the
measurement, especially since the pastes with sodium phytate were rather liquid after
preparation. A rapid increase of the CDHA content was observed since the beginning in «a-TCP,
Phy_o.00 and Phy_o.25, whereas it only started after 0.5 h in Phy_o.50. The increase became
more rapid after about 2 h. A slight CDHA formation and crystalline a-TCP dissolution was
measured until the end of the measurement time after 24 h for all samples that were
investigated. The formation of minor amounts of OCP was detected in all samples, except

o-TCP.

Measurements at 23 °C: At 23 °C, no OCP formation was detected in all of the samples
investigated during the 48 h of measurement. Only the transformation of a-TCP to CDHA
occurred, while the degree of hydration reached after 48 h was higher for both samples
containing phytate (Figure 20). It further became evident that the dissolution of a-TCP was
slower in these samples, compared to Phy_o.00. While the hydration reaction slowed down
noticeably after about 25 h in all cases, the reaction still proceeded to a slight extent until the
completion of the measurement in the phytate containing samples. In Phy_o.00, the contents

of both a—TCP and CDHA reached a constant level at the end.
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Figure 19. The quantitative in-situ XRD results of samples composed of a-TCP and CDHA
(weight ratio 9:1) with different amounts of sodium phytate; a 0.2 M Na,HPO, aqueous solution
was used as the mixing liquid with an L/P of 0.3 ml/gpowder. The measurements were performed at
T = 37 °C; three independent measurements were run for each sample, and the error bars represent
the standard deviation; the data were corrected for the water loss occurring during the
measurement.
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Figure 20. The quantitative in-situ XRD results of samples composed of a-TCP and CDHA
(weight ratio 9:1) with different amounts of sodium phytate; a 0.2 M Na,HPO, aqueous solution
was used as the mixing liquid with an L/P of 0.3 ml/gpowder. The measurements were performed at
T = 23 °C; three independent measurements were run for each sample, and the error bars represent
the standard deviation.
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3.3.4 Characterization of Hydration Products

XRD of Hardened, Polished Samples

Samples stored at 37 °C: After 1 d of hydration, OCP was detected in small amounts in all
samples except pure a-TCP (Table 4). The CDHA content after 1 d was identical for a-TCP,
Phy_o.00 and Phy_o.50 within the error range, while it was significantly lower for Phy_1.00.
Accordingly, the amount of remaining a-TCP was significantly higher for Phy_1.00. After 7 d, a
further increase of CDHA quantities compared to 1 d was observed for all samples, though the
difference was not significant for Phy_1.00. While no significant differences were observed
between oa~TCP, Phy_o.00 and Phy_o.50 for both «-TCP and CDHA, the CDHA content was
still far lower for Phy_1.00, compared to the other samples. As for 1 d, OCP was detected in all
samples except o-TCP, while the quantity increased in the range of Phy o.50,

Phy_o.00/Phy_2.00 and Phy_1.00.

The degree of hydration (defined as the percentage of TCP phases (ATCP + a~TCP) that have
reacted) in the samples stored for 1 d, was compared to that reached in the in-situ XRD
measurements after 1 d of hydration. It was evident that the hydration proceeded to a higher
extent in the storage samples for Phy_o.00 and slightly for Phy_o.50, while no significant

difference was observed for a-TCP.
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Table 4. The quantitative phase composition and degree of hydration of samples composed of
a-TCP and CDHA (weight ratio 9:1) with different amounts of sodium phytate after 1d and 7 d of
hydration; a 0.2 M Na,HPO, aqueous solution was used as the mixing liquid with an L/P of
0.3 ml/gpowder; the samples were stored at 37 °C.

wt.% o-TCP wt.% CDHA wt.% OCP Degree of hydration [%)]
Hydration In-situ
1d 7d 1d 7d 1d 7d 1d 7d
time 1d
o-TCP 201 9t1 50 + 2 61+1 o o 72+1 87+1 71x1

Phy_o.00 16 +1 10 + 2 476 56+4 25*0.4 2003 72+£3 83+3 56 + 4
Phy_o.50 20+ 2 6+2 49 2 60 1 3.0t11 0.5*0.8 68 £3 90 £ 3 62 +1

Phy_1.00 33+3 28+9 316 37+t9 19+0.4 3.6t04 44 7 54 14 -

Phy_2.00 - 175 - 44 7 - 2.2+0.4 - -
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A further increase of the crystallite size True CS was only observed for Phy_o.50 from1dto7d
(Table 5). The aspect ratio rz/rx was practically identical for all samples expect a-TCP, and

slightly higher than that in the CDHA added as starting powder.

Table 5. True CS and aspect ratio rz/rx of CDHA crystallites in storage samples after 1d and 7 d
of hydration; a 0.2 M Na,HPO, solution was used as the mixing liquid with an L/P of 0.3 ml/gpowder;
the samples were stored at 37 °C.

True CS [nm] Aspect ratio rz/rx

Hydration time 1d 7d 1d 7d
CDHA powder 13.1+ 0.2 13.1+ 0.2 2.9 0.1 2.9+ 0.1
a-TCP 14.1+ 0.2 14.8 £ 0.7 5.3 £ 0.5 5.4 0.4
Phy_o.00 13.8 £ 0.6 151+ 0.8 3.6 £ 0.2 3.5+ 0.4
Phy_o.50 1.4 £ 0.4 16.2 + 0.8 3.6 £ 0.1 4.5+ 0.4
Phy_1.00 10 £ 2 10.1+ 0.2 3.4 = 0.1 3.6 £ 0.1
Phy_2.00 - 9.5+ 0.6 - 3.0 £ 0.1

Samples stored at 23 °C: For all of the samples investigated, a continuous decrease of the «-TCP
content was observed up to 7 d (Table 6). While in the samples stored for 1 d or 2 d the a-TCP
content was still significantly higher and the CDHA content was lower in Phy_1.00, compared
to the other two samples, nearly no differences were observed anymore after 4 d and 7 d. No
crystalline OCP was detected in all of the samples that were hydrated for 1 d and 2 d. Indeed,
the main XRD reflection of OCP was clearly visible in the diffraction patterns of the samples
stored for 4 d and 7 d. Accordingly, OCP could be quantified in all of these samples. The degree
of hydration in the samples stored at 23 °C continuously increased up to a hydration time of 7
d (Table 7). While it was lower for Phy_1.00, compared to the other two samples, after 1 d and

2 d, similar values were obtained for all three samples after 4 d and 7 d.
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Table 6. The quantitative phase composition of samples composed of a-TCP and CDHA
(weight ratio 9:1) with different amounts of sodium phytate after1d, 2 d, 4 d and 7 d of hydration;

a 0.2 M Na,HPO, aqueous solution was used as the mixing liquid with an L/P of 0.3 ml/gpowder; the
samples were stored at 23 °C.

wt.% o-TCP wt.% CDHA wt.% OCP
Hydration
1d 2d 4d 7d 1d 2d 4d 7d 1d 2d 4d 7d
time
34+ 30+ 23+ 16+ 36+ 63+ 64+ 58= 41+ 2.0
Phy_o.00 0 0
4 1 1 1 1 1 2 4 0.2 *0.2
390+ 32+ 22* 13+ 36 64 61+ 57% 3.7+ 1.8+
Phy_o.50 0 0
3 2 1 2 2 5 3 7 0.4 0.6
58+ 41+ 21+ 15% 150 49* 56 60z 0.9
Phy_1.00 o) o) 4+1
4 3 5 3 +05 4 1 2 +0.1

Table 7. The degree of hydration of samples composed of a-TCP and CDHA (weight ratio 9:1)
with different amounts of sodium phytate after1d, 2 d, 4 d and 7 d of hydration; a 0.2 M Na.HPO,

aqueous solution was used as the mixing liquid with an L/P of 0.3 ml/gpowder; the samples were
stored at 23 °C.

Storage samples In-situ
Hydration
1d 2d 4d 7d 1d 2d
time
76 38 +
Phy o.00 463 641 72%1 34+3
1 4
8o + 51
Phy o.50 43t4 631 72%1 44 £1
1 1
78 + 50 +
Phy 1.00 12+2 49+1 715 42 =2
4 1
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A slight increase of the crystallite size True CS from 1 d up to 4 d of hydration was observed
for Phy_o.00 and Phy_o.50 (Table 8). For Phy_1.00, a decrease of True CS was measured from
1d to 2 d, but the differences were within the error range. After 7 d, only marginal differences
in True CS could be detected between the different samples. The aspect ratio rz/rx was also

comparable for all samples after 7 d. While the values obtained after 1 d differed from the others,

after 2 d a constant level was reached.

Table 8. True CS and aspect ratio rz/rx of CDHA crystallites in the storage samples after1d, 2 d,
4 d and 7 d of hydration; a 0.2 M Na.HPO, solution was used as the mixing liquid with an L/P of
0.3 ml/gpowder; the samples were stored at 37 °C.

True CS [nm] Aspect ratio rz/rx
Hydration
1d 2d 4d 7d 1d 2d 4d 7d
time
10.4 + 11.0 + 12.0 + 2.1+ 4.2 % 3.5+ 3.4+ 3.3
Phy_o.00
0.8 0.4 0.4 0.1 0.4 0.2 0.3 0.3
9.0 + 9.8 + 1.0 + 1.2+ 4.5+ 3.8+ 3.9+ 3.6+
Phy_o.50
0.4 0.3 0.3 0.2 0.2 0.1 0.1 0.2
81+ 10.7 £ 2.7 % 3.9+ 3.9+ 3.8+
Phy_1.00 9t1 12+1
0.3 0.3 0.5 0.1 0.2 0.3
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Compressive Strength

Figure 21 shows the compressive strength (CS) of the prepared cement cuboids after storage
at 37 °C and 100% humidity. It can be seen that the formulation Phy_o.0o0, without the addition
of sodium phytate, initially has a lower CS of 21 MPa compared to the formulation Phy_o.25
with 25 MPa. All other formulations show a significant lower CS with 8, 4 and 0.5 MPa for the
samples Phy_o.50, Phy_o.75 and Phy_1.00, respectively. After 6 more days of storage, the CS of
the samples Phy_o.25 remained at about 25 MPa, and the CS of Phy_o.00 rose to the same CS.
The CS for Phy_o.50, Phy_o.75 and Phy_1.00 also increased to the respective values 16, 15.5 and
9 MPa.

w
o
I

N
o
1

=y
o
1

Compressive strength [MPa]

—
7d 1d 7d 1d 7d 1d 7d 1d | 7d

0.00 0.25 0.50 0.75 1.00

1d

Figure 21. The compressive strength of all five paste formulations (0.00-1.00) after 1d and 7 d at
37 °C and 100% humidity. Every sample has been prepared independently at least g times, and the
error bars represent the standard deviation.
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Porosity

The porosimetry data presented in Figure 22 (left for 1 d and right for 7 d) and Table 9 show
the effects of the sodium phytate addition as well as the effect of the storage time on the
development of pores of different sizes and volume. The overall total pore volume accessible by
Hg porosimetry decreased during the storage of the samples Phy_o.00, Phy_o.25 and Phy_o.50
from 37% to 26%, 46% to 21% and 45% to 22%, respectively. The total porosity for the sample
Phy_o.75 remains roughly the same over the 7 d of storage. The sample Phy_o.75 shows an
increase in the total pore volume, and Phy_1.00 is not hardened after 1 d. The shrinkage of the
pores can be best seen in the sample Phy_o.00, where the average diameter halves from 0.06 pm
to 0.03 um, but this is also present in other samples. With the addition of sodium phytate, the
overall pore size after 1 d gets decreased at first from a bimodal distribution with two maxima
at 0.03 pm and o.1 pm for Phy_o.00 to a nearly monomodal distribution with a maximum at 0.1
pm and a small shoulder at 1 pm for the sample Phy_o.25. Nearly the same distribution is seen
in the sample Phy_o.50, which is very similar to Phy_o.00 regarding the bimodal distribution.
Phy_o.75 shows a higher number of smaller pores, which have their maximum at 0.28 pm. The
total pore volume seems to be independent of the amount of added sodium phytate, as it is

mostly regulated by the liquid content, which is equal throughout all of the samples.

The delayed precipitation reaction can also be observed via the SEM. In Figure 23 the crystals
for Phy_o.00 and the mixtures Phy_o.25, Phy_o.50 and Phy_1.00 are shown side by side after 1 d
and 7 d of hydration. After 1 d, it can clearly be seen that the sample with the least amount of
phytate shows no apparent difference to Phy_o.00. Both samples show plate-like crystals with
a size of just under 3 pm. The mixture Phy_o.50 shows very small crystals, and Phy_1.00 does
not show any distinguishable crystals at all. After 7 d, the crystals in Phy_o.00 and Phy_o.25
have grown larger and have become heavily entangled. Now, in Phy_o.50 and Phy_1.00 crystals

with sizes of up to 1 pm can also be seen.
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Table 9. The total pore volume, porosity and average pore size of all samples stored for 1 d and
7 d at 37 °C and 100% humidity, measured by Hg-porosimetry.

Storage
Parameter Phy_o.00 Phy_o.25 Phy_ o.50 Phy_o75 Phy_1.00
time
Total pore 1d 0.17 0.21 0.19 0.12 -
volume
7d 0.13 o.1 0.10 0.8 0.14
[cm3/g]
Total 1d 37 46 45 30 -
porosity
7d 26 21 22 32 25
[%]
Average 1d 0.06 0.05 0.03 0.05 -
pore size
7d 0.03 0.04 0.05 0.04 0.05
(um]
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Figure 22. The pore diameter distribution and total porosity of all mixtures after (left) 1 d and

(right) 7 d of hydration at 37
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SEM Images

Phy_0.50 1d

Phy_1.00 1d

Figure 23. CDHA -crystals of the mixtures Phy_o.00, Phy_o.25, Phy_o.50 and Phy_1.00 grown for
1d and 7 d at 37 °C and 100% humidity, visualized with the SEM. All samples have been observed
on different areas, and representative images were selected for presentation.

3.4 Discussion

Effect of CDHA Filler on the Hydration

A comparison of the hydration of Phy_o.0o (weight ratio «-TCP/CDHA = 9:1) with the pure
o-TCP powder demonstrated that the CDHA had an accelerating effect on the hydration. This
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was clearly visible in the calorimetry measurements performed at 23 °C and it was slightly visible
at 37 °C. The fine CDHA powder most likely acts as a nucleation site during the cement

hydration. [417]

Effect of Sodium Phytate on the Setting Mechanism of the Cement

The calorimetry measurements indicated that all samples, including those containing sodium
phytate, showed the typical reaction mechanism established for «-TCP containing ATCP. [696]
An amount of 11 1 wt.% of ATCP were present in the a—TCP starting powder used in this study.
The hydration of ATCP, indicated by a sharp maximum in the calorimetry measurements, is
followed by a slower reaction of the crystalline a~TCP. This is supported by the in-situ XRD
data, where the CDHA formation started earlier than the dissolution of crystalline a-TCP. In
the not retarded mixtures «—-TCP and Phy_o.00, ATCP hydration most likely proceeded so fast
that this reaction cannot be separated from the initial heat flow resulting from the mixing of
the cement paste. The shift of the second, small calorimetry maximum observed for the phytate-
containing samples corresponds well to the retarded a~TCP dissolution measured by the in-situ

XRD.

Sodium phytate was proven to have a strong retarding effect on the hydration of a-TCP, even
in small concentrations below 1 wt.%. Higher concentrations (Phy_o.75 at 23 °C and Phy _1.00 at
37 °C) even resulted in a real induction period. This means that the hydration of the highly
reactive ATCP was also fully impeded during an induction period of about 10 h in Phy_1.00. As
expected, the reaction was generally accelerated by increasing the temperature from 23 °C to

37 °C for all cement compositions, while the general reaction kinetics remained the same.

In order to further clarify the hydration mechanism, the pH measurements were performed
and correlated to the in-situ XRD measurements. The continuous decrease of the pH observed
for Phy_o.00 could be clearly related to the in-situ XRD measurement performed at 37 °C, where
the a~TCP dissolution and CDHA formation were observed from the beginning (Figure 19).
The pH resulting from the dissolution of a-TCP in deionized water was determined to be
around 9.2 at 37.4 °C [191] and 9.6 [354] in other studies, respectively; hence, «-TCP shows an
alkaline reaction. During the formation of CDHA, the ions released from the dissolution of
ATCP and o-TCP are consumed according to Eq.( 12 ). This is taking into account that the
H.PO, and HPO,>" species are present at the pH conditions in the cement pastes that were

investigated, while the ratio of these species depends on the exact pH. [697]
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9 Ca*" + x HPO,* + (6 - x) H.PO, + (12-x) OH" —

Eq.(12)
Ca,(PO,)s(HPO,)OH + (11 - x) H,O (0o<x<6)

Reaction (5) results in a decrease of the pH toward more neutral values due to the precipitation
of CDHA, which involves the consumption of OH™ ions. This was observed in the current

measurements and also reported from other investigations. [193, 695]

A clear difference was noticed for the phytate containing sample, where an initial increase of
the pH was measured. Here, a neutralization reaction between the slightly acidic phytate and
the alkaline ions resulting from the dissolution of ATCP and a~TCP might occur, with the result
that the pH of the solution approaches that of the initial Na,HPO, solution. Then, due to the
precipitation of CDHA, the equilibrium pH is reached, as in the reference. After the completion

of the reaction, the pH is close to neutral in both cases.

As the pH of the mixing liquid decreased with an increasing sodium phytate concentration,
this factor might have affected the speed of the hydration reaction, since the ratio of the H,PO,"
and HPO,> species is affected by the pH. Actually, the pH of the mixing liquid was reported to
mainly have an effect on the initial part of the hydration reaction, which occurred earlier for
lower pH values. [417] Contrary to this, in the present study a decrease in the pH due to the
phytate addition resulted in a retardation of the setting reaction. Therefore, it is unlikely that
the pH is the relevant factor explaining the setting retardation. Another explanation might be
a decrease of the availability of free Ca** ions through the formation of chelate complexes with
the phytate [545], which would impede the precipitation of CDHA. Thus, the retarding effect

can be compared to that of phytic acid in brushite cement. [541, 694]

The storage samples hydrated at 37 °C did not show a systematic relation between the phytate
content and the amount of OCP formed in the sample. Sample Phy_2.00, which should have
shown the highest OCP formation, was well within the content of the other samples. These
observations suggest that the OCP formation in relation to CDHA is not significantly affected
by the phytate addition and the variation of the phytate content. Interestingly, at 23 °C, OCP
was only detected after 4 d and 7 d for all of the investigated samples (Phy_o.00. Phy_o.50 and
Phy_1.00). Therefore, it can be concluded that the OCP formation started later than the CDHA

formation at a lower temperature of 23 °C.

OCP, whose crystal structure has similarities to that of hydroxyapatite [698], is frequently

reported as a transient intermediate in the formation of the more stable apatite from
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solution. [699] In the present study, no decrease of the OCP content was observed in the in-situ
XRD measurements during the respective measurement time. Additionally, as mentioned
earlier, the formation of OCP occurred later than the CDHA formation at 23 °C, which means
that OCP does not act as a typical precursor in these cases, but rather forms as a by-product
during the CDHA formation. Still, it should be kept in mind here that XRD is only sensitive to
crystalline phases and hence it might be possible that an amorphous precursor of OCP is already

formed earlier, as it is also reported in the literature. [700]

As only a few wt.% of OCP were present in the samples that were here investigated, it is
expected not to have any pronounced effect on the biological performance of the hardened
cements. If any effect at all would be present, it is expected to be a positive one, as OCP is

reported to have a promoting effect on bone formation. [701]

The quantitative XRD investigations of the storage samples demonstrated that at 23 °C, the
phase composition obtained after 7 d was similar for all phytate concentrations that were
investigated, while significant differences were obtained for the samples stored at 37 °C.
Therefore, it appears that at 37 °C, the phytate reduces the overall extent of the reaction when

a content of 0.5 wt.% is exceeded. Interestingly, this is not the case at 23 °C.

The crystallinity (size of coherent scattering domains) of the CDHA formed after hydration
was not noticeably affected by the addition of sodium phytate. In other studies, the crystallite
sizes of CDHA resulting from a~TCP hydration were remarkably affected by certain parameters,
like the particle size [413] or amorphous content of the starting powder. [372, 696] Here, the
authors explained this by the acceleration of the hydration by either the reduction of the particle
size or an increasing amorphous content. A faster reaction leads to a higher degree of
supersaturation of the solution, which favours nuclei formation and hence the precipitation of
smaller crystals. [372] Apparently, this was not the case for the phytate-containing samples
investigated in this study - otherwise, the phytate containing samples would have achieved
higher CDHA crystallinities. Instead, at 37 °C, phytate concentrations of 1 and 2 wt.% slightly
reduced the crystallite sizes, which correlates with the reduced degree of hydration observed in
these samples. Hence, there are indications that phytate in higher concentrations has an

impeding effect on CDHA crystallite growth.

The SEM images after 1 d and 7 d reveal a clear reduction of the CDHA crystal size for phytate
concentrations exceeding o0.25 wt%. Hence, the growth of CDHA crystals is impeded by the
phytate, while the crystallites detected by XRD are only affected to a minor extend. As the

crystal size is in the range of a few pum, while the crystallites are only between 10 and 20 nm, it
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is obvious that the crystals visible under SEM are mosaic crystals composed of several

crystallites. [702]
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Effect of Sodium Phytate on the Processability

The addition of sodium phytate resulted in a more negative zeta potential. A similar
observation was made for brushite cement modified with phytic acid in a previous study. [694]
This is well in accordance with the earlier studies of Takahashi et al.. [703] The phytate has six
phosphate groups, which result in a strong negative surface charge, when the phytate reacts
with the free calcium near the cement particle surface. This change in the overall surface charge
of the powder is believed to enhance the particle dispersion and inhibit aggregate formation
due to the mutual repulsion of the particles. [545] In a previous study [702], the amount of
sodium phytate could be correlated with the initial paste viscosity, but the measurements here
do not show this trend. This might be due to the fact that the system is already saturated with
only 0.25 wt.% sodium phytate, which is also backed by the injectability tests. Here, a significant
improvement in injectability can be seen with the addition of 0.25 wt.% sodium phytate, but no
further improvement result from higher amounts, even at later time points of 5 and 10 min after
mixing. Nevertheless, just like in the previous study, the paste stays injectable for significantly
longer with sodium phytate. This can be explained by the chelate complex formation between
Ca** ions and the phosphate groups of the IP6, which are likely less soluble than «-TCP. In
addition, the complex formation additionally slows down the solution/precipitation cement
reaction by decreasing the availability of free calcium ions. [549, 703, 704] This leads to a delayed
rise in paste viscosity and also provides a good explanation for the strong retarding effect on
cement hydration, as it was clearly demonstrated in this study. The most impactful factor
controlling the paste viscosity seems to be the reaction temperature. With an increase from 23
°C to 37 °C, the early viscosity increase is hugely accelerated. Again, there is no noticeable

difference with a higher amount of sodium phytate.
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Effect of Sodium Phytate on the Mechanical Properties

The delay in the reaction is also visible in the compressive strength measurements. Here, a
sodium phytate content higher than o0.25 wt.% resulted in very low compressive strengths after
1d and only slightly higher ones after 7 d. This is due to the fact that the reaction progresses
less with more sodium phytate. The samples Phy_o0.00 - Phy_o.75 show about the same initial
porosity of approx. 40 %. This can be explained by the fact that the porosity is mostly regulated
by the amount of liquid added to the system, and this is kept constant throughout all samples.
The remarkable decrease of the total pore volume measured for samples containing up to
0.5 wt.% phytate appears surprising. As the densities of «-TCP and CDHA (2.86 g/cm3 and
3.13 g/cm3, respectively) are very similar, the total volume of the solid content is not expected
to increase during hydration. The total pore volume might be reduced due to the shrinkage of
the samples as a result of drying. Still, since the samples were stored at 100 % humidity, this
effect can be excluded in this study. As a shift of the pore size distribution toward smaller
diameters was observed, it is likely that the formation of CDHA crystals inside the pores led to
the separation of pores into smaller ones. During this process, parts of the pore space might
have been closed. These closed pores are not accessible by Hg porosity measurements, which
would explain the apparent reduction of the total pore volume. Parts of the pores might also be
so small that the limit of the measurement technique is reached. No direct correlation between

the pore size and distribution, and the amount of added sodium phytate can be made.
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3.5 Conclusions

Sodium phytate was proven to be a versatile additive for the development of an apatite cement
with excellent injectability. An amount of 0.25 wt.% was already sufficient to achieve maximum
injectability. The increase in injectability could be related to a decrease in the particles’ zeta
potential. While a phytate amount of 1 wt.% had a drastic retarding effect on cement hydration,
0.25 wt.% of phytate only slightly affected the setting kinetics. Furthermore, this low amount of
the additive had nearly no influence on the final phase composition, compressive strength, the
XRD crystallinity and the crystal size of the CDHA after hardening. Therefore, a sodium phytate
concentration of 0.25 wt.% can be considered as optimum for achieving a CDHA-forming
cement with an optimum injectability without negatively affecting other properties at the
physiological temperature of 37 °C. Higher concentrations are not recommended due to the

intense retarding effect on cement setting.
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4.1 Abstract

Calcium phosphate cements composed of B-tricalcium phosphate (8-TCP) and phosphoric

acid were modified by addition of 5, 10, 12.5, 15 and 20 wt% phytic acid (IP6) related to the B-TCP
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content and compared to a reference containing 0.5 M citric acid monohydrate solution as
setting regulator. The hydration reaction of these cements was investigated by isothermal
calorimetry and in-situ X-ray diffraction at 23 °Cand 37 °C. The cements were further
characterized with respect to their injectability, rheology, zetapotential and time-resolved
compressive strength development. Injectability was strongly improved by IP6 addition, while
the maximum effect was already reached by the addition of 5 wt% IP6. This could be clearly
related to an increase of the negative zeta potential leading to a mutual repulsion of cement
particles. A further increase of the IP6 content had a detrimental effect on initial paste viscosity
and shifted the gelation point to earlier time points. IP6 was further proven to act as a retarder
for the cement setting reaction, whereas the effect was stronger for higher IP6concentrations.
Additionally, IP6 favoured the formation of monetite instead of brushite and a better

mechanical performance compared to the IP6 free reference cement.
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4.2 Introduction

Brushite (CaHPO4-2H20) forming biocements have an improved bone regeneration capacity
compared to their apatite forming counterparts [705, 706]. This stems from the higher solubility
of brushite under physiological conditions, which enables not only resorption by osteoclastic
cells, but also by simple chemical dissolution [707]. Brushite cement setting requires an acidic
pH in the cement paste, which is usually adjusted by either using acidic calcium phosphate raw
materials (e.g. monocalcium phosphate anhydrate (MCPA) or monocalcium phosphate
monohydrate (MCPM)) [708] or by modifying the cement liquid with ortho- or pyrophosphoric
acid [709]. Since the rate of crystal growth of brushite is high [710], setting retarders have to be
applied to increase the setting time to clinically acceptable values of 5-10 min. Amongst the
commonly used retarders such as citrates or pyrophosphates [360], phytic acid (Inositol-6-
phosphate, IP6) has been recently described as such a setting modifier [541], whereby the
influence of IP6 on the hydration mechanism and setting kinetics of brushite cements is
unclear. Phytic acid has six protonated phosphate groups, which have the effect of both creating
a low pH and the complexation of divalent cations such as Mg** or Ca*>*. The latter property was
recently explored for cement formation from tricalcium phosphate and trimagnesium
phosphate by a chelate setting mechanism [545, 711]. In addition, changes of zetapotential by
adsorption of negatively charged phytate ions may lead to a mutual repulsion of cement
particles and hence influence particle dissolution and alter rheological cement properties
similar to the effect described for citric acid [537]. This study aims to investigate in detail the
effect of phytic acid as setting retarder in brushite forming cements based on mixtures of f3-
tricalcium phosphate (3-TCP) and phosphoric acid. Here, an in-situ X-ray diffraction set-up,
'H-NMR measurements as well as isothermal calorimetric measurements were applied to study
cement setting kinetics. The results were correlated to basic cement properties like the
mechanical performance and setting time. The rheological properties of the fresh cement paste
were determined by measuring both injectability and paste viscosity and related to changes of

the zeta-potential of cement particles after the addition of phytic acid.
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4.3 Results

4.3.1 Characterization of powder samples

Phase content and surface area

The starting powder mainly consisted of B-TCP, only slight amounts of Ca2P207 were detected
as secondary phase. G-factor quantification resulted in a 3-TCP content of 96.9 + 0.4 wt.% and
a CazP207 content of 0.8 + 0.1 wt.%. As the sum of crystalline phases was 97.6 + 0.4 wt.%, no
or at least only a minor content of amorphous phase was present. The BET specific surface area

of the B-TCP powder was 0.53 + 0.06 m2/g.

Zeta Potential

-80 ~-80

-50

zeta potential beta-TCP [mV]

0 5 10 12,5 15 20
IP6 content [wt%)]

Figure 24. Changes in the zeta potential { of B-TCP depending on the amount of added phytic
acid (IP6)

Though the addition of IP6 to B-TCP seems to show a clear trend in the zeta potential change,
the error increases with higher IP6 content (Figure 24). While the variations between samples
with different IP6 concentrations are hardly significant, the difference between the reference
and the samples with IP6 additions is obvious. With the addition of IP6 the zeta potential
became highly negative in the range of -55.0 mV + 3.5 mV to -71.5 mV + 12 mV compared to the

[P6-free reference with -10.0 mV + 1.5 mV.
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4.3.2 Material properties during setting

Injectability
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Figure 25. Injectability of different cement pastes as the amount injected in percent after 5 and
10 min setting time at room temperature and a L/P of 0.83 ml/g; the reference is not presented,
since it was not injectable.

Figure 25 compares the injectability of the different cement pastes at different times after

mixing except the reference, as it set to fast for the measurement and was not injectable already

after 2 min. Throughout all IP6 contents almost the same amount of paste could be injected

after 5 min of setting. The injectability decreased after 10 min of setting for every mixture, but

unlike after 5 min, a direct effect of the added amount of IP6 on the injectability was found.

This accounted for IP6 concentrations up to 15 wt.%. The remaining paste was mostly in the

needle and could not be pressed out, because the syringe plunger already reached the end of

the syringe.
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Viscosity

The results for the viscosity development during the first minutes of the hydration reaction
show a clear trend with increasing IP6 content (Figure 26a) leading to higher cement viscosities

with increasing IP6 content.
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Figure 26. a) Viscosity development of the different mixtures during the first 20 minutes of the
hydration reaction at 20 °C and s = 250 Pa, b) the mixtures’ storage and loss moduli over the
course of the reaction is shown 2 min after the mixing until 22 min, at 20 °C, x =1rad/s and c =
0.04%. The reference is not depicted as it set to fast for the measurement. Samples were measured
3 times, one representative curve is shown for each sample.

This viscosity only slowly increases within the range fromo.1 to 1 Pa-s for a longer time period.
Sample IP6_5 starts at 0.2 Pa-s but increases to >1000 Pa-s after 8 min, while sample IP6_20
starts at 0.6 Pa-s but reaches a value of above 1000 Pa:s 19 min after mixing. The oscillation
experiment also showed an obvious effect of IP6 on the setting behaviour (Figure 26b). The
addition of 5 wt.% IP6 delayed the gelation point where the graphs for the storage modulus G’
and the loss modulus G” intersect and the paste became more elastic than viscous after 6.5 min.
More IP6 accelerated the process, such that sample IP6_10 reaches the gelation point after about

6 min, and samples IP6_12.5, IP6_15 and IP6_20 after 5 min, 4.5 min and 3 min, respectively.
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Isothermal calorimetry
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Figure 27. Calorimetry curves of b-TCP mixed with H;PO, solution and variable concentrations
of IP6 respectively o.5 M citric acid monohydrate (reference IP6_o) at a) T = 23 °C; b) T = 37 °C;
one representative curve was shown for each sample; w/c = 0.5 ml/g.
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At 23 °C, the calorimetry curves of samples IP6_5, IP6_10, IP6_12.5 and IP6_15 all showed two
heat flow maxima, while for IP6 20 an additional small third maximum was visible
(Figure 27a). The heat flow did not decrease to zero between the maxima. The first heat flow
maxima, which were very sharp and high for all investigated samples, already occurred after a
few minutes. No systematic correlation of the maximum height with the IP6 content of the
samples was observed. The second heat flow maxima were high and sharp for the samples
containing up to 12.5 wt.% IP6, while it became rather broader for IP6_15. The same accounted
for the third maximum of IP6_20. Generally, the height of this maximum strongly decreased
with increasing IP6 content and concurrently its position was shifted towards later time points.
This change was particularly prominent for an increase from 12.5 to 15 wt.%, compared to the
others. In IP6_15 and IP6_20, the reaction was not even fully completed even after a
measurement time of 72 h a very slight heat flow was detected. The samples with lower IP6
contents were measured until the heat flow had decreased to zero, indicating completion of the
reaction. The calorimetry curve of the reference IP6_o was basically comparable to those of the
samples modified with IP6. It showed two peaks - one rather high initial peak and a second,

smaller one.

The total heat releases of the different samples varied in the range of 222 + 11 J/gTCP (IP6_20)
to 370 + 4 J/gTCP (IP6_o). The total heat release for IP6_12.5 was below that of IP6_5 and IP6_10.
For IP6_15 and IP6_20, the values were even lower. Here one should keep in mind that in these
two samples the reaction could not be measured until completion. While the reproducibility of
the three separately prepared measurements was were rather good well reproducible for
samples IP6_s, IP6_15 and IP6_20, the position of the second maximum varied for IP6_io from
6.9 to 8.1 h for IP6_10 and for IP6_12.5 from 9.6 to 13.5 h for IP6_12.5, which indicated lower
reproducibility. For the reference, the height of the maximum varied from 46 to 146 mW/gTCP,

but the maximum position was rather reproducible.

At 37 °C, the calorimetry curves of all samples exhibited two clearly separable maxima, while
the height of the second maxima clearly decreased with increasing IP6 content (Figure 27b).
For the first maxima, from the initial reaction, no clear relation of maximum height and IP6
content was observed. In all cases, the heat flow did not decrease to zero between the first and
the second maximum. For sample IP6_20, the second maximum was rather flat, but in contrast

to the measurements at 23 °C, the heat flow decreased to zero after about 10 h.

The total heat release until completion of the reaction slightly increased with increasing IP6

content. The reproducibility of the measurements was rather good for samples with lower IP6
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contents. The measurements of samples with lower IP6 contents were well reproducible. For
[P6_12.5, the position of the maximum only slightly varied from 0.9 to 1.0 h. For IP6_20, higher
variations in the range of some h were observed. As the maxima were rather broad in this case,
no definite position of the maximum could be given. No measurement of the reference was
performed at 37 °C, since the reaction would have occurred too rapidly to obtain meaningful

data.
In-situ XRD
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Figure 28. Development of quantitative phase content determined by in-situ XRD and G-factor
quantification in B-TCP mixed with a solution of H;PO,(molar ratio 1:1) and a) 0.5 M citric acid
monohydrate; T = 23 °C, b) 10 wt% IP6 related to the B-TCP content; T = 23 °C, c) 10 wt% IP6
related to the B-TCP content; T = 37 °C, d) 20 wt% IP6 related to the B-TCP content; T = 37 °C; the
means of three measurements were shown (b: two measurements); w/c = 0.5 ml/g; violet
diamonds: 3-TCP ; cross: B-TCP initial; red square: brushite; green triangle: Monetite violet circle:
MCPM; violet triangle: unassigned phase.
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In the reference sample measured at 23 °C, rapid formation of brushite was observed, which

started after about 1 h and was nearly completed after about 3 h (Figure 28a). The brushite

exhibited a pronounced preferred orientation in the (0 10) direction, with March Dollase factors

ranging from 0.65 to 0.89. This might explain the high variations in brushite quantities.
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Figure 29. Diffraction pattern of B-TCP mixed with a solution of H;PO,(molar ratio 1:1) and
10 wt% IP6 related to the B-TCP content, recorded after a) 24 h and b) 1 h; T = 23 °C; w/c = 0.5
ml/g; the background contributions of Kapton film and water were subtracted from the measured
pattern for better presentation; the diffraction patterns of the crystalline phases presented were

calculated with software TOPAS 4.2 (Bruker AXS, Karlsruhe).

From the beginning of the measurement, a crystalline phase was detected that could not be

assigned in the XRD evaluation software. According to literature, it is most likely a calcium

citrate [17]. Brushite formation was accompanied by a decrease of the content of B-TCP and the

unassigned phase. The B-TCP content quantified in the first range (duration of measurement:

7.5 min), which was 25 + 4 wt.%, was already far below the quantity that should have been

present in the cement paste before any reaction occurred (55 wt.%).
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In sample IP6_10 measured at 23 °C, both monetite and brushite were formed in significant
amounts (Figure 28 b and Figure 29 a). Formation of monetite started about 2 h earlier than
brushite formation, but proceeded more slowly, while brushite formation was very rapid
(Figure 28 b). MCPM was detected as an intermediate hydration product. It was already present
at the beginning of the measurement, i.e. during recording of the first measurement range. Its
content remained constant for the first few h, then it decreased parallel to the content of B-TCP
until both phases completely disappeared. Two different MCPM phases with differing lattice
parameters were detected. This was clearly indicated by the splitting of the first diffraction peak
of MCPM, which was also the most intense reflection (Figure 29b). Since their dissolution
occurred mainly parallel, these two phases were summarized for further observations. As in the
reference, the B-TCP content quantified in the first range (17 + 5 wt.%) was far below the
theoretical initial content (52 wt.%). This means that at the beginning of the hydration H3PO4

rapidly reacts with parts of the B-TCP to form MCPM according to equation (3):

B-Ca3(PO4)2 + 4 H3PO4 + 3 H20 — 3 Ca(H2PO4)2-H20 (3)

Following this first step, MCPM reacts with the remaining B-TCP to form monetite according

to (4) and brushite according to (5):

Ca(H2P0O4)2-H20 + Ca3(PO4)2 — 4 CaHPO4 + H20 (4)

Ca(H2P0O4)2-H20 + Ca3(PO4)2 + 7 H20 — 4 CaHPO4-2H20 (5)

Monetite formation was finished at approximately the same time when the dissolution of
MCPM and B-TCP was completed. Formation of brushite slightly continued for a few h after the
starting phases were consumed, but then its content also reached a plateau. At the end of the

measurement, mixtures of brushite and monetite were present.
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The time when the rapid brushite formation occurred was not reproducible, as it varied from
6 h to 10 h after beginning of the measurement. Still the general course of the reaction was
comparable for all measurements. Samples with higher IP6 concentrations were not measured
at 23 °C because the hydration would have proceeded too slow to obtain meaningful results in

reasonable measurement times, as was indicated by the calorimetry results.

Samples IP6_10 and IP6_20 were measured at 37 °C. For both compositions, formation of
monetite was observed (Figure 28c and d). Brushite was only detected in some measurements
in small amounts below 1 wt.%. Similar to the measurement performed at 23 °C, MCPM was
detected as an intermediate hydration product and two structures with different lattice
parameters had to be included. For both IP6 concentrations, the MCPM content increased until
a maximum was reached, and then decreased again. Both 3-TCP and MCPM disappeared at

nearly the same time. Simultaneously, the monetite content nearly reached its maximum.

The reaction was basically the same for both IP6_10 and IP6_20, with the difference that the
reaction was generally slower for IP6_20. The only noticeably difference was that for IP6_20 an
initial decrease of the B-TCP content was observed, which was not the case for IP6_10. At the
end of the measurements, monetite was practically the only crystalline phase detected in the
samples. The final crystalline monetite quantities were remarkably below the theoretical
content of solid phases that should be present in the samples, which would be 72 wt.% for IP6_10
and 68 wt.% for IP6_20.The reproducibility of the measurements was good for both IP6

concentrations.
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In-situ 1H-NMR
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Figure 30. In-situ 'TH NMR results of B-TCP mixed with a solution of H;PO, (molar ratio 1:1) and
10 wt% IP6 related to the B-TCP content; w/c = 0.5 ml/g; T = 23 °C; a) quantities of 'H fraction;
b) development of the relaxation times T2.

In sample IP6_10 measured at 23 °C, formation of a hydrate phase was observed after about
6 h, which is indicated by the rapid increase of the proton fraction included in a crystalline
bound hydrate phase (Figure 30a). This is accompanied by a decrease of the protons in the
mobile fraction. In addition, 'H-NMR evaluation suggested formation of a hydrate phase with
an intermediate mobile proton fraction which formed already at the beginning. This is
accompanied by a slight decrease of the mobile proton fraction. The relaxation time T2 of the
mobile proton fraction, which corresponds to the mixing liquid, slightly increased during the
first 6 h (Figure 30b). Afterwards, simultaneously to the formation of a hydrate phase, T2

decreased until it reached a rather constant plateau.
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pH development during setting
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Figure 31. pH profile of the setting reaction of cements composed of B-TCP and o, 5, 10, 12.5, 15
or 20 wt.% IP6 containing phosphoric acid solution at a L/P of 0.83 mL/g.

The pH-profiles of the cement formulations as a function of the IP6 content during setting are
depicted in Figure 31. Obviously, the strongest pH alterations took place within the first 6 h of
setting, whereat the initial pH decreased with increasing IP6 concentration between 1.7 + 0.1
(IP6_0) to 1.1 + 0.3 (IP6_20). A steep ascent within the first hour of setting was followed by a
flatter ascent, such that final values of between 3.7 + 0.9 (IP6_s) and approximately 2 (IP6_i5,
IP6_20) were measured for the IP6 containing cement formulations. In contrast, the reference
showed an initial increase in pH from 1.7 + 0.1 to 2.8 + 0.04, followed by a decrease and a new

increase, so that a value of 2.9 + 0.3 was reached after 15 h.
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4.3.3 Characterization of hardened samples

XRD of samples stored at 23 °C
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Figure 32. Brushite and monetite content in B-TCP mixed with a solution of H;PO,
(molar ratio 1:1) and different wt% of IP6 related to the -TCP content, the reference with o wt.%
IP6 contained 0.5 M citric acid monohydrate solution; the quantities were normalized to the sum
of the contents of monetite and brushite; means of three independently prepared measurements
were shown; w/c = 0.5 ml/g; T =23 °C.

XRD measurements of the samples with different IP6 contents hardened for 72 h at 23 °C
indicated that there is some relation between final phase composition and IP6 content
(Figure 32). The data were normalized to the sum of the hydrate phases brushite and monetite
to eliminate influences of variable liquid content in the different samples and possible errors in
G-factor quantification affecting both phases, which might result from inhomogeneities in the
sample. For IP6_s5, the normalized brushite content was significantly higher, compared to the
other samples. Still, there is no significant difference between IP6_10 and IP6_20, and
additionally the reproducibility was not good for all samples, which is probably a result of the
massive retardation. For the reference with 0.5 M citric acid monohydrate, only brushite was

detected as final hydration product.
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Mechanical performance
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Figure 33. Compressive strength a) and corresponding selected stress-strain-curves b) of
cuboidal cement specimens composed of B-TCP and o, 5, 10, 12.5, 15 or 20 wt% IP6 containing
phosphoric acid solution at a L/P of 0.83 mL/q after 2, 4, 8 and 24 h of setting at 37 °C and 100%
humidity

The mechanical properties of the analyzed cement specimens are revealed by Figure 33.
Regarding the strength values after 2 h of setting, low amounts of setting modulators, as it is
the case for the classic cement composition with 0.5 M citric acid (8.2 + 2.5 MPa) or the
formulation with 5 wt.% IP6 (16.5 = 2.5 MPa), do not seem to have an impact. Actually,
maximum strength values were already reached after 2 h, as only marginal changes were
observed between single time points. However, using 5 wt.% IP6 instead of citric acid had a
beneficial effect on the absolute strength values, as this led to their duplication after 2 h. Higher
amounts of IP6 actually retarded the setting reaction in such a way, that compressive strengths
of <1 MPa were observed after 2 h, which afterwards increased steadily with proceeding reaction
time and gained values of approximately 7 to 10 MPa after 24 h of setting. For the first 8 h of
setting, samples with the highest IP6 content exhibited the lowest compressive strength
(Figure 33a). Selected stress-strain-diagrams of the cement specimens under compression
showed that formulations with an IP6 amount of between 10 and 20 wt.% initially exhibited a
more ductile fracture behavior with low strength at high strain values, while longer immersion
at 100 % humidity increased their brittleness, which was characterized by higher strength at

much lower strain values (Figure 33b).
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SEM investigations of hydrated pastes

Figure 34. Scanning electron micrographs of fracture surfaces from cement specimens
composed of B-TCP and o (a, A), 10 (b, B), or 20 wt.% (¢, C) IP6 containing phosphoric acid
solution at a L/P of 0.83 mL/g after 2 (small letter) and 24 h (capital letter) of setting at 37 °C and
100% humidity

Crystal morphologies found in cement specimens without or with 10 or 20 wt.% IP6 are
illustrated by Figure 34. While the reference topography mainly showed needle-like crystals
with a length of approximately 5 pm as well as 10 pm long plate-like crystals after 2 h of setting,
the surface of the IP6 containing cements was rather covered with platelets and smaller sized
grain agglomerates. The crystal size increased in all three cases with a longer hardening time of
24 h; though the final crystal size was smaller at higher IP6 amounts. Furthermore, the
quantitative in-situ XRD results have demonstrated that in IP6_20 only slight amounts of
monetite were present after 2 h, while the sample was composed of only monetite after 24 h

(Figure 28d)
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4.4 Discussion

Hydration mechanism of the IP6 modified CPC

According to the quantitative in-situ results obtained at 23 °C respectively 37 °C, the starting
components of the cement pastes (B-TCP and H;PO,) set to brushite or monetite via formation
of MCPM as an intermediate hydrate phase in [IP6 modified samples, which formed very rapidly.
The initial increase of pH observed for all samples during the first 2 h of the reaction is a further

indication that H;PO, is rapidly consumed at the beginning for MCPM formation.

The general hydration mechanism at 37 °C was basically the same for [P6_10 and IP6_20, while
all parts of the reaction - formation of MCPM and formation of monetite - were generally slower
in IP6_20. There was only one remarkable difference concerning the dissolution of B-TCP.
While in IP6_10 the B-TCP content was nearly constant during the first 30 min, in IP6_20 a rapid
initial B-TCP decrease was observed until a plateau was reached. It is very likely that such an
initial increase also occurred in IP6_10, but it was too rapid to be detected by XRD due to the
sample preparation time of some minutes. This rapid initial decrease of B-TCP content is indeed
indicated by the rapid initial formation of MCPM, which was detected already in the first XRD

range for all samples.

The initial formation of MCPM is further expressed by the very high initial heat flow measured
by isothermal calorimetry for all samples investigated. Due to the internal stirring procedure
applied in the calorimetry measurements, the data for the initial heat flow are actually reliable
and meaningful. Formation of MCPM (see reaction 1) is indeed highly exothermic with an
enthalpy of hydration of -151.44 kJ/molrcp, compared to the formation of monetite and brushite
from B-TCP and MCPM (-12.92 kJ/molrcp respectively -83.04 kJ/molrcp). These data were
calculated according to Hess " law [712] from the standard enthalpies of formation for the phases

involved [713], which certainly explains the high initial heat flow measured for all samples.

The sharp second calorimetry maximum observed for the mixtures at 37 °C most likely results
from synchronous dissolution of MCPM and B-TCP and formation of monetite. An increase of
the IP6 content hence leads to a continuous retardation of monetite formation, which starts
later and its maximum formation speed, indicated by the height of the calorimetry maxima, is
also reduced. The difference of the sum of crystalline phases to the theoretically expected solid
content after completion of hydration can be well explained by the formation of an amorphous

or low crystallinity hydration product in addition to monetite. As a hkl phase similar to the
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main reflections of monetite was added in the refinement procedure, it is likely that monetite

with low crystallinity formed in addition to crystalline monetite.

It is further remarkable that at 23 °C in the reference, only brushite was formed, while
hydration of IP6 modified cement pastes resulted in mixtures of monetite and brushite. This
clearly shows that IP6 favours the formation of monetite. The reason for this might be the
decrease of pH due to IP6 addition, which can promote formation of monetite instead of
brushite [714]. The additional chelation of IP6 with Ca**is supposed to occur directly at the
beginning of the reaction, which is indicated by the sticky consistence of the IP6 modified
cement pastes shortly after mixing. Since for in-situ '"H NMR measurements always a few min
pass until the measurement can be started due to the sample preparation and device adjusting

procedure, it is likely that the chelation reaction cannot be followed by this method.

Effect of temperature on the hydration

Hydration of the IP6 modified cement formulations was strongly accelerated by increasing the
temperature from 23 °C to 37 °C. Calorimetry results combined with in-situ XRD investigations
demonstrated that especially the formation of the final hydration product monetite was
strongly accelerated by the temperature increase. The initial formation of MCPM is probably
not noticeably affected by temperature, since no remarkable differences in the height of the
first calorimetry maximum resulting from MCPM formation was observed between the
measurements at 23 °C and 37 °C. At 37 °C the reaction was completed even for IP6_z20 after
16 h, while for 23 °C the reaction in IP6_15 and IP6_20 has drastically slowed down so that
completion was not achieved even after 72 h. This further confirms the promoting effect of
temperature increase on cement hydration. The temperature during hydration had also a
noticeably influence on the final hydration products. While hydration at 23 °C resulted in
mixtures of monetite and brushite in different ratios for all IP6 modified samples, at 37 °C
monetite was clearly the predominant hydration product. Hence a temperature increase clearly

favours formation of monetite instead of brushite.

Thermodynamic considerations

According to the Hess’ law calculations, the enthalpy of reaction for the hydration of B-TCP
and H;PO, to monetite is -153.3 J/grcp respectively -47.55 kJ/molrcp. As the enthalpy of reaction
is independent of the reaction path [712], the occurrence of the intermediate MCPM should not
affect the overall reaction enthalpy. Hence, as in the samples measured at 37 °C monetite was
detected as the only hydration product, a total heat release of -153.3 J/grcp should have been

measured upon completion of the hydration. In fact, all total heat releases measured for the IP6
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modified samples were considerably above that value. Therefore, it is likely that an additional
heat contribution results from another reaction. This additional contribution probably results
from formation of monetite with low crystallinity, which might have a different enthalpy of
formation. It might further origin from the chelation of IP6. This assumption is supported by
the fact that the total heat release slightly, but continuously increased with increasing IP6

content, although the final crystalline hydration product was the same for all samples.

At 23 °C, the total heat releases were higher than at 37 °C for the samples with IP6
concentrations up to 12.5 wt.%. This can be explained by the observation that at 23 °C brushite
has formed in addition to monetite, since the enthalpy of reaction for the hydration of 3-TCP
and H;PO, to brushite is more than double with -322.8 J/grcp respectively -100.14 kJ/molrcp. For
higher IP6 contents, the values obtained at 23 °C were lower, which results from the fact that
hydration was not completed yet in these samples and that there was a trend of increasing

monetite formation compared to brushite with increasing IP6 concentration in the sample.

108



Chapter 4

Correlation of strength development with the development of quantitative phase content

Samples with higher IP6 concentrations (IP6_15 and IP6_20) showed ductile performance
during the first hour. This is supposed to result from a rapid initial IP6 chelation with Ca**. The
transformation of this ductile to a brittle performance observed between 2 h and 24 h is then
most likely a result of crystal formation (monetite) occurring during this time according to the
quantitative in-situ XRD data. The strength development over time for the different IP6
concentrations agrees well with the phase development during setting. For the reference and
IP6_5, the cements showed a high compressive strength of 8-16 MPa after 2 h setting with no
further increase after 24 h. This is well in accordance with the results of in-situ XRD, where

nearly completion of monetite formation was observed after 2 h for IP6_5 at 37 °C.

In contrast, higher IP6 concentrations resulted in comparatively weak cements (CS~ 1 MPa)
after 2 h, which then continuously increased to final values of 8-10 MPa after 24 h. This agrees
well with the formation of the setting product monetite according to the XRD results.
Comparing the obtained strengths to a calcium phosphate cement consisting of 50 Mol % tetra
calcium phosphate (TTCP) and 50 Mol % dicalcium phosphate anhydrous (DCPA) with a
compressive strength of 30.7 MPa and 36.0 MPa after 2 h and 24 h respectively, the obtained
strengths were relatively low [386]. But set in context with the common compressive strengths
of brushite cements which range from around 1 MPa to 60 MPa (average 10 + 13 MPa) for dry
samples and 5 MPa to 75 MPa (average 18 + 18 MPa) for wet samples with a respective porosity
of 25 % to 70 % and 13 % to 50 %, the presented cement has a compressive strength that is well

in the range of an average brushite cement [459, 715].
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Cement rheology and injectability

Compared to the reference, which was not injectable already after 2 min, with the addition of
IP6 the injectability improved significantly. The paste remained well injectable even 10 minutes
after mixing and only lost about 1-3 % injectability between 5and 10 min after mixing. Increasing
the amount of added IP6 to more than 5 wt.% does not seem to have an increasing effect on the
injectability during the first 5 min of setting. After 10 min setting the effect of an increased
amount of IP6 can be seen, as the injectability remained higher the higher the IP6 content was.
A higher amount of IP6 directly increases cement viscosity during setting. This can be explained
by an increase in chelate complex formation between Ca**-lons and the phosphate groups of
the IP6, which are likely less soluble than B-TCP. In addition, complex formation additionally
slows down the solution/precipitation cement reaction by decreasing the availability of free
calcium ions [549, 703, 704]. This leads to a delayed rise in paste viscosity and also explains well

the strong retarding effect on cement hydration as clearly demonstrated in this study.

As the viscosity measurements under constant sheering destroy small crystal networks formed
at early time points, the viscosity increase with time is likely underestimated by this dynamic
testing regime. Here, rheological characterization by a further oscillatory test demonstrated,
that the paste rheology was dominated in the first few minutes by the chelate complexes rather
than the cement setting itself. At the intersection of the graphs G’ and G” (gelation point) the
paste switches from a viscous to an elastic behaviour. With increasing addition of IP6, this
gelation point appeared earlier since more chelate complexes are formed. This is in agreement
with literature, where it has been demonstrated that the chelation not only has a retarding effect

on the hydration reaction, but also leads to a sticky and more elastic paste at early time-points

[71].

The last parameter which very likely affects the rheological behaviour and hence injectability
is the zeta potential. In this study, the value of the zeta potential increased by the factor of 4-5
by the addition of IP6, which is in accordance with the reports of Konishi, T et al. [544] and
Takahashi, S et al. [545]. IP6 has six phosphate groups which result in a strong negative surface
charge. This negative surface charge is believed to enhance particle dispersion and inhibit
agglomeration due to mutual repulsion [545], which was confirmed in the present study for IP6
addition. Similar to the injectability, the zeta potential is not largely affected by increasing the

amount of added IP6, which may be a result of an IP6 saturation of the particle surfaces.
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4.5 Conclusion

In the IP6 modified CPC systems investigated in this study H;PO, and B-TCP reacted to
monetite or mixtures of brushite and monetite via formation of MCPM as intermediate
hydration product. At 37 °C, hydration of IP6 modified samples resulted in cements composed
of monetite only. This is thought to be beneficial for a clinical application since monetite has
been demonstrated to have a more continuous and reliable bone remodeling ability compared
to brushite due to the absence of phase changes in vivo slowing down resorption [706, 707]. As
[P6 was shown to increasingly delay the reaction with increasing amount, it can be applied as a
useful retarder for adjusting the hydration to the desired setting times. IP6 was further proven
to be a versatile additive for achieving well injectable cement pastes, whereby the observed
increase of injectability could be clearly related to a more negative zeta potential. 5 wt.% of IP6
related to the B-TCP content were already sufficient to reach maximum injectability of the
cement paste. Combined with the enormous retarding effect observed for higher IP6
concentrations, it can be concluded that already small IP6 concentrations in the range of a few

wt.% are sufficient to adjust a clinically favourable rheology and setting behavior.
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5.1 Abstract

Standard preparation of a calcium phosphate cement, which includes mixing a solid and a
liquid component (reactive cement powder and mixing liquid) in an open bowl at the operating
theatre, poses the risk of bacterial contamination. As interoperative bacterial contamination
leads to prolonged wound discharge, superficial surgical site infection or deep periprosthetic
infections, facilitating this mixing procedure is highly desirable [49]. Prefabricated cement
pastes are a promising approach: The mixing liquid and a stable suspension of the cement

powder are assembled and mixed in a special syringe, minimizing the risk of contamination.

In this study, a suspension of reactive a-tricalcium phosphate powder in water was stabilized
by sodium pyrophosphate decahydrate (PP). Controlled activation of the hydration was
accomplished by adding a concentrated Na,HPO,/NaH,PO, (Na,/Na) solution. Systematic
assessment of the activation mechanism, including the effect of the PP concentration and the
amount of Na./Na added, was performed by isothermal calorimetry, quantitative in-situ X-ray
diffraction, rheological characterization and automated Gillmore needle measurements at
37 °C. The set cements were characterized with respect to their quantitative phase composition,

compressive strength and porosity.

Prefabricated pastes with addition of at least 0.05 wt.% PP were successfully stabilized for up
to 2 weeks at 25 °C, and even 4 weeks at 4 °C. Pre-storage of this pastes had no significant impact
on the setting performance and the properties of the material afterwards. Increasing the PP
concentration at constant Na,/Na amount systematically retarded the setting reaction, while an

elevated quantity of Na./Na addition at constant PP concentration resulted in an acceleration.

Based on these results, a composition stabilized with 0.05 wt.% PP and activated with
20.8 vol% Na./Na related to the amount of liquid in the prefabricated pastes appears ideal with

respect to the desired setting performance, for the specific cement powder investigated.
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5.2 Introduction

Most injectable bone replacement materials must undergo a quite fast hardening process of
just a few minutes to be effectively applicable by the surgeon [427, 717, 718]. This process is
generally started by mixing two or more components (mostly including powder and liquid)
together to initiate a setting reaction [429, 466]. As a result, the different components have to
be stored separately and then mixed onsite to prevent preliminary setting, which would prevent
optimal usage. This poses several issues. First, the properties of the material must be
reproducible with every use, even when prepared by different surgeons or clinical staff. But
naturally, there are deviations when the pastes are prepared by different persons than just used
directly from the packaging [49]. The second important part is related to the environment
where the material is prepared. The different components can be sterilized and sealed off
separately until they are used. But once they are opened and combined in the operating theatre,
there is a high risk of contamination of the paste, as the materials are usually mixed in an open

bowl [50-54].

This study aims to present a bone cement system that eliminates these factors by making the
components storable in ready to use state. There have been several ideas to overcome these
problems. Materials based on a common cement reaction harden through the dissolution of the
cement particles in an aqueous medium and a subsequent precipitation of hydrate phases [336,
719, 720]. For example, a-tricalcium phosphate (a-TCP, a-Ca;(PO,),) reacts with water under
formation of calcium-deficient hydroxyapatite (CDHA, Ca,(PO,)s(HPO,)OH) according to

equation (1) [720].
3 a-Cay(PO,), + H,O — Ca,(PO,)s(HPO,)OH (1)

Replacing the aqueous solution with a non-aqueous solution such as oil [717] prevents this
hydration process and enables a storable injectable paste. It hardens only when the oil is
replaced by an aqueous solution during the application or afterwards e.g., when the oil gets
replaced by body fluids at the application site. Other approaches still used the standard
composition of cement powder and an aqueous liquid for the paste but changed the behaviour
by freezing the cement pastes directly after mixing and therefore also preventing the reaction
with the cement powder until the pastes are thawed and applied [358]. All these ideas require a
fair amount of setup, specific non ambient storage conditions or a complete change of
components of the applied paste. A different approach is to inhibit the setting reaction with
additional ions in the paste. Bohner, M. et al. [721] already showed that Mg** ions can prevent

the cement reaction until the desired time of application. Here the inhibited pastes were
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activated by the addition of additional phosphate ions from different phosphate salts, or

hydroxyapatite seed crystals.

This study aims to investigate a similar path, but the Mg** ions were replaced by
pyrophosphate (PP) ions (P.O,*). These were added in the form of the highly soluble sodium
pyrophosphate decahydrate (Na,P,O,10H,O) to obtain stable, prefabricated pastes.
Pyrophosphates are known to adsorb to the particles [722-724] resulting in a retarding effect on
the cement reaction of calcium phosphate-based systems. In a higher concentration, they can
even stop it nearly completely. The controlled activation of the setting reaction should then be
accomplished by adding orthophosphate ions (PO,*) in the form of an aqueous solution of

Na,HPO,/Na,HPO,, as the PO ions are supposed to displace the PP on the cement particles’

surface [360, 543, 722, 723, 725].

To investigate the mechanisms behind the interaction of a-TCP, PP and the sodium phosphate
solution, a variety of methods were used to monitor every stage the material goes through
during its path from storage to application. The cement powder was synthesized and checked
for phase purity via XRD. During the initial storage phase, the prefabricated paste was
characterized regarding its zeta potential of the powder, the ion concentration in the liquid
phase via ICP-MS and the crystalline phase composition by XRD. To monitor the setting process
after orthophosphate addition, the injectability was addressed quantitatively with a
manufactured setup. Furthermore, the rheological behaviour was measured during the initial
setting period and the setting times were determined with an indentation test. Additionally, the
phase conversion and heat development during the setting reaction were monitored by heat
flow calorimetry and in-situ XRD. Finally, the hardened cement was again examined for its
crystalline phase content after defined time points and regarding its mechanical strength and

porosity to check if the PP stabilization affects the final properties achieved after hardening
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5.3 Results

5.3.1 Powder characterization

Particle size distribution, specific surface area and phase composition

Determination of the quantitative phase composition according to the G-factor method
resulted in contents of 87 + 1 wt.% o-TCP, 1.6 + 0.3 wt.% B-TCP and 12 + 2 wt.% ATCP. Laser
diffraction analysis indicated that the powder shows a monomodal grain size distribution, with

a maximum at around 35 pum. The corresponding Dy values are presented in Table 10.

Table 10. DV values of the a-TCP starting powder, determined by laser diffraction; the means of
three independent preparations are presented (10 measurement runs per preparation), the errors
represent the standard deviation.

Dvogo
Dvio [pm]  Dvso [pm]

[pm]
2.46 £ 0.03 213+ 0.6 73+ 4

Table 11. pH values of solutions used for cement paste preparation; the means of three
measurements are shown, the error is derived from measurements of buffers with defined pH

(7and 9).

Solution pH

PPoos 7.7 £0.1
PPo1 81+o01
PPo2 8.7+t01
PPo3 8.7+t01
PPo4 8.8 £ 0a1
PPos 9.2+0.1
Na./Na diluted 7.2 £ 0.1
Na./Na 30 wt.% 7.1+ 0.1
PPoos + Na./Na 30 wt.% 7.2+ 0.1
PPor1 + Na./Na 30 wt.% 7.2+ 0.1
PPos + Na:/Na 30 wt.% 7.2+ 0.1

5.3.2 Cement paste characterization

pH of mixing liquids
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The pH values of the PP solutions systematically increased with increasing PP concentration,
starting from pH = 7.7 + 0.1 for PPoos and ending at pH = 9.2 + 0.1 for PPos (Table 11). The
Na,/Na solutions, both diluted and with 30 wt.% concentration, were practically neutral (pH
7.3+ 0), as expected for this phosphate buffer system. Accordingly, the PP solutions with
Na./Na addition were also practically neutral, indicating that the phosphate buffer was able to
compensate the slightly alkaline effect of PP. In Figure 35 can be seen, that the addition of
cement powder to the respective PP solutions raises the pH value from around neutral to a
noticeably basic pH of 8.9 + 0.2 for PPo and 9.3 + 0.1 for PPoos. This pH is then lowered again
to around neutral by the Na./Na solution. For Na21_PPoos the pH stays around neutral for the
whole initial setting period. It only shows a slight increase of 0.3 over the course of 30 min. As
opposed to that the pH value of Na21_PPo starts increasing after 3-4 min of setting and shows

a gain of 1 over the same amount of time.

96 7 —— PPO pure solution
9.4 ; —*— PP005 pure soliution
9.2 —— Na,/Na pure solution
9.0 1 —=—PP0 + a-TCP

o 881 —=— PP005 + a-TCP

2 g6 —a— Na21_PP0

< 84 —a— Na21_PP005

_S‘) J
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Figure 35. pH values of the raw solutions (stars) mixed into the cement powder (squares) and
the development during hardening after activation with 20.8 % Na./Na (triangles) for the
samples containing no PP (black) and o.05 wt% PP (blue); n=3.
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Zeta potential

The surface charge of the cement particles significantly decreased after the addition of PP
(Figure 36). Without PP, the particles show a charge of -22 + 2 mV which decreases to a value
of -61to -68 + 4 mV after PP was added. According to different publications, free molecules in
the aqueous phase are adsorbed to the particle surface and alter the surface charge [726-728].
This leads to the formation of the electric double layer[729], which creates a Stern potential on
the particles and the measurement of it can be done via the zeta potential [730]. The charge
against the sodium orthophosphate solution was not measurable, as the electric double layer
gets really thin with high salt concentrations and therefore high conductivity of the liquid (70

mS/cm) [731].This renders the zeta potential unmeasurable for that sample.
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Figure 36. Zeta potential of alpha-TCP against water and different solutions of sodium
pyrophosphate or sodium orthophosphate. A one way Anova was applied, **: p<o.oo1.

The difference between the samples with PP and without is significant (one way Anova,

p<0.001), but an increased amount of PP does not show a significantly increasing effect.
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Storage stability of cement pastes

The XRD patterns of all four stabilized pastes after 1 to 14 d at 25 °C are shown in Figure 37.
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Figure 37. XRD analysis of the pastes PPo to PPoz after storage at 25 °C for 1, 3, 7, and 14 d,
presented as one representative curve out of three measurements and a cut out comparison of the
angle range between 25° and 40° 20 after 14 d of storage (right side). The samples have been
measured between 7-70° 20 CuK, with a step size of 0.022° and an integration time of 4s.

The quantitative phase analysis via Rietveld calculations shows a consistent a-TCP fraction of
100 wt.% in the crystalline content after 1d, 3 d and 7 d for every sample. However, as seen in
Figure 37, the sample without PP shows a difference compared to the others after 14 d. This
could be attributed to CDHA formed by the normal cement reaction of a-TCP. (Detailed view
Figure 37 right side). Accordingly, while the crystalline fraction of samples with PP was
composed of 100 wt.% o-TCP even after 14 d, the crystalline fraction of PPo contained 65 wt.%

a-TCP and 35 wt.% CDHA.

In addition, samples were stored at 4 °C in a fridge to check if stabilization could be further
improved by lowering the storage temperature. Here, even without PP addition, no CDHA

formation was detected after storage times of 28 d or shorter.

122



Chapter 5

Pore water analysis of premixed cement pastes

Both Ca and P concentrations increased with increasing storage time up to 7 d, while the values
for 7 and 14 d were practically identical Table 12). The Ca/P ratio decreased with increasing

storage time from 2.1 after 1 d to 1.6 after 7 d, approaching the ratio of a-TCP (1.5).

Table 12. Ion concentration of Ca and P determined by pore water analysis via ICP-MS after the
storage of a-TCP mixed with H,O for 1, 3, 7 and 14 d at 4 °C; measurements were performed once,
an error of + 0.1 mmol/l can be assumed.

Storage time Ca concentration P concentration Ca/P

at 4 °C [mmol/1] [mmol/1] ratio
1d 13 0.6 2.1
3d 2.9 1.7 1.7
7d 5.0 3.0 1.6
14d 4.9 3.0 1.6
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The data for the different PP concentration can be found in Table 13. It is evident that the Ca

concentration after 7 d was lower for PPoos, compared to PPo, while it increased again for PPos.

The Na concentrations of PPoos and PPos were both close to the theoretically expected

amounts, while the P amounts were comparatively lower.

Table 13. Concentration of Na, P and Ca in pore water after storage of prefabricated cement
pastes for 7 d at 4 °C; measured values are means of two independently prepared measurements,
the error represents deviation from the mean; the theoretical values for PPoos and PPos are
calculated from the PP concentrations of the corresponding solutions.

Na p Ca Ca/P ratio
concentration concentration concentration
[mmol/1] [mmol/1] [mmol/1]

PPo

measured 0.082 % 0.007 0.251+ 0.003 12£0.2 4.7+0.7
PPoos

measured 4-4+0.2 1.28 + 0.09 0.39 + 0.04 0.31% 0.1
PPoos

theoretical 448 224 - -
PPos

measured 37:9 %01 14.2£0.1 1.46 + 0.01 0.103  0.01
PPos

theoretical 44.8 22-4 - -
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5.3.3 Setting characterization

Paste injectability

The injectability increased with the addition of PP, but only showed a significant difference
between PPo, PPoos and PPo1 (one-way Anova) (Figure 38). The effect lead to an increase from
57 + 11 % for the reference to a value of 89 + 3 % and 87 + 2 % for PPoos and PPo1 respectively.
Even though the error for PPo2 is high at 74 + 10 % an enhancement in the paste properties

could be demonstrated.

100 -~

Injectability [%]

PPO PP005 PPO1 PP02

Figure 38. Injectability of the pastes PPo, PPoos, PPo1 and PPoz activated with Naz1.
(*: p<o0.05)
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Rheological behaviour

The presented pastes have been examined concerning their flow properties. The not activated
stabilized, stored pastes could not be measured, because a phase separation occurred faster than
the measurement could be started. From the graphs of the activated (Naz1) pastes it is apparent,
that the addition of PP alters the setting process in the early stages. (Figure 39) Na21_PPo shows
a rapid increase in both dynamic moduli (only about 4 min) which then stay stable after 5
minutes until the end of the measurement. In contrast, Na21_PPoos shows this behaviour
expanded to 20 minutes. Both samples with higher PP concentrations have their dynamic
moduli already significantly raised as the measurement starts. Na21_PPox1 starts three powers of
ten higher, but the increase to the final stable value is prolonged until 25 minutes. Na21_PPo2z
starts even higher and reaches its stable value very fast. All samples reach about the same values

when they become stable.
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Figure 39. Storage and loss modulus development during the first 30 minutes after the activation
with Naz1 for all PP concentrations. y = 0.1%, w = 5rad/s, @ = 5 cm, d = 0.6 mm. Representative
curves for each sample group have been chosen; n = 3.
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Na21_PP005

N

——————

e 1 - = - [ —

Figure 4o0. Images of the four different Naz1 pastes directly after the application onto the
rheometer measurement area.

The influence of the PP on the rheological behaviour gets even more apparent looking at the
images of the pastes during preparation for the measurement (Figure 40). Na_PPo spreads
almost evenly over the measurement area like a liquid. With PPoos to PPo2 the paste was able
to keep its shape after the application with the spatula and behaved more like a cream. This

effect is only recognized after the addition of the Naz21 solution. Imeter measurements
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Isothermal calorimetry
Effect of storage time on the reactivity of pure a-TCP in water

The reaction of «-TCP mixed with deionized H,O was significantly accelerated by storing
the pastes in the fridge prior to the measurements. The duration of the induction period was
reduced, and the positions of both the shoulder and the main maximum were shifted to
earlier time points accordingly. Additionally, the height of the shoulder continuously

increased with higher storage times.

Influence of varying the PP concentration
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Figure 41. Isothermal calorimetry of samples composed of a-TCP mixed with PP solutions of
variable concentrations and addition of 20.8 vol% Na./Na solution related to the volume of the PP
solution; T = 37 °C, L/P = 0.4 ml/qg in the prefabricated paste; each measurement was reproduced
three times; one representative curve is presented for each sample.

Samples with different concentration of the PP solution, but an identical amount of added
Na,/Na solution (20.8 vol%) were compared. For PP concentrations up to 0.2 wt.%, a systematic
retarding effect was observed - the height of the first, sharp heat flow maximum decreased with
increasing PP concentration, and accordingly the occurrence of this maximum was delayed.
While in Na21_PPo the reaction corresponding to this maximum already proceeded in the first
min after beginning, it only started after about 1.25h in Na21 PPo2 (Figure 41). When
increasing the PP concentration to 0.3 respectively 0.4 wt.%, the effect was slightly different:
While the height of the maximum still decreased, the position remained nearly the same

compared to Na21_PPo2. Increasing the concentration to 0.5 wt.% resulted in a further strong
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retardation. Accordingly, the position of the second, broader maximum varied with change in
PP concentration. While for lower PP concentrations it was even accelerated, compared to
Naz21_PPo, it was increasingly retarded for PP concentrations of 0.2 wt.% or higher. The total
heat releases of all PP containing samples except Na21_PPos after a hydration time of 24 h were
identical within the error range, while those of Na21_PPo and Na21_PPos were significantly

lower.

When increasing the amount of added Na,/Na solution to 41.7 vol%, the general effect was
basically similar: Increasing the PP concentration from 0.05 to 0.5 wt.% resulted in a decrease
of the height of the first heat flow maximum and a slight retardation. Still, the effect was less
pronounced compared to the addition of 20.8 vol% Na./Na, probably due to the overall
increased speed of the reaction. Contrarily, the second, broader maximum occurred earlier for
Nag2_PPos. No significant difference in the total heat release with varying PP content could be
observed for all Na21 samples (p>0.05). A variation of ne Na content with constant PPoos shows
no significant difference between Naio, Na16 and Naz1, but all of them are different to Nag2
(p<o.001). For Nag2 the samples containing 0.05 wt% PP and 0.5 wt% PP show a significant

difference (p<o0.001)
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Influence of varying the amount of added Na,/Na solution

By increasing the amount of added Na./Na solution at a constant PP concentration of
0.05 wt.%, the occurrence of the first, sharp calorimetry maximum was accelerated and its
height remarkably increased (Figure 42). While for Naio_PPoos a true induction period was
observed, the reaction started nearly immediately for Nag42_PPoos. Still, the position of the
second, broad maximum was postponed by increasing the Na./Na amount from 15.6 to
41.7vol%. The total heat release was nearly identical for the samples with up to 20.8 vol%

Na./Na addition, while it significantly decreased for Nag2_PPoos.
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Figure 42. Isothermal calorimetry of samples composed of a-TCP mixed with o.05 wt.% PP
solution and addition of Naz/Na solution in different vol% related to the volume of PP solution;
T=37°C, L/P=o0.4ml/g in the prefabricated paste; each measurement was reproduced three
times; one representative curve is presented for each sample.
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In-situ XRD

Development of quantitative phase content

While in Na21_PPo a slight dissolution of «-TCP already started from the beginning, the a-
TCP content remained nearly constant in Na21_PPoos during the first 2 h (Figure 43).
Differences were further observed with respect to the CDHA formation. While in Na21_PPo and
Naz21_PPoos a few wt.% of CDHA were already detected immediately at the beginning,
significant CDHA formation only started after 0.5 h in Na21_PPou. In all samples, an acceleration
of CDHA formation was observed after about 2 h, which was accompanied by a more rapid
dissolution of the crystalline o-TCP. At the end of measurement after 22 h, CDHA formation as
well as o-TCP significantly slowed down, but still proceeded to a slight extent.In all samples
investigated, formation of OCP was observed in addition to CDHA, while the content was
significantly lower in Na21_PPou. Since only the main reflection of OCP located around 4.5° 20
was clearly visible and this reflection was rather broad due the low crystallinity of OCP, the
exact OCP quantities should be considered with care.To check if prolonged storage of the
prefabricated cement pastes had any influence on the hydration reaction, cement pastes of

Naz1_PPoos stored for 28 d in the fridge prior to activation were analysed by in-situ XRD.
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Figure 43. In-situ XRD results of samples composed of a-TCP, PP solution in different
concentrations and addition of 20.8 vol% Naz/Na solution; T = 37 °C, L/P = 0.4 ml/g in the
prefabricated paste; the means of three independent measurements are presented, error bars

represent the standard deviation.
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Stored hydrated samples

Chapter 5

By comparing the samples stored for 1 d and 7 d at 37 °C, it gets evident that the CDHA content

increased, and the a-TCP content decreased for all PP concentrations (Figure 44). Accordingly,

the degree of hydration increased from around 75 % after 1 d to around 9o % after 7 d. Though

the degree of hydration after 1d was slightly higher for the samples containing PP, no clear

trend was observed. The OCP contents were a few wt.% only in all samples, no variation with

time or changing PP concentration was observed.
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Figure 44. a) Quantitative XRD results and b) degree of hydration of storage samples composed
of a-TCP, PP solution in different concentrations and addition of 20.8 vol% Na./Na solution;
T =37 °C, L/P = 0.4 ml/g in the prefabricated paste; the means of three independent measurements
are presented, error bars represent the standard deviation.

The quantitative phase content of the storage sample Na21_PPoos with the prefabricated paste

stored for 28 d at 4 °C prior to activation did not show any significant difference (p>o.05 after

1d and 7d) to the sample prepared from the freshly mixed paste.
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Compressive strength

The difference in hydration percentage also influences the respective compressive strengths
(CS). After 1d and 7 d of hydration at 37 °C the samples show an obvious trend in their CS
(Figure 45). The most apparent correlation is the decrease of the CS with an increased amount
of the Na./Na activation solution across all PP concentrations. With Nai6_PPo_id being the
only exception where its CS is lower than expected. The CS increases for every sample with more
hydration time. After 7d hydration, the effect of the Na/Na. solution is still the most apparent
and pronounced. Statistical examination suggests a significant difference between all Naio,

Nai6 and Naz21 samples against their respective Nag2 sample, which is always the lowest.
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Figure 45. Compressive strength dependent on the amount of PP (o - 0.2 wt% in the solution) in
the stabilized paste and on the amount of Na./Na (10 - 42 wt% relative to the liquid fraction)
solution used to activate the setting process sorted by prioritising the PP amount after 1d (A) and
7d (B) of hardening in 100% humidity and 37°C (Two way Anova; * : p < 0.03; **: p < 0.001 ).

Between the different PP concentrations within one Na.,/Na group the difference is only
significant for the groups Naio and Nai6. In group Na21 the sample with PPo2 is significantly
lower than the others. Nag2 does not show an influence of the PP amount on CS. The highest
CS with PP is measured with PPoos and PPo1 and as they do not differ a lot with either Na1i6 or

Naz1, the sample with Na21 PPoos was chosen, because the pastes consistency and handling
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was better and as shown before the increased amount of PPo1 does not make a difference against

PPoos.
Porosity

The main pore size fraction for all different samples is in the same range with 3.7 um, 4.2 pm,
5.8 um and 5.5 um for Na2i_PPo, Na2i_PPoos, Na2i_PPo1 and Na2i_PPo2z respectively
(Figure 46). The pore size distribution is of a monomodal shape with a long shoulder towards
smaller pore diameters around o0.05 - 0.1 pm. Additionally, cumulative curves depicting the
total porosities each show a plateau at either side of the shown diameter range, suggesting the

complete open porosity was intruded by mercury and therefore measured and shown here.
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Figure 46. Total porosity (left y-axis and line graph) and relative pore volume (right y-axis
and histogram) by pore diameter of Nazi_PPo-PPoz after 1d of hardening at 100% humidity
and 37°C.
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5.4 Discussion

Interaction of PP with cement particles

The tests for storage stability indicated that already a PP concentration of 0.05 wt.% (related
to the water content in the prefabricated cement pastes) was enough to successfully prevent
CDHA formation up until 14 d at room temperature, while CDHA was already detectable after
14 d without PP addition. It is proposed that the dissolution of «-TCP is blocked by the
adsorption of the PP ions on the particle surface. The theory of adsorbed PP on the o-TCP
particles is supported by the zeta potential measurements: The adsorption of the negatively
charged PP ions (P.O;*) on the a-TCP particle surface should result in a more negative zeta
potential, exactly as it was demonstrated in 3.2.1. Furthermore, pore water analysis of
prefabricated pastes PPoos and PPos after storage for 7 d at 4 °C demonstrated that the P
concentrations measured were significantly lower than those expected from the theoretical PP
content in the solutions. It can be therefore assumed that the residual PP is adsorbed on the
solid phase. Additionally, the lower Ca concentrations in PPoos compared to PPo indicate that

dissolution of a-TCP is actually reduced by PP.

While there are no reports about the adsorption of PP on a-TCP so far, PP was repeatedly
shown to adsorb on HAp [551, 732-734] or other calcium phosphates like brushite [552] or
amorphous TCP [554]. The adsorption effect reportedly is based on active Ca sites on the surface
of the mineral particles. a-TCP, just like the already investigated calcium phosphates has these
Casites in its crystal structure [188]. For HAp, this effect is even exploited in phosphate mining:
The adsorption of PP on the HAp surface hinders the adsorption of floating agents like sodium
oleate, resulting in selective depression of apatite [734]. Based on these observations for other

calcium phosphates, it is highly likely that adsorption also takes place on a-TCP.

The experimental results showed that the injectability of the pastes significantly increased by
addition of PP. This increased injectability results mainly from a prevention of the common
filter pressing effect that occurs for solid/liquid suspensions [432, 454]. Filter pressing describes
the moment, when the friction between the aqueous phase and the particles is lower than the
friction between the composite past and the surrounding syringe. As a result of the more
negative zeta potential induced by PP adsorption, the similarly charged particles start to repel
each other and are less likely to clog together like they would when filter pressing happens. This
approach has already been demonstrated in previous studies for other ions like phytate, where
improved injectability was also correlated to a more negative zeta potential [689, 694].

Increasing the PP concentration in the aqueous solution above 0.05 wt.% does not show a more
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pronounced effect. This might indicate that the particle surfaces are already saturated with
PPoos. Additionally, after addition of the Na,/Na solution, the paste setting and the interaction
between the adsorbed PP ions and the newly introduced orthophosphate ions thicken the paste

and therefore further act against a possible filter pressing effect increasing the injectability.

Activation by orthophosphate ions

The results of isothermal calorimetry, in-situ XRD and Imeter measurements clearly indicated
that the setting reaction can be started by addition of orthophosphate in form of the Na,/Na
solution. It is therefore supposed that the orthophosphate ions can replace the PP ions, thus
enabling the onset of the hydration. Starting from this theory, it appears quite logical that the
beginning of hydration is retarded with increasing concentration of the PP solution, which
corresponds to a higher number of PP ions. Therefore, it is plausible that it takes more time to
displace a higher number of PP ions, if the number of orthophosphate ions is kept constant. In
addition, PP ions are known to hinder the crystal growth of HAp [551], which might further

explain the retarded hydration with increasing PP amount.

Accordingly, it is also plausible that activation can be accelerated by increased the amount of
added orthophosphate at a constant amount of PP ions. Therefore, the observations made by

systematically varying the parameters support the theory mentioned above.

The pH values of the stored pastes (PPo/PPoos + a-TCP) are quite basic but get buffered down
to a neutral pH once the orthophosphate solution is added. During the reaction however, the
pH value of Na21_PPo constantly increases for the whole first 30 minutes. This is most likely
due to the phosphate ions of the buffer getting used up in the cement reaction to build HAp,
the remaining Na-ions start building NaOH with the water and therefore increasing the pH.
This effect cannot be seen for Na21_PPoos. Here the free PP ions most likely break up into two
orthophosphate ions once the pH starts to increase, due to the effect presented above. These
new orthophosphate ions prevent the enrichment of Na-ions, therefore the building of NaOH

and ultimately the pH increase.

Another interesting observation is the fact that small amounts of PP (0.05 wt.%) even seem to
have an accelerating effect on the setting reaction, compared to the unmodified system, as the
IST for Na21_PPoos was lower than that for Na21_PPo. This might result from an improved

workability of the PP modified cement paste, indicated by the qualitative observation that
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Naz21_PPoos was easier to prepare into sample holders than Na21_PPo, which was crumblier.
This is further supported by the Imeter results: Though IST is reached earlier in Na21_PPoos,

Na21_PPo starts to stiffen earlier. This might result in better reactivity.

However, increasing the PP amount to 0.1 wt.% (PPo1) results in clear retardation of both the
CDHA formation and onset of the hardening process, as indicated by the increased IST,
compared to the reference. Here, the retarding effect of increased PP concentrations seem to

outweigh the effect of improved workability.

It was further observed that the rheological behaviour of the activated cement pastes was
strongly affected by the amount of PP in the pastes. A possible cause for this effect is the
interaction between the highly negatively charged pyrophosphate ions (P.O,*+) adsorbed to the
surface of the particles and the less negatively charged orthophosphate ions (PO,*) in the
Na./Na solution. Even though no difference in the particles surface charge with increasing PP
content was observed, the effect of increased PP concentration is obvious here. This is because
even if the extra PP ions are not adsorbed on the particles surface, they are still present in the

solution and can interact with the additional orthophosphate ions.

The o-TCP starting powder used for the investigations described here contained 12 + 2 wt.% of
ATCP. Previous basic studies about the hydration mechanism of partially amorphized o-TCP
clearly demonstrated that in these samples the ATCP content reacts first, followed by the
hydration of crystalline «-TCP [696, 735]. As the first, sharp heat flow maxima are not
accompanied by a heat flow resulting from reaction of crystalline o-TCP, they must result from
the reaction of ATPC, as described in [735]. The fact that this sharp maximum is also postponed
by increasing the PP concentration (Figure 41 - Calorimetry) indicates that also the hydration
of the highly reactive ATCP is initially blocked by PP, which is further supported by the
observation that no CDHA can be initially observed in Na2i_PPo1 in the in-situ XRD
measurements. This is actually the prerequisite that also samples with amorphous content can

be stabilized by PP addition.

Parallel to the increase of the CDHA content, an increase of the crystallite sizes True CS was
observed, which indicates that the increase of CDHA content at least partly results from the
growth of existing crystallites instead of the precipitation of new ones. Accordingly, the
observed decrease of the aspect ratio rz/rx indicates a preferential growth in the direction of
the crystallographic a axis at this stage. This growth mechanism is apparently not affected by
the addition of PP.
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[ts known, that the liquid to powder ratio (L/P) directly influences the compressive strengths.
[736, 737] While every sample has initially been prepared with the same L/P = 0.4 ml/g the
addition of the different amounts of Na./Na solution altered this value so that the samples with
a higher Na amount also have a higher L/P and therefore are expected to have a lower CS. The
compressive strength of hardened cement materials is directly linked to the porosity. Here the
total porosities for all samples are also very similar with 59.3% for Naz21_PPo, 51.0% for
Naz21_PPoos, 56.0% for Na21_PPo1 and 57.8% for Na21_PPoz. This is due to the fact, that all these
samples have the same liquid amount and it’s known that the amount of liquid strongly governs
the porosity of the cement [458]. Therefore the amount of PP in the sample does not influence

the mechanical properties of the material, but they are still controlled by the usual factors.
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5.5 Conclusion

The results of the study clearly indicated that stabilization of «-TCP cement pastes by PP
addition as well as the subsequent activation by orthophosphate addition are feasible and
clinically acceptable setting times can be achieved by proper selection of PP and
orthophosphate concentration. As the setting kinetics and the resulting phase composition of
the pastes stabilized by PP addition are independent on pre-storage of the samples, the reaction
is well reproducible and different pre-storage times are not expected to affect the setting
performance. This is important to ensure clinical reliability of the cements. While generally
stabilization of the pastes even without PP addition was possible by storage at 4 °C for 4 weeks,
here the reactivity was shown to be strongly affected by variable storage times. Therefore, PP

addition still has strong benefit.

The mechanical properties might be further optimized by reducing the L/P ratio of the
resulting cement pastes, which might be accomplished by modifying the prefabricated cements

with superplasticisers like polycarboxylate ether.
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Chapter 6

Concluding Discussion and Perspectives
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Calcium phosphate cement systems still lack some key properties to be applicable more
commonly as injectable bone cement alternatives to e.g., PMMA cement. Their advantages over
their organic competitors are in vivo degradability and lower setting temperature [325, 326]. But
still the drawbacks of CPCs are huge in terms of paste properties. Therefore, this work aimed to
address the possibilities to modify known cement systems to have a better controlled initial
setting behaviour and simultaneously tackle the problem of filter-pressing leading to bad

injectability, paste separation and inhomogeneities after injection.

Both systems presented in Chapter 3 and Chapter 4 have been modified to enhance their
properties in respect to their injectability by the addition of sodium phytate. This introduced a
retarding effect to both the apatitic and the brushitic system as the surface of their powder
phase gets occupied by chelate complexes formed between the phytate and the freshly dissolved
Ca**-ions. This surface layer subsequently lowered the powders zeta potential, leading to an
increased repulsion force between similar charged powder particles. This repulsion plays a
major role in the prevention of filter pressing as the solid parts of the paste are less likely to
form a filter agglomerate through which the liquid phase gets pressed ultimately changing the
paste composition inside the syringe and after extrusion / injection causing clogging of the

nozzle.

The simplicity of this modification makes it easy to control and examine further towards
applicability outside of the lab. Cell test have already been performed in form of a doctoral
thesis of Valentin Steinacker [739], where systems were tested («-TCP cement modified with
0.25 wt% and o.5 wt% phytate ; B-TCP cement modified with 5 wt% and 10 wt% phytate) with
osteoclastic and osteoblastic cell lines. The cell lines he used were the osteosarcoma cell line

MG63 for the osteoblastic cells and RAW 264.7 for the osteoclastic cells.

The first cell line was examined concerning its cell activity through their optical density in
WST-assays and their cell count in a timeframe of g days.In summary all «-TCP cements showed
an increase in cell activity and cell count over 2, 4, 7 and 9 d. In comparison to the reference
(unmodified CDHA) it can be said that the modification restricts the cell activity and count a
bit, but not to a crucial extent. The B-cements also showed good results with values higher than

for the brushite reference.

The RAW 264.7 cells were examined concerning their proliferation rate through TRAP activity
and DNA concentration. Like the tests with the MG63 cells also the tests with RAW 264.7 cells

showed a slight decrease in their compatibility for the a-TCP cements und a great increase for
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the B-TCP cements. It shows that the modifications are not detrimental to cements properties

as a biomaterial and can even improve these.

This data already predicts a promising future for these material systems. However, there are
some points that need to be addressed further. Up until now the process of injection is mostly
done by injection against no resistance in air. These injections could better be described as
extrusions. A test for the paste behaviour against a resistance closer to that present, when
injecting directly into a real bone defect, would be of high value for future developments of
injectable bone cements. Additionally, one main drawback of CPCs is still the possible leakage
outside of the defect or the desired application volume if the paste is too liquid or does not set
fast enough after the injection. This effect was also not simulated in the presented studies.
Further studies could focus on the development of a model defect to address both missing

information simultaneously.

In Chapter 5 an aqueous cement system was presented that had the unique property of not
setting actively on its own until a specific activation solution is mixed into the main bulk paste.
This property opens up the possibility to manufacture the premixed bulk paste and the
activation solution precisely and store them separately until they are mixed for the application.
Here, the variable of manufacturing the paste on site in an open container in the operating
theatre by trained staff can be completely removed and it therefore offers a much higher control
over the applied product and also prevents potential contaminations during the preparation.
The effect was achieved by the addition of sodium pyrophosphate to a normal «-TCP cement.
The pyrophosphate ions are known to inhibit cement setting reactions by preventing the
dissolution of the cement. To activate this so-called stabilized paste, an activation solution
containing high amounts of sodium orthophosphates is added. These orthophosphates dilute
the pyrophosphate layer around the cement particles and take part in the cement reaction
themselves leading to a normal setting behaviour of the activated paste. More so than the
previous presented systems, this system should be investigated concerning paste behaviour

after injection and possible leakage.

Due to the decreased interaction between the liquid phase and the powder particles, the paste
shows a high degree of phase separation during storage. This is not of big concern for its
application, as the paste can be remixed by shaking, vortexing or during the activation with the
presented “two syringe” system when pumping back and forth the paste between both syringes.
Nevertheless, the paste cohesion is a very good starting point to improve upon for this cement

system. Hydroxy propyl methyl cellulose (HPMC) is a common additive to thicken a paste, but
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often leads to air bubbles which in return weaken the hardened cement and can lead to
inhomogeneous injection and porosity. As an alternative hyaluronic acid (HyAc) could work.
This is readily available in different molecular weights allowing for good control over the
viscosity. Preliminary tests of the cement system presented in Chapter 5 modified in its
viscosity by the addition of HyAc were already performed by the author of this thesis (Jan
Weichhold) and Maximilian Pfeiffle during a bachelor thesis initiated and supervised by the
author of this thesis and performed by Maximilian Pfeiffle. Here the secondary goal after an
improvement of the paste cohesion was to achieve a printable paste for the 3D extrusion
printing. This application came to mind as the normal limitation of CPCs as a 3D printing ink
is the limited printing time due to the ongoing setting reaction. So, the stabilized non setting

formulation would be the perfect candidate for this application.

3D printed patient specific products are making their way more and more into the regular
clinical practice. There is still a long way to go, but the foundations have been laid out. Many
materials can be used to produce 3D printed scaffolds for a variety of applications [740-746].
Materials for 3D bioprinting can be divided into natural and synthetic materials. Naturally
derived materials like collagen, gelatin, chitosan, alginate, fibrin or hyaluronic acid (HyAc) have
an inherent bioactivity [747-761]. Synthetic materials, like poly caprolactone (PCL), poly lactic
acid (PLA), poly ethylene glycole (PEG) or polyether ether ketone (PEEK) on the other hand
offer the better mechanical properties and can be adjusted more precisely, but in turns can have
poor biocompatibility or even be toxic after degradation [762-775]. Bone cements are also
getting more and more commonly used. These are synthetic materials but have already been
reported to show good biocompatibility as they mimic the natural bone composition.
Additionally, they have found to be usable in a powder printer set up [666, 776, 777], and as
additives in extrusion based printing mixed into polymers [457, 778]. But there have also been
approaches to make the traditional bone cement paste usable as an ink for extrusion-based
printing while still being the main component and following the traditional setting procedure
without an additional sintering step [779-782]. This poses the problem, that a printing process

is usually optimized to the paste properties and limited by the setting time or behaviour .

The cement system presented in Chapter 5 was modified with an array of HyAc in different
molecular weights (Mw) from 8-15 kDa up to 2-2.5 MDa. The addition of HyAc with a Mw above

0.6-. MDa could prevent phase separation over a time frame of 21 days as shown in Figure 47.
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Mw HyAc [Da]
8-15k 80-100k 0.2-0.5M 0.6-1M 1-2M 2-2.5M

Figure 47. Stored pastes in 5 ml falcon tubes composed of «-TCP and hyaluronic acid solution
with a range of Mw from 8-15 kDa to 2-2.5 MDa after one day of storage (top) and 21 days of
storage (bottom). (n=3, one representative has been selected) Reprinted and adjusted with
permission from the bachelor thesis of Maximilian Pfeiffle [738].

147



Chapter 6

The suitability for the different pastes were assessed for a range of molecular weights and
concentrations. Different pastes were used for preliminary printing test to filter the promising
compositions. First the Mw was changed at a fixed 1 wt% and then the concentration was
changed with the most promising Mw. The results are presented in Table 14. The color code
shows how well the paste was extrudable (red: bad, yellow: acceptable, green: good), where the
qualitative word describes how well the paste could keep its shape after extrusion. 2-2.5 MDa

with 3% was the best in extrudability and 4% had the best shape fidelity afterwards.

Table 14. Qualitative evaluation of extrudability (color red: bad, yellow: acceptable, green: good)
and shape fidelity (words) of the cement pastes with 1 wt% of HyAc and a Mw range from 8-15
kDa to 2-2.5 MDa and pastes with a concentration range of 1 to 5 wt% of HyAc with a Mw of 2-2.5
MDa. Reprinted with permission from the bachelor thesis of Maximilian Pfeiffle [738].

HyAc [Da] 8-15k 80-100k 0.2-0.5M 0.6-1M  1-2M 2-2.5M

®

c 0% extrusion speed 20mm/s = -?
L e
® 1% _ bad bad  bad okay S
-E [}
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S 8
3 3% good N
1) o
< 4% Very good g
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5% N2

Initially the pastes were extruded and printed directly in air onto the collector and set by
submerging the construct in the activation solution shown in Chapter 5 after the printing
process, but this led to fibre merging and a deformation when more layers were stacked onto
each other. (Figure 48) To address this we decided to print directly into the solution and start

the setting process once the paste leaves the nozzle. This improved the printing results.

(Figure 49)
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printed in air, hardened in Naz/Na solution

Figure 48. One layer scaffold of the 1 wt.% 2-2.5 MDa paste printed in air and hardened in Na./Na
solution afterwards. Overview image (left) and detailed intersection (right). Reprinted with
permission from the bachelor thesis of Maximilian Pfeiffle [738].

printed in Naz/Na solution

-

5 mm

Figure 49. One layer scaffold of the iwt.% 2-2.5 MDa paste printed directly in Na./Na solution.
Overview image (left) and detailed intersection (right). Reprinted with permission from the
bachelor thesis of Maximilian Pfeiffle [738].
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Lastly the produced scaffolds were compared to normally cast samples of the same cement in
respect to their compressive strengths. The dimensions of 6x6x12 mm? were printed and cast.
Comparing them qualitatively they showed similar maximum strengths, but the printed
samples could even recover from the fracture. This could be seen as individual layers breaking

off during the compression test. (Figure 50)

printed 4 wt%

10

fracture events

P E )

w1/ 4 wt% printed
4 4

4 wt% cast

0 T T T T 1
0 2 4 6 8 10

deformation [%]

pressure [MPa]

Figure 50. Printed sample for compressive strength tests in top view (A) and side view (B),
(C) representative compressive strength test curves of the cast cement sample (light blue) and the
printed sample (dark blue). Reprinted and adjusted with permission from the bachelor thesis of
Maximilian Pfeiffle [738].

Allin all, the project was a success and the foundation of more investigation for this system as
a 3D extrusion ink. The process of printing directly inside the activation solution poses the most
problems here, as the nozzle could clog if the extrusion speed was too low and the cement
started to set already. Printing error could occur if parts of the cement paste would stick to one
side of the nozzle and in turns affecting the angle of the deposited paste strand after extrusion.
Additionally, we ran into a problem of the printer configuration in combination with this paste.
The printer drives the paste forward via a plunger that gets pressed against the paste with air

pressure. To have full contact and no air left in the cartridge, a semi air permeable plunger is
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used and pushed into the cartridge after filling to be in full contact with the paste. This semi
permeable plunger is normally sufficient as the pastes are less air permeable and get pushed
forward equally. But in our case a high pressure to drive the paste was needed and could lead
to local filter pressing like phase separation, where the air pushed all liquid content through the
powder particles creating a channel to the nozzle ultimately preventing paste extrusion
completely. This major problem could be circumvented by adding a few drops of oil onto the
semi air permeable plunger after it was pushed in and in full contact with the paste, making it
not permeable at all. There are more suitable paste driving systems for cement pastes on the
market. The first and most interesting configuration would be a screw mechanism, that
protrudes the paste via a rotating screw inside the cartridge. This system seems to be more
suitable for these kinds of pastes as it is always in full contact with the paste, can be loaded
easily without air bubble by rotating backwards and filling from the front and does not put
locally different pressure on the paste, which may cause a filter pressing phase separation.
Furthermore, the resolution needs to be addressed and refined in future experiments. Currently
just under 1 mm strand thickness could be realized, but for a medical approach a finer resolution
would enable a better fit to more complex defects and enable smaller radii for the corners

improving form fidelity even more.

These projects that use the presented work as a foundation already show promising results
and open up the potential field of further work. This thesis was the next step on the way towards

more usable, better injectable bone cements.
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Chapter 7.1

Summary

The human body has very good self-healing capabilities for numerous different injuries to a
variety of different tissues. This includes the main human mechanical framework, the skeleton.
The skeleton is limited in its healing without additional aid by medicine mostly by the defect
size. When the defect reaches a size above 2.5 cm the regeneration of the defect ends up faulty.
Here is where implants, defect fillers and other support approaches developed in medicine can

help the body to heal the big defect still successfully.

Usually sturdy implants (auto-/allo-/xenogenic) are implanted in the defect to bridge the
distance, but for auto- and allogenic implants a suitable donor site must be found and for all
sources the implant needs to be shaped into the defect specific site to ensure a perfect fit, the
best support and good healing. This shaping is very time consuming and prone to error, already
in the planning phase. The use of a material that is moldable and sets in the desired shape
shortly after applying negates these disadvantages. Cementitious materials offer exactly this
property by being in a pasty stage after the powder and liquid components have been mixed
and the subsequently hardening to a solid implant. These properties also enable the extrusion,
and therefore may also enable the injection, of the cement via a syringe in a minimal invasive

approach.

To enable a good injection of the cement modifications are necessary. This work aimed to
modify commonly used calcium phosphate-based cement systems based on o«-TCP (apatitic)
and B-TCP (brushitic). These have been modified with sodium phytate and phytic acid,
respectively. Additionally, the a-TCP system has been modified with sodium pyrophosphate, in
a second study, to create a storable aqueous paste that can be activated once needed with a

highly concentrated sodium orthophosphate solution.

155



Chapter 7

The powder phase of the a-TCP cement system consisted of nine parts a-TCP and one part
CDHA. These were prepared to have different particle sizes and therefore enable a better
powder flowability through the bimodal size distribution. a-TCP had a main particle size of
20 pm and CDHA of 2.6 pum. The modification with sodium phytate led to an adsorption of
phytate ions on the surface of the a-TCP particles, where they started to form complexes with
the Ca** ions in the solution. This adsorption had two effects. The first was to make the calcium
ions unavailable, preventing supersaturation and ultimately the precipitation of CDHA what
would lead to the cement hardening. The second was the increase of the absolute value of the
surface charge, zeta potential, of the powder in the cement paste. Here a decrease from
+3 mV to -40 mV could be measured. A strong value for the zeta potential leads to a higher
repulsion of similarly charged particles and therefore prevents powder agglomeration and
clogging on the nozzle during injection. These two modifications (bimodal particles size
distribution and phytic acid) lead to a significant increase in the paste injectability. The
unmodified paste was injectable for 30 % only, where all modified pastes were practically fully
injectable ~9o0 % (the residual paste remained in the nozzle, while the syringe plunger already

reached the end of the syringe).

A very similar observation could be made for the B-TCP system. This system was modified with
phytic acid. The zeta potential was decreased even stronger from -10 + 1.5 mV to -71.5 + 12 mV.
The adsorption of the phytate ions and subsequent formation of chelate complexes with the
newly dissolved Ca** ions also showed a retarding effect in the cements setting reaction. Where
the unmodified cement was not measurable in the rheometer, as the reaction was faster than
the measurement setup (~1.5 min), the modified cements showed a transition through the gel
point between 3-6 min. This means the pastes stayed between 2 and 4 times longer viscous than
without the modification. Like with the first cement system also here the effects of the phytate
addition showed its beneficial influence in the injectability measurement. The unmodified
cement was not injectable at all, due to the same issue already encountered at the rheology
measurements, but all modified pastes were fully injectable for at least 5 min (lowest phytate
concentration) and at least 10 min (all other concentrations) after the mixing of powder and

liquid.
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The main goal of the last modification with sodium pyrophosphate was to create a paste that
was stable in aqueous environment without setting until the activation takes place, but it should
still show good injectability as this was the desired way of application after activation. Like
before also the zeta potential changed after the addition of pyrophosphate. It could be lowered
from -22 + 2mV down to -61to -68 + 4mV (depending on the pyrophosphate concentration).
The pastes were stored in airtight containers at room temperature and checked for their phase
composition over 14 days. The unmodified paste showed a beginning phase conversion to
hydroxyapatite between 7 and 14 days. All other pastes were still stable and unreacted. The
pastes were activated with a high concentrated (30 wt%) sodium orthophosphate solution. After
the activation the pastes were checked for their injectability and showed an increase
from -57 + 1% for the unmodified paste to -89 + 3% (practically fully injectable as described

earlier) for the best modified paste (PPoos).

It can be concluded that the goal of enabling full injection of conventional calcium phosphate
bone cement systems was reached. Additional work produced a storage stable paste that still
ensures full injectability. Subsequent work already used the storable paste and modified it with
hyaluronic acid to create an ink for 3D extrusion printing. The first two cement systems have
also already been investigated in cell culture for their influence on osteoblasts and osteoclasts.
The next steps would have to go more into the direction of translation. Figuring out what
properties still need to be checked and where the modification needs adjustment to enable a

clinical use of the presented systems.
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Chapter 7.2

Zusammenfassung

Der menschliche Korper verfiigt iber sehr gute Selbstheilungsfahigkeiten fiir zahlreiche
verschiedene Verletzungen in unterschiedlichen Geweben. Dazu gehort auch das wichtigste
mechanische Geriist des Menschen, das Skelett. Das Skelett ist in seiner Heilung ohne
zusdtzliche Hilfe durch die Medizin vor allem durch die Defektgrofe begrenzt. Erreicht der
Defekt eine Grofle von mehr als 2,5 cm, ist die Regeneration des Defekts nicht mehr
gewahrleistet. Hier konnen Implantate, Defektfiiller und andere in der Medizin entwickelte

Unterstiitzungsansatze dem Korper helfen, den grofRen Defekt noch erfolgreich zu heilen.

In der Regel werden stabile Implantate (auto-/allo-/xenogen) in den Defekt eingesetzt, um
den Abstand zu iiberbriicken. Fiir auto- und allogene Implantate muss jedoch eine geeignete
Spenderstelle gefunden werden, und fiir alle Quellen muss das Implantat in die
defektspezifische Stelle geformt werden, um eine perfekte Passform, den besten Halt und eine
gute Heilung zu gewdhrleisten. Diese Formgebung ist sehr zeitaufwendig und fehleranfillig,
schon in der Planungsphase. Die Verwendung eines Materials, das formbar ist und kurz nach
dem Auftragen in der gewiinschten Form aushartet, negiert diese Nachteile. Zementartige
Materialien bieten genau diese Eigenschaft, indem sie sich nach dem Vermischen von Pulver
und fliissigen Komponenten in einem pastosen Stadium befinden und anschlieffend zu einem
festen Implantat aushdrten. Diese Eigenschaften ermdglichen auch die Extrusion und damit
moglicherweise auch die Injektion des Zements iiber eine Spritze in einem minimalinvasiven

Verfahren.
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Um eine gute Injektion des Zements zu ermoglichen, sind Modifikationen erforderlich. Ziel
dieser Arbeit war es, die gangigen Zementsysteme auf Kalziumphosphatbasis zu modifizieren,
die auf a-TCP (apatitisch) und B-TCP (brushitisch) basieren. Diese wurden mit Natriumphytat
bzw. Phytinsdaure modifiziert. Zusatzlich wurde das a-TCP-System in einer zweiten Studie mit
Natriumpyrophosphat modifiziert, um eine lagerfihige wasserbasierte Paste zu schaffen, die bei

Bedarf mit einer hochkonzentrierten Natriumorthophosphatlosung aktiviert werden kann.

Die Pulverphase des a-TCP-Zementsystems bestand aus neun Teilen o-TCP und einem Teil
CDHA. Diese wurden so aufbereitet, dass sie unterschiedliche Partikelgrofden aufweisen und
somit eine bessere Flief3fdhigkeit des Pulvers durch die bimodale Grofienverteilung
ermoglichen. o-TCP hatte eine Hauptpartikelgrofle von 20 pm und CDHA von 2,6 pm. Die
Modifizierung mit Natriumphytat fithrte zu einer Adsorption von Phytat-lonen an der
Oberflache der a-TCP-Partikel, wo sie Komplexe mit den Ca**-lonen in der Losung zu bilden
begannen. Diese Adsorption hatte zwei Auswirkungen. Die erste bestand darin, dass die
Calciumionen nicht mehr verfiigbar waren, wodurch die Ubersittigung und letztlich die
Ausféllung von CDHA verhindert wurde, was zur Erhartung des Zements gefithrt hatte. Der
zweite Effekt war die Erhohung des Betrags der Oberflichenladung, des Zetapotenzials, des
Pulvers in der Zementpaste. Hier konnte eine Abnahme von +3 mV auf -40 mV gemessen
werden. Ein hoher Wert fiir das Zetapotenzial fiihrt zu einer stirkeren Abstofdung dhnlich
geladener Teilchen und verhindert somit die Agglomeration des Pulvers und das Verstopfen
der Kantiile wahrend der Injektion. Diese beiden Modifikationen (bimodale
Partikelgrof3enverteilung und Phytinsdure) fiihren zu einer deutlichen Verbesserung der
Injektionsfahigkeit der Paste. Die unmodifizierte Paste war nur zu 30 % injizierbar, wahrend
alle modifizierten Pasten praktisch vollstandig injizierbar waren ~go %(die Restpaste blieb in

der Kaniile, wahrend der Spritzenkolben bereits das Ende der Spritze erreichte).

Eine sehr dhnliche Beobachtung konnte fiir das -TCP-System gemacht werden. Dieses System
wurde mit Phytinsdure modifiziert. Das Zetapotenzial sank noch starker von -10 +1,5 mV
auf -71,5 £+ 12mV. Die Adsorption der Phytat-lonen und die anschliefende Bildung von
Chelatkomplexen mit den neu gelosten Ca**-lonen zeigten ebenfalls eine verzogernde Wirkung
bei der Abbindereaktion des Zements. Wahrend der unmodifizierte Zement im Rheometer
nicht messbar war, da die Reaktion schneller verlief als der Messaufbau (~1,5 min), zeigten die
modifizierten Zemente einen Ubergang durch den Gelpunkt zwischen 3-6 min. Dies bedeutet,
dass die Pasten zwischen 2 und 4 mal langer viskos blieben als ohne die Modifikation. Wie beim
ersten Zementsystem zeigte sich auch hier der positive Einfluss des Phytatzusatzes bei der

Messung der Injektionsfdhigkeit. Der unmodifizierte Zement war iberhaupt nicht injizierbar,
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was auf das gleiche Problem zuriickzufiihren ist, das bereits bei den rheologischen Messungen
aufgetreten ist, aber alle modifizierten Pasten waren mindestens 5 min (niedrigste
Phytatkonzentration) und mindestens 10 min (alle anderen Konzentrationen) nach dem

Mischen von Pulver und Flissigkeit vollstandig injizierbar.

Das Hauptziel der letzten Modifikation mit Natriumpyrophosphat bestand darin, eine Paste
zu schaffen, die in wassriger Umgebung stabil ist und bis zur Aktivierung nicht aushartet, die
aber dennoch eine gute Injektionsfahigkeit aufweisen sollte, da dies die gewiinschte Art der
Anwendung nach der Aktivierung war. Wie zuvor danderte sich auch das Zetapotenzial nach der
Zugabe von Pyrophosphat. Es konnte von -22 + 2mV auf -61 bis -68 + 4mV (abhangig von der
Pyrophosphatkonzentration) gesenkt werden. Die Pasten wurden in luftdichten Behaltern bei
Raumtemperatur gelagert und tiber 14 Tage auf ihre Phasenzusammensetzung untersucht. Die
unmodifizierte Paste zeigte zwischen 7 und 14 Tagen eine beginnende Phasenumwandlung in
Hydroxyapatit. Alle anderen Pasten waren noch stabil und nicht umgewandelt. Die Pasten
wurden mit einer hochkonzentrierten (30 Gew.-%) Natriumorthophosphatlésung aktiviert.
Nach der Aktivierung wurden die Pasten aufihre Injektionsfahigkeit gepriift und zeigten einen
Anstieg von -57+1 % fiir die unmodifizierte Paste auf -89 +3% (praktisch vollstindig

injizierbar, wie zuvor beschrieben) fiir die beste modifizierte Paste (PPoos).

Daraus lasst sich schlieflen, dass das Ziel, die vollstindige Injektion herkémmlicher
Kalziumphosphat-Knochenzementsysteme zu erméglichen, erreicht wurde. Weitere Arbeiten
filhrten zu einer lagerstabilen Paste, die dennoch eine vollstindige Injektionsfihigkeit
gewahrleistet. In nachfolgenden Arbeiten wurde die lagerfahige Paste bereits verwendet und
mit Hyaluronsdure modifiziert, um eine Tinte fiir den 3D-Extrusionsdruck herzustellen. Die
ersten beiden Zementsysteme wurden auch bereits in Zellkulturen auf ihren Einfluss auf
Osteoblasten und Osteoklasten untersucht. Die nachsten Schritte miissten mehr in Richtung
Translation gehen. Es gilt herauszufinden, welche Eigenschaften noch iiberpriift werden
miissen und wo die Modifikation angepasst werden muss, um einen klinischen Einsatz der

vorgestellten Systeme zu ermdglichen.
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Chapter 8

Methodology

8.1 Powder Fabrication

8.1.1 Alpha Tricalcium Phosphate (a-TCP)

The a-TCP was synthesized from 0.716 mol monetite (CaHPO,) purchased from Honeywell,
USA, and 0.33 mol calcite (CaCO;) purchased from Merck, Germany was homogenized in a
planetary ball mill PM 400 by Retsch for 1 hour. Empirical tests showed, that the theoretical
stoichiometric ratio of monetite to calcite (2 mol : 1 mol) lead to secondary phases such as
hydroxyapatite (HA), therefore it was adjusted to 2.15: mol : 1 mol to achieve a phase pure o-
TCP. The powder mixture was sintered at 1200 °C for 5 h in a chamber oven Oyten (Vecstar,
England). Afterwards the sintered powder was ground fine in the planetary ball mill again using
a Zirconia milling cup and 6 zirconia milling balls with a diameter of 30 mm at 200 rpm for 2.5

hours and some drops of 2-propanol

8.1.2 Beta Tricalcium Phosphate (B-TCP)

CaHPO, (J.T. Baker, Griesheim, Germany) and CaCO; (Merck, Darmstadt, Germany) were
sintered at a 2.15:1 molar ratio for 5 h at 1050 °C in a sintering furnace (Oyten Thermotechnik,
Oyten, Germany). The B-tricalcium phosphate (B-TCP, -Ca;(PO,).) sintering cake was crushed
with a pestle and mortar and sieved through a mesh size of <355 um. Each 125 g were dryly

milled for 1 h in a planetary ball RM 400 (Retsch, Haan, Germany).
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8.1.3 Calciumdeficient Hydroxyapatite (CDHA)

The apatite was synthesized by stirring o-TCP suspended in 1 | deionised water with the
addition of 30 ml 2.5% Na2HPO4 solution. Due to the synthesis procedure, it can be assumed
that it is a calcium-deficient hydroxyapatite (Cago-(HPO,)x(PO,)6-9(OH)(-, CDHA). After 7
d, the suspension was filtered and the received powder was dried at 60 °C in an oven. Both
powders were analysed for phase purity via an XRD analysis. In order to obtain a fine powder,
the dried CDHA precipitate was wet milled in a planetary ball mill for 2 h in agate grinding jars.
For 10 g of CDHA powder, 175 g of ZrOz2:Y beads with a diameter of 1.25 mm were used as the
grinding medium and 10 ml of isopropyl alcohol as lubricant. After milling, pure CDHA powder
was obtained by separating the ZrOz2:Y beads with a metal sieve and centrifuging the residual
slurry at 3500 rpm for go min in a centrifuge Megafuge 1.0 (Heraeus, Hanau, Germany). Then,
the supernatant isopropyl alcohol was removed with a pipette, and the samples were dried at
50 °C in a vacuum drying chamber (Binder, Tuttlingen, Germany) to remove the residual

ethanol.
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8.2 Particle Size Distribution and Specific Surface Area
8.2.1 a-TCP

The particle size distributions of the «-TCP and CDHA starting powders were determined by
laser diffraction at a Mastersizer 3000 (Malvern Panalytical, Kassel, Germany), applying the Mie
scattering model. Isopropyl alcohol was used as a dispersing agent. A data evaluation was
performed using Mastersizer software V3.5 and Microcal Origin V 2017G. Three independent
preparations of each sample were measured, and 10 measurement runs of each preparation were

performed.

The BET (Brunauer, Emmett, Teller) surface area of a-TCP and CDHA was determined by
Nitrogen adsorption using a Gemini 2360 instrument (Micromeritics, Norcross, GA, USA) in
liquid N2. The samples were prepared for measurements by cleaning the surfaces at 130 °C under

He flow for 3 h. Three independent measurements were performed for each powder.

8.2.2 B-TCP

The BET surface area of the samples was measured by Nitrogen adsorption using a Gemini
2360 instrument (Micromeritics, USA) in liquid N,. Sample surfaces were cleaned at 130 °C
under He flow for 3 h prior to measurement. Three independently prepared samples were

measured once for each powder.
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8.3 Quantitative Phase Composition

8.3.1 a-TCP

The quantitative phase composition of the powders was determined by powder X-ray
diffraction (XRD) combined with Rietveld refinement and the G-factor method, an external
standard method [783] . These measurements and calculations have been done by Katrin Hurle
and Jan Weichhold depending on the chapter. A quartzite slice, calibrated with fully crystalline
silicon powder (NIST Si Standard 640d), was used as an external standard. The details about
the application of the G-factor method for the investigation of a-TCP cements can be found in
[696] . XRD measurements were performed at a D8 Advance with DaVinci design (Bruker AXS,
Karlsruhe, Germany) with the following measurement parameters: Range 7-70° 26; step size
0.0112° 20, integration time 0.2 s; radiation: copper Ko; generator settings: 40 kV, 40 mA;
divergence slit: 0.3°; sample rotation with 30 1/min. For the Rietveld refinement, the structures
ICSD# 923 (a-TCP) [784] , ICSD# 97500 (B-TCP) [785] and ICSD# 26204 (hydroxyapatite, used
for the refinement of CDHA) [786] were applied together with a Chebychev polynomial of
second order for the background. The refined parameters were scale factors, lattice parameters,
crystallite size and microstrain. The anisotropic crystallite (coherent scattering domain) sizes
of the hexagonal CDHA were modelled by a triaxial ellipsoid model [787] . Due to the
constraints of the hexagonal symmetry, rx and ry were set to the same value. rx was aligned
parallel to the direction of the crystallographic a-axis and rz to the direction of the
crystallographic c-axis. The “true crystallite size” (True CS) was calculated as the cube root of
the model ellipsoid volume. The contribution of the amorphous TCP (ATCP) present in the
samples was modelled with a Peaks Phase, which means that several separate peaks were added

to model the contribution of the X-ray amorphous phase.

In Chapter 5 the samples stored over 1d, 3d, 7d and 14d to check for stability were measured in
a range from 7-70° 20, step size 0.02° 20, integration time o0.4s, copper K, radiation, generator
settings: 40 kV, 40 mA, a divergence slit of 0.25° and a rotation of 15 min™. For the Rietveld

refinement the same structures were used as for mentioned before.

8.3.2 B-TCP

The quantitative phase composition of the B-TCP starting powder was determined by powder
X-ray diffraction (XRD) and subsequent application of Rietveld refinement combined with the
G-factor method, an external standard method. For XRD measurement, the powder was

prepared by front loading method, 10 independent preparations of the powder were measured.
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The measurements were conducted at a D8 Advance with DaVinci design (Bruker AXS,
Germany). The following measurement conditions were applied: Range 6-39° 20; step size
0.0122° 20, integration time 0.15 s; radiation: copper K,; generator settings: 40 kV, 40 mA;
divergence slit: 0.3°. Qualitative evaluation of the measurements was performed with software
EVA 4.1 (Bruker AXS, Karlsruhe). Rietveld refinement was accomplished with TOPAS 4.2
(Bruker AXS, Karlsruhe), the structures used for all XRD evaluations included in this study are
ICSD# 97500 (B-TCP) [785], ICSD# (Ca-Pyrophosphate, Ca,P,0,) [788], ICSD# 13 (MCPM)
[789], ICSD# o917 (Monetite) [790] and ICSD# 16132 (Brushite) [253] For the powder
measurements, refined parameters were the lattice parameters, scale factors, crystallite size and

microstrain.
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8.3.3 Quantity calculations

The G-factor method enables the determination of absolute crystalline phase contents and
thus indirect quantification of amorphous content. The G-factor as a device specific calibration

constant is determined from measurement of an appropriate standard according to Eq.( 13 )

[783].

Vi
GZSS@ Eq.(13)

Cs

In these studies, a quartzite slice was used as standard. The quantity of crystalline quartz in
the quartzite, c;, was obtained by calibration of the quartzite with fully crystalline silicon
powder (NIST Si Standard 640d) as primary standard. The mass attenuation coefficient (mac)
p*s of quartz was calculated from the macs of the elements involved, which were taken from
the International Tables for Crystallography [791]. The quantity ¢jof any crystalline phase j was
then calculated according to Eq.( 14 ), where p*sample Was accordingly calculated from the macs

of the elements involved [791].

2. %
o = g PV Hsample Eq.(14)
] J G
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8.4 Zeta Potential

The surface charge of cement particles in the aqueous solution can be altered by different
additives through the presence of ions in the liquid, a change in the pH and adsorption to the
surface of the particles. This change can be measured via the Zetasizer Nano (Malvern
Instruments, Malvern, Great Britain) and shows the surface charge of the suspended o-TCP
particles against the surrounding liquid. Each mixture was prepared 3 times, while each

preparation resulted in 3 measurements.

For Chapter 3, the effect of sodium phytate on the zeta potential { of the particles in the
cement paste was investigated. For each measurement, 1 g a-TCP,CDHA or a mixture of o-
TCP/CDHA in the ratio 9:1 was suspended either in a 0.002 M sodium phytate solution or as a
reference in deionized water, which served as a medium for the measurement. To determine
the effect of phytic acid (IP6) on the zeta potential { of the paste in Chapter 4, for each
measurement, 0.1 g 3-TCP and the respective amount of IP6 (5 to 20 wt.% related to the 3-TCP
content) or 0.1 ml of 0.5 M citric acid solution in case of the reference were added into 5 ml
deionized water, which served as medium for the measurement. For the measurements in
Chapter 5, o1g o-TCP was suspended in deionized water and all three solutions of
pyrophosphate (PPoos, PPo1 and PPo2) respectively. 1 ml of these was transferred into a cuvette

and placed in the measurement chamber.
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8.5 Paste and Sample Composition

In Chapter 3 all tests aside from the zeta potential measurement, the powder mixture (P)
consisted of go wt.% o-TCP, 10 wt.% CDHA and either no sodium phytate or 0.25, 0.5, 0.75 or
1.0 wt.% sodium phytate added related to the mass of the phosphate powder for the samples
Phy_o.00, Phy_o.25, Phy_o.50, Phy_o.75 and Phy_1.00, respectively. Additionally, samples with
2 wt.% sodium phytate (Phy_2.00) were prepared for XRD measurements after hardening, in
order to systematically investigate the effect of phytate on OCP formation. Due to the very slow
hardening of this paste, it was not included in the other investigations. The liquid phase (L) for
the zeta potential measurements was a 0.05 M sodium phytate solution, but for every other
measurement a 0.2 M Na2HPO4 aqueous solution was used. A liquid to powder ratio (L/P) of

0.3 ml/g was used for all experiments except the zeta potential and pH measurements.

For cement paste preparation in Chapter 4, five diluted phosphoric acid solutions (H;PO,,
Merck, Darmstadt, Germany) with different concentrations of phytic acid (IP6, C¢H.s0,,Ps,
Sigma Aldrich, Steinheim, Germany), according to Table 15 were prepared. The single
compositions were chosen to obtain a final water-to-cement ratio (w/c) of 0.5 g/ml, while the
molar ratio of B-TCP to phosphoric acid was equimolar. The reference cement was mixed with
a 0.5 M citric acid solution (CsHsO;-H.O, Sigma Aldrich, Steinheim, Germany) instead of a
solution containing IP6 as a setting modulator, because handling of non-retarded brushite

cement was impossible.
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The cement pastes investigated in Chapter 5 were composed of o-TCP as starting powder,
which was mixed with solutions of tetrasodium pyrophosphate decahydrate Na,P,O;10H.O
(Merck, Darmstadt, Germany) (PP) in different concentrations ranging from 0.05 to 0.5 wt.%
PP. The samples were labelled PPoos, PPo;, ..., PPo5 accordingly. The liquid to powder ratio
(L/P) of these prefabricated pastes was 0.4 ml/g. For activation of the setting reaction, an
aqueous solution of Na,HPO, (Merck, Darmstadt, Germany) NaH,PO, (VWR Chemicals,
Darmstadt, Germany) in a weight ratio 4:1 and an overall concentration of 30 wt.% (Na./Na)
was additionally added. The amount of added Na./Na solution was normally 20.8 vol% of
Na,/Na solution (Naz1) related to the amount of liquid in the prefabricated cement pastes.
Accordingly, the nomenclature was Na21_PPoos etc. For the systematic investigations, the
amount of added Na,/Na solution was varied to 10.4, 15.6 and 41.7 vol% (Na1o, Na16, Nag2). As
a consequence, the resulting L/P of the final cement pastes was increased, depending on the
amount of added Na,/Na solution. For comparison, a reference without PP addition (PPo) was
investigated. For this purpose, a diluted Na,/Na solution was fabricated. The concentration of
the solution was selected in a way that cements with the same L/P and the same overall Na,/Na

concentration as the PP-stabilized and activated cement could be achieved.

Table 15. recipes of all IP6 solutions used in Chapter 4. * This solution is a 0.5 M citric acid
solution and functions as a reference as a classical setting retarder.

IP6 concentration relative IP6 50% Water Orthophosphoric
Label to B-TCP acid 85%
[wt%] [g] [ml] [ml]
IP6_o o o* 81.76 40
IP6_5 5 18.40 72.55 40
IP6_10 10 3.,87 63.35 40
IP6_12.5 12.5 46.07 58.75 40
IP6_15 15 55.22 54.15 40
IP6_20 20 73.66 44.95 40
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8.6 Rheology

To compare the effect of relatively low and relatively high amounts of added sodium phytate,
the development of the viscosity n of Phy_o.25 and Phy_1.00 in Chapter 3, was documented
using an MCR 310 Rheometer (Anton Paar, Ostfildern-Scharnhausen, Germany) at room
temperature and at 37 °C. For all the measurements, the measuring unit consisted of two equally
sized plates with the upper plate having a circular area with a diameter of 50 mm. The lower
plate was fixed, while the other plate was rotating in a defined distance of 1.0 mm above it. For
the viscosity measurement, the upper plate rotated with a constant shear rate = 1/s. The
measurements were reproduced 3 times for each composition. A representative measurement
was chosen for comparison. The development of the viscosity n and the dynamic moduli G*, G*
and G* of the different mixtures in Chapter 4 described earlier were documented using a MCR
310 Rheometer (Anton Paar, Germany) at room temperature. For both measurements the
measuring unit consisted of two equally sized plates with a circular area with a diameter of
50 mm. One was fixed, while the other one was rotating in a defined distance of 0.6 mm above
it. To determine the viscosity development, the upper plate applied a constant shear stress t of
250 Pa to the paste between the plates. The measurement started 2 min after mixing of the solid
and liquid phases and monitored the reaction for up to 20 min or until the viscosity 1 reached
a value of above 1000 Pa-s. For the dynamic moduli, the upper plate oscillated with a frequency
of w = 1rad/s and the deformation was kept constant at y= 0.04 %. The setting time of the
reference without additional IP6 was too short (45 — 60 sec) to prepare it for the measurement.
The gelation point as the moment where the graphs for the storage modulus G’ and the loss
modulus G” intersect and the paste gets changed from viscous to elastic behaviour was
determined graphically. The measurements were reproduced 3 times for each composition. To
analyse the hardening process of the activated cement pastes shown in Chapter 5, rheology
measurements were done after the activation. For these measurements, the respective pastes
were measured with the Rheometer MCR 301 (Anton Paar Group AG, Graz, Austria) in a time
sweep oscillation test at 25 °C with an amplitude y = 0.1 %, an angular frequency of w = 5 rad/s
and a measurement point duration of 10 s. A plate-plate geometry with a diameter of 5 cm was
used with a plate distance of 0.6 mm. The hardening process was monitored for the first 30

minutes.
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8.7 Injectability

The injectability of the different pastes was measured using a custom syringe mount
(Figure 51) and the universal testing machine Zoio (ZwickRoell GmbH & Co. KG, Ulm,
Germany). A 5 ml syringe equipped with a 2 mm diameter needle was used. 2, 5 and 10 min
(Chapter 3), 3 min (Chapter 4) and directly (Chapter 5) after mixing of the solid and liquid,
the syringe filled with the cement paste (~4-6 g paste) was mounted in the Zo1o universal testing
machine, and pressure was applied at a crosshead speed of 30 mm/min. The measurement was
finished either after the entire paste was pressed out of the syringe or the maximum force of
300 N (Chapter 3), 400 N (Chapter 4), 200 N (Chapter 5) was reached. Afterwards the
injectability was calculated as the percentage difference between the initially loaded paste and

the remaining amount at the end of the measurement (i.e., the fraction of extruded cement

m -« applied pressure

5 ml syringe .

paste)

custom metal

@ 2 mm needle syrmge mount

Figure 51. Schematic depicting the custom syringe mount used for all injectability
measurements.
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8.8 Heat Flow Calorimetry

Isothermal heat flow calorimetry was conducted at a TAM Air isothermal calorimeter (TA
Instruments, New Castle, DE, USA) equipped with eight twin type channels consisting of a
sample and a reference chamber. It has an integrated thermostat with a temperature variance

of + 0.02 °C.

The temperature of the calorimeter was adjusted at 23 °C and 37 °C, respectively. Internal
stirring using InMixEr (Injection & mixing device for internal paste preparation, FAU Erlangen,
Mineralogy) was applied, while stirring was performed for 1 min (Sample IP6_o was only stirred
for 20 s) using an external motor with a constant stirring rate of 858 rpm. This method already
provides reliable data for the initial part of the reaction, since disturbances by the opening of
the measurement channels can be avoided. The cement mixtures containing sodium phytate
were homogenized in a mixer mill Retsch MM 200 (Retsch, Haan, Germany) in a Teflon tool
with four steel grinding balls for 2 x 2 min to ensure the homogeneous distribution of the
phytate in the sample. The homogenized powder mixtures were then inserted into the
calorimeter crucibles for the measurement. The equilibration of the samples before

measurement was performed directly in the measurement channels.

Three independent measurements of each sample were performed. The evaluation of the
measurements was performed by the software Microcal Origin V 2017G. The heat flow curves
were corrected for the calibration constant of the InMixEr tools and the time constant [792] .

In order to obtain total heat release during hydration, the calorimetry curves were integrated.
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To measure the heat flow during the setting reaction in Chapter 5 specifically, as a first step,
the a-TCP starting powder was mixed with the respective PP-solution. These prefabricated
pastes were directly filled into the calorimeter crucibles, while the Na,/Na solution was inserted
into the syringes. For investigation of the reference, the pure «-TCP starting powder was given
into the crucibles and the diluted Na./Na solution was inserted into the syringes. This setup
was allowed to equilibrate directly inside the calorimeter over night to ensure that the base line
of the calorimeter reached a constant level. Then, hydration of the cement was induced by
injecting the Na,/Na solution into the prefabricated pastes respectively the «-TCP powder and
stirring the cement for 1 min using an external motor with a defined, constant stirring rate of

858 rpm. Three independent measurements of each sample were conducted.

Furthermore, the hydration performance of cement pastes stored in a fridge for defined times
was analysed. Here, the cement pastes were prepared by external stirring, i.e., stirring was
performed manually using a metal spatula outside the calorimeter. The pastes were prepared at
defined times before starting the measurement and stored in a fridge at 4 °C. Directly before
starting the measurement, the cement pastes were slightly loosened by a metal spatula and

directly inserted into the calorimeter, which was adjusted at a temperature of 37 °C.
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8.9 In-situ XRD

Quantitative in-situ XRD measurements of a-TCP, Phy_o.00, Phy_o.25 and Phy_o.50 at 37 °C
and of Phy_o.00, Phy_o.25 and Phy_o.50 at 23 °C in Chapter 3 were performed at a D8 Advance
with a DaVinci design diffractometer (Bruker AXS, Karlsruhe, Germany) by Katrin Hurle.
Cements with higher phytate concentrations were not measured due to the slow setting of these

pastes.

The following measurement parameters were applied: Range 3-50° 20; step size 0.0112° 26,
integration time o.2 s; radiation: copper Ko; generator settings: 40 kV, 40 mA; divergence
slit: 0.3°. One range was recorded every 15 min. The desired temperature was adjusted by a
Peltier element. The powder and liquid were equilibrated at 37 °C in a drying oven (Memmert,
Schwabach, Germany) and in an Erlanger calorimeter at 23 °C, respectively, for at least 3 h. The
cement pastes were then prepared by mixing liquid and powder for 1 min with a metal spatula,
filled into a special sample holder and covered with a Kapton polyimide film (Chemplex
Industries, Cat. No. 440, Palm City, FL, USA) to minimize water evaporation. Three
independent measurements were performed for each sample. The overall measurement time
was 24 h at 37 °C and 48 h at 23 °C. Each single range was evaluated by Rietveld refinement
combined with the G-Factor method to obtain the quantitative development of the phase
composition. The lattice parameters of a-TCP starting powder were fixed to the data obtained
from the powder refinement. In addition to the structures used for the powder refinement, the
structure ICSD #65347 [793] was applied for the refinement of octacalcium phosphate (OCP).
The background contributions of water and the Kapton film were both modelled by a hkl phase
[794] . For 37 °C, the data were corrected for the water loss occurring during the in-situ XRD
analysis. For this purpose, the amount of residual water present at the end was determined by
weighing the sample before and after drying at 60 °C in a drying oven (Memmert, Schwabach,

Germany). A linear water loss during the measurement was assumed.



Chapter 8

The development of quantitative phase content during hydration of the cement pastes in
Chapter 4 was monitored by in-situ XRD at the same diffractometer that was used for powder
measurements. The following measurement conditions were applied: Range 6-39° 20; step size
0.0122° 20, integration time 0.15 s; radiation: copper K,; generator settings: 40 kV, 40 mA;
divergence slit: 0.3°. The measurement time for one range was 7.5 min. The temperature of the
sample holder was adjusted to 23 °C respectively 37 °C with a Peltier element. Prior to the
measurements the B-TCP powder and the mixing liquid were each equilibrated at the
corresponding measurement temperature for at least 3 h in an Erlanger calorimeter
(manufactured at FAU Erlangen, Mineralogy) at 23 °C or a drying oven (Memmert, Schwabach)

at 37 °C.

In-situ XRD was performed for samples IP6_i0 and IP6_20 at 37 °C and for IP6_o as well as
sample IP6_10 at 23 °C. For preparation of the cement pastes the samples were stirred with a
metal spatula in a plastic container for 1 min. The reference was only stirred for 20 s due to its
rapid hardening. The cement pastes were prepared into a special sample holder and covered

with Kapton polyimide film (Chemplex Industries, Cat. No. 440) to reduce water evaporation.

Rietveld refinement and subsequent G-factor quantification were performed for each single
range to obtain quantitative data from the in-situ XRD measurements. The lattice parameters
of B-TCP were fixed to the values obtained in the powder refinement of the sample. Crystallite
size and microstrain of the hydrate phases were refined and constrained to reasonable values.
Lattice parameters of the hydrate phases were obtained from coupled refinement of the last
three ranges and then fixed for in-situ evaluation. For MCPM, two different structures with
different lattice parameters were included in the refinement. The background contributions of
the water in the samples and the Kapton film were both modelled by a hkl phase [794]. An
additional hkl phase model was added for a presumed amorphous or microcrystalline hydrate

phase forming during hydration.
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Quantitative in-situ XRD measurements of Na21_PPo, Na21_PPoos and Na21_PPo1 with freshly
prepared prefabricated pastes and additionally of Na21_PPoos with the prefabricated paste
stored for 28 d at 4 °C prior to activation in Chapter 5 were performed at a D8 Advance with
DaVinci design diffractometer (Bruker AXS, Karlsruhe). The following measurement
parameters were used: Range 3.5-35° 20; step size 0.0112° 20, integration time 0.19 s; radiation:
copper Ky; generator settings: 40 kV, 40 mA; divergence slit: 0.3°. The measurement time for 1
range was 10 min, overall measurement time was 22 h, resulting in a number of 132 ranges

recorded. The temperature of the sample holder was adjusted at 37 °C by a Peltier element.

Prior to the measurements, the components for the freshly prepared prefabricated pastes were
equilibrated at 37 °C for at least 3 h in a drying oven (Binder, Tuttlingen, Germany). A few min
before starting the experiment, the prefabricated pastes were prepared by mixing the «-TCP
powder with the respective PP solution for 1 min with a metal spatula. Directly before starting
the measurement, the Na./Na solution was added using a pipette, and further stirring was
performed for 1 min. The cement pastes were filled into a special sample holder and covered
with a Kapton polyimide film (Chemplex Industries, Cat. No. 440) to minimize water

evaporation. Three independent measurements were performed for each sample.

In order to obtain the development of the quantitative phase composition during cement
setting, each single range was evaluated by Rietveld refinement combined with the G-Factor
method. The lattice parameters of «-TCP were taken from the Rietveld refinement of the
powder sample and fixed. In addition to the a-TCP structure used for powder refinement, the
structures ICSD# 26204 [786] (hydroxyapatite, used for refinement of CDHA) and ICSD #65347
[793] (octacalcium phosphate) were applied. As the CDHA formed during hydration showed
anisotropic crystallinity, i.e. an anisotropic size of the coherent scattering domains (CSDs), a
special model was applied for the refinement. [787] The CSDs were refined using a model
ellipsoid, where rx and ry were set to the same value due to the constraints of the hexagonal
symmetry. rx was aligned parallel to the direction of the crystallographic a-axis and rz to the
direction of the crystallographic c-axis. The “true crystallite size” (True CS) was calculated as
the cube root of the model ellipsoid volume. The background contributions of water and the

Kapton film were each modelled by a hkl phase. [795]
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8.10 Storage stability of cement pastes

The stability during storage is a key advantage of the presented cement pastes. To prove that
this property was achieved, in Chapter 5 the cement pastes were prepared by Katrin Hurle by
mixing the o-TCP powder with either deionized H.O or aqueous PP solutions in different
concentrations. 5 g of all cement pastes were filled into 10 ml falcon tubes, sealed airtight with
parafilm (Bemis Company, Neenah, USA) and stored at 25 °C in a climate-controlled room to

monitor the stability under normal room temperature.

Additionally, samples with H,O or PP solutions were stored in a fridge at 4 °C to investigate
the storage stability at low temperatures. These pastes were prepared into plastic containers
(inner diameter 23 mm; inner height 3 mm) which were closed with a lid and sealed with
parafilm to avoid water evaporation. After defined storage times up to 28 d, the phase
composition was analysed by XRD at a D8 Advance with DaVinci design diffractometer (Bruker
AXS, Karlsruhe) with the following measurement parameters: Range 3-70° 20; step size 0.0112°
20, integration time 0.2 s; radiation: copper K,; generator settings: 40 kV, 40 mA; divergence

slit: 0.3°.
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8.11 Pore water analysis during storage

To investigate if dissolution of a-TCP occurred during storage of the prefabricated cement
pastes mixed with H,O at 4 °C, the ion concentrations in the pore water were analysed after 1,
3, 7 and 14 d. This measurement was performed by Katrin Hurle. Furthermore, samples PPo,
PPoos and Pos were analysed after 7 d to check if the PP had any effect on a-TCP dissolution
and if it was adsorbed on the a-TCP particle surface. The pore water was extracted by
centrifugation at 4,000 rpm for 8 min in a centrifuge Megafuge 1.0 (Heraeus Instruments,
Hanau, Germany). The supernatant liquid was filled into a syringe and injected through a
0.2 um sieve to remove residual particles. The extracted solutions were stabilized by addition of
a 33 % SupraPur HNO; solution in a vol% ratio of pore water: HNO; = 2 : 1. Concentrations of
Na, Ca and P were measured using an iCAP Qc ICP-MS (Thermo Scientific, Waltham, MA,

USA), the operating conditions can be found in Table 16.

Table 16. Operating conditions for ICP-MS measurements.

Model iCAP Qc ICP-MS

Company Thermo Scientific

Autosampler ESI SC-2DXS

Plasma Power 1550 W

Cool gas flow 14 1/min

Auxiliary gas flow 0.65 |/min

Nebulizer gas flow 1.03 [/min

CCT (KED mode) flow 5 1/min

CCT gas 8 % H, in He

Sampler/Skimmer material: Nickel
chamber e

Dwell time 10 ms

Number of replicates 3

RSD (3 replicates) typical <1%

Number of Sweeps 70

Sample flow 0.4 ml/min

LOD typical <o.appb
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8.12 pH Development

The pH measurements in Chapter 3 were performed by Katrin Hurle with an InoLab Level 1
pH meter, equipped with a SenTix 61 pH electrode (Xylem Analytics Germany Sales GmbH &
Co. KG, WTW, Weilheim, Germany). The electrode was filled with 3 M KCl electrolyte. The pH
of the 0.2 M Na2HPO4 mixing liquid was recorded, as well as the pHs of the mixing liquids
containing the same amount of sodium phytate as the cement pastes used for the other
investigations. For this purpose, the corresponding amount of sodium phytate was dissolved
into the 0.2 M Na2HPO4 aqueous solution. Furthermore, the pH of Phy_o.00 and Phy_o.25 was
recorded over time to investigate the effect of the sodium phytate addition on the pH
development during hydration. The P/L of the cement pastes was increased to 1.2 ml/g to ensure
that the cements remained paste-like during the process of hydration and that the pH electrode
could be removed afterwards. Hence, the actual content of sodium phytate in the solution
decreased to 1/4 and would correspond to an amount of 0.0625 wt.%. The pastes were filled into
centrifuge tubes after mixing for 1 min with a metal spatula. The tubes were then stored in a
water bath adjusted at 37 °C for hydration. After certain time intervals, the cement pastes were
loosened with a metal spatula, and the pH electrode was inserted for measurement. For both
compositions, three independently prepared measurements were performed to check
reproducibility. The measurements were performed over 9 h to cover the main part of the
reaction. The pH profiles (n=3) of the setting reactions in Chapter 4 during the first 15 h after
setting initiation were recorded by Jan Weichhold every 5s with an InoLab pH meter and
Mettler-Toledo pH electrode (Weilheim, Germany). The pH values of the liquids in Chapter 5
with different PP concentration and the Na,/Na solutions (30 wt.% and diluted) were recorded
by Katrin Hurle using a SevenCompact S220-Uni (Mettler-Toledo, Gieflen, Germany),
measurements were performed in triplicate. In addition, mixtures of PPoos, PPo1 and PPo5 with
the 30 wt.% Na./Na solution in the same vol% ratio as in the activated cement pastes were
analysed. To monitor the pH development during setting Na21_PPo and Na21 PPoos were
prepared, and their pH value was recorded via a InoLab Level 2 P pH meter (WTW, Weilheim,

Germany) every 30 s for a total of 30 min. This was also carried out thrice.

8.131H NMR

In-situ '"H-NMR measurements of sample IP6_10 were performed at a Bruker minispec mq2o0
operating at 19.95 MHz, equipped with a temperature-controlled probe head. These
measurements were performed by Katrin Hurle at the Geozentrum Nordbayern. The
temperature was adjusted at 23 °C. For the measurement, the cement paste was prepared by

stirring for 1 min with a metal spatula. Then the paste was pipetted into the glass tube used for
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NMR measurements. The measurement was reproduced three times. A combined solid echo -
CPMG sequence was applied for determination of relaxation times T,. Evaluation of the data

was performed with the MinErSys framework based on the Contin software [796].

8.14 3D Printing

The scaffolds shown in the outlook in Chapter 6 have been prepared using a 3D extrustion
printer (3D Discovery, RegenHU, Switzerland). This printer operates with pressurized air and a
G-code controlled printhead. The cement pastes were filled into cartridges, the plunger was
inserted and sealed off with a drop of oil when the plunger was in position. A cannula with
0.84 mm outlet was mounted to the cartridge and it was placed into the printhead. For a smooth
printing the applied pressure was always adjusted with the fresh prepared paste, but it was
always in a range around o.15 bar to 3 bar, depending on the paste composition. Scaffolds of
24 X 24 mm with 4 layers, 12 x 12 mm scaffolds with 4 layers and 6x12 mm scaffolds with 8 layers

were printed.
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8.15 XRD of Hardened Samples

In order to investigate the quantitative phase composition after different time points in
Chapter 3, the mixed cement pastes were prepared into special plastic containers (inner
diameter 23 mm; inner height 3 mm) that could be tightly closed with a lid. The closed
containers were further sealed with Parafilm. By these means, water loss during the storage of
the samples was avoided. In addition to the pastes Phy_o.00 - Phy_1.00, a sample with 2 wt.%
sodium phytate (Phy_z2.00) was also measured here to further investigate the OCP formation.
The samples were allowed to harden in a drying oven (Memmert, Schwabach, Germany) at 37 °C
for 1d or 7 d, respectively, or in an Erlanger calorimeter at 23 °C for 1d, 2 d, 4 d or 7 d. After
hardening, the lid was removed and the sample surface was polished with grit 180 grinding
paper. The quantitative phase content of the cements of Chapter 51d and 7 d after activation
was determined by fabricating storage samples. For this purpose, the activated cement pastes
(same samples and mixing procedure as for in-situ XRD) were prepared into plastic containers
analogous to the samples used for storage stability testing. The samples were allowed to harden
in an incubator Heratherm (Thermo Fisher Scientific, Schwerte, Germany) at 37 °C. After the
defined storage times, the lid was removed, and the sample surface was polished using a 120-

grit sandpaper.

The samples for both Chapters 3 and 5 were then prepared into special sample holders and
covered with Kapton polyimide film (Chemplex Industries, Cat. No. 440, Palm City, FL, USA)
for XRD measurements; an angle range of 3° to 70° (20) was measured, and the other parameters
were the same as for in-situ XRD measurements. Three independently prepared samples were
analyzed for each temperature, time and sample composition. The quantitative phase
composition was then determined by Rietveld refinement and G-factor quantification, applying

the same procedure as for in-situ XRD.
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8.16 Controlled setting

To prevent the reaction of the cement pastes in Chapter 5 with the activation Na,/Na solution
during storage, both mixtures were stored in separate syringes. (Figure 52) The mixing was
carried out by attaching both Luer lock ends of the respective syringes with a connector piece
together and pumping the solutions back and forth from one syringe into the other. This was
done 10 times to ensure a homogenous distribution of Na./Na in the cement paste. Afterwards
the paste was completely pushed into the bigger syringe and the rest was unscrewed. This
procedure was used for the samples used for the injectability tests, the rheology tests,
mechanical tests, and the porosity measurements. For all the other measurements, where the
stabilized paste was mixed with the Na./Na solution, both parts were mixed directly in a

container and then further used as described in the respective sections.

Figure 52.(A) Utensils used to store, mix and inject the cement paste: metal cannula (Q: 2 mm),
syringe with cap filled with the stabilized paste (5 ml, top, green cap), syringe with cap filled with
the Na,/Na solution (3 ml, bottom, blue cap) and the Luer lock connector. (B) shows the
configuration of the two syringes for the mixing process.
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8.17 Imeter

Hardening of the cement pastes Na21_PPo, Na21_PPoos and Na21_PPo1 was analysed with an
IMETER (IMETER / MSB Breitwieser MessSysteme, Augsburg, Germany) using the ,Auto-
Gillmore-Needle” approach. Katrin Hurle performed the measurement with the IMETER. The
method Nr. 20 was applied, providing the Hi,, data as a measure for the hardness of the cement
[797]. For this method, a cylindrical indenter with defined weight was applied. During the
measurement, the cement sample was lifted against this indenter, resulting in load relief. The
extent of load relief is dependent on the hardness of the cement. The initial and final setting
times of the brushite cements were automatically determined according to the definition for
biocements. The criterion for the initial setting time was Hio = 3.94 MPa/mm and Hi., = 63.0

MPa/mm for the final setting time.

Prior to the measurements, the components for the freshly prepared prefabricated pastes were
equilibrated at 37 °C for at least 3 h in a drying oven (Binder, Tuttlingen, Germany). A few min
before starting the experiment, the prefabricated pastes were prepared by mixing the «-TCP
powder with the respective PP solution for 1 min with a metal spatula. Directly before starting
the measurement, the Na./Na solution was added using a pipette, and further stirring was

performed for 1 min.

Immediately after mixing, the cement pastes were prepared into a circular sample holder,
which was automatically moved after each measurement to ensure that an intact spot is
available for the following measurement. As the setting was rather rapid in the initial part, lower
pause times between two measurements in the range of 60 to 125 s were chosen. In the later
part of the experiment, the pause time was increased up to 20 min. The temperature in the

sample chamber was adjusted at 37 °C.
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8.18 Compressive Strength

The respective pastes were filled into silicon moulds with the dimensions of 6x6x12 mm?3 for
each mixture. The samples were stored at 37 °C and 100 % humidity. They have been prepared
and stored as listed below. The measurement was performed at the universal testing machine
Zo1o (Zwick Roell GmbH & Co. KG, Ulm, Germany) with a crosshead speed of 1 mm/min and a
load cell of 2.5 kN until a major failure was produced. The compressive strength was then
calculated according to Eq.( 15 ) where Fpax is the force at failure and A is the area of the sample

in contact with the machine:

Fmax Eq.(15)

The samples of Chapter 3 for the compressive strength (CS) tests were prepared as follows:
each sample batch consisted of 14.4 g a-TCP, 1.6 g CDHA and the respective amount of Na-
phytate ranging from o to 1 wt.% related to the total amount of cement powder. Every powder
was mixed with 4.8 ml of an 0.2 M NaHPO4 aqueous solution (L/P = 0.3 ml/g) and was stirred
for 1 min. Then, the paste was transferred into 24 moulds. After 1 d, 12 samples per mixture were
removed from the storage and demoulded to be ready for the measurement. The second batch

of 12 samples was handled the same, but after 7 d of storage.

For mechanical tests in Chapter 4, the B-TCP dry powder and corresponding liquid phases
were mixed homogeneously in a liquid-to-powder ratio (L/P) of 0.83 mL/g for 30 s on a glass
slab. The cement pastes were transferred into 12 molds and hardened for 2, 4, 8 and 24 h, while

demolding took place 1 h after cement paste preparation.

In Chapter 5 after 1 d, 12 samples per mixture were removed from the storage and demoulded
to be ready for the measurement. The second batch of 12 samples was handled the same, but

after 7 d of storage.
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8.19 Porosity

Identical samples to those used for the compressive strength tests, after 1 and 7 d of reaction
time were used to measure the influence of the addition of PP and the Na./Na activation
solution on the porosity. For every measurement, a sample piece was put into a dilatometer and
measured in the mercury porosimeters Pascal 140 and 440 (Thermo, Italy). At the Pascal 140,
the dilatometer got evacuated to 0.01 kPa and filled with mercury. During the measurement at
the Pascal 140, the pressure was increased linearly from o.01 to 400 kPa. After that, the sample

was transferred into the Pascal 440, where the pressure was increased from o.1 to 400 MPa.

The size of the pores corresponding to each pressure was calculated by the Washburn

Eq.(16)[798]

2y*cos0 Eq.(16)
p

I'=

Where r is the calculated pore radius, y the surface tension of mercury (480 dyne/cm), 6 the
contact angle of mercury (140°) and P the pressure in kPa. With 1 kPa = 104 dyne/cm? the

equation can be simplified to Eq.( 17)

735403
P Eq.(17)

I'=

Together with the volume change registered at the specific pressure, the relative pore volume

can be calculated.
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8.20 SEM Imaging and Light Microscopy

The pieces left from the compressive strength tests and were used for SEM. These were coated
with a 4 nm platinum layer in an ACE600 (Leica, Wetzlar, Germany) sputter coating unit and
then put into a Crossbeam 340 (Zeiss, Oberkochen, Germany) SEM for the measurement.
Secondary electron pictures were taken in a high vacuum, with an acceleration voltage of 2 kV

(Chapter 3) and 5.0 kV (Chapter 4).

8.21 Statistics

In Chapter 3 for all of the quantitative XRD data, pH values, calorimetry data, BET and
injectability measurements, the errors were determined as the standard deviations of three
independently performed measurements. For the laser diffraction, three independent
preparations with 10 measurement runs for each were analysed, and the 30 resulting data sets
were averaged. Three independent preparations for the zeta potential measurement resulted in
nine values that were used to determine the mean and the standard deviation. Not all prepared
samples were suitable to use for the mechanical tests, but there was a minimum of nine

independently prepared samples per mixture.

The errors of the data achieved in Chapter 4 by BET, X-ray diffraction, isothermal calorimetry,
pH and injectability measurements were each determined by calculating the standard deviation
of the results of three independent measurements. Mechanical tests were performed 6-8 times
for each sample and standard deviations were calculated. For zeta potential measurements, the
standard deviation of 9 measurements (3 measurements for each of 3 independent

preparations) were determined.

In Chapter 5 Quantitative XRD (powder and storage samples, in-situ XRD), laser diffraction,
storage stability, injectability, isothermal calorimetry, Imeter, compressive strength and
porosity measurements were all reproduced in triplicate, the results were presented as mean +
standard deviation. A one-way Anova was performed for the zeta potential, the injectability, the
calorimetry, true crystallinity, and the phase content of the stored hydrated samples. Two-way

Anova for the compressive strength.
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