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Preface

Written by experts in the field, this book addresses a diverse set of topics regarding
phosphorus chemistry, namely phosphates and closely related chemical systems.
Both the natural and the synthetic aspects of phosphates and in some places phos-
phonates are presented in this book, which is divided into two parts: “Dynamics of
Phosphates and Normal Biological Function” and “Phosphates in Biomaterials.” The
disciplines extend through biochemistry, chemistry, materials science, and engi-
neering. We hope that this contribution serves as both a solid information source as
well as a basis for inspiring future discoveries. We are grateful to all contributors and
editors and wish them well in their careers and safe travel when conference-going.
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Chapter1

Introductory Chapter:
Phosphorus - Nature’s Versatile
Pentavalent and Tetrahedral
Covalent Building Block and
Agent for Energy, Disease and
Health

Woohyun Lee, Ariq Abdillah, Jaymee Palma
and David G. Churchill

1. Introduction

It is extremely exciting to be involved with editing and discussing the recent
developments of phosphorus (P, [Ne]3s*3p?), an element that has one main isotope
[1]. The element, its compounds, and its reactions (including emergent reactions)
will certainly allow for some of “tomorrow’s” methods and molecules; this science
will help to form an extremely wide swath of emergent technologies. In terms of
inorganic chemistry, the element of phosphorus (electronegativity = 2.06) has
many future prospects. In the chemistry classroom, we often first discuss allotropes.
With well-known diversity known for the allotropes of P that exhibit diverse
stability, color, and structural characteristics (atomic number 15, group 15), we are
afforded a first look at the possibilities of rich covalent chemistry that the element
affords; examples of extensive ionic bonding (e.g., Na;P) are rare. P retains, as
always, the chemistry that is extremely dynamic, diverse, and developing.

Phosphorus often takes on certain common forms (Figure 1), phosphines, as well
as phosphites, and so forth are important classes of ligands in which the free lone
pair offers a relatively n-acidic dative bonding interaction (in comparison to amines)

O O o,
T I RO.__O.__OR
,Flk P P

OR RO" 1 'R RO 11 OR
OR OR O O

Phosphate Phosphonate Pyrophosphate

Figure 1.
Structures of simple selected oxygenated phosphorus (V) compounds: phosphate, phosphonate, and
pyrophosphate.
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with a range of metals [2, 3]. Reports and studies of molecules with the (V) oxides/
hydroxides, etc., are rife in health; these species are essential for life as we know it; life
sciences are full of such reports (Table 1); geochemistry too involves phosphates as
expected, an initial literature search in the ISI web of science on the term “phosphate”
gives 396,702 hits (since 1970) [4]. While not always the case, phosphorus, and espe-
cially its oxo chemistry, is found as a rule to be tetrahedral (pyramidal), and for that
matter, pentavalent [5]. While in terms of valence states, there are also valencies of III,
however, even when looking in the allotropic forms, we can appreciate the MLX(Z)
covalent bond classification, not the formal oxidation state model [6]. However, the
trigonal bipyramidal form is an important transition state intermediate at play and
does exist for molecules such as PFs, which bear certain well defined dynamic pro-
cesses in solution (see Berry Pseudo rotation) [7]. If we add a fluoride, we can easily
formally covert to PFs~, which is clearly octahedral and a ubiquitous non coordinating
ion (anion). Therefore, as a starting point, we present the information from searches
(Figure 1). Phosphine (PHj3), for example, is a common parent molecule that is rarely
encountered in the lab; as a compound, it has three hydrides and is often considered
theoretically when considering phosphine chemistry (see below).

In (bio)materials science terms, tetrahedral allow for bridging and networks
and support. Ionic or hybrid materials, crystallization or not, can be encased, or
spangled with phosphates; well-ordered materials from a crystalline perspective
such as chains, rings, 2-D layers, and 3-D architectures are enabled. These larger
molecules are, therefore, very important for materials chemistry. There is also the
option for them to be involved with non-well-ordered materials such as glasses,
glazes, coatings, etc. In further research, however, we hope that the community can
go against the plus ¢ca change, plus c’est le meme chose notion.

One P-O-P bond in ATP releases 7-9 kcal mol ™ of energy upon hydrolytic scission
[8]; analogously, phosphorylation of hydroxyl groups requires 6-9 kcal mol ™" in Gibbs
free energy [9]. There is, of course, much more to the story, especially the evolution-
ary story. Considering this chemical energy, chemists studying prebiotic chemistry
claim that the recruitment of phosphates for energy in biological systems may have
been absent; a predecessor system of energy storage was present (see thioesters) [10].
In other words, phosphate centers that are currently functional serve as a thioester-
like center. In light of it being 2020, 1 year since the 450th anniversary of the discovery
of the element, and considerations of this simple “light bearing” main group element
having been discovered by H. Brand (1669), the same year when Stradivari built
his first violin and when Mt. Aetna had a notable eruption, still offers an extremely
important amount of contemporary information for today’s research community.

Also, in light of the recent novel coronavirus outbreak and the ongoing COVID
pandemic, we mention at least one phosphate-based molecule that has been discussed
extensively within the research community in the context of enzymatic inhibition;

Topic Numerical results of articles
(hits)

(Phosphorus or phosphate) and “biochemistry” 2475

(Phosphorus or phosphate) and “organic chemistry” 270

(Phosphorus or phosphate) and “analytical chemistry” 168

(Phosphorus or phosphate) and “physical chemistry” 91

(Phosphorus or phosphate) and “inorganic chemistry” 65

Table 1.

ISI Web of Science search terms velated to chemistry subfields presented in descending number of vesearch
articles (hits since 1970) [4].
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other important biomolecules that contain phosphates, etc., are also briefly dis-
cussed. Here, in this e-book, with nine different contributions from institutes world-
wide, we can regard new (bio)chemistry considerations and new materials.

1.1 Selected contemporary research fields, industrial workings, and the
economy

The involvement of phosphorus in the chemical sciences is truly extensive.
It “runs the gamut” from the theoretical chemical sciences and physics through
engineering and including all of biology and the life sciences; this breadth and the
current access to search the literature enables researchers in one field to access which
is working well, or not, in other scientific (technological) fields. We can behold vari-
ous cycles. There is what is known as the phosphorus/phosphate cycle and the phospho-
rus/phosphate economy; phosphorus is traded on the stock exchange [11, 12]; there is
the phosphate metabolism in the human body. Moreover, there is a great deal in terms
of materials/biomaterials to cover and derive as research; with regard to natural
bone, teeth, and tissue (vide infra); entire journals are dedicated to these research
topics (e.g., Bone, Journal of Bone Oncology, The Journal of the American Dental
Association, Journal of Dental Research, Journal of Dentistry, Journal of Dentistry for
Children, and International Journal of Oral and Dental Health). With a tremendous
amount of industrial, agricultural (herbicide), and even military importance (white
phosphorus and nerve agents), exploration and utility of this element continue to
flourish. Therefore, initial key search terms unveil a lot of research activity as found
in Table 2; these terms, however, do not necessarily articulate the exact research
fields involved; therefore, a secondary search was performed and its results are
shown below to give a breakdown by research area (Table1).

2. Agriculture

There exists the phosphate cycle; phosphorus, while a macronutrient for plants
and animals is centrally important in biology and required in the food chain
(vide infra). There are always new ways to explore phosphorus-based agriculture
agents in the future, however. Of contemporary concern might be, how a heavily
used chemical agent such as Roundup can be understood fully in terms of its bio-
chemistry; because of some recent controversy, there have been unsubstantiated
allegations while prevalent use of the pesticide is ongoing. In the future, we believe
that its biological workings will be confirmed fully in molecular detail; our current
scientific position is it is neither a cancer causing agent zor an agent that creates
adverse health effects within reason. This exploration of chemical science that is
strongly coupled with biology will continue to play out in other examples too.

3. Biochemistry

ATP is an energy storage molecule for life; related molecules also possess the
same energy in the anhydride P-O-P bonds; as seen in Table 1, considering the
number of hits (articles), and looking a little deeper suggesting there may be a lot
of research momentum in the field. Furthermore, post-translational modifications
(PTM’), for example in the form of phosphorylation, are exceptionally interest-
ing and important; research with this chemistry continues (Table 2); the Park
laboratory at KAIST for example, has found ways to explore phosphoserine “stop
codon” chemistry and to apply this biosynthesis to various problems in molecular
biology [13-16]; Additionally, the Lashuel group at EPFL and other researchers
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(e.g., E. Mandelkow) have been involved with detailed studies of phosphoryla-
tion, specifically in the context of neurodegenerative disease research [17-20]. The
presence of a phosphorylated serine, threonine, tyrosine, etc., reveals the evident
workings of kinases and anticipation of the workings of phosphatases. Among the

Topic (entered Numerical Notes People, places and research fields
search term) results
(hits)
Phosphorus 207,800 Highly Cited in Field —
(1198)

Hot Papers in Field (27)
Open Access (36,011)

Phosphate 397,854 Highly Cited in Field Centre National de la Recherche
(1530) Scientifique (CNRS) (10,095)
Hot Papers in Field (21) University of California System
Open Access (91,329) (8822)

Chinese Academy of Sciences (8317)

Russian Academy of Sciences (5055)

National Institutes of Health (NIH,
USA) (3995)

Phosphate and 41,569 Highly Cited in Field —
material (292)
Hot Papers in Field (6)
Open Access (7409)

Phosphate and NMR 14,062 — —
Phosphon* 45,743 — —
Phosphonate 12,975 — —
Roundup 2530 — —
Phosph™ and virus 36,004 — —
Phosphorus and 1045 — —
organometal*
Phosphate and 24,237 — —
inhibitor
Phosphate and 7967 Highly Cited in Field Centre National de la Recherche
inhibitor and 27) Scientifique (CNRS) (248)
engyme Open Access (2720) University of California System
(218)
National Institutes of Health (NIH
USA) (143)
University Of Texas System (135)
Russian Academy of Sciences (119)
Phosphate and 346 Highly Cited in Field Neurosciences (137)
dementia 3) Clinical Neurology (57)
Open Access (120) Biochemistry Molecular Biology (55)
Pharmacology Pharmacy (34)
Geriatrics Gerontology (22)
Phosphoryl* and 3897 Highly Cited in Field Blennow K (166)
dementia (65) Zetterberg H (128)
Hot Papers in Field (2) Trojanowski JQ (106)
Open Access (1794) Scheltens P (68)
Lee VMY (66)

The asterisk (*) serves to truncate the search term and thus broaden the search.

Table 2.
ISI Web of Science search on terms related to phosphorus and the number of articles (hits since 1970).
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other recent findings of import involves biochemistry involving pyrophosphate as a
type of PTM, a related phosphate-based species (Figure 1) [21-24].

4. Enzyme inhibitors and the COVID outbreak

In recent months, there has been a great emphasis on the possibility of small
molecules that can serve as emergent molecular treatments for the novel corona
virus (COVID-19). While vaccine research continues, some potential pharmaceuti-
cal treatments have recently come to light. Unfortunately, many molecules have been
“bandied about” in the news and social media and overly discussed in an unprofes-
sional way by non-experts, and dangerously so, in some cases. However, there has
been special and recent attention paid to specific novel drugs that, while still in their
early days, are strongly considered by the research community and officials at NIH
and elsewhere. Remdesivir, for example (Gilead Sciences, Inc.), was involved in a
recently completed trial regarding COVID; some promise was evident (Figure 2).
The molecule is provided here because it incorporates a phosphate and a description
of how it works is important to be illustrated for the readership of our book.

4.1 Remdesivir
4.1.1 How It Works

Remdesivir (Figure 2) is a known synthetic molecule developed by Gilead
Sciences, USSCD, and USAMRIID. Remdesivir’s working chemical mechanism is that
of an antiviral nature; it is nucleoside-modified based drug that without such modi-
fication has poor cell permeability. The process of transcription of RNA polymerase
is blocked in a patient (human subject). Specifically, although Remdesivir still has its
3’'hydroxyl site that can form phosphodiester bond, the steric 1'-position containing
a cyano group (-CN) prevents any further elongation of the polymerase polymer.
Thus, the production of the polymer is halted with this monophosphate, ester, and
phosphoramidate-based drug [25]. It is also important to consider the prescribed
human dosage currently being considered. Administration of remdesivir is through
intravenous injection (IV); the loading dose on the first day is in the amount of
200 mg for an adult with weight adjustment required; following this is maintenance
for up to 10 days with a daily dosage amount being 100 mg for an adult.

When considering living cells, (eukaryotic) cells, the known intended mode
of action of Remdesivir can be discussed. Remdesivir undergoes hydrolysis at

/__;:'-.
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s NHs -0 Na
I:? o - o (] [n ) ‘.j b—
o B | S B +
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o, i O- D\?'-. i HO. sy "/H"D’pb‘D L H
¥ o ] weFl e
.--'D VoS :-":':N ___,.--n__N_..- :;4--. o 1
| S ' H
r____{\\ HO QH Df[\{# S
II II
' Remdesivir PLP Chaxammsthasone sodium phosphata
Figure 2.

(Left) Structure of the synthetic Remdesivir proposed as a treatment for the continuing covona outbreak
(COVID-19). (Right) The structure of PLE, a naturally occurring small molecule and aldehyde that is
phosphorylated.
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its aryloxy phosphoramidite; this affords a cyclic anhydride; hydrolysis of such
groups is readily obtained through the action of esterases in biology. This cyclic
anhydride functionality undergoes reaction with water easily to give the analine.
Then, a subsequent hydrolysis event allows for the P-N bond to be cleaved; here, a
phosphoramidase-type enzyme is at play.

5. Bone mineralization

Bone is crucial and has a multi-important role for any organism. In the next two
paragraphs, we want to discuss bone because of its overwhelming importance and
the complex process involved in its formation.

Bone is able to help other body organs; also, the process of hemostasis, and the
glands of the endocrine system are assisted. The materials comprising bone can
be considered in different molecular classifications; there is (i) hydroxyapatite
(Cas(PO4);0H), (ii) collagen, and (iii) water, consistent by weight (65%, 20-30%,
10%, respectively). Collagen is a three-stranded wrapped biomolecule (triple
helical structure); bone consists mainly (90%) of collagen type I. Water exists
within the hard materials as almost a solvent of crystallization, as well as free water
molecules. The process of bone mineralization, therefore, will relate to the ability of
the water molecules to move freely during this process. The authors of this text do
go into more details. Stiffness relates to the greater percentage of mineral content of
bone versus amount of water. The implementation of carbonate is also important; in
the beginning of bone formation, mineral in bone consists of both calcium carbon-
ate and calcium phosphate. Through a so called “maturation process,” the carbonate
fraction is lowered. The entire process of bone growth has molecular aspects that
are still not fully appreciated. The growth of bone involves “medallion” shaped
crystals that grow both in the same direction as, and perpendicular to, the fibrils
of collagen. The role of carbonate and details of collagen and the microfibrils and
related proteins will be discussed in this process and is also explored in this book.

Therefore, phosphate and hydroxyapatite do not come together to compose bone
alone; rather it is biosynthesized; the process involves a lot of factors, enzymes and
cofactors. For these reasons, research of bone continues and relates significantly to
materials chemistry in contemporary research.

6. Synthetic organoelement chemistry

Representative element and organometallic chemistry are rich areas of research.
Organometallic chemistry as a discipline is broad; it often encompasses organoele-
ment chemistry and the various reactions by which, e.g., small molecules can be
brought into existence. Much emphasis deals with the chemistry industry as well. We
can refer to a text such as Advanced Inorganic Chemistry Sth edition [2], and Chemistry
of the Elements [3]. There are also dedicated texts and journals to this main group
chemistry topic, journals such as Phosphorus Sulfur and Silicon and the Related Elements
(Publisher: Taylor & Francis). The journal Organometallics (ACS) is also an excellent
source of new research in organoelement chemistry as well as the journal Main Group
Chemistry. A couple of recent organoelement and organometallic examples are of note
are provided as illustrative examples: the Cummins (MIT) phosphatetrahedrane (tri-
tert-butyl phosphatetrahedrane, P(C'Bu);), for example, involves a central unit that
resembles a saturated cyclopropane type ring bearing an apical trivalent P (Figure 3)
[5]. Bond strain is apparent. The small organometallic systems also help us to set up
a discussion of symmetry and electronics as well as macromolecular possibilities.
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(i) Monophosphine form that inspired the Tolman cone angle analysis [26]; (ii) the well-known bidentate
ligation from diphosphines (e.g., 1,2-bis(diphenylphosphino)ethane); (iii) the vecent phosphatetrahedrane
core brought synthetically into reality; and (iv) the important mixed bismonodentate ligation in a recent Pd
structure by Kim et al. [27].

Examples, such as the phosphatetrahedrane, continue to show us how different chem-
istries can be blended to afford creative main group organometallic examples that can
factor into current catalysis, also be pursued in current and emergent applications.

7. Catalysis

Phosphorus chemistry afforded phosphine ligands; the corpus of monophosphine
ligand research eventually lent itself to a steric bulk analysis known as “cone angle”
measurement analysis (Tolman cone angle) (Figure 3). Lewis acidic metal centers are
often the sites for homogeneous catalysis. The phosphine ligand provides a single soft
donor atom; the ligand can be styled frequently as monodentate and bidentate. Other
common ligand options are phosphites and phosphoramides and combinations.
Phosphines, historically ubiquitous as the de facto go-to ancillary ligand, have given
way to other ligand families such as carbenes (i.e., N-heterocyclic carbenes, NHCs);
but there is some very intriguing research on phosphorus-based ligands. A recent
intriguing example from KAIST involved a monodentate phosphine analog ligand
paired trans with a single N-heterocyclic carbene (NHC) ligand (Figure 3) [27].
There is also an important issue of how phosphorus, reduced or oxidized phosphorus
is involved in catalyst poisoning or inhibition [28, 29]. Therefore, having P(III) in
substrates such as inhibitors, etc., in biochemistry is also an important issue.

8. Characterization

NMR spectroscopy dominates solution characterization in the chemical sci-
ences; it is especially convenient when a (soluble) molecular sample contains P can
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be subjected to *'P NMR spectroscopy (*'P isotope is 100% abundant). To think how
spectroscopic characterization can be more extensively organized, phosphorus-31

is uniquely situated in this research field; we can briefly think about both heavier
and lighter congeners of group 15 in which the situation is much less convenient.
For antimony, the '*'Sb isotope and its chemistry can be studied with Mossbauer
spectroscopy. Nitrogen 15 (**N is naturally abundant) needs to be introduced into
biology as an enriched component (*N-labeled nutrients, etc.) to afford 2-D NMR
studies; beautiful solution NMR spectroscopy characterization using "H-"N HSQC
experiments are found in many biochemistry and protein-related articles [30].

9. Materials and biomaterials

As shown in Table 2, there are a lot of chemistry topics we could delve into here;
there are health-related and biomaterial-related issues with phosphorus. Physical prop-
erties such as NMR spectroscopy (as just discussed), thermochemistry, pKa, solubility,
thermogravimetric analysis (TGA) etc., purification also comes into play. Therefore, this
general tetrahedral (sometimes pyramidal) nature and the pentavalent nature serve it
well; these boundaries do bear some flexibility. Further, the nature of the intermediates,
and some stable compounds keep our mind occupied with how P centers be employed
in emergent applications by geometrically tweaking what is apparently preferable based
on knowledge of the most stable confirmations of P in a given molecule.

10. Contributions for this Intechopen book project

In this work supported by Intechopen, we feature the recent advances in phos-
phates and materials and related studies.

* There is a contribution by Sayantan et al. (CHRIST University, India) discuss-
ing about the effect of phosphorus on plants and agriculture. They discuss
phosphate in the environment. The types of P-containing species dissolved
readily observed in nature. He describes P well as an element. Sayantan
explains heavy metals such as Cr and As are taken up by plants causing toxic-
ity; phosphorus mitigates too. In fact, the concentration of P and As in root and
shoot tissues of A. viridis showed a negative correlation [31]. Plant species such
as Pistia stratiotes (water lettuce) were also introduced. The combined involve-
ment of Cr and As in the context of phosphate (phosphorus in the environ-
ment) help frame important chemical remediation issues.

* The chapter by Kalka et al. (Wroctaw University) deals with the proteins that
enable biomineralization which involve phosphates [32]. These key processes
in biology help afford composition of bone and teeth (tooth, enamel, dentin,
cementum, etc.) (see above section). The authors therefore explain nature’s
structural building materials and their construction therefore are extremely
diverse; this is an especially great reference for those biochemists interested in
expanding their research into the biomaterials area.

* The chapter by Bienek (Research Division, American Dental Association
Foundation) discusses the application of amorphous calcium phosphate
composites (ACP) in dental materials. ACP composites can regenerate tooth
material through the release of Ca’* and PO,*>~ (HPO,*", H,PO,") ions, making
them good candidates for dental restoratives (Research Division, American
Dental Association Foundation) [33].
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* The reference by Omrani et al. (National Center For Research in Materials
Sciences, Tunisia) discusses glasses, material categorically separate from
crystalline solids [34, 35]. The sought values of T, as well as the NMR spectros-
copy, as well as calorimetry were employed (the value T, is defined as the glass
transition temperature) are listed and discussed.

* The chapter by Rosenthal et al. (Georgetown University) deals with PolyP;
this amazing species is the polymeric form of phosphate [36]. Consider
pyrophosphate being elongated to make an enormous polymeric and relatively
energetic chain (chemical energy in the P-O-P anhydride bond); these mol-
ecules exist and are fascinating. They are prebiotic molecules, and of course,
vary in length. They would be naturally quite difficult to study, even by *'P
NMR. There is an excellent discussion of the concentration levels of these
PolyP species in eukaryotes. From studies of rats and mice, PolyP concentration
appears high in brain tissue (~100 pM) and PolyP is known for regulation of
protein translation, and normal osmolarity [37].

* The chapter by Kafarski (Wroctaw University) involves a discussion of
the biological use of phosphonates; these are phosphates groups in which
there is one carbon attachment (see Figure 1) [38]. Biogeochemistry and
phosphorus cycling is discussed. Peptides that contain phosphonate groups,
specifically phosphonopeptides which can be used as antibiotics and their
mechanism of action, are shown. The authors show the biosynthesis of phos-
phonates. Structures of fosmidomycin analogs are also shown and discussed.
Phosphonates can help form methane [38].

* The contribution by Graga et al. (University of Aveiro, Portugal) deals with
materials, and calcium phosphate bone cements, abbreviated as CPC’s. These
species will involve solution chemistry, a dissolution and precipitation (nucle-
ation) processes; this will require RT or physiological temperature [39]. There
is microporosity and considerations of optimum concentrations of additives—
quite a long discussion of apatite cements and brushite cements is provided.
Applications such as drug delivery were discussed; there is a nice scheme show-
ing the interrelated papers. There are also sections for applications dealing with
growth factor addition, ion addition and 3D printing is also included.

* Thearticle by Dey et al. (National Institute of Technology, India) deals with bone
materialization. As we began to explain above, the complex bone matrix has
important roles for bone mineralization [40]. To help make deposition of mineral
and for it to become ordered in patterns, nucleation is necessary and made pos-
sible by this apparatus. Beside the physiological mineralization, about which the
normal mechanisms are described below, pathological bone mineralization also
occurs; disabling conditions such as osteomalacia and osteodystropy. Further, the
concept of mineralization has been brought to many applications such polymer
science, bio-ceramics, bio-active glasses. While research is still ongoing, there are
two models to explain the mechanism of bone mineralization [40] (i) collagen-
moderated mineralization and (ii) matrix-vesicle moderated mineralization.

o In the first proposed mechanism, collagen provides a molecular template
for the nucleating mineral that is accumulating. To create nucleation,
calcium triphosphate formation emerges from acidic polypeptide pre-
nucleation. This molecule is negatively charged; because of its charge,
calcium triphosphate interacts with the positively charged regions of the
structural collagen template and transforms into a solid phase.

11
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o In the second proposed mechanism, this involves carbonic anhydrase. This
allows for the intervesicular environment to become more basic (high pH).
The primary crystal material therefore becomes stable. After the hydroxyap-
atite forms, it becomes in contact with the extracellular fluid vesicle breaks;
next, the calcium ion and phosphate ion concentration allow for proliferation
of the new hydroxyapatite crystal. What caused the rupture of the vesicle
needs further investigation; it is believed that proteases and phospholipases
are involved. Mineral transfer is enabled by metalloproteinases. Channeling
for mineral transfer is made through the help of collagen types Il and X and
the outside surface of the matrix vesicle.

* Catalysis involves instances where there is a decrease in efficiency upon contact
with unwanted additives (think thermodynamic sink); therefore, inhibition
or poisoning can occur [28, 29]. Inhibition, however, might be a good prospect
when the reaction is that which deals with metal oxidation (corrosion). With steel
(girders and reinforcement) and cement-based construction [41] being what
they are in the world today, and the need for industrial reinforcement, Dr. Sail
(Abou Bekr Belkaid University) studied the effects of different phosphates; albeit
closely related phosphates, were used as corrosion inhibitors [42]. Gravimetric
tests were performed; corrosion rates and inhibitor efficiencies were obtained by
direct measurements. Assays involving steel corrosion inhibition were measured
at variable temperature. While these projects are outstanding and essential to
consider in engineering, on a chemical level, the exact mechanistic details at the
molecular level are eventually necessary to achieve a full understanding. As part
of the proposed mechanism, chlorides were discussed to migrate through pores in
the concrete material to reach the steel surface and act to promote corrosion. Steel
simply corrodes faster in salt water (sea water) (electrolytes).

11. Research of the Churchill lab at KAIST

As a laboratory involved with synthesis and since ca. 2009 trying to carry for-
ward a big picture of neurodegenerative disease research and chemosensing [44],
we have had a chance to publish research that deals with phosphorus chemistry. We
have been involved in work that deals with phosphine ligands [45, 46], phosphate
metal binding [47-49] (Figure 4), phosphyl cleavages in chemical sensor constructs,
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Figure 4.

Diginc Schiff base dimer synthesized, characterized, and tested in the context of PPi detection [43].
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and also reviewed the organophosphonate pesticides and CWA literature among
other work [24]. Research also extended to theoretical studies as well and porphyrin
derivatives. This research involved the themes of characterization, molecular sens-
ing, molecular logic gating and neurodegenerative disease research aspects, and live
cell imaging. Recently, while on sabbatical at IIT Technion (Israel), Churchill with
Professor Zeev Gross was involved with the synthesis, derivatization and charac-
terization of phosphorus-centered porphyrinoids (corroles); these were studied as
important analogs and isomers of beta-position trifluoromethyl substitution [49].

12. Further comments and outlook

There is a relative wide “storm” of other findings related to phosphorus chem-
istry every year which help expands currently existing research; they are intercon-
nected with other aspects of elements in biology as seen in both Tables 1 and 2. We
have touched on just a few topics that we currently find interesting, but there isa
host of others.

12.1 Molecular sensing

Phosphorus can be a constituent of an analyte, probe, or construct, as well asa
connecting or bridging chemical motif (MS-325, MRI contrast agent). In many cases,
phosphate has been used as the analyte for such research. There is no perfect sensor;
our interests are reminiscent and seated in the goals spelled out by the Sessler et al.
review [50, 51] and the Yoon et al. review [50, 51]; our Molecular Logic Gate Laboratory
yearns for progress relating to synthetic systems that are elaborate optical imaging
driven by ATP and GTP and alternations of optical or chemical outputs. Our vision of
the chemistry is to address both usable components of analytes themselves as endog-
enous targets, as well as the novel synthetic pursuits of preparing sensing components.

12.2 Ligands for catalysis

Phosphorus is a reliable donor atom in a range of ligands. Next would be their
use as ligands: Phosphines have enjoyed decades as the mainstay ligand type in
inorganic chemistry (homogenous catalysis) these have given way to new types of
ligation systems such as those with redox action involvement; non-innocent ligand
platforms continue to be considered. These and other efforts require the continued
attention of synthetic chemists (organometallic chemistry etc.)

12.3 NMR spectroscopy

The solution chemistry is easily accounted for by NMR spectroscopy, therefore,
the future is bright for NMR spectroscopy in small molecule work, protein chemis-
try, materials, electronics applications, etc., that contain phosphorus in one form or
another (see above).

12.4 “Roundup” herbicide

The agent glyphosate has the trivial commercial name “roundup” and is an
extremely heavily used and a very successful herbicide. In the fullness of time,
efforts in biological science will be able to establish any and all positive or negative
effects with respect to herbicides, some of which appear to be under some recent
scrutiny. We feel that “roundup” will be fully “acquitted” in the near future.
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Future research and further development into mild but effective, pesticides and
agents are important and surely will be conducted in the future. Among other bio-
logical science angles, pesticides, and herbicides that are phosphorus-based, there
is the connection to health and, e.g., immune system which can be investigated; this
area will be of urgent interest to pursue.

12.5 Prebiotic chemistry

As mentioned in the introduction, the chemistry of phosphates is sometimes
theorized through either prebiotic chemistry or future chemical research as a
replacement to the chemistry of thioesters; these (RC(O)SR’) groups may have
been in operation as forerunners to the present-day phosphates. How phosphates
(ATP and GTP and others) were brought in to replace this alleged previous ancient
chemistry is fascinating; research will help shine light on how life comes into being,
and how this can relate to the possibility of extraterrestrial life; and what could
shape future life extrapolating forward. The extremely interesting topics of poly-
phosphates, which are also prebiotic, can also be investigated.

12.6 Phosphorus(III) and switchable chiral centers

Recent research by the Feringa Laboratory for example, involves phosphorus
species that are involved with chiral switching. In these cases, there is a “trivalent”
phosphorus at play. Please see examples of this recent work [52]. How light can be
used as an external stimulus and allow for switching of multiple chiral molecular
logic gating centers is an important issue where the scientific community can
establish certain “world records”: (i) most number of chiral centers, (ii) weakest
effective wavelength, (iii) most convenient multiplexing, etc.

13. Conclusion

In conclusion, we have used this introductory chapter, to primarily introduce the
authors’ nine focused chapters. We have also tried to create optimism and describe
some semblance of an interconnected foundation for future research; research areas
and their connectivity and some examples were laid out. Perceived areas of activity,
enthusiasm, and hope for phosphate chemistry, including organoelement chem-
istry, was brought forth. While we are excited and proud to introduce the topics
shown here, from our own laboratory, we delved into some aspects of organoele-
ment chemistry of phosphorus and phosphates. Through the contributions by our
authors from Algeria, India, Poland, Portugal, Tunisia, and the USA, and we see
how the literature of P-containing molecules continues to expand itself [53, 54]." As
reflected from our own experience and publication trajectory, too, here we are look-
ing at the oxidized P(V) chemistry almost exclusively. We introduced each chapter’s
emphasis. Phosphorus offers an extremely wide palate of chemistry and from a
prebiotic point of view too; it, despite tetrahedral/pentavalent disposition, could
still be thought of as a visionary futuristic element with research that is “dynamic
and interdisciplinary.” In some circles, phosphates are best known as being involved
on storing energy in the P-O bond (9 kcal mol™). Because of its affinity to O, yet
covalent, phosphates, feature as a macronutrient element for health. There are
main group research findings all the time. Regarding future collaboration there is
an interesting story about the collaboration, in dentistry and bone research regard-
ing the compound etidronic acid, 1,1-diphosphonic acid (EHDP), a collaboration
that was fueled by a coffee meeting [55, 56]. An interesting story about scientists
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serendipitously initiating work together like this is to help unlock more important
findings and utility about the element in the future. Phosphorus is, and for that
matter phosphates are, chemical species for life on planet Earth and beyond.
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Chapter2

Phosphorus: A Boon or Curse for
the Environment?

D. Sayantan and Sumona Sanyal Das

Abstract

Phosphorus, a limiting nutrient of biosphere, exists as dissolved inorganic phos-
phorus (DIP), dissolved organic phosphorus (DOP), particulate inorganic
phosphorus (PIP) and particulate organic phosphorus (POP) in water of soil as
well as ponds, lakes, etc. The only available phosphorus for plants are DIP, while the
other forms need to be converted to DIP by the decomposing microorganisms of
the soil. The heavy metals (such as arsenic and chromium), which are the menace
of both terrestrial and aquatic environment, are taken up by the plants and animals
causing toxicity at physiological level. However, the metal (Cr and As) toxicity can
be mitigated competitively by phosphorus, since the latter is a structural analogue.
Since, phosphorus is an essential nutrient, plants prefer it over Cr or As. At the same
time, if excess of phosphorus is applied in the soil in the form of fertilisers, it gets
discharged into the water bodies (ponds, lakes, etc.) through agricultural runoff,
causing eutrophication followed by harming the health of the water bodies. This
can be further mitigated by employing the phenomenon of luxury uptake by the
aquatic plants such as Pistia stratiotes.

Keywords: arsenic, chromium, eutrophication, luxury uptake, phosphorus

1. Phosphorus: an introduction

Phosphorus (P) (fosfurus = light-bearing) is a reactive, non-metallic, mul-
tivalent chemical element of the nitrogen family group 15 [Va] of the periodic
table, along with arsenic, antimony and bismuth and moscovium [1]. The atomic
number of phosphorus is 15, and it has a density of 1.823 g/cm3 (298 K), an atomic
volume of 17 cm’/mol, an atomic mass of 30.97 g/mol, three main oxidation states
(=3, +3 and +5) and one naturally occurring isotope é'p) (http://epathshala.nic.
in/QR/books/12Chemistry/7.1.pdf). Phosphorus has 15 protons and there are 17
known isotopes. It is the 11" most abundant element in the earth’s crust, consist-
ing approximately of 0.1% by weight [2]. It was discovered and named by Hennig
Brand who was a Hamburg merchant and alchemist by profession in 1669 by boiling
and evaporating about 1100 1 of urine and heating the residue with sand (which
yield hot gases and vapour) and condensing it with cold water. The final substance
to condense was soft, waxy white solid material which glowed in the dark. This
element was named phosphorus [3, 4]. Phosphorus exists in several allotropic forms
showing different properties, three of which are white phosphorus, red phosphorus
and black phosphorus, which commonly exists [5].
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White phosphorus consists of tetrahedral P, molecules, in which each atom
is bound to the other three atoms by a single bond. This form generally exists (in
liquid and gaseous) as tetrahedral P, molecules at temperature up to 800°C that
change to P, molecules at temperature higher than 800°C [6]. White phosphorus is
the most reactive and least stable; for this reason it should be stored under water, as
it is dangerously reactive in air, and it must be handled with forceps, as contact with
the skin may result in severe burns. Due to its high reactivity, white phosphorus is
never found as a free element on earth. It is also very poisonous, 50 mg of which
constitutes an approximate fatal dose. Exposure to white phosphorus should not
exceed 0.1 mg/m’ (8-h time weighted average—40-h work week) [7]. It is the most
volatile and least dense of all allotropes [8]. Because of its dehydrating nature, it has
a corrosive property [9].

Red phosphorus is polymeric in structure. It is non-poisonous, odourless and
insoluble in water. It can be viewed as a derivative of P,. It can be produced by heat-
ing white phosphorus to around 250°C within the sight of daylight. Freshly pre-
pared, bright red phosphorus is highly reactive and ignites at about 300°C, though
it is still more stable than white phosphorus, which ignites at about 30°C.

Black phosphorus is a layered semiconducting material similar in appearance to
graphite with numerous uses in optoelectronic, semiconductor and photovoltaic
applications. In a two-dimensional form, black phosphorus is known as phospho-
rene and has similar properties to other 2D semiconductor materials such as gra-
phene. Among other allotropes, this form is the most thermodynamically stable and
densest allotropes under ambient temperature and pressure.

2. Sources of phosphorus

Phosphorus is a naturally occurring element that exists in minerals, soil, living
organisms and water. Phosphorus occurs in nature as orthophosphate (PO,*"),
principally in the mineral apatite Cas(PO,)3(F, Cl, OH) but also in monazite (Ce,
La, Nd, Th) (POy, SiO,) and xenotime YPO,. It is widely dispersed at trace levels
in minerals such as olivine, pyroxene, amphibole and mica and is also present in
biological materials such as the bone. Phosphorus is a major element in all plants.
In the natural world, phosphorus is never encountered in its elemental form but
only as phosphates, which consists of a phosphorus atom bonded to four oxygen
atoms. This can exist as the negatively charged phosphate ion (PO,*"), which is how
it occurs in minerals, or as organophosphates in which there are organic molecules
attached to one, two or three of the oxygen atoms. Phosphorus exists in many
different forms in soil. In general, these sources can be grouped into three general
forms: (i) organic phosphorus, (ii) soluble phosphorus and (iii) adsorbed phos-
phorus. Phosphorus (in the forms hydrogen phosphate [HPO,*"] and dihydrogen
phosphate [H,PO,7]) is least mobile in soil. The comprehension of forms of phos-
phorus will enable to understand mobility of phosphorus in soil and the extent to
which phosphorus can move within the environment.

Organic phosphorus account for 15-80% of the phosphorus in soils, the exact
amount being dependent upon the nature of the soil and its composition. It is the
principal form of phosphorus in the manure of most animals. About two-thirds
of the phosphorus in fresh manure is in the organic form. Nucleic acid constitutes
1-5% of total organic phosphorus in soil.

Soluble phosphorus or available inorganic phosphorus include small amounts
of organic phosphorus, as well as the orthophosphates, H,PO,~ and HPO,> (the
primary forms of phosphorus), taken up by algae and plants (aquatic and terres-
trial). The soluble form accounts for the smallest proportion of the total phosphorus
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in most of the soils. When fertiliser or manure (both containing mostly soluble
phosphorus) is added to soil, the soil’s pool of soluble phosphorus increases. With
time, soluble phosphorus is transformed slowly to less-soluble forms. The efflu-
ents of sewage treatment plants contain mostly soluble phosphorus. Phosphorus
is adsorbed by plants in the ionic forms H,PO,~ and HPO,4~ [10]. The adsorbed
phosphorus does not leach. In fact, it moves very little, even with large amounts of
precipitation or irrigation. Attached phosphorus includes labile or loosely bound,
and “fixed,” or tightly bound, phosphorus compounds.

Agricultural fields lose adsorbed phosphorus in a mechanism to transport
phosphorus to water bodies. Phosphorus travel to surface water attached to particles
of soil or manure. Phosphorus can also dissolve into runoff water as it passes over
the surface of the field. Soil particles strip soluble phosphorus from the water as it
moves through the soil profile. Leaching of phosphorus usually is not a significant
concern. The concentration of phosphorus in soil leachate is significantly less than
surface runoff concentrations [10].

However, special situations can produce higher concentrations of phosphorus
in groundwater. The capacity of soil to absorb phosphorus can be overwhelmed on
sandy soils or when the water table is close to the soil surface. Also, cracking in soils
creates channels allowing surface water to travel directly to groundwater.

Increased use of phosphorus in fertiliser had unsustainable consequences. Since
phosphorus remains a finite, diminishing and irreplaceable resource, this is affect-
ing global phosphorus cycles. Phosphorus in rocks is unavailable to organisms, but
now increased used of phosphorus in fertilisers has tripled the rate at which biologi-
cally available phosphorus enters the ecosystem.

3. Presence of phosphorus in environment

The phosphorus cycle (Figure 1) is the process by which phosphorus moves
through the lithosphere, hydrosphere and biosphere. Phosphorus being a constitu-
ent of nucleic acids as well as cell membranes and phosphate/phosphorylated com-
pounds is a nutrient of major importance for the biosphere. Calcium phosphate is
also the primary component of mammalian bones and teeth and is used in a variety
of other biological functions. The phosphorus cycle is an extremely slow process,
as various weather conditions (e.g. rain and erosion) help to wash the phosphorus
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found in rocks into the soil. In the soil, the organic matter (e.g. plants and fungi)
absorbs the phosphorus to be used for various biological processes [11].

Phosphorus is an important element for all forms of life. As phosphate (PO,>"),
it makes up an important part of the structural framework that holds DNA and
RNA together. Phosphates are also a critical component of ATP, the cellular energy
carrier, as they serve as an energy release for organisms to use in building proteins
or contacting muscles. Like calcium, phosphorus is important to vertebrates; in the
human body, 80% of phosphorus is found in teeth and bones [11].

The phosphorus cycle differs from the other major biogeochemical cycles in that
it does not include a gas phase, although small amounts of phosphoric acid (H;PO,)
may make their way into the atmosphere, contributing, in some cases, to acid rain.
The water, carbon, nitrogen and sulphur cycles all include at least one phase in
which the element is in its gaseous state. Very less amount of phosphorus circulates
in the atmosphere because under normal temperatures and pressures condition of
the earth, phosphorus and its various compounds are not gases. The largest reser-
voir of phosphorus is found in the lithosphere [11].

Weathering: since the main source of phosphorus is found in rocks, the first
step of the phosphorus cycle involves the extraction of phosphorus from the rocks
by weathering. From weathering the released phosphorus is transported to the soil
by wind or water as inorganic phosphate. Absorption by plant and animal: inor-
ganic phosphate is absorbed and assimilated by plants. In most soil, the amount of
available phosphorus is about 0.01% of the total phosphorus in soil. From the plant,
phosphorus moves through the food chain in the organic form. Once the living
organisms die, the organically bound P is returned to the environment by the pro-
cess of degradation by the decomposition. Organically the dead organic matter is
acted upon by the phosphatising bacteria to release inorganic phosphorus from
bound organic form. Phosphorus is also returned from shallow marine deposits in
fish harvest and guano deposits in fish-eating birds and geological uplift. Turnover
of organic phosphorus occurs due to phosphatase activity associated with root
activity and microbial populations. The precipitation of phosphorus in marine
habitats limit primary productivity [1, 11].

4. Role of phosphorus in mitigating arsenic and chromium toxicity
from plants

Since phosphorus is a limiting nutrient for terrestrial biological productivity, it
commonly plays a key role in net carbon uptake in terrestrial ecosystems. Although
the inorganic phosphorus of soil causes harm to the environment in the form of
eutrophication, it has some beneficial effects too. The phosphorus present in
soils helps in mitigation of heavy metal toxicity in plants. Increasing population;
rapid urbanisation; rapidly expanding industrial areas; use of fertilisers, pesticides
and manures; and atmospheric decomposition have added lots of pollutants in
the soil [12, 13]. Heavy metals like arsenic (As) and chromium (Cr) are highly
toxic and cause ill effects at very low concentrations [14]. They are posing a major
environmental challenge; since they do not undergo microbial and chemical degra-
dation, they become persistent and bioaccumulative in nature [15, 16]. They affect
soil chemistry by altering pH and conductivity of soil and also cause oxidative
and physiological toxicity in the plants [17]. Many technologies like electrokinetic
(EK) technique [18], electrokinetic-geosynthetic approach [19] and excavation
and physical removal of the soil [20] are used to clean heavy metal pollutants. Each
remediation technology has its specific benefits and limitations, but in general none
of them is cost-effective [21]. Phytoremediation has the benefit of being a relatively
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low-cost, natural solution to an environmental problem [22]. Some plants are
hyperaccumulators of metal. If the hyperaccumulator plants are edible, the roots
will take up the heavy metals from the soil, leading to bioaccumulation of heavy
metals in the entire plant body, which will ultimately enter into the food chain and
pose health hazards to higher organisms. So, in order to stop the entry of heavy
metals into the food chain, it is excellent to apply phosphorus in the soil that will
alleviate the uptake and accumulation of heavy metals in food crops growing in the
soil contaminated with heavy metals like arsenic and chromium (Figure 2) [23-25].

Literatures suggest that arsenate and phosphate share a common transport
pathway via roots of the higher plants [23, 26, 27]. Since phosphate is a growth-
supporting nutrient, plants prefer its uptake over arsenate. With the understand-
ing of the above molecular analogy between arsenate and phosphate, the most
cost-effective method for amelioration of arsenic toxicities, at the oxidative and
physiological levels, in the agriculture would be the prevention of its entry in the
food chain using phosphate amendments. Thus, a study by Sayantan and Shardendu
[23] has been designed to determine the effect of arsenate-phosphate amendments
on the variation in the physiological and oxidative toxicities in the root and shoot
tissues of Amaranthus viridis L. By differentiating the total As accumulation at the
tissue level, it was found in the present study that the roots of A. viridis accumu-
lated up to twofold higher amount of total As than that in shoot. When the PO,*
was amended along with the AsO,>~ supplies, the total As accumulated in the root
and shoot tissues was significantly (p < 0.001) reduced by the maximum of 68.18
and 64%, respectively, with respect to control (0 pM PO,*>” amendment). These
observations were further supported statistically by obtaining significant (p < 0.05)
negative correlation coefficient values between the total As accumulation and the
total P stored in root and shoot tissues.

Sayantan and Shardendu [24] showed the role of different levels of phospho-
rus amendments on chromium toxicity in Raphanus sativus L. The experiments
were done with the design in which five different concentrations of Cr have been
taken and at each Cr level; there were five amendments of P concentration. After
completion of experiment, results showed chromium accumulation in plant roots
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Figure 2.
Relationship between total As and P accumulations in root and shoot tissues of A. viridis, each with
representations of Pearson’s correlation coefficient (v-value) and level of significance (p value) (image source:

Ref. [23]).
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was dose-dependent and increased as the concentration of Cr supply is enhanced.
However, the impact of amendment of phosphorus concentration on Cr accumula-
tion was notable. At each Cr supply, accumulation of Cr decreased as the levels of P
increased, showing a reciprocal correlation (—0.960 < r < —0.762) among these two
parameters.

Qian et al. [28] showed that chromium could damage the thylakoid structure
and impinge on the chloroplast, therefore affecting algal growth. P availability can
alleviate Cr toxicity in C. vulgaris by decreasing the absorption of Cr and changing
the absorption of other metal ions. It is, therefore, necessary to consider the phos-
phorus availability when the toxicity of metal compounds is evaluated.

It is known that the nutrients present in the soil influence the Cr uptake by
Raphanus sativus [24]. Sayantan and Shardendu [25] examine the role of Cr toxicity
on root and shoot tissues of Spinacia oleracea L. (spinach) and its variation when
different levels of P were amended with the Cr supply. The path of movement of
Cr and P is similar in plants; however, P is preferred over Cr. Thus, P competitively
inhibits the Cr uptake. With the phosphorus amendment in the growth medium,
accumulation of chromium decreased up to 55% in root and 50% in shoot tissues.
These results showed two general observations, i.e. increasing Cr concentrations
induced an enhancement in toxicity at both physiological and oxidative levels; and
the amendment of P at each Cr supply ameliorated the toxic effects in both kinds of
tissues of S. oleracea.

Phosphorus is essential to all living beings also; it is one of the main nutrients
for animal and plant growth. Phosphorus is used by plants in photosynthesis.
When there is less phosphorus during photosynthesis, the production of sugars is
restricted. This directly affects the colour of the plant. Phosphorus-deficient plants
will not be green but have a purple hue to them. A lack of sugar in the plants will
restrict the growth of the plant since sugar is the main source of energy in a plant.

Phosphorus acts as a catalyst. When fertiliser is added to plants, it is often
thought of to assist in allowing them to grow quicker and stronger. This is due to
the phosphorus in the fertiliser. Phosphorus speeds up plant growth as well as the
quality of plant growth.

Phosphorus is also a key component in the structures of life. It is found linking
DNA and RNA together and being found in bones of animals. Phosphorus is also
involved in ATP that forms during photosynthesis.

Phosphorus is vital to the environment because it allows plant growth that is
necessary to keep the ecosystem balanced and flourishing. It allows plants to grow
robust to feed the animals that eat them. Healthier plants also allow more oxygen to
be released in the air. In manageable amounts, phosphorus can help any ecosystem
thrive by providing more food and oxygen. The only measure to check the use of
phosphorus for the environment is to reduce the usage of chemical fertiliser and
shift towards organic farming. This will reduce eutrophication and, in other words,
improve the health of lakes.

5. Eutrophication

When sewage and agricultural runoff containing phosphates or other
nutrients enter water bodies, they cause overnutrition, leading to eutrophica-
tion. “Eutrophication is an enrichment of water by nutrient salts that causes
structural changes to the ecosystem such as: increased production of algae and
aquatic plants, depletion of fish species, general deterioration of water quality
and other effects that reduce and preclude use” (Organisation for Economic
Cooperation and Development). Eutrophication is a major environmental issue
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as it causes degradation in the quality of water and is one of the major hindrances
for achieving the quality objectives established by Designated Best Use Water
Quality Criteria by Central Pollution Control Board, India, 2019 [29]. As per the
International Lake Environment Committee Foundation, Japan, about 54% of
lakes are affected by the phenomenon of eutrophication in Asia (“http://www.
eniscuola.net/en/2016/11/03/what-is-eutrophication-causes-effects-and-
control/”; “https://www.ilec.orjp/en/”) [30]. Eutrophication occurs naturally
over centuries as lakes age and is filled in with sediments [31]. However, anthro-
pogenic activities like discharge of growth-limiting nutrients like phosphorus
have accelerated the rate and extent of eutrophication. Any aquatic body starts its
life cycle as oligotrophic, i.e. clear body of water. Eutrophication is distinguished
by a remarkable increase of algae (very simple, non-flowering aquatic plant) due
to the considerable availability of one or more growth factors obligatory for pho-
tosynthesis, such as sunlight, carbon dioxide and nutrients (primarily phospho-
rus) [32]. With the introduction of nutrients through runoff, algae start to grow in
an uncontrolled manner. With this growth, increasingly large biomass is formed
which is destined to decay. In deep water, pond collects a good amount of organic
substance, represented by the algae having reached the end of their life cycle.
Eventually, there is algal bloom when the lake becomes marsh or debris. An exces-
sive consumption of oxygen is required by microorganisms to destroy all the dead
algae. This created an oxygen-free environment in the lake bottom, anaerobic
organisms being responsible for the degradation of the biomass [33]. The micro-
organisms, decomposing the organic substance in the absence of oxygen-free
compounds that are toxic, such as ammonia and hydrogen sulphide (H,S), were
formed. The absence of oxygen reduces biodiversity causing, in certain cases, even
the death of animal and plant species. All this happens when the rate of degrada-
tion of the algae by microorganisms is greater than that of oxygen regeneration,
which in summer is already present in low concentrations. The stage is eutrophic,
when the lake is filled with sediment, while aquatic animal life will perish. It will
then turn into dry land. The rate of eutrophication strikes a balance between the
production of aquatic life and its destruction by bacterial decomposition. With
large input of nutrients from human sources, bacterial decomposition cannot keep
pace with productivity and sedimentation is accelerated whereby eutrophication
is favoured. Lakes can be protected from eutrophication by providing measures
for sewage treatment and preventing the sewage and agricultural runoff from
entering the water bodies. Another method is to use aquatic plants as their high
relative growth rates efficiently absorb nutrients from their surrounding media,
thereby providing a simple and inexpensive solution for phosphorus-polluted
water bodies. Experiments done by Shardendu et al. [34] proved that Pistia
stratiotes L. accumulated the highest amount of tissue P (1.06 + 0 .22 mg/gdw)
than other common wetland species like Eichhornia, Phragmites and Typha. They
further found out that up to 91% phosphate was removed from the surrounding
medium within 60 days at 50 mg/L supply.
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Chapter 3

Bone Mineralisation

Pinki Dey

Abstract

The mineralisation term mentions the development of inorganic precipitation
over an organic background. This process occurs in a life span of biological organ-
ism for the formation of bone, teeth, exoskeletons, egg shells, etc. So, basically
bone mineralisation is defined as the process of deposition of minerals on the bone
matrix for the development of bone. The human bone is made up of 60-70% miner-
als which include calcium phosphate in the form of hydroxyapatite followed by
20-40% organic matrix containing type I collagen fibres and less than 5% of water
and lipids. During bone mineralisation process osteoblasts which are also known as
bone forming cells, aids to the production of calcium phosphate crystals which are
then aligned in the collagen based fibrous matrix. The bone mineralisation proce-
dure also known as calcification is a lifelong activity of a human being.

Keywords: bone, mineralisation, calcium phosphates and collagen fibres

1. Introduction

Bone is a multifaceted system which behaves as mechanical shield for providing
support and security. Bone also plays an important role in haemostasis. Recently,
it came to observation that bone also aids in functioning of endocrine glands. To
fulfil all these purposes, bone is a well architecture behaving as a functionally
graded structure from millimetre to nanometre range. As a result of this gradation
bone shows an unusual amalgamation of high stiffness and toughness which are
frequently inversely associated. Broadly, bone is made up of organic and mineral
part where the organic part is comprised of type I collagen whereas the mineral
part contains the calcium deficient hydroxyapatite. The mineral part of the bone
is interlinked with collagen in such an organised manner that it not only provides
flexibility and ductility to the structure but also shows stiffness. This organisation
of bone when observed at nanoscale range it behaves as a composite which acts as a
shield to the brittle hydroxyapatite from damaging and also helps in carrying load
by transferring forces around the bond hence thereby reducing the stress formation
in the composite matrix. The fibres of the collagen intermingled with mineral part
are arranged in very different manner when observed on microscopic range. This
arrangement at micrometre level completely depends on the rate of bone formation
or bone location on the substrate. This is due to the various functions played by the
bone tissue, i.e., during fracture rapid bone formation development of bone during
growth, unhurried bone formation in order to adjust in accordance to mechanical
requirements so as to avoid any damage to its structure as well as maintaining its
mechanical assets. Bone can be divided into two major categories depending on its
mechanical and biological aspects i.e. cortical bone (compact/dense) and cancellous
(porous/spongy bone namely trabecular) [1].
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2. Bone composition

The mineral portion of the bone which basically comprises of hydroxyapatite
contributes to the 65% of weight of bone. The remaining 20-30% of the bone
weight composed of collagen of Type I. And, the last 10% of weight includes water
molecules which are present collagen-mineral structure. Also, there are some free
water molecules in the bone composite which gets redistributed during load bearing
phase of bone. These free molecules pass through the vascular channels of bones
and hence play a pivotal role in detection of signals by cells thus transferring infor-
mation regarding load bearing environment. The interaction between bone mineral
and unbound water molecules in a ratio of 1:1 helps in the process of bone miner-
alisation i.e. when the amount of water declines the mineralisation of bone starts to
proceed and vice versa. The bone mineralisation is directly related to the stiffness
of the bone as bone tends to grow stiffer since it contains higher amounts of mineral
and lesser quantity of water. And as a result of this stiffened bone becomes more
prone to brittleness and hence fracture easily. Approximately, 90% of organic part
of bone is made up of collagen of type I category also collagen of type Il and V
are present in very minor quantities. And, the last 10% belong to non-collagenous
proteins which help in the regulation of collagen development and management of
fibre size, resistance to micro-crack, cellular adhesion and mineralisation. Around
85% of non-collagenous proteins are present in extracellular matrix and rest resides
with the bone cells.

2.1 Collagen

The fibres of collagen are intertwined with the plate like structure of bone. Each
and every collagen molecule exists as a triple helical structure formed from two
chains of a 1 and one chain of a 2. Individual chain has around 1000 amino acids
lengthwise and the centre part of the helix contains triplets of gly-X-Y in repeat-
ing sequence. The glycine molecules help in the formation of helical structure of
collagen. Basically, all the amino acids are incorporated in collagen but the X and Y
units are often composed of residue of hydroproline and proline. The maintenance
of helical rigidity of the chain is due to the proline and hydroproline residues.

The hydroxyl part of the hydroproline amino acid is important for interaction

with water molecules via hydrogen bonding. The triple helix structure of collagen
retained by the water molecules is affined toward hydroxyproline. At intercellular
stage, peptides of non-helical region, i.e., N-propeptide as well as C-propeptides
hold the chains at one place by cross- linking with sulphur. The propeptides pres-
ent at the terminal point of triple helix are called procollagen molecule. During

the exocytosis of molecules, the propeptide parts are broken down enzymatically
resulting in non-helical parts at the molecular end N or C-terminal respectively.
The enzymatically cleaved peptides result in the development of mature collagen
molecule which has a pattern of non-helical N- and C-terminal peptides and helical
nature of triple helix region. The microfibrils of collagen are semi-hexagonal system
of five collagen molecules. The lateral and longitudinal combination of microfibrils
leads to the formation of fibres approximately 10 pm in length and around 150 nm
in diameter. The collagen fibres when observed under electron microscope showed
aband pattern of around 67 nm. This band pattern is known as D-banding and it
demonstrates the area between the neighbouring ends of collagen molecules as well
as the overlapping between the lateral neighbouring molecules present at the end
sections. In an osteoporotic bone the average diameter between the collagen fibrils
and their spacing is very less as compared to a normal bone. The collagen fibrils

are joined with the help of various types of cross-links which may have influential
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effects on the materialistic properties of the surrounding tissues and thereby affect-
ing the mechanical traits of the whole bone system. The crosslinks bonds which
connects the collagen fibrils are broadly categorised into enzymatic crosslinks and
non-enzymatic crosslinks which forms a AGEs (advanced glycation end products).

2.2 Non collagenous proteins

There are various proteins of non-collagenous nature that helps in the regula-
tion of formation and preservation of the extracellular matrix. Even though they
comprise only of 2% of bone in weight but NCPs do a very important job during
embryogenesis and formation as well as establishment of fibrils of collagen. It
also regulates mineral of formation of bone and deliver channels for all signalling
regarding the attachment of cells. The NCPs are divided into

1. Proteoglycans: They are basically consisting of various heparin sulphate, hyal-
uronan, small leucine rich proteoglycans called SLRPs. These are wide range of
molecules where the main proteins are covalently bonded to the lateral chains
of sulphated glycosaminoglycan. The proteoglycans which are present in the
bone are smaller in size as compared to the other non-bone region proteogly-
cans. It manages the nucleation of apatite and the growth of apatite which in
turn controls mineralisation.

2. Glycoproteins: It consists of fibronectin, thrombospondin (TSP1 and TSP2),
vitronectin and lastly, alkaline phosphatase (ALP). In bones there are huge
numbers of glycoproteins, out of which functions of few glycoproteins are not
known. The activity of ALP helps in determining mineralisation factors be-
cause it undergoes hydrolysis with pyrophosphates which, as a result restricts
the deposition of minerals by tagging itself with mineral crystals. If the pyro-
phosphates are neutralised, then this leads to normal growth of mineral crys-
tals and as a result regulates the bone mineralisation. Since ALP is solely not
produced by bone but also by kidney and liver any changes in the levels of ALP
will not give any precise results regarding the mineralisation activity. Nonethe-
less, if the ALP is taken from the bone specific region, then the levels of ALP
may determine the activity of bone mineralisation. In fact, lower levels of ALP
or dysfunctionality of ALP leads to disorder recognised as hypophosphatemia
which results in hypercalcemia causing death in children. TSP1 (Thrombos-
pondinl) and TSP2 (Thrombospondin2) are found in mesenchymal stem cells
and chondrocytes in the process of development of cartilage in the primary
steps of bone development. TSP2 enhances the process of mineralisation as
well as it escalates the osteoid process during mineralisation. Both vitronectin
and fibronectin attaches to the cells where the vitronectin helps in attachment
of cells which are found in plasma membrane of osteoclast and works with the
osteopontin for binding osteoclasts to the matrix of mineral. The fibronectin
plays an important role in cell proliferation during formation of bone.

3.SIBLING also known as small integrin binding ligand N linked glycoprotein
which includes dentin matrix acidic phosphoprotein 1 (DMP1), osteopontin,
sialoproteins and MEPE (matrix extracellular phosphoglycoprotein). In the
preliminary stages of osteogenesis osteopontin is secreted. The ostoponin ex-
ists near the periodontal region of teeth as well as the cement line of bone. It
restricts the crystal growth during mineralisation, also it attaches itself to the
osteoclast in order to enhance the binding of osteoclast to the mineral surface
of bone in the course of bone resorption. DEMP1 has an immense inclination
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for hydroxyl apatite and N-telopeptide region of type I collagen, also is indi-
cated by osteocytes and osteoblasts. It helps in local regulation of bone miner-
alisation. Although, it is quite an unknown fact whether DMP1 is involved in
the differentiation process of osteoblasts to osteocytes. But in adequate DMP1
results in hypophosphatemia rickets due to increased level of FGF23. MEPE
also belongs to SIBLING genre which functions to locally regulate Mineralisa-
tion. It is mainly found in osteocytes and odontoblasts, where it is supremely
demonstrated in tissues which are still under Mineralisation such as modifi-
cation of intramembrane and endochondral plaited bone of your fractured
callus. In vivo results show that lack of MEPE gives increased bone mass as well
as decreased in bone loss.

4. Osteocalcin (Gla bone protein): The osteocalcin is indicated in osteoblasts as
well as osteocytes. It helps in binding o calcium and deposition of mineral. Asa
result, it is considered as an indicator of bone formation. However sometimes
It may also behave as a precursor in regulation of osteoclasts. It has been seen
that mice in absentia of osteocalcin suffers from grave osteoporosis. Hence, it
can be seen why osteocalcin is considered as one of the important marker for
bone remodelling. It has been also observed that post-menopausal osteoporosis
that its increased level increases bone remodelling rate causing acute imbal-
ance between resorption and formation of bone.

5. Osteonectin are also known as SPARC, i.e., secreted proteins acidic rich in cys-
teine. It is present at mineral deposited location where it bonds with collagen,
hydroxyapatite and vitronectin. It helps proliferation of freshly nucleated min-
eral crystals. Since its plays a vital part in osteoblasts growth, its non-existence
causes osteopenia i.e. low bone density. It bandages itself to various growth
factors such as FEF2, PDGF (platelet derived growth factor), VEGF (vascular
endothelial growth factor) for the regulation of mineralisation.

3. Bone mineral

Bone mineral is made up of carbonate apatite which has poor crystalline struc-
ture. The apatite undergoes nucleation in the space between collagen fibrils end
called hole zones and it spreads longitudinal over the collagen fibrils. In the begin-
ning, mineral is settled in the form of amorphous calcium phosphate followed by
calcium carbonate in good amount. The carbonate proportion reduces during bone
tissue maturation, also mineral crystals form disc like structure growing laterally
while aligning themselves parallel to the fibrils of collagen. The l-axis (long axis) of
mineral disc oriented with the longitudinal line of bone. The typical size of mineral
crystals has less than 10 nm thickness. Gradually, the mineral disc merge with other
crystals to form a large polycrystalline structure, which becomes indeed larger than
the thickness of fibrils. The mineral crystals grow more in size during bone age-
ing due to changes in ion contents of mineral composition. The age of the tissue is
directly proportional to the size of the crystals. Although, it is tough to differentiate
amid small crystals bearing numerous defects and large crystals having less defects,
as both shows likewise crystalline behaviour. The soluble carbonate which adheres
to surface of crystals can also be filled in by hydroxyl and phosphates groups of
carbonate apatite. As a result, it helps in easy resorption of mineral. During the
incidents of acid load, bicarbonate (-HCO;) is being absorbed so as to maintain the
pH of blood. The deficiency of -HCO; is balanced by the presence of carbonate and
phosphate ions in bone mineral. When there is an abnormal production of acid, the
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bone mineral tank helps in the maintenance of acid-base balance, which also many
times leads to loss in bone mass. There are certain cations such as Mg, Na, strontium
in place of calcium ions and fluoride ions in place of hydroxyl ions in apatite matrix.
Also, these kinds of substitutions can cause changes in mechanical properties of
bone as well as in the behaviour of osteoclast and osteoblasts. Previously, for osteo-
porosis sodium fluoride used as an anabolic remedy. It was observed that sodium
fluoride promoted pre-osteoblasts and osteoprogenitor cells hence stimulating
uninterrupted formation of bone without the initialization of resorption. However,
it has been seemed that carbonate apatite is less unaffected by resorption than
fluoro-apatite. Also, replacement of fluoride ions into the mineral leads to escalated
brittleness of bone thus causing the bone prone to fracture. The poor mechanical
behaviour of bone is only due to the replacement of fluoride ions from bone as
compared to the occurrence of substitutions of other ions from the bone mineral.
The accumulation of bone mineralisation takes place in two consecutive phases. The
first phase is the rapid nucleation of the primary mineral crystals. This phase is also
known as primary Mineralisation. And, second phase relates to the slow prolifera-
tion and development of the primary crystals up to a size of 40 x 3 x 7.5 nm. In

the course of primary mineralisation crystals are very quickly accumulated in the
collagen network thus attaining 65-70% of total mineralisation within 3 weeks
approximately. During the second step, the mineral is deposited at a steady rate but
in a more efficient way, till the mineral attains the required bodily limit, which may
vary from months to year [1-19].

4. Bone cells

Bone is a structurally and metabolically very complicated organ which is a
composite of mineral, collagen material and bone cells [20]. The bone cells basically
include osteoblasts, osteoclasts and osteocytes, which are found in mesenchymal
stem cells known to accumulate osteiod before the mineralisation process takes off,
thereby helping in bone formation [21, 22]. Osteoblasts are known for regulating
mineralisation and in the formation of extracellular matrix. They are originated
from bone and are in cuboidal form especially found at bone surface and carries
out the function of resorption [21, 23]. The quantity and function of osteoclasts are
dependent on many factors such as proliferation, differentiation, rate of resorption
by already developed osteoclasts and lastly cell lineage allocation [24]. They are
the derivative of multinucleated polarised cells which are migratory in nature with
good source of lysozyme enzymes [25]. They consist of mitochondria of pleomor-
phic type, vacuoles and lysosomes [26]. The formation and resorption of bone is
the joint activity of osteoclasts and osteoblasts. And the factors which are involved
during this process are prostaglandin E2 (PGE2), transforming growth factor beta 1
(TGF-p1), fibroblast growth factor, parathyroid hormone (PTH), osteoprotegerin
ligand OPGL also known as RANKL (receptor activator of nuclear factor kappa
B [(NF-xB) ligand]) and TRANCE i.e. TNF related activation induced cytokine.
Resorption can also effect the biomechanical activities of bone for instance,
formation of strong bone from a weak one [24]. Majority of bone cells are in the
nature of osteocytes, thus comprising of 90-95% in the skeleton of an adult. The
mature osteoblasts in the bone matrix are recognised as osteocytes. And they help
in responding to the mechanical strain thus generating signals which can further
coordinate the bone resorption and its formation [27]. Osteocytes that are present
in mature bone are joined together with long extensions of cytoplasm that form
small capillary like structure called lacunae or canalcali for the transfer of nutrients
and wastes. Osteocytes are spread across the mineral matrix and connect to the
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surface of bone and bone marrow via dendrites which involve osteoclast precursors
for the stimulation of bone resorption and regulation of differentiation of mesen-
chymal stem cells [28-32]. The roles which are played by osteocytes and lacunae/
canalcali involves restriction of fatigue cracks, exchange of mineral, hormonal
stimulation for detection of stress or strain, mending of microdamage, modelling or
remodelling of bone under mechanical criteria, osteocytic osteolysis, regulation of
osteoclastic cutting cone during exchange of mineral and reformed remodelling act
after the resorption [27].

During the bone mineralisation, the crystals of mineral are accumulated in a
systematic manner over the extracellular matrix, where the cells surrounding the
mineral matrix prepares a pattern for mineral accumulation thus commencing the
location for mineralisation and fixing the final dimensions of mineral crystals.
Although, various studies have been conducted throughout the world for determin-
ing the mechanism for formation of mineral crystals in every organism, but the
exact explanation related to this mechanism remains unclear [33-35]. In accordance
to the conventional theories about biomineralization, NCPs were actively engaged
in the process of matrix mineralisation. In 1994, Hunter and Goldberg postulated
that the effects of mineralisation for BSPs were completely connected to the gluta-
mate and aspartate-rich sequences of peptides [36]. Later around 1997, Stubbs et al.
carried out studies to consider the involvement of other groups such as sulphate,
phosphate sialic acidic groups in the process of mineralisation [37]. According to
earlier reports, nucleation of mineral takes place in their principal ionic solution
which is supersaturated in nature. During nucleation in solid phase, a critical size
of crystal is required in order to initiate the nucleation. This mechanism is known as
stochastic solute clustering [38, 39].

At present, two important models have been considered for bone mineralisation
process. The first model which involves mineralisation with the help of collagen
template and the second model include the matrix vesicles for mineralisation
purpose. It has been widely accepted that mineral formation is a systematic pro-
cedure which can never take place in the absence of matrix. Basically, the matrix
gives an ordered pattern of deposition of mineral, thus directly participating in the
mineralisation by behaving as a nuclear. It has been also seen that different min-
eralised tissues have different matrices [40]. Alternatively, matrix vesicles are the
particles derived from extracellular matrix having a diameter of 100 nm, precisely
positioned inside the bone matrix and the matrix of cartilage and peridentin.

They provide the initial location for the calcification of all skeletal tissues. They

are generally formed from a polarised bud which gets discharged from surface of
the chondrocytes, osteoblasts and odontoblasts [41, 42]. The matrix vesicles are
considered for preliminary location for mineral build-ups in bone tissue [43, 44]. In
course of mineralisation involving cells, the formation of primary hydroxyapatite
crystals takes place inside the vesicle membrane matrix [45].

a. Collagen-moderated mineralisation: In this type of mineralisation, the template
for accumulation of mineral is provided by the collagen present in the bone
tissue. And, these very collagen fibrils decide the sizes of crystals that can
attained for the process of mineralisation. On the other hand, mineralisation
does not take place in a deficiency of NCPs because they behave as molecules
that generate signals all through the course of mineralisation [40, 46]. It was
observed that BSPs role as a crystal nucleator, affected the osteocalcin recogni-
tion and remodelling of mineralised surfaces [36, 37, 47-51]. However, osteo-
pontin and osteonectin helped in regulation of crystal formation on the basis of
size, type and growth [52, 53]. During the growth phase, the crystals nucleates
from an amorphous phase were the intervallic pattern of 67 nm cross-striated
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collagen fibres [54, 55] carryover the nucleation in the 40 nm long gap sparsely
dense zone. The aforementioned process was recommended to be guided by
heavily acidic NCPs [56-59]. The basic principal of collagen based template
mineralisation focuses mainly on the job of collagen fibrils during bone
Mineralisation. When the mineralising fibre were observed under cryo-trans-
mission electron microscope, it was found that polyaspartic acid which has
soluble behaviour plays an integral part in collagen mineralisation [56, 60]. The
calcium triphosphate ions complex is formed from the prenucleated clusters of
acidic polypeptide [38]. These clusters are negatively charged; as a result, they
get attracted towards the positive part on collagen [56]. Consequently, these
ionic complex gets fused inside the collagen fibrils and then transform into

a solid amorphous mass which further grows into an ordered apatite crystal
complex regulated by the arrangement of collagen fibrils [40].

b.Matrix-vesicle moderated mineralisation: In this type of mechanism, the pre-
liminary phase starts off at the mineral visceral where the Ca** ions and the
inorganic phosphate (Pi) are formed in vivo [41, 61, 62]. The annexins and
phosphatidylserine are the calcium binding molecules which tag them with
BSPs so as to invite and regulate the deposition of calcium and phosphate
ions previous to the creation of crystals of insoluble hydroxyapatite [62, 63].
During, this phase the pH of the intravesicules rises above due to the activity of
carbonic anhydrase found in mineral vesicles [64], causing the stabilisation of
primary mineral crystals [42]. In the second phase of matrix moderated min-
eralisation, the breakdown of mineral vesicles membranes takes place where
the already formed hydroxyapatite are exposed to extracellular fluid [61]. The
extracellular fluid comprises of matrix vesicles with homeostatically regulated
levels of PO,*” and Ca2+ in order to help in proliferation of new hydroxyapatite
crystals onto the already formed hydroxyapatite crystals. The perforations in
the matrix vesicle membrane are carried out by proteases [65] and phospholi-
pases [66]. The metalloproteinases of matrix vesicles which have the capability
of degenerating mineral deficient proteoglycans helps in transferring of min-
eral towards itself [67]. In the recent studies, it has been observed that collagen
type Il and X bind to the outside surfaces of matrix vesicles thus acting asa
channel for the transfer of crystals into the extravesicular matrix [68]. Three
promising functions of matrix vesicles have been identified during the course
of mineralisation. The first function involves the control of ion concentration
by the matrix vesicles inside the matrix so as to start off the mineralisation
around the collagen fibrils. Also, it controls the compositions of ions necessary
for the formation of intravesicular apatite crystals thus starting the process of
mineralisation with the transfer of ions to the collagen. And lastly, when the
mineral vesicles interact with the collagen, the deposition of mineral onto the
surface of fibrils is carried out [40].

5. Pathological mineralisation

Mineralisation is categorised into physiological or pathological types depending
on the type of bone tissues i.e. hard bone tissue or soft bone tissue. Physiological
mineralisation is required for the development of skeletal tissues in order to carry
out daily functions of a normal human life. The second category of mineralisation is
pathological mineralisation also known as ectopic which involves the mineralisation
of soft bone tissues such as cartilages (articular cartilage) and tissues surrounding
cardiac vessels that causes diseases and death. Recently, it has been found that the
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reasons and aspects which cause physiological mineralisation can be similar to that
of pathological. Lately, it has been reported both the mineralisation are instigated
by the matrix vesicles where the particles which resides inside the membrane are
released from the plasma membrane of mineralisation cells. The activators and
regulators which cause pathological mineralisation are the same activators and
regulators which will cause pathological mineralisation. It has been also reported
that apoptosis causes physiological mineralisation and it has been seen that if
physiological mineralisation happens to happen take place after injury of tissue, can
prompt pathological mineralisation around the damaged or the injured tissue [69].
The mineralisation process is important for imparting mechanical properties in the
bone [70]. As a result, when not regulated properly can lead to the inadequate or
extreme mineralisation. Therefore, bone tissue quality gets jeopardised and becom-
ing the cause for many bone related diseases. Osteomalacia is one such condition
where the disease is caused in adults due to deficiency of bone mineral or excessive
bone resorption. Rickets is the osteomalacia in children. As already explained, in

a fit and mature bone, osteoclasts eliminate bone whereas osteoblasts accumulate
osteoid and thus carrying out the mineralisation. During osteomalacia, calcification
rate is decreased while the bone surface is being increased due to the building up of
non-mineralised osteoid. The common symptoms of osteomalacia involves brittle
bone, weakened muscles along with severe body ache [71-73]. Another known
disease caused by pathological mineralisation is fibrous osteodystropy. In various
findings, it has been seen that the flexibility and deformation of bone depends
because of constant and extreme contact with the PTH, thus hampering with the
bone load bearing capacity [74-78]. In osteocalcia, bone tissue is destroyed and
resorped osteoclasts where the remodelling area, previously taken up by calci-

fied bone is then occupied by fibrous connective tissue. As the disease progresses,
non-mineralised formed bone takes up the place of cortical bone. And also, min-
eralised osteoid in the remodelling space was previously filled up by osseous tissue
[79]. Paget’s disease is a very commonly known disorder of bone in adults which is
chronic in nature. This is also known as osteitis deformans [80, 81]. This is mainly
found in middle aged men as compared to women [80, 82, 83]. In this disease, the
resorption mechanism of bone gets speed up which results in formation of thick
unarranged bone mineral matrix. As a result, producing weakened bone structure,
painful fragile bone, joints arthritis inside the targeted bone. Sometimes, Paget’s
disease transform into a preliminary cancer of bone identified as Paget’s sarcoma.
The large multinucleated osteoclasts initiate the pathological Mineralisation of
bones with high resorption causing Paget’s disease [84]. This hastened resorption
results in an unorganised deposition of mineral by osteoblasts during remodelling
[85]. Thus causing irregularities in cortical thickness, coarsening of trabecular and
vascularization of fibrous tissues, which then produces fatigue during high stress
condition [81, 86, 87]. Another very well-known bone disease is osteoporosis,
where the affected bone has depleted mass with structural degradation as well as
amplified porosity of bone tissue [88]. Usually, in osteoporosis all bones are affected
as compared to the Paget’s disease where only a part of bone is targeted. When the
mineral content of the bone goes below the critical value, the bone becomes more
brittle in nature thus the load bearing capacity along with other mechanical proper-
ties of bone gets deteriorated [89]. The BMD also known as bone mineral density

is directly proportional to the mechanical strength of bone. The patients with
ongoing history of osteoporosis has reduced BMD, hence are more prone to fracture
[90-93]. There are basically three main reasons behind the cause of osteoporosis.
The first reason postulates that the commencing of the osteoporosis may be due to
the underdevelopment of bone during the growth period of individuals. The second
reason focuses on the bone development due to heightened resorption process.
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And lastly, osteoporosis may happen due to the lack of new bone growth during the
course of remodelling [94]. Earlier, it was believed that osteoporosis is an outbreak
of ageing process but with the recent studies it has been observed that it may be
caused because of malnutrition, alterations in biomechanical loading, production
of excessive hormones and prolonged history of acidosis [95].

6. Mineralisation of synthetic biomaterials

For many years, biomaterials are being experimented in such a way so as to
choose them as a replacement for damaged or diseased tissues. As the exclusive
qualities of bone tissues are solely connected to the bone mineralisation, thereby
interpreting and regulating the mineralisation process of artificial bone replace-
ment is very crucial [20].

6.1 Inorganic materials

Since the mineral part of the bone is inorganic in nature, many biomaterials
such as calcium phosphates, hydroxyapatite and bioglass are being used as bone
alternatives [96]. It was in 1969, it was observed that bioglass forms bond with the
bone thus restricting the development of fibrous tissues surrounding the bone [97].
There are various other ceramic biomaterials available such as hydroxyapatite [98],
p-tricalcium phosphate, glass—ceramic [99-101], which are after sintering have
displayed the bone bonding ability, hence paving the way for themselves clinically
in reconstructive and regenerative medicine fields [102].

6.2 Calcium phosphates

The first in the list of very commonly used bioceramics are the calcium phos-
phate based ceramics, broadly used in the field of dentistry and orthopaedics. They
are mainly used for purpose of coatings onto the top surface of metal implants
such as titanium, etc. The study of mineralisation can be performed in some fluids
which imitates the ionic composition of blood plasma. One such kind of fluid is
simulated body fluid suggested by Kokubo et al. in 1991. This fluid mimics the
ionic concentrations of human blood plasma almost exactly. This fluid is used for
the purpose of studying mineralisation behaviour of biomaterials in vitro. The
SBF initiates the formation of apatite (bone-like) over the synthetic biomaterial
surfaces, thus giving the idea of mineralisation of the biomaterial in vivo [103].
Kokubo et al. also suggested that in vivo bone reaction of an artificial biomaterial
can be anticipated by the formation of apatite over its surface in SBF, but this theory
now has been challenged [104]. In 2010, Bertazzo et al. suggested that calcium
phosphates exhibited the osteoconductive nature of bone guided by bone tissues
beside the biomaterial surface at the site of implantation orthotopically. Also, there
are other calcium phosphate ceramics present which shows osteoinductive traits i.e.
ability to form bone at implantation site ectopically. Although, the exact mechanism
behind the osteoinductive nature of certain calcium phosphates depend on various
factors such as composition, structure and conformation of the calcium phosphate
biomaterial [105].

6.3 Bioactive glasses

In 1969, Hench observed that certain silicon-based glasses formed bond with
the bone [106] and named it as Bioactive® glass also known as 45S5 consisting of
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45 wt% of SiO,, 24.5 wt% of CaO, 24.5 wt% of Na,O and 6 wt% of P,Os.it can be
synthesised by two methods which are sol-gel and melt-quench. Because of its awe-
some response towards the bone formation in vivo, it has been considered for more
clinical applications in the arena of orthopaedics. To comprehend the behaviour of
bioglasses in vivo, they have been submerged in SBF to analyse the physio-chemical
route of Mineralisation onto the material surface. It has been found that a carbon-
ated apatite layer is formed which is almost like bone mineral. The mineralisation
behaviour of calcium phosphate ceramics and bioglasses follow the same mecha-
nism for the apatite formation, thus establishing a bond (chemically) between the
host bone and biomaterial [107].

6.4 Organic materials

Moreover, along with inorganic biomaterials there are other organic biomaterial
in the form of biopolymers are available which also shows excellent properties to be
considered for tissue regeneration. Such kind of polymers is PLA (polylactic acid),
PGA (polyglycolic acid), collagen, hyaluronic acid and many more. The biopoly-
mers do not help in the formation of bone as that of bioceramics but they act asa
supporting matrix for the treatment of damaged bone. The biopolymers are broadly
divided into two categories I.e. Hydrated and non-hydrated polymers depending on
the water retention ability [20].

6.5 Hydrated biopolymers

Hydrogels are considered under this label as the water is taken up by the poly-
meric network making them swollen in shape. Since they can take up water very
quickly and can retain it, they are considered mainly for the application of cell
culture, drug delivery and tissue engineering. On the other hand, they cannot be
considered for bone regeneration purpose as they cannot provide any mechanical
stability to the affected site [108, 109]. Also, the water content of hydrogels gets so
high that it becomes almost impossible to sterilise them [110]. Furthermore, they
fail to develop any with the surrounding tissues. The researchers around the world
are trying to initiate mineralisation in the hydrogels by incorporating bioceramic
particles such as calcium phosphates, hydroxyapatite or bioglass. Also, introduction
of enzymes which catalyses the mineralisation activity into the hydrogels or inject-
ing certain artificial analogues to the matrix vesicles in order to trigger biominerli-
sation. And, lastly the polymeric hydrogels are charged with negative ions or groups
in order to invite positively charged calcium ions and thus stimulating mineralisa-
tion in inert hydrogels [110].

6.6 Non-hydrated biopolymers

This category includes many biopolymers such as PLA, PGA, collagen, chitosan,
etc. to be considered broadly in the field of tissue engineering. The scaffolds which
are made up of non-hydrated polymers can be developed by various techniques such
as 3D printing [111], porogen leaching [112], fibre meshing, microsphere sinter-
ing [111], phase separation gas foaming [113], and supercritical fluid processing
[114]. The scaffold so developed by aforementioned processing techniques differ
in surface properties and porosities [115]. Mineralisation of these polymers can be
attained by various ways such as incubating in SBF, modifying surface with anionic
groups so as to attract calcium ions over the surface of biomaterial. In non-hydrated
polymers the assessment of mineralisation behaviour can be studied using SBF
similar to bioceramic scaffolds. The nature of SBF taken for mineralisation activity
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impacts the ionic composition and the configuration of mineral phase for example
more concentrated form of SBF speeds up the bone mineralisation. The negatively
charged proteins play integral role in controlling the deposition of mineral phase
onto the natural bone, thus affecting the mineralisation in SBF. Hence, the surface
of biopolymer is functionalized with negatively charged proteins or bone related
proteins so as to trigger biominerlisation [116-120].

7. Conclusions

Bone is a very complex organ which has hierarchical organised tissue that helps
in giving protection and support mechanically to all the organs including brain
because of its mineralised behaviour. The mineralisation of bone is mediated by
either collagen or matrix vesicles. Both the pathways are interconnected; but, their
interconnectivity is still not extensively studied. By studying the mineralisation pat-
tern of bone, several bone related diseases caused due to pathological mineralisation
or other reasons lacking in the mineralisation can be cured with the help of develop-
ment of advanced biomaterials which may showcase equivalent levels of biological
functioning when compared to the natural bone.
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Chapter 4

Proteins in Calcium Phosphates
Biomineralization

Marta Kalka, Anna Zoglowek, Andrzej Ozyhar
and Piotr Dobryczycki

Abstract

Biomineralization is a process of creating crystalline structures under biological
control. The process takes place in hard tissues, such as bones, cartilages, and teeth.
Biominerals are a combination of a crystal phase deposited onto an organic matrix.
Inorganic components are mainly responsible for the biomineral hardness, while
the organic matrix controls the shape, size, and polymorph of the crystals. Within
the organic matrix, proteins exhibit a special biomineralization activity. Among
them, one can distinguish insoluble collagen and soluble noncollagenous proteins. It
is particularly noteworthy that noncollagenous proteins are intrinsically disordered
proteins. High flexibility, acidic nature, and susceptibility to modifications make
them especially adapted to the biomineralization control. This review paper is dedi-
cated to the proteins which are involved in biomineralization of bones and teeth.

Keywords: biomineralization, bones, teeth, SIBLINGs, intrinsically disordered proteins,
collagen

1. Introduction

Biomineralization is a process of formation of an inorganic solid within the biologi-
cal system [1]. Biominerals are organic-inorganic composites, which fulfill various bio-
logical functions. In vertebrates, hard tissues provide body support, take part in tearing
food, protect organs, and are reservoirs of calcium and phosphate. Understanding of
molecular basis of biomineralization is essential to obtain new biomaterials.

Human hard tissues are formed of calcium orthophosphates [2]. Among them,
most important are amorphous calcium phosphate, octacalcium phosphate, calcium
hydrogenphosphate dihydrate, and calcium-deficient apatite and hydroxyapatite
(HA) [3]. In organisms, calcium orthophosphates occur mainly in the form of
poorly crystallized nonstoichiometric sodium-, magnesium-, and carbonate-
containing HA—so-called biological apatite [2-5].

Biomineralization is a multistep process, which requires using the structures of
extracellular matrix vesicles, numerous enzymes and glycoproteins. Due to strict
control, biominerals differ from pure chemical minerals [6]. In contrast to geologi-
cal minerals, biominerals are composite materials comprised of both inorganic
and bioorganic components. The mineral constituent gives tissues hardness and
resistance to mechanical damage. Stiffness of the tissue depends on the amount of
inorganic components and organic phase [7]. About 70% of bone tissue is made up
of mineral structure, while the rest is water and organic substances [1]. Moreover,
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Protein name Accession pl Mass Overall percent
number (kDa) disordered—PONDR

Osteopontin AAA59974.1 44 ~34 70%

Bone sialoprotein AAA60549.1 41 ~35 59%

Matrix extracellular AAK70343.1 8.6 ~58 64%

phosphoglycoprotein

Dentin matrix protein-1 AAC51332.1 4.0 ~56 90%

Dentin sialophosphoprotein NP_055023.2 36 ~131 88%

(preproprotein)

Ameloblastin AAG35772.1 4.9 ~48 58%

Amelogenin AAC21581.1 6.5 ~22 65%

Bioinformatic predictions of a disovdered structure in proteins were done with PONDR predictor (http://wuwwpondrcom/) [13].

Table 1.
Proteins involved in bone and teeth biomineralization.

having formed in vivo under well-controlled conditions, biomineral phases often
have properties, such as shape, size, crystallinity, isotopic, and trace element
compositions, quite unlike their inorganically formed counterparts [2].

The key factors, which determine the size, shape, internal structure and properties
of biominerals, are proteins, which control the nucleation and growth of the crystals.
Biomineralization involves protein-protein interactions and interactions between
proteins and inorganic fraction. Among them, two major groups can be distinguished.
Scaffold for a growing mineral phase provides insoluble collagen. In human bones,
collagen makes up to 20-30% wt. Nucleation and crystal growth regulation are
controlled by soluble, noncollagenous proteins. They are usually highly acidic [8, 9],
undergo extensive posttranslational modifications [10], and frequently belong to the
group of intrinsically disordered proteins (IDPs) [11]. IDPs are dynamic, flexible,
heterogeneous populations of molecules without a well-defined folded structure.

The highly charged character, along with the low content of hydrophobic amino
acid residues, results in strong electrostatic repulsion and the lack of a well-packed
hydrophobic core [12]. High content of IDPs’ carboxyl and phosphate acidic groups
involved in biomineralization results in high calcium binding capabilities. Examples
of proteins engaged in bones and teeth biomineralization are shown in Table 1.

2. The basic division of proteins involved in the formation of calcium
phosphate biominerals

Bone and teeth biomineralization takes place within the extracellular matrix
(ECM), outside the cells. ECM is a highly organized and complex structure, unique
to the specific organ type. It is an organic, noncellular fraction of mineralized
tissues, composed of structural and functional proteins [14]. The content of the
organic fraction varies depending on the type of tissue and constitutes 30% of
bone, 20-25% of dentin, and only 0.5% of mature enamel. The basic division of
proteins involved in the formation of calcium phosphate biominerals includes
insoluble matrix like collagen and soluble noncollagenous proteins (NCPs).

2.1 Collagenous proteins of ECM

Among organic phase components, there are insoluble substances, which
include structural macromolecules, creating a scaffold for the growing mineral.
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They give shape to the resulting crystal and can act as initiators for the creation

of crystallization roots. An example of such substance is collagen. Animal tissues
primarily contain collagen type I or collagen type II [15]. Collagen is the major ECM
molecule that self-assembles into cross-striated fibrils, provides support for cell
growth, and is responsible for the mechanical resilience of connective tissues. The
term “collagen” defines a whole family of glycoproteins. The most common motifs
in the amino acid sequence of collagen are repeating sequence [Gly-X-Y]n, both
with and without interruptions. The X and Y positions are occupied by proline and
its hydroxylated form, hydroxyproline, respectively. The right-handed triple helix is
formed from three left-handed polyproline a-chains of identical length, which gives
collagen a unique quaternary structure [16]. Hydroxylation of the rest of the proline
in collagen is necessary for the stabilization of the triple helix [17]. Collagen chains
create interactions leading to the organization of chains in a four-stage array [18].
Collagen fibers are also cross-linked via lysyl residues [19]. Electron microscopy
techniques allow to observe successive regions of overlap and gaps, resulting from
the mutual arrangement of collagen fibers [20].

2.2 Noncollagenous proteins (NCPs) of extracellular matrix (ECM)

While structural collagen is the main protein of ECM, NCPs are important for
the regulation of biomineralization. NCPs are usually acidic, capable of binding
large amounts of calcium ions. Proteins, which directly influence biomineraliza-
tion, act as nucleators and regulators of crystal growth and orientation [21]. NCPs
are frequently posttranslationally modified, e.g., phosphorylated, glycosylated,
or proteolytically processed. A large number of noncollagenous proteins have
disordered secondary and tertiary structures and belong to a group of intrinsically
disordered proteins [11].

3. Intrinsically disordered proteins in calcium phosphate
biomineralization

IDPs are a group of proteins that have gained a special interest of research-
ers for over 20 years [12, 22, 23]. Their discovery was especially challenging for
traditional protein structure paradigm, stating that protein function depends on
a fixed tertiary structure. The IDP group includes proteins with altered second-
ary and tertiary structures from total random coil structure to some intrinsically
disordered regions. They are characterized by considerable plasticity, flexibility,
and high conformational dynamics. IDP features are high net charge and low
hydrophobicity, which is not conducive to the formation of the hydrophobic core.
They often bind low molecular ligands and macromolecules such as ions and
proteins. By interacting with ligands, IDPs can undergo local or global structur-
ing. They can also fulfill their functions while remaining completely disordered.
Other characteristics of this group are multiple amino acid repeats and suscepti-
bility to posttranslational modifications. An open structure and lack of a packed
core increase the availability of potential phosphorylation, glycosylation, and
proteolytic cleavage sites [24].

Extended, flexible structure, highly acidic nature, susceptibility to modifica-
tions and especially the ability to interact with many different partners make
these proteins particularly adapted to the biomineralization control. Many NCPs
belong to IDP group. Family of small integrin-binding ligand N-linked glycoprotein
(SIBLING) is the example of IDPs engaged in HA formation and is presented below.
In addition to SIBLINGs, enamel matrix proteins such as ameloblastin, amelotin,
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and enamelin also have disordered structures [25]. More information about the pro-
teins involved in HA biomineralization belonging to IDPs can be found in reviews
[11, 25, 26].

3.1 SIBLINGs

An example of NCPs is the family of small integrin-binding ligand N-linked
glycoprotein (SIBLING). It is a group of proteins identified in bone, dentine, and
cementum, which includes osteopontin (OPN), bone sialoprotein (BSP), dentin
matrix protein-1 (DMP1), dentin sialophosphoprotein (DSPP), and matrix extracel-
lular phosphoglycoprotein (MEPE) [27]. It is believed that they all evolved as a result
of gene duplication from extracellular calcium-binding phosphoprotein family.
Although proteins differ in composition of amino-acid sequence, SIBLINGs share
common features [28]. Their genes are located in a 375 kb region on the 4q21 human
and 5q mouse chromosomes. They display a similar exon structure. Their sequence
contains an Arg-Gly-Asp (RGD) motif, which mediates cell attachment/signaling by
binding to cell-surface integrins [28]. SIBLINGs belong to IDP group and are highly
acidic. They share numerous sequence repeats, which are often observed in the case
of IDPs [26]. Particularly important for their biomineralization activity may be
acidic serine- and aspartate-rich motifs (ASARM), which are involved in the phos-
phate administration [29, 30]. SILBINGs are frequently posttranslationally medi-
cated. Some of their biological functions depend on phosphorylation, glycosylation,
proteolytic processing, sulfonation, or transglutaminase cross linking [31].

3.1.1 Osteopontin

Osteopontin (OPN), also known as secreted phosphoprotein 1 (SSP1), isa
highly phosphorylated and glycosylated sialoprotein. It is a multifunctional protein
expressed by several cell types including osteoblasts, osteocytes, as well as osteo-
clasts or odontoblasts [32]. OPN undergoes many posttranslational modifications
such as phosphorylation, glycosylation, sulfonation, or proteolytic processing, and
modifications vary depending on a protein role and localization [31]. In bones and
dentin, osteopontin is located at the site of biomineral formation. Synthesis of OPN
is stimulated by calcitriol, physiologically active form of vitamin D, which is known
as a trigger for bone destruction and remodeling [33, 34].

Osteopontin was originally identified as a bridge between the cell and HA in
ECM of bone [35]. It is known that OPN increases the adhesion of bone cells by con-
centrating in mineralized collagen matrix during bone formation and remodeling
[36, 37]. The protein is highly produced by developing osteoblasts and osteoclasts,
and it has been shown to regulate both cell type adhesions.

Another role of ONP during biomineralization is modulation of osteoclastic
function. OPN binding to integrin avf3 is essential for regulation of osteoclastic
activity and is necessary in the formation of a sealing zone [34]. Through CD44-
associated cell signaling, OPN stimulates osteoclast migration [38].

As a highly acidic phosphoprotein, OPN binds to the surface of hydroxyapatite
crystals through the electrostatic interactions between crystals and carboxyl and
phosphate groups. Furthermore, disordered structure of OPN can promote the
binding of calcium ions. The results of iz vitro and in vivo studies suggest that osteo-
pontin has an inhibitory effect on HA formation and growth [39, 40]. OPN knock-
out mice display increased mineral content and size [41]. Therefore, it is suggested
that OPN is one of the proteins whose role is to prevent crystal formation in soft
tissues. Peptides of OPN obtained after proteolytic processing differ in a biomin-
eralization effect. ASARM peptide of OPN binds to HA crystals and consequently
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inhibits ECM matrix mineralization [42]. Its inhibition activity is dependent on
serine residues’ phosphorylation. N- and C-terminal fragments of OPN from milk
promote de novo HA formation, but at the same time, the central fragment showed
an inhibitory effect [43].

3.1.2 Bone sialoprotein

Bone sialoprotein (BSP) is one of the most abundant NCPs of bone. In contrast
to OPN, BSP is only localized in tissues that undergo mineralization: bone, dentin
and mineralizing cartilage, and cementum [44]. The protein is produced by osteo-
blasts, osteocytes, osteoclasts, as well as by chondrocytes. Disordered structure of
BSP was shown by NMR, CD, and SAXS studies [28, 45-47]. BSP is highly glycosyl-
ated especially at C-terminal fragment, and to a lesser extent also phosphorylated
and sulfonated [31]. N-terminal region of the protein contains collagen-binding
motif. In vivo and in vitro studies indicated that BSP can be involved in initial stages
of hydroxyapatite biomineralization [48]. BSP is intensely expressed by osteoblastic
cells in sites of primary bone formation. The protein is present at mineralizing
boundaries of bone, dentin, and calcifying cartilage tissues. On the other hand,
BSP increases osteoclastogenesis, and in that way, it can initiate bone remodeling.
BSP knockout mice are characterized by short, hypomineralized bones with high
trabecular bone mass [49, 50]. Overexpression of BSP leads to dwarfism, decreased
bone mineral density, and decreased trabecular bone volume [51].

It was shown that BSP has high affinity to hydroxyapatite and acts as a de novo
nucleator of HA crystals in vitro [52]. The protein also binds to type I collagen, and
by interaction with collagen, BSP could regulate HA nucleation [53]. Moreover,
control of mineral formation is highly associated with the state of phosphorylation,
sulfonation, and glycosylation of BSP [27, 54, 55].

When creating skull bones, including the mandible, alveoli, and skull vault, the
osteoprogenitor cells secrete a collagen extracellular matrix—osteoid. Skull bones
are formed by intracerebral ossification. BSP affects biomineralization of the matrix
in the ossification process, hence, the formation, shaping, and growth of hydroxy-
apatite crystals. In the absence of BSP, bone formation is delayed and osteoblast
activity is impaired [56].

3.1.3 Matrix extracellular phosphoglycoprotein

Matrix extracellular phosphoglycoprotein (MEPE) is located in mineralized
tissues as bone and dentin, but was found also in nonmineralized organs. The pro-
tein is primarily expressed by osteoblasts and osteocytes that are embedded within
the mineralized matrix in bone and by odontoblasts during odontogenesis [57].
Similar to osteopontin, MEPE seems to be a multifunctional ECM protein. Results
of in vivo and in vitro studies suggest that MEPE is important for bone mineral-
ization, Pi homeostasis and cell attachment [58-60]. The protein was originally
identified as interacting with PHEX. PHEX by binding to MEPE protects the
protein from proteolytic cleavage by cathepsin B. Cleavage by cathepsin B leads to
the release of the ASRAM peptide. The ASRAM motif is a functional domain of
MEPE responsible for its inhibitory activity [61]. The peptide may be responsible
for phosphate and calcium regulation during the mineralization process. ASARM
peptide inhibits hydroxyapatite mineralization by binding free calcium with high
avidity, and their inhibitory effect is highly dependent on serine residues phos-
phorylation. AC100, another MEPE fragment, containing the integrin binding
(RGD) and glycosaminoglycan-attachment (SGDG) motifs stimulates new bone
formation in vitro and in vivo [62].
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3.1.4 Dentin matrix protein-1

Dentin matrix protein-1 (DMP1) was the first molecule identified by cloning
from the dentin matrix. Besides dentin, the protein is located also in bone and
cementum as well as in other nonmineralized tissues [63-65]. It is remarkably acidic
and is a hydrophilic protein with many serine, aspartate, and glutamate residues.
The protein is characterized by disordered structure that can aggregate in the pres-
ence of calcium ions [66].

It was shown that DMP1 is essential for both odontoblasts and osteoblasts matu-
ration. The protein controls odontogenesis, osteogenesis, and Pi homeostasis. The
effect of DMP1 on HA biomineralization depends on posttranslational modifica-
tions. It was shown that phosphorylated DMP1 inhibits HA formation and growth,
while the dephosphorylated form acts as a HA nucleator [67, 68].

It was demonstrated that DMP1 is proteolytically processed into N-terminal
37-K fragment and 57-K fragment from the C-terminal region, and it is likely that
full-length DMP1 is a precursor to these functional fragments [69]. It seems that the
57-K fragment plays a key role in the biomineralization process. The 57-K fragment
contains 41 phosphate groups, while the 37-K fragment has only 12 phosphate
groups. In addition, the 57-K fragment contains many functional sequences and
domains such as the RGD motif [70], the ASARM peptide [71], and the peptide
functioning as nucleator [72, 73]. In contrast to the full-length DMP1, the 57-K
fragment promoted HA nucleation and growth [66]. Furthermore, it was shown
that DMP1 N-terminal fragment is able to stabilize the metastable amorphous
calcium phosphate. Due to high aspartic acid residual content, the 37-K fragment
can bind calcium ions very strongly favoring formation and stabilization of the
amorphous nuclei [72]. It was shown that the DMP1 57-K fragment also controls
calcium carbonate mineralization in vitro [74].

3.1.5 Dentin sialophosphoprotein

Dentin sialophosphoprotein (DSPP) was discovered by cDNA cloning using a
mouse odontoblast cDNA library and was the first believed to be connected only
with dentin. Subsequent studies have revealed that the protein is expressed also
in bone, cementum, and some nonmineralized tissues [75, 76]. Analysis of DSPP
knockout mice and mutation in the DSPP gene indicated a special role of protein in
dentin mineralization. In humans, a mutation in the DSPP gene causes dentin hypo-
mineralization and significant tooth decay, named dentinogenesis imperfecta [77].
Additionally, studies of DSPP-null mice suggest that DSPP is crucial in the initial
mineralization of bone as well as in the remodeling of the skeleton and therefore on
bone turnover [78].

It is suggested that DSPP is a precursor protein activated after proteolytic pro-
cessing. Cleavage of DSPP by zinc metalloproteinase bone morphogenetic protein-1
(BPM1) results in two protein fragments: dentin phosphoprotein (phosphophoryn)
(DPP) and dentin sialoprotein (DSP) [79]. Subsequently, cleavage of C-terminal
of DSP by matrix metalloproteinase 2 (MMP2) and MMP20 leads to the release of
the third fragment called dentin glycoprotein (DGP), which has a strong affinity to
hydroxyapatite [80].

Highly acidic DPP is the most abundant NCP of ECM in dentin. Amino acid
sequence of DPP is composed mainly of aspartic acid and serine residues, whereas
~80% of serine residues are phosphorylated and phosphorylation is crucial to its
function. The protein is also glycosylated [81] and contains ASARM peptide. Due
to its amino acid composition and phosphorylation, DPP binds large amounts of
calcium ions with high affinity. The protein is involved in nucleation and control of
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the formation and growth of HA crystals during dentin mineralization [82, 83]. DPP
binds to collagen fibrils and is present in front of dentin mineralization [84, 85].
There is a hypothesis that in front of mineralization, DPP is promoting the forma-
tion of initial apatite crystals [86]. When predentin is converted to dentin, DPP with
other proteins binds to the growing HA faces and inhibits or slows down crystal
growth [86-88].

4. Other proteins specific to teeth or bones
4.1Tooth

Dentin, enamel, and cementum are calcified tissues and are major components
of teeth. Dentin is usually covered by enamel on the crown and cementum on
the root and surrounds the entire pulp. About 70% (wt) of dentin consists of the
mineral phase, 20% (wt) is an organic material, and 10% (wt) is water. Enamel is
the hardest substance in the human body and contains 96% (wt) of mineral phase.
Enamel and dentin are created by two layers, namely odontoblasts and ameloblasts.
Dentin is characterized by a high content of collagen I comprising ~90% of the
dentin organic matrix [89].

4.1.1 Enamel

The organic part of enamel consists mainly of hydrophobic proteins, known
as amelogenins and anionic proteins, which include ameloblastin, enamelin, and
tuftelin [90]. Enamel also contains sialophosphoproteins and enamel proteases
such as matrix-20 metalloproteinase (MMP-20, matrix metalloproteinase-20, also
known as enamelysin) and kallikrein 4 (KLK4). At the end of the crystallization,
enamel loses almost entire organic matrix, which is degraded and replaced by
hydroxyapatite crystals [90]. Residues, small peptides, and amino acids account for
only 1% of enamel and do not resemble the original matrix [90].

Amelogenins are a group of heterogeneous proteins present in odontoblasts
and identified in enamel of maturing teeth. They are the main proteins of the
organic enamel matrix, constituting over 90% of the pool of proteins secreted
by ameloblasts into the intercellular matrix during the formation of enamel.

These are hydrophobic proteins rich in proline, glutamine, leucine, and histidine.
Amelogenins isolated from various organisms are characterized by high homol-
ogy [91]. Amelogenins belong to IDP groups; conformational analysis by CD and
NMR spectroscopy showed that recombinant porcine amelogenin rP172 exists in an
extended, unfolded state in the monomeric form [92]. The extended, labile con-
formation of rP172 amelogenin is compatible with known functions of amelogenin
in enamel biomineralization, i.e., self-assembly, associations with other enamel
matrix proteins and with calcium phosphate biominerals, and interaction with cell
receptors [92].

Amelogenin controls the organization and growth of enamel crystals, and its
presence is critical for normal enamel formation. Defects in amelogenin sequence
lead to defective enamel crystal formation and organization [93].

Ameloblastin, also known as amelin, is a tooth-specific glycoprotein. Unlike
amelogenin, ameloblastin is located close to the cell surface [94]. Ameloblastin
accounts for about 5-10% of all proteins present in the enamel, and it is the sec-
ond most abundant protein among the intercellular matrix of the enamel [95].
Ameloblastin is also synthesized in dentin and cement, but its role in these tissues is
not determined. Ameloblastin is a molecule of cell adhesion required to maintain a
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diversified state of ameloblasts [96]. Bioinformatic analyzes and molecular model-
ing of the protein structure suggest that it may belong to IDPs [97], which was
confirmed by the CD spectra of recombinant mouse protein [98].

The N-terminal fragment of ameloblastin comprising the self-assembly motif
was shown to colocalize with amelogenin across the entire growing enamel, indi-
cating the role of the two proteins in the organization of the linear growth of HA
crystallites [99-101]. Both proteins self-assemble into higher order structures from
monomeric subunits, similar to type I collagen, the predominant matrix protein of
bones, and dentin [102, 103]. Full-length amelogenin undergoes hierarchical step-
wise assembly, first forming oligomers, which in turn assemble into higher order
structures and stabilize mineral prenucleation clusters, and organize them into
parallel arrays of linear chains, yielding the formation of crystallite bundles [102].
There is a hypothesis that the higher order structures of the self-assembled amelo-
blastin (or most likely its N-terminal moiety) contribute to the oriented growth of
the linear chains of amelogenin in the 3D space [104].

4.1.2 Dentin

Dentin forms a support for hard tissues of a tooth. It covers both crown and root
structures and is responsible for its shape. The formation of dentin is closely related
to bone. Both bone and dentin are composed of a collagenous matrix and a mineral
phase with hydroxyapatite plate-like crystals. Mineralization of dentin and bone
extracellular matrix is initiated with the aid of matrix vesicles and later involves
secretion of families of a specialized matrix protein [105]. In contrast to bones,
dentin is not remodeled and does not participate in the regulation of calcium and
phosphate metabolism. The tooth formation takes place throughout the lifetime of a
tooth. Unlike enamel, dentin mineral content increases with age due to continuous
mineral deposition either as physiological secondary dentin or as tertiary dentin
following injury [105].

Dentin is composed of a collagen I, which accounts for about 92% of organic
components. In addition to collagen, there is also a group of noncollagen proteins,
which include dentin-specific phosphoryls (DPPs) and dentin sialoproteins (DSP),
sialic acid, osteopontin, dentin matrix proteins (DMP1, DMP2, DMP3), BSP, acidic
bone-75 glycoprotein, osteonectin, and proteins rich in y-carboxyglutamic acid.
Among organic components should also be mentioned proteoglycans, growth fac-
tors, phospholipids, and enzymes [106, 107]. Inorganic dentin components make up
to about 70% of the tissue mass, making the dentin harder than the bone. The mass
of a single hydroxyapatite crystal is about 10 times greater than in bone, but many
times less than in enamel, and its size is about 35 x 10 x 100 nm [108].

4.1.3 Cementum

Cementum protects the dental root dentin with a very thin layer. In many
respects, it is very unique: it is not vascularized and is not innervated, it does
not undergo constant remodeling like a bone, but it grows all the time. Cellular
and acellular cement are distinguished based on the presence of cementocytes
in its structure. The structure and composition of cement resembles bone tissue.
Inorganic constituents make up to about 65% of tissue mass and consist mainly of
hydroxyapatite crystals [109, 110].

Cementum provides contact between roots of the teeth and periodontium
ligaments [111]. hrCEMP1 (recombinant human cementum protein 1) is an isolated
form of cementum human p-sheet protein. It has been showed that hr CEMP1
forms clusters of 6.5 nm diameter [111]. hrCEMP1 is an inducer of specific
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biomineralization proteins. It stimulates the differentiation of osteoblasts and
cementoblasts. It is suggested that hrCEMP1 plays a significant role in octacalcium
phosphate biomineralization and helps its binding to hydroxyapatite even without
posttranslational modifications. X-ray diffraction measurements showed that
hrCEMP1 is an inducer of polymorphic crystals [111].

4.2 Bone

The matrix of bone consists of type I collagen molecule self-assembled into
a triple helix consisting of two a1 and one a2 chains (ca. 300 nm in length and
1.5 nm in diameter) and hydroxyapatite (Ca;o(PO4)s(OH),) nanocrystals (plate-
shaped, 1.5-4 nm in thickness) deposited along collagen fibrils [112, 113]. The
collagen fiber does not undergo spontaneous mineralization in the presence of
phosphate and calcium ions [20], and the involvement of noncollagen proteins is
necessary. The majority of these proteins belong to the SIBLING family described
above [27].

Bones and dentin are characterized by a similar composition and the mechanism
of their formation [112]. Their organic matrix consists of type I collagen and the
mineral matrix built of hydroxyapatite. Osteoblasts and odontoblasts, cells involved
in osteogenesis and dentinogenesis, first secrete a nonmineralized matrix—a bone
osteoid, and in case of dentin—predentin and then with fibers of collagen I form
matrix for biomineralization [112]. Calcium and phosphate ions are dislocated
from the vascular network into the mineralization matrix. Osteoid and predentin
contain numerous noncollagenous proteins called NCPs. On the basis of mutation
experiments and suppression of NCP genes, it is suggested that they stimulate the
nucleation and growth of hydroxyapatite crystals [112].

Bones and dentin differ significantly. Bone is a dynamic tissue because it is
constantly remodeled, while dentin is a rather static tissue [112]. Osteoblasts
produce matrix components as a result of controlling growth factors to form a bone.
Hydroxyapatite crystals grow above vesicles, thus creating mineralization centers.
Bones have a lot of vessels, and they store calcium ions. The reason for bone resorp-
tion is the action of lysosomal enzymes produced by osteoclasts and lowering the
pH in extracellular bone matrix.

Osteoclasts are responsible for the attachment, bone degradation, and subse-
quent tissue resorption. It was found that this is possible due to the strong polariza-
tion of osteoclasts. They have both frontal and posterior abdominal polarization.
On the underside of the osteoclasts, there are structures responsible for the deg-
radation of the mineral surface. The adhesion zone is located in the sealing zone
[114]—a ring made of actin and podosomes in which extracellular resorption pit is
segregated and is used to retain heavy substances (minerals) formed during bone
resorption near the bone surface [43, 114]. Podosomes are dynamic structures built
of actin. They perform important functions, including adhesion, destruction of the
bone and its matrix, and recognition of the appropriate medium [115]. Podosomes
contain a large number of V-ATPase molecules that pump protons and secrete prote-
ases, which promote bone degradation [114].
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Chapter 5

Inorganic Polyphosphates Are
Important for Cell Survival

and Motility of Human Skin
Keratinocytes and Play a Role in
Wound Healing
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Abstract

Inorganic polyphosphate (polyP) is a simple ancient polymer of linear chains of
orthophosphate residues linked by high energy phospho-anhydride bonds ubiqui-
tously found in all organisms. Despite its structural simplicity, it plays diverse func-
tional roles. polyP is involved in myriad of processes including serving as microbial
phosphagens, buffer against alkalis, Ca®* storage, metal-chelating agents, pathogen
virulence, cell viability and proliferation, structural component and chemical
chaperones, and in the microbial stress response. In mammalian cells, polyP has
been implicated in blood coagulation, inflammation, bone differentiation, cell
bioenergetics, signal transduction, Ca2+—signaling, neuronal excitability, as a
protein-stabilizing scaffold, and in wound healing, among others. This chapter will
discuss (1) polyP metabolism and roles of polyP in prokaryotic and eukaryotic cells,
(2) the contribution of polyP to survival, cell proliferation, and motility involved
in wound healing in human skin keratinocytes, (3) the use of polyP-containing
platelet-rich plasma (PRP) to promote wound healing in acute and chronic wounds,
including burns, and (4) the use of polyP-containing PRP in excisional wound
models to promote faster healing. While polyP shows promise as a therapeutic agent
to accelerate healing for acute and chronic wounds, the molecular mechanisms as a
potent modulator of the wound healing process remain to be elucidated.

Keywords: inorganic polyphosphate, wound healing, keratinocytes, platelet-rich
plasma
1. Introduction

PolyP is a simple prebiotic molecule that varies in chain length between three
and several thousand inorganic phosphates linked by phosphoanhydride bonds

(Figure 1A). It is continuously synthesized from ATP or GTP and degraded by cel-
lular enzymes in bacteria [1-5] and eukaryotes, yet its pleiotropic functions remain
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Figure 1.

(A) Schematic of linear structure of polyP, and its synthesis by polyphosphate kinase (PPK) and degradation
by exopolyphosphatases (PPX1) or endopolyphosphatases (PPN). Constitutive (B and D) or Tet-inducible
PPX1 (C and E) expression slows wound healing in cultured human keratinocytes (modified with permission

from [33]).

to be clarified. In bacteria, but not mammalian cells, the enzymes that catalyze
these activities have been identified [6-10]. polyP is synthesized following osmotic,
oxidative, UVB, or other cellular stresses, and augments bacterial survival [11-16];
four roles have been proposed: an energy source, chelation of metal ions, storage

of phosphate and response to cellular stresses. Necessary for bacterial survival,
polyP is implicated in essential biological processes in prokaryotes including stress
response, motility, biofilm formation [17-22], virulence, sporulation, and quorum-
sensing [21-23]. Enzymes involved in polyP synthesis and degradation have been
isolated and characterized in bacteria and other lower eukaryotes, and maintain
tight control of polyP levels, as might be expected for a polymer controlling vital
biological processes.

1.1 PolyP in prokaryotes

Drawing from the cellular ATP pool, bacterial polyphosphate kinase (PPK1)
catalyzes the reversible transfer of the terminal y-phosphate of ATP to polyP
[24], whereas PPK2, expressed in other prokaryotes, transfers the terminal inor-
ganic phosphate (Pi) from polyP to GDP to form GTP [4, 25, 26]. In contrast,
the exopolyphosphatase PPX1 hydrolyzes polyP into phosphate monomers, thus
maintaining phosphate homeostasis [5]. PPK levels and activity are tightly regu-
lated, maintaining steady-state polyP concentrations in the bacterial cytosol at low
micromolar levels, even in mutant strains deficient in PPX [27]. PolyP synthesis is
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upregulated during nutrient deprivation [28, 29], or during osmotic [28], acidic pH
[30], oxidative [31], or heat [32] stresses, potentially depleting cellular ATP pools
by converting millimolar levels of ATP to long polyP chains (>1000 Pi) [31]. polyP
levels are measured using enzyme-based assays that employ ppk to generate ATP
from ADP, using luciferase as a reporter [33]. In another assay, cells are labeled with
P;; polyP is isolated and hydrolyzed with PPX1, and thin-layer chromatography or
phosphoimage analysis is performed [17]. Toluidine blue binding assays are effec-
tive for different chain-lengths but are relatively insensitive. Recently, a rapid and
simple method has been described [34, 35].*"P-NMR Spectroscopy is an effective
and accurate method for measuring polyP in intact cells [36]. Electron ionization
mass spectrometry [37], cryoelectron tomography and spectroscopy imaging [38]
have also been employed. Protein affinity labeling in vivo uses the affinity of a
recombinant polyP-binding domain of E. coli PPX1 (PPXbd) [39], which we and
other investigators have used to specifically inhibit the function of polyP.

Not surprisingly, ppk mutants are extremely sensitive to environmental stresses
[13, 31, 32, 40, 41], and exhibit reduced motility, virulence, and biofilm produc-
tion [42]. ppk gene expression is regulated by 638, a transcriptional regulator for
late stationary phase genes [43] and polyP, in turn, amplifies its own synthesis by
inducing transcription of the gene encoding 638 (RpoS) [29, 41, 42]. In response
to oxidative or heat stress, polyP synthesis is regulated at a transcriptional and/or
post-translational level, as PPK synthesis and levels are altered by antisense RNA
that target ppk mRNA transcripts [44] as well as transient inactivation of PPX by
stress-sensitive regulators that allow polyP levels to remain high until normal condi-
tions are restored [45].

1.2 PolyP in eukaryotes

While polyP is found in eukaryotes from protists to mammalian cells [11], the
mechanism of polyP synthesis remains largely unknown for most eukaryotic organ-
isms [1, 45], except for S. cerevisiae, where the vacuolar transporter chaperone 4
(VTC4) synthesizes polyP from ATP and then transports the polymer into vacu-
oles [46, 47]. Vacuolar polyP maintains phosphate homeostasis by appropriating
phosphate during growth in phosphate-rich conditions [46], and releases phosphate
during the cell cycle to provide precursors for DNA replication [48].

There is no sequence or structural homology between the polyP-synthesizing
enzymes PPK1, PPK2, or VTC4, and homologues have yet to be found in higher
eukaryotes [1]. While phylogenetic analysis of the prokaryotic branch reveals
no clear homologues of E. coli PPK in a large number of polyP-synthesizing spe-
cies [49], a few enzymes have been identified that use polyP as phosphate donor
in reactions that can be reversed in the presence of excess substrate iz vitro [49,

50]. In the absence of a polyP-synthesizing enzyme, polyP may be synthesized

by the mitochondrial proton-motive force [51], in a complex process involving
intact mitochondrial membranes [52]. Decreased polyP production resulting from
depolarization of the mitochondrial membrane [52, 53] suggests that this may be a
spontaneous process that does not need catalysis. Alternatively, inositol phosphates
have also been implicated in polyP metabolism, since polyP levels are diminished in
cells lacking the enzyme that synthesizes highly phosphorylated inositols [54-57].
Similar to polyP synthesis, polyP-degrading enzymes, such as yeast PPX1, have
been found in lower eukaryotes, while mammalian polyP-specific degradation
enzymes are mostly uncharacterized. However, h-prune, which regulates cell
migration, also acts as a exopolyphosphatase for short-chain polyP iz vitro [58, 59].

Subcellular fractionation, immunofluorescent staining, and biochemical quanti-
fication reveal that polyP is localized to the nucleus, cell membrane, cytoplasm, and
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intracellular organelles in mammalian cells. It is specifically enriched in nucleoli,
acidocalcisomes (organelles rich in protons, calcium (Ca*), and phosphorus), and
mitochondria [11, 60-63]. In the brain, astrocytes secrete polyP, which is taken up
by neurons, indicating both intra- and extracellular localization [64, 65]. Similar to
vesicular packaging of ATP, astrocytes release polyP via exocytosis from vesicular
nucleotide transporter (VNUT)-containing vesicles [65]. A putative G protein-
coupled receptor in D. discoideum mediates cell surface binding of extracellular
polyP, which as a signaling molecule, elicits differential effects on cell-substratum
adhesion and cytoskeletal F-actin levels [66].

Eukaryotic polyP levels are in the 20-100 pM range (expressed as Pi concentra-
tion), with chain lengths ranging from 50 to 800 Pi residues (rat tissues) [67],
averaging ~80 Pi residues in human platelets [68] to 200 Pi residues in yeast [67],
compared to bacterial polyP, which can range up to thousands of Pi units long [53];
however, up to 130 mm medium-sized polyP chains are stored in dense granules in
thrombocytes and mast cells [62, 68, 69]. Brain tissue exhibits among the highest
polyP levels (~100 um), which drop with age and neurodegenerative disease [11,
70-72], consistent with the role of polyP in stabilizing protein unfolding intermedi-
ates as amyloid-like precursors [32]. High levels of polyphosphate are also found
in osteoblast matrix vesicles, the initial sites of bone mineral formation [73]. PolyP
concentrations and chain lengths are dynamic, and depend on growth conditions of
cells; for example in Plasmodia, polyP has an average chain length of 100 Pi, which
is degraded to 10 Pi during sporulation [67].

Studies on the myriad roles of polyP in higher eukaryotes have recently gained
momentum. PolyP is directly or indirectly involved in diverse cell processes,
including control of cell bioenergetics, signal transduction, activation of the
mitochondrial permeability transition pore (mPTP), Ca**-signaling [74, 75], and
maintenance of the mitochondrial membrane potential [74]. Associated with mPTP
[74] and voltage-gated channels, polyP regulates neuronal excitability [76] and
astroglial signaling [64]. About 39% of intracellular polyP pools in astrocytes are in
mitochondria [77], playing a role in bioenergetics [52, 77] and Caz*-handling [74,
78, 79]. As a signaling molecule, polyP released from astrocytes can mediate the
physiological response to brain hypoxia [65].

In addition to its role as a gliotransmitter in the autonomic nervous system [64],
the polymer also interacts with a variety of proteins, such as mammalian target of
rapamycin (mTOR), fibroblast growth factor (FGF)-2, TRPMS, integrin p1, and
glycosomal and ribosomal proteins and enzymes, consequently modulating cell
survival and cell growth [80-86]. A fascinating finding of several recent studies is
that polyP can covalently and non-enzymatically modify a small number of specific
proteins in yeast [81] and humans containing lysine residues located in poly-acidic,
serine, and lysine-rich (PASK) motifs, some of which are involved in ribosome
biogenesis [87].

PolyP is involved in mTOR signaling, cell proliferation, and apoptosis [74,

80], and stimulates the mTOR pathway [80] at concentrations normally found in
mammalian cells (0.15-1.5 mM); [11], suggesting a role for the polymer in mam-
malian cell proliferation. By promoting release of translation initiation factor
elF4E, mTOR stimulates initiation of translation, particularly proteins involved in
cell growth and proliferation. PolyP also enhances the mitogenic activity of FGF-2
by promoting its binding to cell surface receptors [83]. PolyP appears to regulate
apoptosis by inducing activation of caspase-3 in human plasma cells [88]. This
polyanion also chelates metals, such as manganese and cadmium, blocking metal-
induced cell damage [89, 90].

Other roles for polyP in mammalian cells include coagulation via activation of
blood clotting factor XII [69], inflammation [91] as well as Ca** chelation for bone
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mineralization and osteogenic differentiation [92]. The polymer also contributes to
pro-inflammatory responses upon release from mast cells [62]. Finally, serving as
a stabilizing scaffold for protein-folding intermediates, polyP was recently shown
to work as a protein-like chaperone protecting cells against stress-induced protein
aggregation [93].

2. The contribution of polyP to cell survival, proliferation, and motility
involved in wound healing in skin keratinocytes

Inorganic polyP shows promise in different phases of wound healing, including
hemostasis and re-epithelialization, as polyP is a normal component of different
cells that play a role in this process, including platelets, dermal fibroblasts, and
keratinocytes. The use of polyP as a therapeutic for acute and chronic wounding
has begun to garner interest, in part because of experiments elucidating its role in
wound healing [33], as well as in hemostasis [69, 94-99]. We have recently shown
arole for polyP in the response to UV survival, cell motility, and wound healing
[33]. Addition of exogenous polyP increased the rate of wound healing in standard
scratch wound assays iz vitro [33].

Whereas candidates for mammalian polyP metabolism have been shown to
exhibit additional enzymatic activities [59], more specific polyphosphatases
have been identified in lower eukaryotes including yeast, trypanosomes, and
Dictyostelium. We therefore used exopolyphosphatase derived from S. cerevisiae
(ScPPX1) to target intracellular polyP in human skin keratinocytes, an obvious
choice for UV resistance, motility, and wound healing. The functions of polyP in the
response of keratinocytes to UVB or wounding was studied by expressing ScPPX1,
which selectively breaks down endogenous inorganic polyP, and not phosphopro-
teins, DNA, RNA, or nucleotide mono-, di-, or triphosphates [6]. Cells depleted of
intracellular polyP by ScPPX1 expression exhibited increased sensitivity to UVB via
enhanced apoptosis, and impaired wound healing [33]. Human keratinocytes stably
expressing constitutive HisPPX1 or tetracycline (Tet)-inducible HisPPX1 were used
to deplete cells of endogenous polyP, and study its role in wound healing assays
performed on confluent monolayers, mimicking cell re-epithelialization during
wound healing iz vivo. RT-PCR and immunoblot analysis confirmed PPX1 expres-
sion in stable HisPPX1-expressing cells or in the presence of Tet (Figure 1B and C).
Scratch gaps demonstrate marked attenuation of wound healing following constitu-
tive HisPPX1 or Tet-induced expression (Figure1D and E).

Since keratinocyte proliferation and migration are crucial to re-epithelialization
during wound healing, the contribution of polyP to cell growth and motility
involved in wound healing was next determined. Vector control cells exhibited
significantly higher rates of cell growth as well as BrdU incorporation into newly
synthesized DNA in cells at the wound edge, compared with polyP-depleted
HisPPX1-expressing cells (Figure 2). Further, real time monitoring and measure-
ment of cell motility performed in an xCelligence impedance-based system revealed
significant decreases in cell motility in polyP-depleted keratinocytes (Figure 3).
These results demonstrate that polyP depletion by either constitutive or inducible
expression of PPX1 retards the rate of wound healing in human skin keratinocytes,
by decreasing cell proliferation and motility. To determine if the loss of endogenous
polyP can be supplemented with exogenous extracellular polyP, ScPPX1-expressing
cells were grown in the presence of different concentrations of polyP, or with polyP-
rich platelet lysate (next section). Exogenously added polyP was found to accelerate
wound healing in human keratinocytes in polyP dose-response experiments on
confluent monolayers of keratinocytes subjected to scratch wound healing assays

75



Contemporary Topics about Phosphorus in Biology and Materials

2.5 -
—®— HisPPX1 e

2.0 |- & -vector 7
1.5

1.0
0.5
0

Viable Cell Count
(x 108 cells)

day0
day2
day4
day5
dayé
day7
day8
day
dayl0
dayl |

2 Mk
N
-ty

s = s

paly-P depleted PPX1 cells

+ Vector
-B-HisPPX1

0 6 12 18
Time (h)

BrdU incorporation
at the wound site (%)

Figure 2.

Cagmtitutive PPX1 expression decreases growth rate of kevatinocytes. Viable cell counts were performed over
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Figure 3.

Real-time monitoring and measurement of cell motility was performed in an xCelligence impedance-based
system. Total number of cells attached to the bottom chamber were measured every 15 min over 24 hours, and
are shown as technical duplicates, with assays repeated twice (left). Percentage of cell migration at the 24-hour
time-point based on 100,000 cells plated at the top chamber (right; modified with permission from [33]).
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PolyP dose-dependently accelerates wound healing in cultured human keratinocyte, using polyP at 1 uM (left)
or 10 uM (right; modified with permission from [33]).

(Figure 4). Interestingly, both intracellular and extracellular polyP dose-depend-
ently increased the rate of wound healing iz vitro.

3. The use of polyP-containing PRP to promote wound healing in acute
and chronic wounds, including burns

Wound healing is a highly coordinated process involving biochemical and
physiological interplay of keratinocytes and fibroblasts to restore skin integrity.
Platelets are components of blood responsible for blood clotting and wound heal-
ing. Although the importance of platelets in wound healing has been extensively
studied, the bioactive substance playing a major role in skin re-epithelialization
during wound healing is still unclear. PRP has been shown to support the survival
and proliferation of human keratinocytes [100], and is currently used as thera-
peutic for both acute and chronic wounds (for review see [101]). Discovery of the
release of growth factors triggered an interest in using PRP for wound healing, and
platelet lysates have been examined as a replacement for using fetal bovine serum in
cell cultures, which may contain contaminants such as prions, or elicit an unwanted
immune response in patients. Platelet-rich lysates derived from platelets are a
by-product of blood preparation, and are thus inexpensive. Most studies focused on
lysates for mesenchymal stromal cell culture for cell therapy, in which platelets are
activated by thrombin and CaCl,, or by freeze-thaw.

In recent years, PRP has gained traction in many different specialties including in
dermatology where it is used to treat acne [102], scarring [103], and alopecia [104, 105],
in regenerative medicine where it is used to treat acute and chronic injuries to bone and
cartilage [106, 107], in orthopedics and sports medicine where it is used to treat rotator
cuff tears, osteoarthritis of the knee, hamstring injuries, and Achilles tendinopathy
[108-110], in dentistry where it is used during tooth extractions, periodontal surgery,
and dental implant surgery [111, 112], and more recently in wound healing to promote
enhanced healing [113-118]. PRP is an autologous blood product generated from
multiple rounds of centrifugation that serve to concentrate the number of platelets in
plasma. PRP contains high concentrations of growth factors such as platelet-derived
growth factor (PDGF), epidermal growth factor (EGF), and transforming growth fac-
tor beta (TGFf) compared to plasma and whole blood [119, 120]. It also contains higher
levels of pro- and anti-inflammatory cytokines that promote enhanced healing. Lastly,
PRP is known to contain inorganic polyP which is continually synthesized from ATP or
GTP, and is degraded by cellular enzymes in bacteria and eukaryotes.

The role of polyP secreted by platelets and present in PRP on cell proliferation
and wound healing was investigated in human HaCaT keratinocytes co-transduced
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with either ScPPX1 or vector control, along with DsRed or GFP, respectively, as
fluorescent markers in order to visualize and track cells that have reduced or normal
levels of polyP. Cells stably expressing fluorescent-tagged DsRed-PPX1 or GFP-
empty vector were incubated with platelet lysate (4%) supplemented with or with-
out exogenous pure polyP (1 pM). In both vector-GFP control and polyP-depleted
PPX1-DsRed cells treated with polyP, platelet lysate, or platelet lysate + polyP, cell
growth curves revealed a significant increase in cell proliferation compared to
untreated controls (data to be published elsewhere). PolyP quantification in platelet
lysates using a micromolar polyP assay kit showed that a 4% platelet lysate contains
~8 pM polyP, which was within the range used for exogenously added polyP. This
assay measures increase in fluorescence intensity (emission 550 nm, excitation

415 nm) of a PPD dye upon binding to polyP.

Cell migration/scratch assays were performed on PPX1-DsRed or vector-GFP
control keratinocytes to assess the effects on wound healing and cell motility.
Fluorescent pictures were taken at 10 min intervals for 36 hours using an EVOS
FL time-lapse imaging system, and gap closure was quantified by Image J. In both
GFP-vector cells and PPX1-expressing cells, the rate of wound closure in the scratch
assays were significantly increased when cells were incubated either with platelet
lysate alone, polyP alone, or both (data to be published elsewhere). These results
together indicate that exogenous polyP, delivered either purified or from platelet-
enriched plasma, can accelerate wound healing.

To assess whether the increased rate of wound healing is attributable to polyP in
platelet lysates, specific polyP inhibitors (polyP-binding protein PPXbd or UHRA-
9, akind gift from Dr. James Morrissey) were utilized in wound healing assays.
PPXbd, a recombinant polyP-binding domain of E. coli exopolyphosphatase, binds
to platelet-derived polyP and blocks FXI activation, thrombin and fibrin genera-
tion, and consequently, inhibiting polyP procoagulant activity [99]. Interestingly,
the enhanced rates of wound healing in vector control or polyP-depleted ScPPX-
expressing cells induced by supplementation with exogenous extracellular polyP
from pure polyP or in platelet lysates, was completely reversed by addition of
the polyP inhibitors PPXbd or UHRA-9 (data to be published elsewhere). PolyP
secreted by platelets and present in platelet lysate or PRP may therefore play an
essential role in re-epithelialization during wound healing.

3.1 Chronic wounds

The acceleration of wound healing is of paramount importance in the setting
of acute and chronic wounds, as well as burn wounds. Open chronic wounds are a
significant cause of additional morbidity in patient populations that already have a
plethora of comorbidities [121]. Significant improvements in complete healing were
reported in chronic wounds treated with PRP compared to no topical treatments in
a2011 systematic review and meta-analysis on the use of PRP in acute and chronic
wounds [101]. Another review of PubMed and Cochrane databases found significant
benefit of PRP for diabetic chronic wounds, specifically in wounds unresponsive to
standard of care treatment options [113]. A third systematic review of nine random-
ized controlled clinical trials (RCT) suggested that well-designed high-powered
RCTs are needed to demonstrate increased wound healing with PRP treatment [122].

Treatment of 56 patients with diabetic foot ulcers with twice weekly applications
of PRP resulted in complete healing in 86% of patients in the treated groups vs. only
68% in the control group [123]. Animal models using exosomes derived from PRP
for full thickness skin wounds in a diabetic rat model also showed increased healing,
as well as increased fibroblast proliferation and migration [124]. Platelet-rich fibrin
also improved diabetic animal skin wound healing [125]. Overall, while there is no
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consensus on this treatment modality in chronic wounds, it is becoming widely used,
and many trials seek to understand its potential beneficial effects. Improvements in
open wound area have been shown in a number of animal and clinical studies.

3.2 Acute wounds

Meta-analysis of rodent and non-rodent studies using a systematic review
conducted under preferred reported items for systematic review of interventions
(PRISMA) guidelines indicated that the treatment of wounds with PRP resulted in
reduction of open wound area [126]. In addition to its role in wound healing, PRP
reduced complications such as wound infection, exudate (mass of cells and fluid
that seeps out of a wound), drainage, and hematoma formation [101]. PRP and PRP
with keratinocyte and fibroblast cells were shown to increase re-epithelialization
at 7-14 days post-injury in mouse models, compared to non-treated controls [127].

In full thickness porcine wounds treated with the secreted proteins of PRP, wound
re-epithelialization and collagen deposition were significantly increased in treated
animals vs. saline controls [128]. Thus, PRP may improve wound healing in acute
surgical wounds by secreting growth factors that support local microenvironments
that promotes healing [129]. PRP’s effectiveness has also been shown in bone grafting,
cartilage regeneration, and non-cutaneous surgical procedures. The impact of PRP on
normal and damaged (derived from chronic ulcers or irradiated) fibroblasts have been
described [130]. In addition, despite the lack of reproducibility of platelet concentra-
tions due to differences in manufacturer-specific protocols for PRP preparation and
differences in treatment methodologies, PRP has been shown to affect fibroblast
proliferation and migration in a number of in vitro studies. As with chronic wounds, it
is unclear why some studies, but not others, show a beneficial effect of PRP treatment.

3.3 Burns

PRP has been used as a topical treatment to accelerate wound healing in burn
wounds, however, like in chronic and acute wounds, its use is still debated due to
conflicting results [114]. Some papers recommend its use [115, 117, 118, 131-135],
while others have shown non-significant changes in outcomes after treatment
with PRP, and advise caution in using it in a wide-spread manner [114, 136-138].
A review of PRP for burns concluded that PRP may be useful in regeneration of
dermal structures, increasing graft-take, and increasing re-epithelialization, but
recommended further research on characterization of the mechanisms by which
PRP can improve burn wound healing, donor site healing, and scar outcomes [139].

The use of side-by-side treatment of a split thickness skin graft (STSG) donor
site with standard treatment or with PRP showed complete re-epithelialization in
the PRP-treated side at day 11 vs. day 13 for the control. Histological samples taken
from these healing wounds, and by H and E staining revealed increased epidermal
thickness in PRP-treated wounds, as well as a significant increase in the number
of blood vessels. After platelet concentrate in conjunction with STSG was used
for deep burns, monitoring of viscoelastic properties of the resultant scars over
12 months revealed that the skin’s return to normal viscoelastic properties was
accelerated in burns treated with PRP compared to controls [133]. Compared to
historic institutional standard of care controls, treatment of deep partial thick-
ness (DPT) burns using PRP applied with the autograft during skin grafting, pain
scores, inflammation, pruritis (itchiness), cosmesis of the scar, and perfusion all
showed improved outcomes [135].

Animal models of burn injury in rats treated with topical PRP or control showed
that PRP treatment resulted in increased hydroxyproline, decreased inflammatory
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cells infiltration, but no difference in fibroblast collagen production or angiogen-
esis [134]. In a rat animal model of DPT burns, PRP was effective in increasing %
wound closure, but showed little effectiveness in the full thickness injury group.
PRP treatment resulted in increased neo-epidermal thickness at day 21, as well

as decreases in CD31, 68, and 163, TGFp1, MMP2, and MPO+ cells indicating an
increased resolution of inflammation [118]. PRP injection in burn wound scars

in a rat animal model of burn injury also showed pain-associated markers to be
decreased with treatment [132]. While positive healing was observed in most mod-
els, in a recent study using a swine model of burn, tangential excision, and grafting
with or without PRP, PRP showed similar effect on re-epithelialization and scarring
in full thickness wounds compared to control wounds [136].

In a randomized clinical trial from 2018, 27 patients with DPT burns that did not
get autografted were treated with lyophilized PRP powder, and showed a signifi-
cant increased percent wound closure at 3 weeks in the treated group compared to
control. Additionally, the infection rate in the PRP group was 26%, while 33% of
control patients had postoperative infections [115]. PRP’s concentrated secretion
of growth factors may include basic fibroblast growth factor, epidermal growth
factor, platelet-derived growth factor (PDGF), insulin-like growth factor, trans-
forming growth factor § (TGFp1), and vascular endothelial growth factor (VEGF)
as probable mechanisms by which it can accelerate healing [139]. However, quan-
tification of growth factors TGFp1, PDGF-AA, and VEGF in a cohort of five burn
patients compared to five healthy volunteers showed comparable levels of growth
factors in the PRP from burn patients and health volunteers. Thus, there may be an
additional factor in PRP that is possibly altered in burn patients (or patients with
other pathologies such as diabetes or other conditions that would lead them to have
surgical procedures yielding acute wounds) that may contribute to its success in
treating some wounds and failure in others. Due to the effect burns have on the
pathophysiology of blood coagulopathy [140-142] and capillary endotheliopathy
[143, 144] after injury, it is reasonable to assume that platelets from burn patients
may have differing levels of polyP. Associating this data with what is known about
polyP, its ubiquitous presence in all prokaryotic and eukaryotic organisms, and its
role in the response to cellular stress, it was hypothesized that polyP may contribute
to wound healing.

4. PolyP and polyP-containing platelet rich plasma accelerates
re-epithelialization in vitro and in vivo

A HaCaT keratinocyte polyP-depleted cell line and vector control was used in
growth curves and scratch assays to evaluate polyP, platelet lysate, or combined
treatment to accelerate wound healing iz vitro. PolyP-containing PRP was also
evaluated as a treatment in a splinted model of excisional wounding in vivo.
Exogenous polyP was also spiked into PRP to assess its role. Treatment with
the polyP-containing treatments increased cell growth and attenuated open
wound area in vitro (p < 0.001). Addition of a polyP inhibitor abrogated these
effects (p < 0.0001). PRP-treated wounds re-epithelialized faster compared
to untreated wounds when analyzed at Days 3 and 5 (n = 6 wounds, p < 0.05).
Re-epithelialization was further enhanced by exogenous polyP addition to PRP
as evidenced by elongated epithelial tongues (Figure 5) in the low and high dose
PRP + polyP treatment groups compared to PRP alone (n = 8 wounds, p < 0.05;
data to be published elsewhere). Due to its autologous nature, PRP serves as a safe
and efficacious option for accelerating wound healing, and may be enhanced by
the exogenous addition of polyP.
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Figure 5.

Urzlgtreated or treated wounds were excised on day 5 and fixed in formalin, paraffin embedded, sectioned, and
stained with H&E. Sections were imaged, and composited to create an image with areas of normal skin on both
sides with the epithelial tongue (ovange arrow) protruding from each side of normal skin. The epithelial gap is
demarcated by the black arrow where no epithelium is present. Scale bar = 200 ym. Representative histology of
untreated (A), PRP only treated (B), PRP + 10 uM polyP-treated wounds are shown. Epithelial tongue length
was measuved with Image | and quantified.

4.1 PRP-treated wounds heal faster than controls in vive

PRP was generated based on a previously published protocol [145]. Briefly, whole
blood was collected, and centrifuged to create platelet-poor plasma (PPP) and a pellet
of platelets. PPP was then removed and the platelets were resuspended and activated
with thrombin and calcium chloride (CaCl,) to form a “biobandage”-like gel. Whole
blood, packed RBCS, and PRP were stained with Wright and Giemsa stains to confirm
PRP platelet concentration. A murine model of full thickness excisional wound heal-
ing was used where 6 mm punch biopsies were created on dorsal flanks of C57BL/6
mice [146, 147]. Wounds were splinted to encourage healing by re-epithelialization
as opposed to contracture. They were subsequently treated with PRP, or no treatment
was applied. Tegaderm dressing was applied and kept in place for 3 days. Pictures
were taken at days 3, 4, 5, 6, or 7. By day 7, wounds were mostly closed.

In a second experiment, wounded mice were divided into four treatment groups:
untreated, PRP only, PRP + 10 pM polyP (low dose) and PRP + 100 pM polyP (high
dose). Doses of polyP were calculated by examining historical data from the litera-
ture on platelet levels, as well as polyP concentrations in platelets. The mean platelet
count for C57BL/6 mice is 9.85 + 1.40 x 10™ platelets/L, however, because there are no
reliable reports of polyP concentrations per platelet in mice, human platelet counts
and polyP concentrations were extrapolated for this experiment [148]. Human plate-
let concentrations range from 1.5 to 4.5 x 10" platelets/L [149]. It is also known that
platelets contain 0.74 + 0.08 pmol polyP/1 x 10" platelets [150]. Therefore, whole
blood should contain between 1 and 3 pM polyP, and PRP, which contains at least
3-fold higher levels of platelets compared to whole blood, should contain 3-9 pM of
polyP. We added ~10 pM in the low dose group, and a 10x concentration compared to
the low dose group for the high dose group (100 pM). Lyophilized polyP was recon-
stituted in dH,0 to 1 M. PolyP took up 10% of the total treatment volume of PRP.

Treatments were applied on Day 0, and Tegaderm™" dressings stayed in place
through day 3. On day 3 and 4, dressings were removed, and pictures were taken.
On day 5, dressings were removed, pictures were taken, and wounds were excised
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with underlying fascia and were sewn into histological cassettes to retain wound
orientation. These samples were then paraffin embedded and H&E stained.
Sections were imaged, and epithelial tongue length was measured using Image
J. Epithelial tongues were defined as new epithelium if there was no uninjured
dermis underneath the epithelium.

Compared to whole blood, PRP contained a higher concentration of platelets
(data to be published elsewhere). The splinted wound model was used to shift the
healing towards re-epithelialization instead of the normal contraction observed in
mice. PRP application was easily applied as a “bio-bandage” gel-like liquid (data to
be published elsewhere). The 6 mm punch biopsies allowed for the creation of simi-
lar wound size between animal groups at day 0 (0.33 cm” + 0.13 vs. 0.39 + 0.15 cm?,
p = n.s.; data to be published elsewhere). At days 3 (0.09 + 0.06 vs. 0.23 + 0.13) and
5(0.12 £ 0.07 vs. 0.25 + 0.12) PRP-treated wounds had significantly smaller open
wound areas compared to control animals (n = 6, p < 0.05). At days 6 and 7, this
difference leveled off.

4.2 Exogenous spiking of PRP with polyP further accelerates healing in vivo

To further investigate the potential role of polyP in PRP, wounds were treated
with PRP or with PRP with low or high dose-spiked polyP. Untreated wounds were
largely open by day 5, while PRP treated wounds were smaller and contained newly
formed epithelium (data to be published elsewhere). Spiking with low or high dose
polyP further stimulated epithelialization, and wounds were smaller with increas-
ing doses. By histomorphometric analysis, epithelial tongues can be seen by H&E
staining. In untreated wounds, these tongues are small and shallow. PRP treatment
results in a more proliferative epithelium that is thicker and longer than untreated
samples. Spiking with low and high dose polyP creates longer epithelial tongues).
Epithelial tongue measurement by Image J shows a significant decrease in tongue
length in untreated and PRP only treated vs. PRP + high dose polyP (737.38 + 121.21
and 925.55 + 214.17 vs. 1186.91 + 255.06 uM, n = 8, p < 0.0001, p < 0.05). PRP + high
dose polyP-treated wounds also had significantly longer epithelial tongues com-
pared to PRP + low dose polyP (n = 8, p < 0.05). PRP contains polyP at a concentra-
tion near 5 pM. The exogenous addition of polyP to the PRP promoted keratinocyte
growth and proliferation, as is evidence by the increased epithelial tongue length
with increasing doses of polyP administration.

5. Conclusion

PolyP plays key roles in essential biological processes in bacteria, and its increas-
ing importance in eukaryotes is becoming apparent, including its participation
in blood coagulation and wound healing. Recent advances in measurement and
localization of polyP, along with our growing understanding of polyP metabolism
and its interaction with specific proteins allows us to begin to analyze mechanisms
responsible for cell-specific roles of polyP. Our ability to regulate polyP in eukary-
otic cells opens possibilities for therapeutic intervention. Future work related to
wound healing should be aimed at investigating the specific roles of intra- and
extracellular polyP in keratinocytes, as well as the potential importance of polyP in
other skin cells, including dermal fibroblasts, as these cells make up the majority of
the skin. As polyP is also secreted by activated platelets and is important for normal
blood clotting, the application of polyP-containing PRP as a biologic dressing may
positively contribute to wound healing. We have completed two clinical trials using
platelet-rich plasma for wound healing, a phenomenon that may be explained by
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the presence of polyP. PolyP levels and chain lengths should also be quantified in
healthy and pathologic conditions in order to assess appropriate levels when treat-
ing acute or chronic wounds in the future.
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Chapter 6

Phosphonates: Their Natural
Occurrence and Physiological Role

Pawet Kafarski

Abstract

The first natural compound containing carbon-to-phosphorus bond—ciliatine
was discovered 60 years ago, and for four decades, phosphonates were considered
simply as a biological curiosity. Finding the importance of these compounds in
biogeochemical phosphorus cycling, their role in methane production, as well as
discovery of numerous phosphonates and phosphonopeptides of promising anti-
bacterial and antifungal activities has stimulated the development of studies on
this class of compounds, especially on their metabolism and biochemistry. These
studies are driven by the use of *’P NMR and by a clever combination of genomics
and innovative chemistry by using the method of selective labeling of metabolites.
These studies revealed unusual and interesting chemistry of these compounds.

Keywords: C—P bond, phosphonates, ciliatine, phosphonopeptides, mimetics,
antibiotics, >'P NMR, genome mining

1. Introduction

Phosphonates are organophosphorus compounds characterized by a stable
carbon-to-phosphorus (C—P) bond, which usually resists biochemical, thermal,
and photochemical decomposition. The first phosphonate (compound 1, Figure 1),
being an analog of f-alanine and taurine, was isolated in 1959 from ciliated protozoa
in the rumen of sheep [1]. That was the cause why its discoverers—M. Horiguchi
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Figure 1.
Ciliatine (2-aminoethylphosphonic acids) and its derivatives found in lipids, glycans, glycoproteins, and bile
acids.
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and M. Kandatsu, named it ciliatine. This amino acid was then considered as a pos-
sible marker of the content of protozoa in sheep rumen, which appeared further to
be misleading. For many years, natural compounds containing the C—P bond had
been considered as curiosity being only scarcely studied. This is not the case in sci-
ence currently because of their involvement in the global phosphorus cycle and in
oceanic methane production. Some aspects of their occurrence, environmental role,
biochemistry, and biological functions have been reviewed [2-5]. This chapter will
concentrate on discussion of chemical diversity of the naturally occurring phospho-
nates and on the indication of open problems, which have not yet been solved.

2. Occurrence of carbon-to-phosphorus bond

The discovery of ciliatine stimulated intensive studies on the distribution of
phosphonates in nature. Despite the fact that early studies were hampered by
the lack of simple and sensitive methods for the identification of the presence of
carbon-to-phosphorus bond in natural samples, it was found to exist in protozoa,
bacteria, coelenterates, and mollusks [6-11]. Presumably, the unbreakable record
is held by the snail Helisoma sp. freshly laid eggs, which contain over 95% of total
phosphorus in phosphonate form [12]. Upon embryonic development, phosphonate
is converted into phosphoric acid and subsequently incorporated into cellular con-
stituents. It is believed that the physiological role of incorporation of phosphonates
into the lipid fraction might function as a means to protect the eggs against preda-
tors, because they are presumably not able to disrupt and digest such membranes.

The advent of P NMR for the analysis of tissue extracts, body fluids, and
later—whole cells provided an effective tool for tracking the forms of phosphorus
and its interchanges during organism development and growth. Quite paradoxi-
cally, the availability of P NMR was accompanied with a significant decrease in
the number of papers dealing with distribution of phosphonates in various species.
Applications of this simple technique enabled the determination of the presence
of C—P bond in bacteria and bacterial communities [13, 14], cyanobacteria [15],
sponges [16], higher fungi [17, 18], or even human specimens [19]. However, these
studies did not explain if phosphonates are synthesized de novo or are introduced to
these organisms by cohabiting organisms or diet. On the other hand, phosphonate
xenobiotics are quite massively released into environment [20], and various organ-
isms might use them, or products of their decomposition, as building blocks of
more complex structures.

Next, gene-based methods for assessing the abundance and identity of bio-
logical phosphonate producers were applied. This approach based on knowledge
regarding C—P compound biosynthesis. Thus, with a single exception [21], all the
known phosphonates are derived from phosphoenolpyruvate by isomerization to
phosphonopyruvate in a reaction catalyzed by the phosphoenolpyruvate mutase,
followed by its fast utilization because the reaction of formation of the C—P bond
is thermodynamically unfavorable (see Figure 3). Most common, decarboxylation
of phosphonopyruvate by phosphonopyruvate decarboxylase to produce phospho-
noacetaldehyde is the next, irreversible step [3, 22-24]. Mining in genome databases
for genes related to these two enzymes, as well as their homologs, enabled to deter-
mine that 10-15% of bacterial species are able to produce phosphonates [23-25].

Discovery that phosphonates form around 10% of dissolved and particulate
phosphorus in the oceans [15, 25, 26] brought the increasing recognition of the
importance of these compounds in biogeochemical phosphorus cycling and an
awareness of the interdependence between the global phosphorus cycle and those
of the other biologically significant elements [27, 28]. It is important because
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phosphorus availability has been shown to be a key determinant of marine phy-
toplankton productivity [15]. Phosphonates are mostly concentrated in dissolved
organic phosphorus (DOP), an integral and dynamic part of the marine organic
matter pool. The composition of the DOP pool is complex and largely unknown,
but phosphonates account for one third of its high molecular weight fraction.

Thus, they seem to be an important resource of this element for aquatic organ-
isms; however, the understanding of their utilization by eukaryotic phytoplankton
is severely limited [29, 30]. They most likely occur in a form of polysaccharides
esterified with methylphosphonate (compound 2, Figure 1) and 2-hydroxyeth-
ylphosphonate (compound 3, Figure 1). These compounds have been mainly found
in Nitrosopumilus maritimus, one of the most abundant organisms on the planet and
aresident of the oxygen-rich regions of the open oceans [31, 32].

Up to 4% of the methane on Earth comes from the oxygen-rich waters through
the cleavage of the highly unreactive carbon-to-phosphorus bond in methyl phos-
phonate [32]. The production of methylphosphonic acid (MPn) by cyanobacteria
or marine archaea related to N. maritimus and its subsequent decomposition by
phosphate-starved bacterioplankton may partially explain the production of
methane in oceanic and lake surfaces [33-35]. The concentration of methane in the
upper ocean being above equilibrium with the atmosphere is known as the oceanic
methane paradox [36, 38].

Some researchers believe that phosphonates are a form of relic of evolution.
Being of slightly lower formal oxidation state, they might predominate in prebiotic
reductive conditions [37]. This assumption, although debatable, finds some support
by finding several phosphonic acids in Murchison meteorite [39].

3. Ciliatine (AEP, 2-aminoethylphosphonic acid)

Ciliatine (compound 1) is the most ubiquitous phosphonate present in lower
organisms and occurs in remarkably high amounts. It is either presented in a
free, unbound form being a common intermediate in numerous phosphonate
biosynthetic pathways or incorporated into lipids and glycans. It is not surpris-
ing if considering that ciliatine is a formal analog of common component of
lipids—phosphoethanolamine (compound 4). Most of the studies on natural
occurrence of ciliatine and its lipids had been published in 1960-1990 and are
comprehensively reviewed [2-5]. Only single paper was published after this period.
As shown in Figure 1, its methylated forms, namely N-methyl, N,N-dimethyl-,
and N,N,N-trimethylciliatine (compounds 5, 6, and 7), were also found in lipid
fractions of some organisms albeit in significantly smaller quantities. Compound
7 is an analog of the most common component of lipids—phosphocholine
(compound 8). The presence of an unusual aminophosphonate—(R)-2-amino-
1-hydroxyethylphosphonic acid (compound 9) and its acetyl derivative has been
determined in lipid fractions of Bacteriovorax stolpii [40, 41]. Its configuration was
elegantly determined by a combination of chemical synthesis and biochemical
studies [42].

Lipids containing aminophosphonates are called phosphonolipids. There are two
classes of these compounds—glycerophosphonolipids and sphingophosphonolipids
(representative structures are shown in Figure 2). They have been isolated from
numerous organisms including humans, mammals (sheep, goats, and rats), egg
yolk, fish, insects, sea anemones, sponges, numerous species of freshwater and
marine mollusks, seeds of plants, protozoa, and bacteria [3, 43-46]. Usually they
are a small fraction of the total lipids present, and their isolation and exact identifi-
cation/characterization are difficult and cumbersome.
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The physiologic function of phosphonolipids is still unknown, and the suggested
protecting role against predators resulting from their stability toward hydrolysis
by lipases and phosphatases has not been proved so far. Moreover, the distribution
and abundance of phosphonolipids among organisms vary with species, tissue, or
cellular location. For example, vertebrates have sphingophosphonolipids as compo-
nents of nervous tissue sphingomyelin, while invertebrates frequently contain high
levels of these lipids as outer membrane components.

Whereas phosphate is a common modification of polysaccharides, there are only
a few examples of polysaccharides containing phosphonate moieties. Their char-
acterization/identification was made possible as well as substantially accelerated
by the development of glycomics [47]. Ciliatine and compound 9 have been found
to be bound to the sugar moieties of variable glycans (see Figure 2 for schematic
structures). Their occurrence was documented in fractions of glycocerebrosides
(lipids) of many lower marine phyla [2, 12, 48], bacterial exopolysaccharides
(secreted polysugars into the environment), and outer membrane components
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Figure 2.
Representative structures of phosphonolipids, phosphonoglycans, and phosphonosteroid.
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[49-51] and glycoproteins deriving from marine snails, common jellyfish and locust
[51-54]. Genome scanning led to the identification of methylphosphonic acid
(compound 2) in the exopolysaccharide of the marine archeon N. maritimus. Its
function is not known, but it is ultimately a major source of methane production by
the oceans [32].

Similarly as in the case of phosphonolipids, the physiological role of phospho-
noglycans is not known and thus awaits determination. This might be important
in the context that the glycans are essential molecules being well known to enable
adaptive response to environmental changes [55]. The speculative roles of phospho-
noglycans include cell-cell signaling or their action as phosphorus reservoirs in the
environments of low phosphate concentration. The second assumption might be
supported by the conservation of phosphonolipids at the expense of phosphodies-
ters in starved conditions by the oyster Crassostrea virginica [56]. Other possibility is
demonstrated by the fact that Bacteroides fragilis, a part of the normal microbiota of
the human colon, produces a capsular polysaccharide complex containing ciliatine,
which is directly involved in abscess formation in animal models when bacteria are
displaced into the bloodstream [57].

It is also important to mention that the phosphonic analog of taurocholic acid
was found in the gall bladders of cows [58]; however, this finding may require
additional confirmation.

4. Low-molecular phosphonates metabolically related to ciliatine

Biosynthesis of phosphonates starts from rearrangement of phosphoenolpyru-
vate (compound 10) into phosphonopyruvate (compound 11), a reaction catalyzed
by phosphonoenolpyruvate mutase. In this equilibrium process, the thermody-
namics favors phosphonoenolpyruvate by a factor of at least 500. Thus, phos-
phonopyruvate has to be rapidly converted into metabolically useful compounds,
most favorably in the irreversible reactions. Consequently, it is a key substrate
in the synthesis of ciliatine (compound 1), phosphonoalalnine (compound 12),
2-hydroxyethylphosphonic acid (compound 3), phosphonoacetaldehyde (com-
pound 13), phosphonomethylmalic acid (compound 14), and 2-keto-4-hydroxy-
5-phosphonopentanoic acid (compound 15). Most of the enzymes involved in the
production of these compounds have been isolated and characterized and compre-
hensively reviewed [2, 59]. The metabolic relationships between these compounds
and their precursor role in the synthesis of phosphonate antibiotics are shown in
Figure 3.

Low-molecular antibiotics such as fosfomycin (compound 17) [60], fosfonochlo-
rin (compound 18 produced by several strains of Fusarium and Talaromyces flavus)
[61], nitrilaphos and hydroxynitrilaphos (compounds 19 and 20 found in cultivat-
ing media of Streptomyces) [62], and herbicidal phosphonothrixin (compound 21,
produced by Saccharothrix) [63] might be also considered as low-molecular com-
pounds related to ciliatine.

Only one of them—fosfomycin (also known as Monuril, Monurol, or Monural),
produced by Pseudomonas and Streptomyces, has found limited use as therapeutic
agent to cure urinary tract infections and diabetic foot [60]. It is an active site
directed covalent inactivator of muramyl ligase A, the first enzyme of peptidogly-
can synthesis, and causes disruption of bacterial cell wall. Unfortunately, bacteria
adapted to be able to open the epoxy ring functionality of fosfomycin, thus result-
ing in the compound deactivation/degradation of this antibiotic and in the microor-
ganism ability to readily develop drug resistance [64]. Quite interestingly, pathways
for the biosynthesis of fosfomycin in Streptomyces and Pseudomonas are different
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(see Figure 3). This shows that synthesis of natural phosphonates does not have to
be normalized; many metabolic pathways are still yet to be discovered.

The separate class is aminophosphonate antibacterial antibiotics possessing an
amino group in the gamma position in relation to the phosphonic functional group,
namely fosmidomycin (compound 22), and its derivatives denoted as FR900098
(compound 23), FR-33289 (compound 24), and FR32863 (compound 25), origi-
nally isolated from culture broths of Streptomyces as well as cyclic SF2312 (com-
pound 26) isolated from Micromonospora sp. [65-67]. Their structures are shown in
Figure 4.

Fosmidomycin and its homologs are potent inhibitors of 1-deoxy-d-xylulose-
5-phosphate reductoisomerase, an essential enzyme of the non-mevalonate path-
way of isoprenoid biosynthesis being active against a broad range of enterobacteria,
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but not against Gram-positive organisms or anaerobes. More importantly, they are
blocking the development of isoprenoids in the parasite apicoplast, and thus, struc-
turally modified fosmidomycin derivatives are considered as promising antimalarial
agents (for representative structure, see Figure 4) [68].

Aphanizomenon flos-aquae is a cyanobacterium that grows in eutrophic Balgavies
Loch in Scotland. From its water blooms, a novel biosurfactant of lipidic charac-
ter—2-acyloxyethylphosphonate (compound 27) was isolated; however, its ecologi-
cal function remains to be evaluated [69].

Two unusual placotylene A esters [69] of ciliatine (phosphoiodyn A, compound
28) and its phosphate congener—phosphoethanolamine (phosphoiodyn B) were
isolated from a Korean marine sponge Placospongia sp. [70]. Phosphoiodyn A was
found to exhibit a potent agonistic activity on human peroxisome proliferator-
activated receptor delta (hPPARS), which is thought to function as an integrator of
transcriptional repression and nuclear receptor signaling [16, 71]. This compound,
as well as its analogs, demonstrates significant neuroprotective activity in an i vitro
cellular model indicating that such phosphonates may be an effective novel scaffold
for the design of therapeutics for the treatment of neurodegenerative disorders [71].

5. Phosphonopeptide antibiotics

Half of the century after the discovery of ciliatine witnessed a slow progress in
the isolation and identification of natural compounds containing the C—P bond
with most of them being antibacterials. The majority of these compounds appeared
to be peptides containing C-terminal phosphonic acids and mostly differ by their
N-terminal peptide structure. They have drawn attention not only because of their
bioactivity but also because of unusual and interesting chemistry associated with
the biosynthesis and biodegradation of these molecules. Structures of antibiotic
phosphonopeptides are shown in Figure 5.

Bialaphos (compound 29, [72]) was isolated from as the first such an antibi-
otic from the culture filtrates of Streptomyces viridochromogenes and Streptomyces
hygroscopicus [72-74]. Further studies indicated that its antibacterial activity is a
result of active transport of the peptide across bacterial membrane followed by
hydrolysis of the peptide and release of terminal phosphonate—phosphinothri-
cin, which inhibits glutamine synthetase. This enzyme converts glutamic acid
and ammonia into glutamine; this reaction is an important step of the nitrogen
metabolism in bacteria and plants [75]. That activity of phosphinothricin resulted
in its introduction to agriculture as a popular herbicide, and it is sold as ammo-
nium salt under the name glufosinate. Its application causes accumulation of
ammonia in plants and consequently plant death [76]. It is worth to notice that
bialaphos also exerts herbicidal activity and was applied in Japan [77]. Its activity
relays on hydrolysis of bialaphos in plant tissues and release of herbicidal phos-
phinothricin. Further studies on bialaphos resulted in isolation of tetrapeptide
trialaphos (compound 30) [78] and phosalacine (compound 31) [79] both of the
same mechanism of action. Finally, studies on biosynthesis of this compound
resulted in the identification of its desmethyl analog 32, which is an intermediate
in bialaphos metabolism.

The antibacterial activity of bialaphos is typical for all the phosphonopeptides.
Peptide parts of these antibiotics usually function as a targeting unit. Thus, the
peptides are efficiently transported through bacterial (or fungal) membranes and
after hydrolysis release phosphonic acid, which exerts its toxic action by inhibit-
ing parasite vital enzymes—in this case glutamine synthetase. This mechanism of
action is shown schematically in Figure 6.
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Representative mechanism of action of phosphonopeptides.

The following years brought the discovery of a family of antibiotics called
rhizocticins (compounds 33-36) [80, 81], plumbemycins (compounds 37 and
38) [81-83], and phosacetamycin (compound 39) [84], first isolated as secondary
metabolites of Bacillus subtilis on the basis of their antifungal activity and were
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later found as products of Streptomyces plumbeus. They form a library of di- and
tripeptides containing C-terminal (Z)-L-2-amino-5-phosphono-3-pentenoic acid,
a mimetic of phosphonothreonine, which is the substrate for threonine synthetase.
Thus, after the release from the peptide aminophosphonate acts as a potent inhibi-
tor of this enzyme [85].

Dehydrophos (compound 40) was first isolated from the broth of Streptomyces
luridus as a broad-spectrum antibiotic affective in chicken model of Salmonella
infection [86]. The history of determination of its structure is rather long and led
to three propositions of which the last one appeared to be reasonable and compel-
ling. It is a dehydrophosphonopeptide, which, after the cleavage of the peptide
bond, provides an analog of dehydroalanine, which is then converted into methyl
acetylphosphonate (compound 41, an analog of pyruvic acid), which is strongly
antibacterial by acting most likely as antimetabolite of pyruvate (Figure 6) [87].
Thus, it was considered as a lead compound for the design of novel antibacterial
agents [88]. The non-typical and innovative is the application of its biosynthetic
enzymes for obtaining new antibacterial phosphonopeptides [89]. Recently, the role
of nonribosomal peptidyl transferase DhpH in the formation of peptide bond in
dehydrophos was studied in detail using phosphonic analog of alanine and various
amino acid-tRNAs as substrates [90].

Phosphonopeptides have very limited utility in human medicine because they
are readily hydrolyzed in body fluids and released aminophosphonic acids that
are not able to cross bacterial or fungal cell barriers and to exert antibiotic action.
Additionally, they are being readily excreted through urine.

Published in 2015 work of Metcalf and van der Donk brought a significant
breakthrough in studies on naturally occurring phosphonate antibiotics. By a
clever combination of the mining of the genome of 10,000 of actinomycetes and
selective labeling of phosphonate metabolites, they rediscovered a large number
of old phosphonates and discovered 19 new compounds [24]. This opened a
genetic approach in natural phosphonate chemistry and biochemistry, espe-
cially enabling the identification of metabolic pathways leading to this class of
compounds. An important and instructive example here is an activation of gene
cluster from Streptomyces sp. NRRL F-525 and its reengineering in Streptomyces
lividans, which resulted in the isolation of O-phosphonoacetic acid serine (com-
pound 42) [91].

One of the examples of rediscovered compounds is fosfazinomycins A and B
(compounds 43 and 44), identified 30 years after their original isolation from
Streptomyces lavendofoliae and Streptomyces unzenensis [92, 93]. They are a very
specific since they contain an exotic structural feature, which is the hydrazide
linkage between the carboxylic acid of peptidyl arginine and the phosphonic acid.
Fosfazinomycin was also found further in one of 210 substances present in 42
actinomycetes associated with the Baltic sponge Halichondria panacea [94].

The genetic approach also enabled the isolation and characterization of novel of
Streptomyces peptidomimetics such as argolaphos A and B (compounds 45 and 46)
and valinophos (compound 47) [24]. Similar approach was used for the isolation
of phosphonocystoximate and its hydroxylated derivative (compounds 48 and 49)
[24]. Detailed NMR studies on their biosynthesis, which starts from ciliatine and
its analog—compound 9, enabled to confirm the presence of intermediates such
as mixtures of the (E)- and (Z)-isomers of corresponding oximes (compounds 50
and 51), substrates for the synthesis of phosphonocystoximate and its hydroxyl-
ated derivative [95]. They are formed by the action of specific flavin-dependent,
oxime-forming N-oxidases. These oxidases are also able to convert the oximes 50
and 51 into corresponding nitroethylphosphonates (compounds 52 and 53) [96].
Structures of these intermediates and side products are depicted in Figure 7.
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Intermediates and side products in the synthesis of phosphonocystoximate.

A separate group of phosphonic peptidomimetics is compounds denoted as
K-26, K4, and I5B2 (compounds 54, 55, and 56, respectively) [21, 97-99], a small
family of bacterial secondary metabolites, tripeptides terminated by an unusual
phosphonate analog of tyrosine (see Figure 6). They are produced by three differ-
ent actinomycetales and act as potent inhibitors of human angiotensin-I converting
enzyme selectively targeting the eukaryotic family of the enzyme [100, 101]. These
compounds derived from L-tyrosine, which suggests the existence of novel and not
discovered yet reaction of carbon-to-phosphorus bond formation [21, 102].

6. Conclusions

Natural phosphonates might be considered as simple analogs of phosphate
esters and/or carboxylic acids. The inherent stability of the C—P bond causes that
they often display promising activities as enzyme inhibitors and therefore might
be considered as drugs or agrochemicals. Moreover, the wide use of xenobiotics
containing carbon-to-phosphorus bond has led to the spread of these compounds
in the environment, which may result in their incorporation into variable metabolic
pathways. All of this stimulate interest in these, still somewhat exotic, compounds.
The development of *'P NMR and genomics supplemented by biochemical stud-
ies resulted in the development of new detection technologies, which enormously
speed out the discovery of novel naturally occurring phosphonates, identification
of their metabolic pathways (both biosynthesis and degradation), and their use as
lead compounds for the design of new promising medicines. With the exception of
the identification of antibacterial and antifungal antibiotics, these studies are not
accompanied, however, with the determination of physiologic importance of these
compounds.
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Chapter7

Calcium Phosphate Cements in
Tissue Engineering

Manuel Pedro Fernandes Graga and Silvia Rodrigues Gavinho

Abstract

Calcium phosphate cements (CPCs) consist of a combination of calcium phos-
phates and a liquid phase, allowing it to fit into the body where it was inserted.
Several chemical compositions have been synthesized, promoting specific
characteristics to the cements for applications such as bone augmentation and
reinforcement and metal implant fixation. The hardening reaction mechanism is at
low temperatures and makes it capable of incorporating different drugs and other
biological molecules. In addition to the abovementioned advantages, CPCs have
excellent bioactivity and osteoconductivity and the ability to form a bone bond.

Its function as osteoconductor can be improved by insertion of growth factors. In
addition, it is possible to functionalize it with silver ions and use it as a coating of
implants, conferring antibacterial properties. In this chapter the physical, mechani-
cal, chemical, and biological properties and the possibility of using these cements as
drug carriers or biomolecules will be discussed.

Keywords: calcium phosphates, bone cements, tissue regeneration, drug delivery,
osseointegration, antibacterial properties

1. Calcium phosphate cements

Calcium phosphate cements (CPCs) were proposed by Brown and Chow [1] and
LeGeros et al. [2] in the 1980s. In 1990, the first CPC was used commercially in the
treatment of maxillofacial defects and fractures [3-5].

CPCs consist of a combination of one or more calcium orthophosphate powders
in which a liquid phase, usually water or an aqueous solution, is added, allowing it
to be set and hardened at the site of the body where it was implanted. This type of
cement hardens through a dissolution reaction and a precipitation process, distin-
guishing itself from other cements that harden through a polymerization reaction.
Over time, new compositions have been synthesized promoting specific characteris-
tics to the cements for various applications such as bone augmentation and strength-
ening [6-14], fixation of metal implants [15, 16], and vertebral fractures [17-19].

The CPCs have the essential advantage of hardening in vivo through a low-
temperature reaction. After mixing, the material becomes moldable, and its
noninvasive injection represents an important advantage over conventional calcium
phosphate ceramics. The fact that this type of cement does not present an exother-
mic reaction also makes it able to incorporate different drugs and other biological
molecules, allowing its application in treatments by drug delivery [20]. In addition
to the aforementioned advantages, CPCs have excellent bioactivity and osteocon-
ductivity and an excellent ability to form a bone bond. Its rate of resorption is also
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a factor to take into account, since, after modifying its structure, it is possible to
modify that rate. Calcium phosphate cements also have disadvantages, namely, their
low mechanical performance, which limits their application in bearing situations.
Its intrinsic porosity also leads to this material presenting less strength compared to
calcium phosphate ceramics [21, 22].

The cements tend to dissolve in order to achieve a stable and less soluble phase,
the dissolution being controlled by the pH of the medium. The cements based
on hydroxyapatite or brushite are the only final reaction products because they
are the most stable at pH > 4.2 and pH < 4.2, respectively, even though there are
a large number of formulations. In addition, and because these materials are
intended to be used as bone substitutes, it is important to take into account that
the values of the compressive strength of the cortical bone vary between 90 and
209 MPa, [23, 24] and the spongy bone varies between 1.5 and 45 MPa. [25]. As
reference values, the compressive strength of apatite cements usually ranges from
20 to 50 MPa [26-32]. Brushite CPCs are generally weaker than apatite CPCs being
around 25 MPa [33].

In summary, the main characteristics of this type of cement are presented
in Table1.

1.1 Physical and mechanical properties

The mechanical properties are the main properties to take into account when
developing a biomaterial to apply surgically. The microstructural characteristics
(porosity, quantity, size, morphology, and distribution of the crystals formed) of a
biomaterial are the determining factor to define the mechanical properties. These
characteristics are controlled by the synthesis process and its intrinsic parameters.
In addition, all factors, such as chemical composition of cement, relative propor-
tions of reactants, powder or liquid additives acting as accelerators or retarders,
particle size, liquid-powder ratio (L/P ratio) (Figure 1), applied pressure during
synthesis, and aging conditions, will affect its mechanical properties [36].

Unlike bioceramics, which require sintering at high temperatures, CPCs are
formed through a dissolution-precipitation process at room or body temperature.
During this process, a crystalline matrix is formed in which with the passage of time
and matrix it becomes increasingly dense until reaching the maximum mechanical
properties [36].

Normally, microporosity ranges between 30 and 55% and is dependent on the
L/P ratio; the higher this ratio is, the greater the microporosity [37].

Calcium phosphate properties

Material type Ceramic

Liquid phase Water or aqueous solutions

Powder component Calcium phosphate powders

Setting reaction mechanism Dissolutions and precipitation reaction

Reaction products Calcium phosphates, usually hydroxyapatite or brushite (37°C)
Stability Resorbable (low or high resorption rate depending on composition

and microstructure)

Bioactivity Bioactive
Applications Bone regeneration; non-load-bearing applications
Table 1.

The nature and properties of calcium phosphate bone cements (adapted from [34]).
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Figure 1.

Microstructure and povosity of CPCs according to particle size and L/P ratio. (A) When the particle size is small,
there is an increase in the specific surface area, vesulting in the degree of supersaturation. This phenomenon favors
the nucleation of crystals and leads to the formation of large quantities of small needle-like crystals. When the
particles are lavger, the formation of larger plate crystals occurs. Small pores ave formed in the cement where
small particles ave used. (B) Porosity and pore size distribution also vary with the L/P vatio. When the L/P ratio
is low, the space between the particles in the mixture decreases, leading to a more compact structure of crystal
agglomerates. In contrast, when the L/P vatio increases, the total porosity of the cement increases, and the larger
pores are formed due to the increased separation between the aggregates (adapted from [35]).

Although porosity is a disadvantage to be applied in load situations, porosity is
sought to improve the resorbability of the material and the extent of bioactivity,
increasing the surface area available for reaction. The presence of a certain level of
porosity makes this material a good carrier for controlled drug systems [34].

It is possible to promote the creation of macropores in CPCs through two tech-
niques. The leaching of porogen after the adjustment creates macropores; however,
it is necessary to add large amounts of porogen, which may compromise the injec-
tion process [37-47]. The formation of the pores can also be achieved by the forma-
tion of gas foam prior to fixation, but the release of the gas after the introduction of
the implant may be harmful to the organism [46, 48-52]. In order to overcome the
drawbacks of the techniques mentioned above for obtaining macroporous struc-
tures of CPCs, Ginebra et al. proposed the use of self-adjusting injectable macropo-
rous foams composed of a protein-based foaming agent and CPC paste [52].

Regardless of the composition of CPC (apatite or brushite), the strength
decreases globally with increased porosity, which is a common occurrence in several
materials mainly in porous materials used in bone replacement [36]. In addition to
the pore fraction effect, pore size also significantly affects the strength of CPCs. Bai
et al. [53] found that the compressive strength is inversely proportional to the size
of the macropores through a study in materials with equivalent total porosity but
with different sizes of macropores. Through Griffith’s classical theory [36], which
relates strength to the critical size of the fault, macropores can be considered as fail-
ures, thus reducing strength. In addition to the quantity and size of the pores, the
characteristics of the crystals (quantity, size, morphology, and distribution) also
influence the strength of these cements. The growth of the crystals depends on the
kinetics of the dissolution-precipitation reaction of the cement, being controlled
by many factors. The smaller the particle size of the starting materials, the faster
the material will be converted to apatite, and the crystals formed will not have time
to grow. The small size of these crystals will lead to a more dense and crystalline
organization, increasing the strength of the cement [54].

One of the conditions that influence the kinetics of apatite formation is aging.
The transformation of the initial reactants into apatite becomes faster at higher
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temperatures, thus making the structure more homogeneous and denser, making
it more resistant. In contrast, high temperatures also cause the development of
precipitated apatite crystals more rapidly, resulting in larger crystals, which will
negatively influence the resistance [55].

The fixation kinetics may be influenced by the presence of accelerating or
retarding substances which are added to the mixture and is an important factor in
determining the strength of the structure.

Bermudez et al. [56] and Yang et al. [57] found that by adding certain amounts
of apatite, the hardening time of the CPCs is lower, and the compressive strength
increases considerably. a-Hydroxylic acids (citric acid or glycolic acid) and their
salts (sodium citrate) are also used as retarders. The addition of the same allows to
mix and to process more easily, reducing the L/P ratio associated with a decrease
of the porosity, improving the strength [58-64]. However, it is necessary to take
into account an optimum concentration of these additives since the excess may
lead to the opposite effect and decrease the force [63]. In summary, the mechanical
properties of the CPCs, and in particular the resistance, depend strongly on the
microstructure, which is related to the synthesis process, chemical composition,
powder or liquid additives acting as accelerators or retarders, particle size, L/P
ratio, and aging conditions. In addition, it has been found that crystalline structures
have, with smaller crystals, become more compact and homogeneous and appear to
give better mechanical properties than those with larger crystals.

Strength has been the main property to be studied when evaluating mechanical
performance; however, the CPCs applied in bone defects are also subject to cyclic
loading, and the resistance of CPC to fractures cannot be evaluated by strength
alone. In order to adequately evaluate the ability to resist fractures, it is also neces-
sary to take into account fracture toughness that describes the strength of a material
containing cracks or notches to resist crack propagation [65, 66].

The toughness of a material depends on its nano-/microstructure and on the
possibility of promoting the hardening activation mechanism [67, 68]. Without the
activation of significant hardening mechanisms, the fracture toughness of CPCs is
very low. Due to the low values of toughness, CPCs are very sensitive to defects and
failures. The reliability, that is, the likelihood of failure of brittle materials, is also
an important factor when one thinks of applying the cement to load-bearing sites.
As previously mentioned, it is possible to improve the hardening mechanism by
decreasing porosity, as it is the most damaging factor in mechanical performance.
To overcome this problem, it is necessary to decrease the volumetric fraction of the
pores in order to achieve a more dense matrix by compacting the cement paste prior
to hydration.

Studies have shown that compaction pressure would significantly increase
tensile strength [69]. However, when the compaction pressure is above 100 MPa,
only a slight decrease in porosity is achieved, and the diametral tensile strength is
not substantially improved.

In addition, the use of this method to promote the hardening has the same
function of decreasing the L/P ratio, which would influence the workability and
injectability of cement pastes, which may exclude the application of this cement in
minimally invasive surgery.

In order to overcome this disadvantage, researchers added certain amounts of
citric acid to the cement liquid to evaluate its effect on the fixability and fixation
properties of apatite cements and found that this addition effectively improves the
mechanical properties of the cement. According to this prominent effect of citric
acid on strength improvement, Barralet et al. [61] and Gbureck et al. [60] added
sodium citrate and compacted the resulting cement slurry, obtaining compressive
strengths near the resistance of the cortical bone, that this composition can be used
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in load-bearing locations. This resistance can also be achieved by other factors,
especially in the use of citric acid but without applying external pressure, varying
the particle size and distribution of powdered reagents [70].

1.2 Chemical and biological properties

The main chemical reaction occurring in the setting mechanism is similar in
all these systems of cements and can be understood by analyzing the behavior of
the solubility of the existing compounds in the composition [71-73]. During the
fixation reaction, the two mechanisms present are dissolution and reprecipitation
[23]. The dissolution is activated by the release of the calcium and phosphate ions
from the starting materials, leading to supersaturation in the solution. After the
ionic concentration reaches a critical value, the nucleation of the new phase occurs,
usually around the powder particles. This new phase develops in line with the dis-
solution of the reactants [74].

In the dissolution/reprecipitation mechanism, the formation of the precipitates
depends on the relative stability of the various calcium phosphate salts in the system.
The existence of a precipitate that grows in the form of the crystal agglomerates
determines the force that a cement can acquire [74]. The solubility phase diagram
predicts this reaction, describing the evolution of the solubility of a compound
through the logarithm of the total concentration of calcium (or phosphate) asa
function of pH [71-73].

The less stable phase of calcium phosphate tends to dissolve to form a more
stable and less soluble phase.

As mentioned above, apatite is the most stable calcium phosphate (less soluble at a
pH above 4.2 at room temperature), and brushite is most stable at a pH below 4.2 [71].

In these reactions the amount of water consumed is nonexistent, or almost nil,
being necessary only for the reagents to become viable and to allow homogeneity in the
solution. For this reason, water becomes one of the main contributions to the develop-
ment of porosity in cement, and, therefore, CPCs are intrinsically porous materials.

In addition to this material, in situ, the body temperature allows its molding
after mixing, to be injectable and therefore to be used as a carrier for biological
drugs or molecules [75-77].

In the industry, the biological responses of materials have been increasingly
a property to be taken into account, focusing on improving cell and tissue CPC
interactions, as well as their applications in bone tissue engineering [78-82]. The
improvement of these interactions is one important factor for the application of
biomaterials and their commercialization for clinical applications.

Studies evaluating the in vivo behavior of CPCs show high levels of biocompat-
ibility and osteoconductivity, stimulating tissue regeneration [5, 82-92]. Most
apatite cements are reabsorbed by cell-mediated mechanisms. The function of the
osteoclastic cells in this process is to degrade the materials layer by layer, starting
from the surface which is in contact with the bone to the nucleus. The biodegradabil-
ity of apatite CPCs is slow but higher than that of the synthesized hydroxyapatite. As
noted above, the rate of degradation of apatite cements is controlled by precipitated
hydroxyapatite (PHA) crystallinity, specific surface area, and matrix porosity.

The cements based on brushite have a higher reabsorption rate than apatites due
to their superior stability in the biological environment [89-91]. However, there is a
possibility in vivo of brushite cements to be transformed into PHA and thus reduce
their total degradation rate. In order to retard this reaction or to avoid magnesium
salts have been added [92].

At a biological level, the mechanism of dissolution is mediated by the action of
physiological solutions or by cell-mediated processes (phagocytosis) [93].
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Figure 2.
Image of the drill hole with progressive resorption of the calcium phosphate cement matrix, during 8 weeks [81].

Bone replacement depends on the age, sex, and general metabolic health of the host
and the site and volume where it is applied, porosity, crystallinity, chemical com-
position, particle size, and L/P ratio of the cement. Considering these factors, it can
take from 3 to 36 months for the cement to be completely reabsorbed and replaced
with bone. However, further studies are needed to confirm the total resorption of
the material in order to be applied clinically [94]. Studies have revealed bone devel-
opment around calcium phosphate cements, demonstrating osteoconductive and
osteoinductive characteristics in several cases. It has been shown that within 2 weeks,
spicules of living bone with normal bone marrow and gaps in osteocytes can be iden-
tified in the cement. After 8 weeks, the cement is almost completely surrounded by
new bone. At this stage, no cement reabsorption is typically observed [94]. Figure 2
shows a progressive resorption of the calcium phosphate cement matrix, with
tricalcium phosphate (TCP) granules embedded in a matrix of dicalcium phosphate
dihydrate (DCPD) and parallel new bone formation, in a drill hole. After 2 weeks
almost the entire surface of the cement was in direct contact with the margins of the
bone defect. After 4 weeks, occasional granules of f-TCP and the newly formed bone
islets are visible. This area expanded after 6 weeks, involving a progressive reabsorp-
tion of the cement matrix and parallel neoformed formation [81].

2. Principal calcium phosphate cements
2.1 Apatite cements

The importance given in the use of apatites in bone replacement is due to the
fact that this mineral is the base of the main inorganic part of hard tissues. In fact,
nonstoichiometric or calcium-deficient hydroxyapatite (CDHA) is the main mineral
phase characteristic of human bones [94]. The CPCs consist of a network of calcium
phosphate crystals, with chemical composition and crystal size that can be modified
to approximate the biological hydroxyapatite that exists in the living bone [95, 96].
In this regard, it is necessary to clarify that even though the stoichiometric
hydroxyapatite has a fixed composition, the apatite structure may exist in a variety of
compositions. CDHA comprises in its composition the possibility of varying amounts
of calcium, where it is possible to present a completely deficient structure based on
this base element. The composition may be expressed as Cal0 — x (HPO4) (PO4)6
—x(OH)2 — x, where x ranges from 0 to 1, 0 for stoichiometric hydroxyapatite and
1 for hydroxyapatite totally deficient in calcium. Biological apatite is deficient in cal-
cium containing various ionic substitutions such as Na*, K*, Mg**, F~, and Cl [34].
Apatite cements may form PHA or CDHA through a precipitation reaction.
The synthesis of these cements allows the incorporation of different ions in their
composition, depending on the initial compounds. The formation of hydroxyapa-
tite that occurs in the cement is compared to the process of formation of new bone

122



Calcium Phosphate Cements in Tissue Engineering
DOI: http://dx.doi.org/10.5772/intechopen.89131

and is also seen as a biomimetic process, because it occurs at body temperature
and physiological environment. This may explain the fact that the hydroxyapatite
formed in the reactions of calcium phosphate cements is much more similar to bio-
logical apatites than the ceramic hydroxyapatite resulting from high-temperature
sintering processes [34].

The CPCs lead to the formation of PHA or CDHA and can be divided into three
systems (single compound, two compounds, more than two compounds), taking
into account the number and type of calcium phosphates used in the synthesis [97].

Monocomponent CPCs are those having a single calcium phosphate reagent that
hydrolyzes to form PHA or CDHA. Taking into account that at pH 4.2 the hydroxy-
apatite is less soluble, any other calcium phosphate present will dissolve, and the
PHA will tend to precipitate. However, when the formation of PHA occurs, from
the hydrolysis of calcium phosphate, the reaction mechanism becomes very slow,
due to a decrease in the level of supersaturation, as the reaction proceeds [13]. In
this in which only one compound is present, no release of any acid or no base occurs
due to the Ca and P ratio being maintained [34, 35].

The second type of cement that may exist is composed of two calcium phos-
phates, one acid and the other basic, where they adjust after an acid-base reaction.
The most commonly used compound is usually tetracalcium phosphate (TTCP),
as it is the only calcium phosphate with a Ca/P ratio higher than PHA. Therefore,
TTCP can be combined with one or more calcium phosphates with lower Ca/P
ratios to obtain PHA or CDHA, avoiding the formation of acids or bases as final
products. The combinations that have been more studied seek to produce cements
that adjust to the body temperature in a range of pH around the neutral [34].

The third possible system consists of more than two compounds, including
calcium phosphates and other salts. For example, a cement proposed by Norian
Corporation [5] is used where calcium phosphates with a Ca/P ratio lower than
PHA and CaCO3 are added as an additional source of calcium. The initial configu-
ration process involves the formation of DCPD, later forming dahllite, a carbonated
hydroxyapatite similar to the bone mineral [5].

Apatitic CPCs appear as a viscous, easily moldable material; however, their
injection is difficult. Figure 3 shows the microstructure of an apatitic cement after
setting. The setting time can also be reduced by means of additives such as with the
introduction of PHA particles. These changes in the composition may lead to an

Figure 3.
Microstructure of an apatitic calcium phosphate cement after setting, showing the micro—/nanosize pove
structure formed by the entanglement of the precipitated crystals [71].
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adjustment time in the range of about 15 minutes. When hardening of the cement
paste occurs too fast, the hardened cement must be milled to render it viscous again.
Subsequently, the paste hardens due to the precipitation of PHA.

After implantation, the mechanical properties can be altered. Investigations indi-
cate that the mechanical properties of apatite CPC tend to increase, unlike brushite
cement, which initially decrease and increase when the bone develops [98, 99].

2.2 Brushite cements

Brushite (DCPD) is an acidic calcium phosphate that has been found in some
physiological sites, for example, in bones [100]. Unlike hydroxyapatite, brushite
is metastable under physiological conditions [101] and for this reason reabsorbed
much faster than CPC apatite; however, there are studies that conclude that DCPD
in vivo tends to convert to PHA [26]. Some CPCs were designed to provide brushite
as the final product.

Several combinations of compounds have been proposed for the formation of
brushite cements; most are f-tricalcium phosphate (B-TCP) and an acid compo-
nent, namely, monocalcium phosphate monohydrate (MCPM) or phosphoric acid
[102-104].

The reaction leading to the formation of brushite CPCs is an acid-base reaction.
The brushite paste is acidic during sedimentation because brushite can only precipi-
tate at a pH value below ~6 [105]. The pH of the cement paste tends to change slowly
toward equilibrium pH [106]. If the slurry contains an excess of basic phase, the
pH tends to equilibrate by crossing the solubility of the base phase with that of the
DCPD. The time of stabilization of brushite CPC depends greatly on the solubility
of the basic phase: the higher the solubility of the basic phase, the faster the defined
time. For example, hydroxyapatite (HA) + MCPM blends have an adjustment time of
several minutes. The §-TCP + MCPM mixtures have an adjustment time of 30-60 sec-
onds [107, 108]. However, compounds that inhibit the development of DCPD crystals
can be added, increasing the settling time of the §-TCP + MCPM mixtures [109]. The
brushite CPC can initially be very liquid and still be defined within a short period of
time, unlike the apatite CPC. The brushite CPC is slightly weaker (tensile strength
of 10 MPa [110] and compressive strength of 60 MPa) than the apatite CPC (tensile
strength of 16 MPa [111] and compressive strength of 83 MPa [112]). The mechanical
properties of apatite CPC increase [98], whereas those of brushite CPC decrease [99]
This latter phenomenon is attributed to the greater solubility of DCPD in relation to
that of PHA [113]. After a few weeks of implantation, the mechanical properties of
brushite CPC are promoted by bone growth [99]. Although brushite CPC exhibits
biocompatible properties, inflammatory reactions have been reported with the
excessive addition of brushite CPC [114]. Investigations indicate that these reactions
are due to the transformation of DCPD into PHA [115]. This reaction releases large
amounts of acid. The transformation of DCPD into PHA can be avoided with the
addition of magnesium ions to the cement [116]. Unlike apatite CPC, brushite CPC
cannot be reabsorbed exclusively by osteoclastic activity but also by simple dissolu-
tion. Therefore, brushite CPCs degrade at a faster rate than the apatite CPC.

Although brushite demonstrates a higher solubility rate than the other calcium
phosphate phases, it is a precursor of the most stable HA phase [117-120]. For this
reason, DCPD coatings as an initial step to obtaining HA have been widely used. The
synthesis of HA through precipitation mechanisms results in compacted crystals but
with sizes difficult to control. Using DCPD as a precursor becomes favorable since it
is possible to modify the crystal size of the DCPD through homogeneous precipita-
tion and can be converted directly into HA [119]. In environments with a pH > 6-7,
brushite becomes unstable and becomes the most favorable HA phase [121, 122].
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Figure 4.

Clgssiﬁ'mtion of calcium phosphate cements, with examples of the most common formulations. From top to
bottom, the cements ave classified by the type of end product (apatite or brushite), a number of components
in the solid phase (single or multiple), type of setting reaction (hydrolysis or acid—base reaction), setting
mechanism, and microstructure evolution during setting (adapted from [35]).

The fact that DCPD is able to be more soluble leads to its use in metal implants as
a means of increasing the amount of calcium and phosphate ions available in the
surrounding tissue of the implant to promote increased osseointegration [118].

The biocompatibility of DCPD as a coating has been demonstrated in several cell
lines as, for example, in pre-osteoblastic macrophages [123, 124] and fibroblastic
cells [125]. The biocompatibility of DCPD has also been demonstrated when used
at a cranial defect site in sheep [126], and the formation of new bone was observed
in the absence of inflammation [81]. A clinical study in humans in 2010 effectively
used a brushite cement for the repair and increase of pterionic craniotomies, with
no inflammation occurring [127].

Figure 4 summarizes how the CPCs are classified by type and number of initial
reagents as well as their final product.

3. Calcium phosphate cement applications
3.1 Drug delivery

The main requirements for a substrate to have potential as a drug carrier are to
have the ability to incorporate it, to retain it at a specific site, and to distribute it
progressively over time in surrounding tissues. In addition, it is beneficial that the
material is injectable and biodegradable [77].

Calcium phosphate cements, in addition to allowing hardening at room or body
temperature, allow the insertion of various components due to their intrinsic poros-
ity. It is possible to incorporate drugs, biologically active molecules, or even cells
without their functions being altered by the effect of temperature or even losing
their activity during the procedure (Figure 5). This change in the CPCs offers new
properties in addition to the osteoconductive characteristic, namely, to increase
its capacity for bone regeneration or to support in disorders or pathologies, such as
bone tumors or osteoporosis [35].

It is necessary to take into account that the performance of the drug delivery
depends on the structural characteristics such as the specific surface area, perme-
ability, matrix degradation rate, drug solubility, or the interaction itself between the
matrix and the inserted drug.
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Scheme about the possible applications of calcium phosphates in the biomolecules and drug delivery (adapted
from [128]).

The interaction between the drug and the cement matrix is defined by the drug
insertion procedure. Usually, the drugs are added as a powder to the solid phase or
dissolved in the liquid part. The method that allows better homogenization of the
drug in the matrix is in the liquid phase [35].

Another method for inserting the drug into the matrix is by impregnating solid
beads or granules from the cement with a drug solution. This method continues to
present benefits compared to other conventional methods even with its impaired
injection process. The advantages associated with this method are due to the fact
that the consolidation of the material (dissolution-precipitation reaction) leads to
the production of hydrated matrices with large specific surface areas that allow the
loading of drugs and their release mechanism to be favorable [35].

The two drug encapsulation processes differ greatly in the structural properties
of the matrix. In one method the drug is incorporated in the initial phase together
with the cement reactants while the matrix is still evolving. Thus, the hardening can
last for hours or even days until the suspension of particles evolves into a network
of interlaced crystals. In the other case, if the drug is added to the preconceived
cement, the matrix structure will always be stable throughout the release process,
in addition to possible degradation, and therefore the results cannot be extrapolated
to the previous situation. This highlights the need for the studies to be carried out,
taking into account the actual conditions of application. The alternative method is
to incorporate the drug into polymeric microspheres prior to mixing in the cement.
This procedure has two advantages over the other methods presented. It is possible
to modify the release kinetics of the drug, and the degradation of the microspheres
generates an array capable of being more easily reabsorbed and remodeled [35].

The incorporation of drugs can influence the entire mechanism of action of the
cement and compromise its purpose, changing the fit kinetics, rheological charac-
teristics, and microstructural development. For example, molecules that interact
with calcium or phosphate ions promote a coprecipitation during the fit or form
complexes with Ca**, promoting a delay in precipitation and modifying viscosity,
set time, and cement properties [72, 129, 130].
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In addition to the influence that the drug has on the cement matrix, it is also
necessary to take into account the influence of the cement on the stability of the
drug or bioactive molecule. Due to the dissolution-precipitation process, there is a
change in the surrounding pH as well as the change in ionic concentrations, which
may influence the functionality of the drug and its release.

Thus, it is beneficial to study the release of drugs introduced from already
synthesized cements.

Recently, studies have been developed related to the incorporation of antibiotics,
as a preventive method of infections resulting from surgeries or as treatment of bone
infections. In addition to antibiotics, studies with anti-inflammatories, antitumor
drugs, or hormones have also been disclosed. In another aspect, the incorporation
of factors that stimulate bone regeneration, such as bone morphogenetic proteins
(BMP) or transforming growth factors-f (TGF-f), has been studied [77, 131].

3.2 Growth factor addition

Growth factors are a large group of proteins that interact at the cellular level
[35]. The major families of these proteins are the transforming growth factor-beta
superfamily responsible for promoting bone regeneration. The BMPs are part of the
TGF-p superfamily and have been widely used in bone regeneration. It is known to
play a role as an activating agent in the various biological phenomena responsible
for bone formation and therefore can accelerate bone growth. These BMPs stand
out from the other growth factors of the large TGF-BSF group because they are
osteoinductive. That is, the BMPs act at the level of cell differentiation transforming
the pluripotential cells into bone-forming cells, aiding in bone formation outside
the bone tissue [77].

These proteins have been produced at an industrial level with a high level of
purity; however, it is necessary that their administration is controlled and with
adequate therapeutic levels as well as adapted to the tissue targets. In fact, itis
known that the injection of such substances alone cannot induce the formation
and regeneration of tissues since the protein diffuses very rapidly from the site of
implantation. Thus, the CPCs present themselves as good substrates and carriers for
these bioactive molecules, also improving their function as osteoconduction [77].

Studies have shown that the superfamily of growth factors stimulates osteoblast
proliferation and collagen synthesis in vitro [132] and may increase the size of the
cortical bone when applied near the periosteum in vivo [133].

This improvement in bone growth, when applied to cement with these mol-
ecules, is due to the adsorption of large doses of rhTGF-p; on the surface of the
material [134, 135].

Despite this accumulation of the growth factor to the surface, there is a homog-
enous distribution throughout the cement mass, increasing the time of the release
of the growth factors while the degradation of the matrix occurs.

Blom et al. showed that the addition of a human recombinant TGF-f;
(rhTGF-p,) to a CPC in the adjustment phase stimulated the differentiation of pre-
osteoblastic cells using primary mouse bone cells in vitro [136].

In contrast to the kinetics of drug release, the release of these factors becomes
much slower [137].

It has been determined that in the first days, the release rate of the components is
higher because the initial release is only of the material present in the surface layer
that is in contact with the medium. This increase in the thTGF-p; release was con-
firmed when the area in contact with the medium occurred by fragmentation. The
same phenomenon was observed when BMP-2 human recombinant microspheres
were introduced into the CPC. The release of the factor was quite limited due to
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the possible physical entrapment of the microparticles inside the porous cement.
According to the authors, the nanoporosity of CPC not only did not facilitate the
release of the protein but could also limit it because of the high binding affinity of
the protein by CPC [138].

Haddad et al. [139] investigated the action of implantation of cement loaded
with BMP-2 in the bone repair of a critical-sized calvarial vault defect in rabbits.
Compared with control, an increase in bone formation was observed at 45% after
12 weeks of implantation.

Other investigations by Seeherman et al. [140, 141] also demonstrated the
efficiency of these combined systems (BMP-2/cement). For example, these com-
posites accelerated the filling of a bone defect by 40% after approximately 4 months
of implantation, compared to cement without the protein. This study was done in a
primate fibula osteotomy [140].

The composite used in the abovementioned study was also used in rabbit bone
defects. After 4 weeks of implantation, an acceleration of reabsorption was observed
as well as filling of the defect compared to the base cement. This acceleration led to
the complete filling of the defect with new bone 8 weeks after the implant.

3.3 Ion addition

To avoid infections resulting from orthopedic surgery, which usually lead to
bone loss or subsequent removal of the implant, alternatives such as antibiotic
delivery have been used on the site [142-144]. This transport is usually done using
poly(methyl methacrylate) (PMMA) or by encapsulating the drug in the CPC
matrix. PMMA beads have the drawback that they are not resorbable and require
further surgery to remove them and place new antibiotic-loaded spheres if the goal
is to prolong the treatment [145-148]. Faced with this drawback, CPCs have been
widely studied as degradable materials capable of carrying antibiotics [77, 145,
148-155]. However, there is a risk of creating bacterial resistance due to low doses of
release [156-158]. Thus, the use of surface functionalization of biomaterials as well
as the coating of implant surfaces with silver ions has been recurring, conferring
antibacterial properties [159-163].

The antimicrobial properties of Ag* ions have been investigated and studied in
the field of biomedical engineering [164]. It has been found that bacteria hardly
gain resistance to silver-based products and low concentrations are required to have
a bactericidal effect [165].

Therefore, both metallic silver and ionic silver were incorporated in several bio-
materials, HA [166-169], and bioactive glasses [164, 170-172]. In both structures,
silver has relatively low toxicity to human cells [173-176].

Ewald et al. evaluated the antimicrobial properties of silver-loaded bone cements
as well as their osteoconductive and resorbable properties. The reagents used were
both a- and B-tricalcium phosphates combined with slightly acidic compounds to
form HA or brushite cement. This study revealed that it is possible to synthesize
cements with antimicrobial activity with effects comparable to antibiotic treat-
ments. Figure 6 shows the inhibition of both S. aureus and S. epidermidis cultured
on the surfaces of the silver-doped cements. Ag-brushite exhibits more antibacterial
properties than Ag-HA. In addition, in the case of brushite cements, silver ions
allow the cements to increase in compressive strength by approximately 30% [177].

Several studies have been carried out using silver-doped calcium phosphate
cements, and the results have been satisfactory, demonstrating inhibitory effect
against certain bacteria [178].

In addition to silver, other ions have been incorporated into materials composed
of calcium phosphate. Doping with Co** showed proangiogenic effects [179, 180].
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Figure 6.
Bacterial activity of S. aureus and S. epidermidis on cement surfaces (n = 4) determined by the WST-1-test in
LB medium [177].

Modification with Cu** increased the rate of vascularization [181]. The influence
of the introduction of Co**, Cu**, and Cr’* on calcium phosphate cement was
investigated, evaluating the material properties, proliferation, and osteogenic
differentiation of human mesenchymal stem cells in vitro [182]. The Cr’* and Cu*
ions, in this case with less evidence, had positive effects on osteogenic proliferation
and differentiation.

Despite all the positive results of this incorporation, the examinations that
evaluate the osteogenic capacity in vitro are not enough to estimate the clinical
performance of these materials in the bone graft. Since the balance between bone
neoformation and material resorption is crucial for successful remodeling, in vitro
analysis of osteoclast-mediated degradation of materials is a logical next step in
evaluating material remodeling in vivo [183].

However, it is necessary to take into account the dose that is used in the doping
process, as investigators have concluded that doses in certain amounts of Cu”* and
Co** can cause cytotoxic reactions to osteoclasts and progenitors of osteoclasts
during the initial release of Cu** and Co™*, respectively. Cements at lower doses are
beneficial to bone regeneration since Cu** at 18 pM completely inhibits reabsorption
(but not the formation of osteoclasts), which may be beneficial for patients with
osteoporosis and imbalance between bone formation and resorption. The addition
of Cr’* to brushite cements increases osteoclastic reabsorption and increases the
viability of osteoprogenitor cells compared to cement without the addition of ions
[182]. Therefore, Cr’*-doped brushite cements are suggested as a promising new
material for application in bone regeneration.

3.4 3D printing of CPCs

The 3D printing technique, or additive manufacture (AM), is based on the addi-
tion of layers of powder material producing solid materials with adjustable porosity,
through a digital geometric model. This method has been the subject of much research
in the medical field such as in the synthesis of the customized scaffold [184]. In
addition to the economical and fast production that 3D printing allows, it also allows
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Figure7.
Scheme of the 3D printing system of the calcium phosphate bone cement scaffolds and its advantages due to the
possibility of improving the settings.

the manufacture of pieces with high geometric complexity. All these advantages have
made 3D printing very useful in the field of biomedical and tissue engineering due to
the ability to replicate the complicated architecture as well as the cellular heterogene-
ity present in tissues and organs. The bone presents itself as an exquisite structure due
to the existence of a complex compound of minerals and an organic matrix. Taking
into account this organization, there are several size scales, and it is possible to easily
reproduce this structure through 3D printing. In addition, 3D printing is suitable for
producing structures derived from medical images, such as CT scans [185, 186].

Recently, the manufacture of the customized scaffolds of the calcium phosphate
cements by 3D printing has been described. During printing, highly viscous or
pasty materials are dispensed through an adjustable dosing nozzle, resulting in the
deposition of CPC layers on a platform with a liquid or air as a plotting medium.
After the stabilization of the scaffolds, the water adjustment reaction begins. These
stabilization and hardening conditions allow the integration of biological molecules
at specific sites [187].

In this way, it is possible to create scaffolds, based on calcium phosphates, more
complex with specificities that can promote higher bioactivity or introduce drugs or
other therapeutic components, taking into account the patients’ needs (Figure 7).

In addition, this technique allows the combination of components (i.e., CPC and
alginate) to produce structures more resistant to compression and with improved
toughness compared to pure CPC supports [188].

4. Conclusions and future perspective

Due to its bioactivity, biocompatibility, osteoconductivity, and osteoinductivity,
calcium phosphate cements present an advantageous option in the field of bone
tissue engineering, taking into account all the needs that this application demands.
In addition, it may be used as scaffolds and transport medium for various biological
molecules such as stem cells, drugs, or growth factors. It is also worth mention-
ing the possibility of producing structures of these cements through 3D printing
technology, where it is possible to manufacture intrinsically complex biomimetic
structures due to the degree of precision of this technique.

The possibility of building calcium phosphate cements, involving the incorpora-
tion of several types of cells, growth factors, molecules, or bioactive glasses, allows
favorable results in the vascularization of bone tissues and, consequently, in bone
regeneration. This feature, particularly appreciated in large bone regenerations, will
allow a considerable increase in the use of these structures in clinical applications.
However, more research is needed to consolidate and understand all the informa-
tion associated with the fundamental mechanisms that promote the development of
tissue engineering and regenerative medicine.
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The success associated with biomaterials has been underestimated maybe
because they have been used clinically for more than 40 years. However, there is
still a huge diversity of calcium phosphate-based materials that have not been fully
investigated.

Acronyms

AM manufacture additive

BMP bone morphogenetic proteins
CDHA calcium-deficient hydroxyapatite
CPCs calcium phosphate cements
DCPA dicalcium phosphate anhydrous
DCPD dicalcium phosphate dihydrate
HA hydroxyapatite

L/P ratio liquid-powder ratio

MCPM monocalcium phosphate monohydrate
PHA precipitated hydroxyapatite
PMMA poly(methyl methacrylate)

TCP tricalcium phosphate

TGF-p transforming growth factors-beta
TTCP tetracalcium phosphate

rhTGF-f; human recombinant TGF-f;
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Chapter 8

Amorphous Calcium Phosphate
as Bioactive Filler in Polymeric
Dental Composites

Diane R. Bienek, Anthony A. Giuseppetti and Drago Skrtic

Abstract

As biocompatible and osteo-inductive precursor to biological apatite forma-
tion, amorphous calcium phosphate (ACP) resorbs at the rate that closely coin-
cides with the rate of new bone formation and is more osteo-conductive than its
crystalline counterpart. In addition, in the oral environment, ACP intrinsically
provides a protracted supply of the remineralizing calcium and phosphate ions
needed for regeneration of mineral lost to tooth decay. These features make ACP
composites a strong remineralizing tool at the site of caries attack. Our group
has been on the forefront of the research on bioactive, remineralizing, polymeric
ACP-based dental materials for over two decades. This entry describes methods
for filler, polymer, and composite fabrication and a battery of physicochemical
and biological tests involved in evaluation of ACP-based restoratives. Also pre-
sented is our most recent design of ACP remineralizing composites with added
antimicrobial capability that shows promise for extended dental and, potentially,
wider biomedical applications.

Keywords: amorphous calcium phosphate, bioactivity, dental composite,
dental resin, remineralization

1. Introduction

Due to their abundance in nature as phosphate minerals and their existence in
living organisms, calcium phosphates (CaPs) are of special significance to humans.
CaPs are involved in normal (bones, teeth, antlers) as well as pathological (calcifi-
cation/mineral deposition in soft tissues) mineralization. Both normal and patho-
logical calcifications represent in vivo crystallization. In contrast, dental caries and
osteoporosis are manifestations of in vivo dissolution where less soluble CaPs are
being replaced by the more soluble ones. The extensive overviews of the current
knowledge on CaP structures, properties, and biomedical and dental importance
are provided in Refs. [1-4].

Amorphous calcium phosphates (ACPs) are unique members of CaP family with
glass-like physical properties and variable chemistry [5]. Evidence of ACPs being
an integral mineral component of bones and teeth is, however, ambiguous [6, 7].
Consequently, ACPs are considered the transient precursors in biomineralization
[8-11] with the majority of information on their possible roles in biomineralization
originating from the synthetic and/or in vitro studies [12].
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The use of CaPs in dentistry is roughly a century old with the first scientific
article published in 1925 [3]. Majority of the literature on dental use of CaPs focuses
on crystalline CaPs. Today, two ACP-based remineralization systems have been
commercialized as a toothpaste: a casein phosphopeptide-stabilized ACP and an
unstabilized ACP. Other ACP applications include various biocompatible formula-
tions where ACP acts as anticariogenic, remineralizing agent (polymeric compos-
ites, chewing gums, sugar confections, bleaching gels, and/or mouth rinses).

In this chapter, we present an overview of our group’s up-to-date work on ACP-
based dental composites with the emphasis on fabrication and characterization of
ACP filler, fine-tuning of polymer phase, and physicochemical, mechanical, and
biological evaluation of the ensuing polymeric ACP composites. Attention is also
given to our most recent efforts to develop bioactive composites with both reminer-
alizing and antimicrobial (AM) capabilities.

2. ACP-based polymeric dental composites

The approaches to synthesize ACP include precipitation from supersaturated
calcium and phosphate solutions (wet synthesis), spray drying of acidified aqueous
solutions of soluble CaPs, precipitation from nonaqueous solutions and solvents
(sol-gel technique), and dry chemical techniques (mechanochemical methods,
high-energy processing at elevated temperatures). Morphology, chemical composi-
tion, atomic structure, thermal properties, mechanical properties, and kinetics
of ACP’s transformation into crystalline CaPs depend on the preparation method
[5]. ACPs fabricated by wet chemical method typically have a relatively constant
chemical composition, suggesting the existence of well-defined structural units/
clusters [12, 13]. ACPs are thermodynamically unstable in solutions and convert
spontaneously into crystalline CaPs, predominantly apatite. As result of ACP to
apatite transformation, both crystallinity and Ca/P ratios of the solid increase with
time. The release of remineralizing ions that accompany ACP’s transformation in
solutions, coupled with their excellent biocompatibility and bioresorbability, makes
ACP-based dental materials a powerful remineralizing tool. However, the unique
benefit of ACP-based materials, i.e., their sustained remineralization capability, is
compromised by the inherently low strength and toughness of ACP composites due
to the uncontrolled agglomeration of ACP particles and enhanced water sorption
(WS) on exposure to aqueous environment [14]. To overcome these deficiencies,
we explored multiple approaches to reduce the heterogeneity of filler particle size
distribution (PSD) and better control the stability of the ACP/resin interface. These
attempts are described in Sections 2.1-2.3.

2.1 ACPfiller: synthesis, characterization, and surface modification

ACPs utilized in our studies were synthesized according to the protocol
originally proposed [15]. It was modified to include ab initio addition of cations
or nonionic surfactants to Ca reactant and anionic surfactant or polymer to PO,
reactant. In brief, ACP precipitated instantly upon mixing equal volumes of the
reactant solutions {Ca reactant, 80 mmol/L Ca(NQs),; PO, reactant, 54 mmol/L
Na,HPO, + 2 mol% NayP,0; (to inhibit the precipitation of apatite simultaneously
with ACP)} at 23°C and pH > 8.5. After filtering, solid was subsequently washed
with ice-cold ammoniated water, then with acetone, freeze-dried, and lyophilized.
Dry, as-synthesized ACP (as-ACP) was kept in dessicator under vacuum before
being subjected to additional treatments: silanization [16], grinding [17], or
mechanical milling [14]. Before being utilized for composite fabrication, ACPs were
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characterized (validated) by multiple screenings. The amorphousness of the solids
was confirmed by X-ray diffraction (XRD) analysis and Fourier-transform infrared
(FTIR) spectroscopy. PSD of ACP dispersed in isopropanol was determined by
laser light scattering, and their morphology/topology of gold-sputtered specimens
was assessed by scanning electron microscopy (SEM). ACP’s water content was
measured by thermogravimetric analysis (TGA), and Ca/PO, ratio was calculated
from atomic emission spectroscopy data obtained upon dissolving ACP powder in
HCI. Typical XRD pattern, FTIR spectrum, and SEM image of ACP are presented in
Figure 1. More detailed description of ACP preparatory protocols and filler’s char-
acterization/validation is provided [18]. The same reference is also a good source of
information on methods and techniques utilized in preparation and evaluation of
copolymers and composites and their physicochemical, mechanical, and biological
assessments discussed in Sections 2.2 and 2.3.

Introducing additives during ACP synthesis and/or applying secondary treat-
ments (Table 1) was expected to yield less clustered dry powders (more homo-
geneous and narrower PSD) and lead to better dispersion of ACP in the resin.
Experimental details on surface modification protocols are provided in [16, 19].
More intimate ACP/resin contact is expected to enhance hydrolytic stability of
ACP through lowering the WS, thus improving the mechanical performance of
composites.

The coprecipitation of Ag and Fe phosphates and premature ACP to apa-
tite conversion in the presence of Fe** and Fe’* disqualified these cations from
further evaluation. Results of PSD analysis and TGA results obtained with
surface-modified ACPs and strength testing of model 2,2-bis[p-(2’-hydroxy-3'-
methacryloxypropoxy) phenyl] propane (Bis-GMA)-based composites employing
these fillers are summarized in Figure 2.

Regardless of the type of treatment, practically all ACPs preserved their hetero-
geneous PSDs. However, values of the median diameter (dy,), i.e., the midpoint of
the volume size distribution, of Zn-ACP and Al-ACP were significantly lower than
the d,»s of all other ACPs subjected to surface modification and marginally lower
than the d,,s of ground- (g-ACP) or milled- (m-ACP) solids. By comparing the PSD
histograms and the corresponding SEM images (not shown here), it is concluded
that the degree of particle agglomeration in Zn-ACP and Al-ACP has been modestly
reduced—the quantification of the effect was not attempted. A similar conclusion
was made after examining the PSDs and SEMs of g- and m-ACP vs. the control.

Figure 1.
Representative XRD pattern (lower left corner) and FTIR spectrum (upper right corner) of ACP powder
(center) with the corvesponding SEM image (background).

147



Contemporary Topics about Phosphorus in Biology and Materials

Additives Expected interactions/effect(s)

Cations

Ag’, Fe**, Zn?, AP, Fe*, Si**, ACP/cation interactions controlled by the cation’s ionic potential
7

Surfactants’

Anionic-Zonyl FSP As dispersants, surfactants prevent agglomeration of ACP particles

e and their coalescence with water
Nonionic-Triton100, Tween 80,

Zonyl FSN

Polymer‘

PEO (M,, 8 K, 100 K, 1000 K) Polymer stabilizes ACP particles via multiple chelation

Treatments

.
Silanization

(APTMS, MPTMS) Silane agents stimulate formation of durable bonds at ACP/resin
interface

Grinding Particle size reduced by friction

Ball milling Particle size reduced and PSD homogenized via high-energy impact

and collision

Acmnyms are defined in the appended list of abbreviations.

Table 1.
Surface modification of ACP: ab initio additives and secondary treatments.

The significant increase in d, of polymer-ACPs, on the other hand, could be attrib-
uted to the effect similar to “polymer bridging” seen in apatite/high-molecular-
weight (Mw) polyacrylate system [18]. In theory, poly(ethylene oxide) (PEO)/ACP
interactions are controlled by the conformational changes in the adsorbed polymer,
collision rate between the particles, and/or aggregate breakup due to fluid shear
[20]. However, the exact controlling mechanism is yet to be determined.

The total content of surface-bound and/or structural water in all ACPs was
unaffected by the treatment (on average (16.0 + 1.2) mass%) and compared well
with the control ((15.8 + 3.9) mass%). Ideally, the lower intrinsic water content
associated with less agglomerated ACP filler is desired to ensure favorable WS
and ion release. WS of dental composites is generally controlled by structure/
composition of the resin matrix. In case of ACP composites, the hydrophilic filler
increases the amount of water absorbed. In ACP/Bis-GMA composites [21], filler/
resin interface is inundated by the numerous voids that may enhance water dif-
fusion and hydration of the filler. These processes are better controlled in m-ACP
composites [14].

A simple BFS [22] screening of Bis-GMA-based ACP composites (Figure 2)
revealed the following order of mechanical stability upon extended (up to
3 months) exposure to aqueous environment: (m-ACP > g-ACP > Zn-ACP =
Zr-ACP = silanized ACP) > control (unmodified) ACP > (Si-ACP > surfactant-
ACPs) > (Al-ACP = PEO-ACP). The observed decrease in BFS of ACP composites
can, generally, be attributed to either reduction in ACP’s intactness caused by spa-
tial changes that occur in parallel to ion release, the internal ACP to apatite conver-
sion, or increased WS. The experimental finding that, after aqueous immersion, the
BEFS of Al-ACP and PEO-ACP composites deteriorated independently of their PSDs
(dm of PEO-ACP was more than six times larger than that of AI-ACP, while their
BFS was practically identical) suggests that fillers PSD has only a minor, if any, role
in composite’ ability to resist plasticization/degradation upon water exposure.
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Figure 2.

Ef]g”ect of additives/treatments on PSD and water content of ACP solids and the biaxial flexure strength (BFS)
following the aqueous immersion of composite specimens formulated with these fillers and bis-GMA vesin.
Indicated are mean values of minimum three independent runs and standard deviations (SD, represented by
bars). Control ACP: as-ACP made without additives or a secondary treatment.

Our findings contradict an earlier report [23] that PEO strengthened the interface
with ACP interface. Better understanding of the observed behavior may require
further in-depth mechanical testing and water sorption/desorption evaluations.

It appears prudent to consider approaches apart from the undertaken filler
treatments, such as choice of monomers utilized in resin formulations, to design
composites with optimized performance.

2.2 Resin matrix: fine-tuning a means of improving copolymer properties

The experimental resins were formulated from the commercially available base,
diluent, and adhesive monomers activated for light-, chemical-, and/or dual (light
and chemical)-cure (LC, CC, and DC, respectively). Monomers utilized in resin
formulations and the ranges of their concentrations are listed in Table 2 (indicated
acronyms will be used throughout this chapter). All commercial monomers were
utilized as received, without any additional purification.

In LC formulations, all components were blended together and stirred at room
temperature until reaching a uniform consistency. In CC formulations, monomers
were first combined, their mixture homogenized and then divided into two equal
parts by mass. The components of the CC initiating system are added separately to
each monomer mixture and stirred magnetically until blended fully. In DC systems,
LC and CC step were combined. LC and DC preparations required the use of yellow
light to prevent the premature photopolymerization.

Copolymer specimens were prepared by packing resins into Teflon molds,
covering each side of the mold with Mylar film and a glass slide, clamping assembly
together, and, for LC and DC specimens, curing each side of the assembly with vis-
ible light for 2 minutes. Physicochemical tests routinely performed with copolymers
involved assessment of degree of vinyl conversion (DVC; near-IR spectroscopy),
WS (gravimetric measurements), and BFS.

Methacrylate-based dental resins typically entail high-viscosity base monomer
(due to its larger molecular volume decreases polymerization shrinkage (PS)
and enhances modulus of cured copolymer) and low-viscosity diluent monomer
(due to its smaller molecular volume and greater flexibility enhances DVC and
handling properties). Majority of contemporary dental resins is Bis-GMA-/
TEGDMA-based. Known drawbacks of Bis-GMA-based systems are relatively low
DVCs, high PS, and susceptibility to hydrolytic and enzymatic degradation upon
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Component Chemical name Acronym Content
(mass %)
Base monomers 2,2-Bis[p-(2'-hydroxy-3'-methacryloxypropoxy) Bis-GMA >68.4
phenyl] propane
Ethoxylated bisphenol A dimethacrylate EBPADMA <684
Urethane dimethacrylate UDMA <924
Diluent Ethyl-a-hydroxymethyl acrylate EHMA <292
fonomers 2-hydroxyethyl methacrylate HEMA <304
Poly(ethylene glycol)-extended UDMA PEG-U <291
Triethylene glycol dimethacrylate TEGDMA <50.2
Adhesive Methacryloyloxyethyl phthalate MEP <5.0
monomers
Initiators Light cure
Camphorquinone cQ 0.2
Ethyl-4 N,N-dimethylamino benzoate 4EDMAB 0.8
Chemical cure
Benzoyl peroxide BPO 2
2,2-Dihydroxyethyl-p-toluidine DHEPT 1
Table 2.

Methacrylate monomers and the components of polymerization-initiating systems utilized to fabricate the
experimental vesins.

exposure to oral fluids. In our resin fine-tuning studies, we have been explor-
ing the utility of EBPADMA and UDMA as the alternative base monomers and
EHMA, HEMA, and PEG-U as the alternative diluent monomers. These studies
are expected to yield valuable information on the interplay between the resin’s
hydrophilicity/hydrophobicity, DVC, and mechanical stability and their effects
on thermodynamic stability and mechanical performance of ACP composites
fabricated with these resins.

Results of DVC and BFS screenings of Bis-GMA-, EBPADMA-, and UDMA-
based resins are compiled in Figure 3. The DVC values attained in our experimental
formulations (ranging from 81.4 to 88.2%) with varying diluent and/or adhesive
monomers (Table 2) significantly exceeded the typical DVC values reported for
Bis-GMA/TEGDMA copolymers (60-70% [24]).

DVCs attained in Bis-GMA (81.4 + 2.5%), EBPADMA (84.8 + 5.5%), and
UDMA (88.2 + 2.2%) copolymers were significantly different (P < 0.05; Tukey
post hoc test) only for UDMA vs. Bis-GMA systems. The BFS values, appar-
ently increasing in going from Bis-GMA to EBPADMA to UDMA copolymers
(R? = 0.9685), were significantly different (P < 0.05) only between UDMA and
Bis-GMA copolymers. WS (data not shown) was not significantly affected by the
resin’s compositional changes. In all three groups, maximum WS (values ranged
from 2.3 to 3.0 mass%) was achieved within 2 weeks of aqueous immersion. Slight
differences between the measured WS values could be related primarily to the
inclusion of more hydrophilic (HEMA, TEGDMA) or less hydrophilic (EHMA,
PEG-U) monomers in the resin matrix. It is, however, highly significant that all
systems maintained the WS profiles that support a sustained ion release from the
composites (see Section 2.3).
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2.3 ACP composites: fabrication, physicochemical, mechanical, and biological
assessments

To fabricate composites, resin (60 mass%) and ACP filler (40 mass%) were
combined by hand spatulation. The homogenized paste was kept overnight under
vacuum to eliminate the entrapped air before being utilized for preparation of test-
ing specimens by employing the procedures identical to those for the preparation of
copolymer specimens. Besides DVC, BFS, WS, and PS testing, physicochemical and
biological evaluation of composites also entailed polymerization shrinkage stress
(PSS), shear bond strength (SBS) to dentin, ion release kinetics, leachability of
unreacted species, remineralization efficacy, and in vitro cytotoxicity tests.

DVCs (Figure 4) of Zr-ACP composites formulated with various resins sig-
nificantly (ANOVA, Tukey test; P < 0.05) increased in going from Bis-GMA to
EBPADMA to UDMA matrix. Higher DVC in UDMA systems could possibly be
explained by the higher reactivity of UDMA than Bis-GMA and/or EBPADMA [25].
Resin composition, however, had no effect on the BFS of composites being ~50%
lower than the BFS of their copolymer counterparts (compare BFS data in Figure 4
vs. Figure 3). The reduction in BFS in UDMA-based composites (1.7%) was sig-
nificantly lower (P < 0.05) than reduction in BFS in Bis-GMA- to EBPADMA-based
composites (10.0 and 4.4%, respectively). This finding suggests that random
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Figure 3.
DVC and BFS of LC binary, ternary, and quaternary bis-GMA-, EBPADMA-, and UDMA-based
copolymers. Indicated are mean values + SD (represented by bays) for n > 24 (DVC) and n > 12 (BFS).
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Figure 4.
DVC and BFS of LC Zr-ACP bis-GMA-, EBPADMA-, and UDMA-based composites. Indicated are mean
values + SD (represented by bars) for n > 24 (DVC) and n > 12 (BFS).
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distribution of Zr-ACP agglomerates [21], rather than the resin matrix composition,
controls the mechanical performance of composites.

Generally, WS {(3.3-3.8) mass%}, SBS {(15.3-17.5) MPa}, and PS {(6.5-

7.0) vol%} results revealed no distinguishable differences between the Bis-GMA-,
EBPADMA-, and UDMA-based composites. The observed increase in WS of
composites vs. their copolymer counterparts (27-43%) was due to ACP’ affinity

to the environmental water. It is significant that, in terms of SBS, ACP composites
performed as well as Sr-glass filled composites [17], thus providing the remineral-
izing component to the primary restorative function without impediment of short-
and midterm dentin bonding. High PS (undesirable) seen in all three experimental
groups go hand in hand with the high DVCs (desirable) attained in these systems.
These high PS values are likely due to the increased hydrogen bonding occurring

in all experimental matrices leading to the densification of polymerization [26]. It
is particularly important that, in UDMA-based composites, high PS can be offset
by a significant hygroscopic expansion (HE; up to 13.6 vol%; data not shown).

The compensating effect of HE on PS has been demonstrated in [27-29]. We were
unable to establish any correlation between the PS and PSS in our experimental
systems. Although contributions on this subject in dental literature are considerable
[30-33], there is a question whether processing factors such as configuration factor
(C-factor) besides the filler type and its load level, resin composition, and polymer-
ization mode control the composite performance [34].

Comparative kinetic study of ion release from Bis-GMA- and EBPADMA-
based composites showed a systematic increase in solution Ca and PO, concen-
trations with the increased filler level in the composite and with time of aqueous
immersion. Values of the ion activity product (IAP) used to calculate the relative
supersaturation of the solutions with respect to the stoichiometric hydroxyapa-
tite (details on these calculations are provided in [35]) are presented in Figure 5.
The ion release kinetics was practically identical in both types of composites. It
was shown that a minimum of 35 mass% of ACP filler in composite is needed to
create a sustained solution supersaturation inducive to apatite formation. The
overall ion release kinetics in these systems was most likely controlled by the
level of hydrophilic HEMA monomer in the resin phase. By more easily absorb-
ing the water needed for ion diffusion, HEMA regulated the internal mineral
saturation levels.
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Figure 5.

Mgan value + SD (indicated by bars) of the ion activity product (IAP) of the solutions containing Ca and PO,
ions released from bis-GMA- and EBPADMA-based composites with various ACP levels (30, 35, or 40 mass%)
at different times of immersion (1, 3, or 6 months) in saline solutions (23°C; continuous magnetic stirring).
Number of vepetitive experiments n = 3/group.
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In our studies, we conveniently use the DVC as a predictor of leachability (the
higher the DVC, the lower the likelihood of unreacted monomers to leach) from the
restorations. To quantify leaching from the UDMA/PEG-U/HEMA/MEP (UPHM)
copolymers and their ACP composites, we have employed 'H-NMR spectroscopy.
The accelerated leaching was mimicked by using acetone as extraction medium.
Results are presented in Figure 6. Leaching (expressed as a mass fraction of the
initial amount incorporated in the resin and normalized to the equivalent amount
of the resin for composite specimens) decreased in the following order: 4EDMA
B > > MEP > UDMA > PEG-U > HEMA > CQ (undetectable). Introducing ACP
filler into UPHM matrix did not have an impact on the leachability profile. In
highly cross-linked UPHM matrix, polymer chain mobility remained small in both
copolymers and composites, thus limiting the pathways for unreacted monomers
to leach out from the specimens. The disproportionate leachability of 4EDMAB, a
component of the LC initiator system, is most likely due to its excess relative to CQ
(CQ:4EDMAB mass ratio 1:4), which appears to be fully consumed during polym-
erization and is undetectable in the extracts. Since HEMA is known for its increased
toxicity and adverse side effects due to metabolizing to methacrylic acid [36], it
is of high significance that the level of leachable HEMA from UPHM copolymers
and composites is drastically (several orders of magnitude) lower than typically
seen in HEMA-containing resins and composites. In addition, levels of leachable
UDMA from UPHM matrices are more than twice lower than the amounts of
leached UDMA from the experimental UDMA/TEGDMA formulations [37]. In the
complex, high-DVC UPHM network, the mobility of the unreacted low-molecular-
weight HEMA is limited or reduced, and its elution to the environment is prevented.

In vitro cytotoxicity screening should be performed in conjunction with the
leachability tests to better predict the material’s impact at cellular level. To mimic
early ACP composite/cell interactions, we have performed the extraction experi-
ments and assessed cell morphology and cell viability according to the recom-
mended standards [38-40]. The osteoblast-like MC3T3-Elcells were seeded on
ethanol-sterilized material disks, incubated in the extracts for 24 h, then evaluated
in situ by optical microscopy, and assessed for cytotoxicity by tetrazolium-based
{3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; MTT) assay.
Detailed protocols are described in [41]. The results of the cytotoxicity evaluation
of UPHM composites are presented in Figure 7. Cell morphology (Figure 7, inlets)
changed from polygonal, spread (cells exposed to pure medium and extracts from
UPHM copolymer and compressed ACP filler) to spherical (cells incubated in
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Figure 6.

Leachables (mean value + SD (represented by bavs); n = 3/group) detected by *H-NMR spectroscopic method
in acetone extracts from LC UPHM copolymers and their ACP composites (in composite series; values are
normaliged with respect to the initial vesin amount).
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Figure 7.

Vi%bility of osteoblast-like cells upon exposure to the extracts from ACP UPHM composite, commercial
composite, medium + surfactant, and medium only. Shown are mean values = SD (indicated by bars) for three
repetitive runs in each group. Optical micrographs indicating typical changes in cell morphology upon exposure
to the extracts from composites (left side) and pure medium (right side).

extracts from the experimental ACP UPHM composite and commercial control).
Viability of contracted cells (i.e., those exposed to extracts from both composites)
was reduced approximately twofold compared to the polygonal cell incubated in
medium only. Similar morphological changes and slow cell proliferation observed
in bone-regenerating hydrogels [42] are reportedly linked to the alterations in cell
nucleus and mineralization of osteoprogenitors [43]. While fuller understanding
of the cellular effects is certainly needed, it is encouraging that reduction in cell
viability seen with our experimental composites was comparable with the commer-
cial control.

Remineralization efficacy studies were undertaken to demonstrate the abil-
ity of ACP composites to regenerate demineralized tooth structures. Details on
the microradiographic in vitro evaluations of the changes in mineral content of
the demineralized bovine and/or human enamel subjected to aggressive acid
attacks, representative prolonged exposure in oral milieu, are provided in [44,

45], respectively. These studies indicate that lost tooth mineral is indeed regener-
ated upon application of ACP composites (Figure 8). Mineral recovery with ACP
Bis-GMA-based composites significantly exceeded the remineralization effect of
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Figure 8.

Mineral recovery (or loss) following the pH regimens representing pH cycling in oval envivonment. Shown are
mean values + SD (indicated by bars) obtained from a minimum of eight micrographic images/experimental
group.
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the glass-filled control. On average, more than threefold increase of mineral content
attained with ACP EBPADMA-based composites compared to F-releasing control
was, however, statistically insignificant due to a large data scattering. It is particu-
larly important that the regenerative action took place throughout the lesions in
contrast to F-supported repair which is typically limited to a subsurface region.

2.4 Adding antimicrobial functionality to dental restoratives

To prolong service life, the next generation of polymeric dental restoratives
is envisioned to possess bioactive properties. Today, developments of dental
materials with embedded AM properties are relatively frequently reported.

One of the first quaternary ammonium (QA) methacrylates integrated into
Bis-GMA/TEGDMA matrix has been reported 20 years ago [46]. More

recently, two polymerizable ionic dimethacrylates (2-(methacryloyloxy)-N-(2-
(methacryloyloxy)ethyl)-N,N-dimethylethan-1-aminium bromide (IDMA1) and
N,N’-([1,1'-biphenyl]-2,2’-diylbis(methylene) ) bis(2- (methacryloyloxy)-N,N-
dimethylethan-1-aminium) bromide (IDMA?2)) were proposed for use in dental
applications [47, 48]. Purity of the synthesized materials was not reported, and
the structural characterizations appeared incomplete. The IDMAs have been
validated by nuclear magnetic resonance, mass spectroscopy, and FTIR spectros-
copies [49, 50]. These studies also included direct contact cytotoxicity testing at
biologically relevant concentrations. To date, AM assessments of the fully charac-
terized IDMAs are remaining.

For the advancement of Class V restoratives, our goal was to evaluate the AM
properties of purified/validated IDMA1 and IDMA2 integrated in dental copoly-
mers, using Streptococcus mutans (planktonic and biofilm).

IDMA copolymer disks (6 mm diameter) were fabricated by adding IDMA1 or
IDMA2 (10 wt %) to light-activated UDMA/PEG-U/EHMA (hereafter UPE) resin.
For both planktonic and biofilm testing, UPE disks were used as a negative control
group. After fabrication, all copolymer disks were subjected to aqueous extrac-
tion (72 h, 37°C). After drying, specimens were sterilized using an Anprolene gas
sterilization chamber (Andersen Products, Inc., Haw River, NC). Prior to bacterial
testing, specimens were degassed for >5 days.

A bioluminescent S. mutans strain JM10 [51] (derivative of wild-type UA159) was
used to assess the antibacterial properties, the IDMAs, employing a real-time bio-
luminescent assay developed by Florez et al. [52]. In UPE resin matrix, 10% IDMA1
reduced (P < 0.005) the colonization of S. mutans biofilms threefold (Figure 9). The
initial report describing the synthesis of IDMA1 and incorporation into Bis-GMA-
TEGDMA resin conducted S. mutans testing with phosphate-buffered saline (i.e.,
no extrinsic proteins) [48]. Therein, they report reduced bacterial colonization for
IDMAT1 concentrations of 10, 20, or 30%. In the presence [53, 54] or absence [55] of
ACP, others have demonstrated that IDMA1 fabricated with Bis-GMA/TEGDMA
results in a modest (1.4-1.7-fold decrease in metabolic activity of biofilm) AM
function in a protein-rich environment. To enhance AM activity, IDMA1 in
combination with silver nanoparticles and/or nano-ACP was integrated into dental
materials [53-56].

AM activity of IDMAZ2 has not been previously reported. Compared to the UPE
control resin, our experiments demonstrated that IDMA2-UPE copolymer reduced
(P < 0.005) the colonization of S. mutans biofilms 1.6-fold (Figure 9). However,
the AM activity of IDMA?2 was less (P < 0.05) than that observed with IDMAL1. This
difference may be due to steric hindrance resulting from the presence of aromatic
rings in IDMA2. Further, it is noteworthy that IDMA2 can exist as a mixture of
conformers. Thus, it is conceivable that the conformer (with decreased steric
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Figure 9.

Streptococcus mutans biofilm growth by the experimental IDMAs-UPE (10 wt %) copolymers compared to
UPE resin. Presented are mean values + SD (indicated by bars) of 5 specimens/experimental group. “P < 0.05
compared to IDMA2; P < 0.005 compared to UPE resin.

hindrance) could exhibit greater AM activity. Future research that enables prepara-
tions, enriched for each conformer, is warranted to determine whether AM activity
of IDMA2 can be enhanced.

For planktonic bacterial testing, S. mutans UA-159 (ATCC® 700610) cultures
were established in Todd Hewitt broth (THB). Copolymer disks were seeded with
S. mutans suspension (~3 x 10 colony-forming units/disk). To maximize the
contact between the copolymer and bacteria, a second disk was placed atop. This
assembly was incubated 2 h at 37°C in a 5% CO, environment. The samples were
then placed in 1 ml of THB and utilized to prepare 10-fold serial dilutions. Of the
resulting suspensions, 100 pl were distributed onto the surface of THB agar plates.
Colony-forming units were the unit of measure used to approximate the number
of viable S. mutans cells after exposure to the IDMAs-UPE copolymers. Among the
IDMA groups, the number of colony-forming units observed was not statistically
different from one another or the UPE control resin (data not shown).

Altogether, the full AM potential of the IDMAs has not yet been realized. For
example, the current IDMA restorative material formulations are likely to have
charges randomly distributed throughout the material. It is conceivable that chemical
engineering advances (i.e., material gradient or layers) could favor the orientation of
the N* charges while maintaining the material mechanical properties. Secondly, pre-
vious reports demonstrated that the presence of proteins dampens the AM capability
of QA methacrylates (reviewed by [57]). To overcome this problem, a commercially
available protein repellent, 2-methacryloyloxyethyl phosphorylcholine (MEPC), has
been integrated into AM dental material [58]. However, because of possible binding
of the remineralizing calcium ions by MEPC [59], MEPC may have a deleterious effect
on the remineralization capacity of the restorative material. Generally, to date, there is
a paucity of information regarding the nature of proteins binding to the surface of QA
methacrylates. Elucidation of the protein-material interactions would yield valuable
information to develop a strategy to maximize AM efficacy of materials with a charge-
based AM mechanism of action. Further, these data could facilitate the advancement
of materials, modified to target specific proteins (i.e., via molecular imprinting).

156



Amorphous Calcium Phosphate as Bioactive Filler in Polymeric Dental Composites
DOI: http://dx.doi.org/10.5772/intechopen.86640

3. Conclusions

Bioactive, ACP-based polymeric dental composites ACP have tremendous appeal
due to their intrinsic ability to regenerate lost tooth mineral. ACP composites release
remineralizing Ca and POy, ions in a sustained fashion, thus providing a long-term
protection against acid challenges in the oral environment. However, with respect
to the mechanical strength and toughness, ACP-based composites are inferior to
silanized glass-filled counterparts and can only be used in nonstress-bearing appli-
cations. The uncontrolled ACP particle agglomeration typically leads to the poor
ACP filler/resin interactions that destabilize filler/polymer interface. A desired,
more homogeneous PSD of ACP filler is achievable via mechanical treatments, pref-
erably high-energy milling. Surface modifications of ACP were proven less effective
in that respect. With HEMA as diluent monomer, LC Bis-GMA-, EBPADMA-, and
UDMA-based copolymers and their ACP composites typically attain high-DVC
values that would suggest a minimal leaching of unreacted monomeric species from
these materials. Expectedly, these high DVCs are accompanied with high PS. In
UDMA-based systems, high PS is likely to be offset by a significant HE. High rem-
ineralization capabilities are achieved with EBPADMA or UDMA as base monomers
and HEMA or EHMA plus PEG-U as diluent monomers. The most recent efforts in
our group focus on design of bifunctional, remineralizing, and AM ACP composites
that may find utility as new Class V restoratives. These materials are currently being
assessed for their in vitro cytotoxicity and AM properties. The evaluations coupled
with the leachability studies need to be completed before embarking on animal
testing and/or human clinical trials involving AM ACP dental composites.
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A.Appendix: list of abbreviations

ACP amorphous calcium phosphate

ADA American Dental Association

ADAF American Dental Association Foundation
Al-ACP aluminum-modified ACP

AM antimicrobial

APTMS 3-aminopropyltrimethoxysilane

as-ACP as synthesized ACP

BFS biaxial flexure strength
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Bis-GMA
BPO

CaP

CC

cQ

DC
DHEPT
dm

DVC
EBPADMA
4EDMAB
EHMA
FTIR
g-ACP
HE
HEMA
IAP
IDMA
IDMA1

IDMA2

LC
m-ACP
MEP
MEPC
MPTMS
MTT

Mw

n

PEG
PEG-U
PEO

PS

PSD

PSS

QA

SBS

SEM

SD
Si-ACP
TEGDMA
TGA
THB
Triton 100
Tween 80
UDMA
UPE
UPHM
XRD

WS
Zn-ACP
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2,2-bis[p-(2’-hydroxy-3'-methacryloxypropoxy) phenyl] propane
benzoyl peroxide

calcium phosphate

chemical-cure

camphorquinone

dual-cure

2,2-dihydroxyethyl-p-toluidine

median diameter

degree of vinyl conversion

ethoxylated bisphenol A dimethacrylate
ethyl-4 N,N-dimethylamino benzoate
ethyl-a-hydroxymethyl acrylate
Fourier-transform infrared

ground ACP

hygroscopic expansion

2-hydroxyethyl methacrylate

ion activity product

ionic dimethacrylate
2-(methacryloyloxy)-N-(2-(methacryloyloxy)ethyl)-N,N-dimeth-
ylethan-1-aminium bromide
N,N’-([1,1'-biphenyl]-2,2’-diylbis(methylene) ) bis(2-
(methacryloyloxy)-N,N-dimethylethan-1-aminium) bromide
light-cure

milled ACP

methacryloyloxyethyl phthalate
2-methacryloyloxyethyl phosphorylcholine
methacryloxypropyltrimethoxy silane
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
assay

molecular weight

number of specimens/experimental runs
poly(ethylene glycol)

PEG-extended UDMA

poly(ethylene oxide)

polymerization shrinkage

particle size distribution

polymerization shrinkage stress
quaternary ammonium

shear bond strength

scanning electron microscopy

standard deviation

silica-modified ACP

triethylene glycol dimethacrylate
thermogravimetric analysis

Todd Hewitt broth

C14H,0(C,H,0)10H; nonionic surfactant
C,4H4304(C,H40),0H; nonionic surfactant
urethane dimethacrylate
UDMA/PEG-U/EHMA resin
UDMA/PEG-U/HEMA/MEP resin

X-ray diffraction

water sorption

zinc-modified ACP
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Zr-ACP zirconia-modified ACP

Zonyl FSN F(C,F4).(C,H40)1,yH; nonionic surfactant (x = 1-9; y = 0-25)

Zonyl FSP F(C,F4).(C,H,0),HP(0) (ONHy,); anionic surfactant (x = 1-7;
(y+2)=3)
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Structural and Calorimetric
Studies of Zinc, Magnesium

and Manganese Based Phosphate
and Phosphate-Silicate Glasses
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Abstract

Glasses of the (50-x/2)Na,O-xMO-(50-x/2)P,05 (M = Zn, Mg or Mn) (0 <x <33
mol%), (50-x)Na,0-xMO-50P,05 (M = Zn, Mn) (0 <x <33 mol%), and (0.9-x)
NaP0O3-x5i0,-0.1ZnO (0 < x < 0.1 mol) were prepared by the melt quenching
technique. Samples were investigated by means of X-ray diffraction, Archimede’s
method, ellipsometry, Fourier-transformed infrared (FTIR), Raman, 31P solid state
magic angle spinning nuclear magnetic resonance (MAS-NMR), UV-visible spec-
troscopy and calorimetry. For zinc, manganese and magnesium phosphate glasses,
the increase in density with the addition of MO oxide suggests the compactness of
the vitreous network. For zinc phosphate silicate glasses, the variations of density
and refractive index were attributed to the structural changes when SiO, oxide is
progressively introduced. The increase in the glass transition temperature (Tg)
reflects an increase in the cross-link strength of the structure as MO and SiO, oxides
are gradually incorporated. For all glass composition, spectroscopic investigations
revealed the depolymerization of metaphosphate chains (Q?) allowing the forma-
tion of phosphate dimers (Q"). Calorimetric dissolution shows that the dissolution
is endothermic for lower MO content and become exothermic when x rises. For
(50-x/2)NayO-xZn0-(50-x/2)P,05 (0 < x < 33 mol%) glasses, the formation
enthalpy increases with the incorporation of ZnO oxide.

Keywords: phosphate glasses, phosphate-silicate glasses, depolymerization,
modifier oxide, calorimetric dissolution, formation enthalpy, thermochemical cycle

1. Introduction

Over the past several decades, great interests have been considered for phos-
phate glasses due to their superior physical properties which impart them a several
advantages over conventional silicate and borate glasses.

Phosphate-based glasses are an interesting class in the world of glass and glass
ceramics owing to their higher thermal expansion, lower melting and softening
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temperature, higher ultra-violet transmission and optical characteristic. Phosphate
glasses have potential of applications in medicine, biology, batteries, laser technol-
ogy, electronic, telecommunication [1-44].

In recent times, phosphate glasses have received considerable interest as a result
of the synthesis of new glass composition with high chemical stability. The
improvement of this quality induces the application of phosphate glasses in numer-
ous fields of materials science, such as fast ionic conductors, semiconductors, pho-
tonic materials, hermetic seals, rare-earth in host solid state lasers and biomedical
materials [1-44].

Thus, phosphate and silicate glasses are the most important materials which can
extensively be used for laser sources and fiber amplifiers [3].

The basic structure unit of the phosphate network is based on corner-sharing
PO, units which form chains and rings or isolated groups PO, [6].

The covalence of the bridging oxygen atoms is responsible for the formation of
phosphate groups [18, 27].

The structure of the three dimensional network is obtained by linking three
oxygen atoms with others PO, tetrahedrons. The metaphosphate groups contain
two covalent bridging oxygen atoms. Whereas, the pyrophosphate groups are
formed by bending only single oxygen atom with other tetrahedral site.

Recently, the structure of phosphate glass is describes using the O/P ratio [13, 18,
19, 27]. Furthermore, many investigators used the O/P ratio in order to classify the
distribution of phosphate groups in the vitreous network. Table 1 reports the
classification of phosphate glasses as a function of O/P ratio [45].

For 2.5 < O/P < 3, the glass network is described by the distribution of
ultraphosphate groups [19].

The metaphosphate groups are obtained for O/P ratio equal to 3. The glass
network is described by the connection of PO, tetrahedral anions with neighbors in
order to form chains and rings.

For polyphosphate glasses, the O/P ratio is between 3 and 3.5. The structure is
described by chains formed by PO, tetrahedral anions joined with others.

For O/P = 3.5, the structure is obtained by forming the phosphate dimers such as
pyrophosphate groups in which two PO, tetrahedral shared one bridging oxygen
[19]. For 3.5 < O/P < 4, the isolated PO,>~ units are formed such as orthophosphate.

The increase of O/P ratio induces the depolymerization of phosphate groups
which suggests the shortening of the average chain length [19].

The network connectivity of phosphate compound is conventionally expressed
as Q" tetrahedral sites (n = 0...3), when n is the number of bridging oxygen (BO)
per Q unit to neighbor phosphate tetrahedral [2, 23, 28]. Q° represents orthophos-
phates (PO,*>"), Q* is pure P,Os and Q* (metaphosphates) and Q" (pyrophosphates)

o/p Classification Q

2.5-3 Ultraphosphates Q?

3 Metaphosphates Q?

>3 Polyphosphates Q>+ Q

35 Pyrophosphates Q?

>3.5 Orthophosphates Q°

O: oxygen atom P: Phosphorus atom Q: Phosphorus tetrahedral sites

Table 1.

Classification of phosphate glasses as a function of O/P ratio and Qn tetrahedral sites.
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are intermediate structures [11, 13, 16, 19, 20]. Figure 1a shows the nomenclature of
phosphate groups as Q" tetrahedral sites also with the variation of an O/P ratio [45].

For silicon-oxygen networks, n varies between 0 and 4, where Q° represents
orthosilicates (Si0,* "), Q*is pure SiO, and Q> Q*and Q! represents the interme-
diate silicate structures [2, 20].

Glasses results from many possible combinations of network-forming oxides
together with one or several modifier or intermediate oxides which lead to a special
physical properties [22].
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Figure 1.

a. %rltlfmred spectra of (50-x)Na,0-xZnO-50P,0; glasses: (a) 0 mol% ZnO, (b) 5 mol% ZnO, (c) 10 mol%
ZnO, (d) 15 mol% ZnO, (e) 20 mol% ZnO, (f) 25 mol% ZnO, (g) 30 mol% ZnO, (h) 33 mol% ZnO.

b. Infrared spectra of (0.9-x)NaPO;-xSi0,-0.1Zn0 (0 <x < 0.1 mol) glasses: (a) o mol SiO,, (b) 0.02 mol
Si0,, (c) 0.04 mol SiO,, (d) 0.06 mol SiO,, (e) 0.08 mol SiO,, (f) 0.10 mol SiO,.
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Introducing alkali metal oxide or divalent metal oxide to the glass network
induces the fundamental optical absorption edge falls in the UV region bellow
400 nm which meets with the requirement for desirable applications in optical
systems [22]. These additions not only enhance the chemical durability of the
phosphate glasses but also can impart special functions to the glasses and expand
the glass application fields.

Furthermore, alkali phosphate glasses have attracted more attention due to their
mixed electronic ionic conductivity, low melting point and strong glass-forming
character [4]. Among the phosphate-based glasses those containing calcium, mag-
nesium, sodium and zinc have received great attention due to their excellent optical
properties, high refractive index, low dispersion and good transparency in the UV
and IR region [1]. With the decrease of P,Os content, the glass become more
resistant to moisture attack but restricts the glass formation areas. Thus, MgO oxide
was incorporated in order to overcome these problems [23].

Nevertheless, phosphate-based glasses containing transition metal ions are
scientifically interesting materials due to their attractive properties which can
be used in many technological applications including electronic and electro-optical
devices [21].

In fact, transition metal oxides can be dissolved easily in phosphate glasses
which exhibit one than more oxidation sates [21, 25, 30].

For glasses doped with manganese ions. These latter are presented in the +2 or +3
oxidation states. The content of Mn>* ions in the glass leads to the staining glass in
the color range from light to dark purple depending on the concentration [30]. This
characteristic coloration could be explained by the d-d electronic transitions. This
color can be associated with the broad absorption band in the visible region at
520 nm, which pertains to the Mn>* ions [25, 30]. This behavior allows obtaining
additional luminescence bands in the red spectral region that shift LED emission
from cool white to warm light [30].

Contrary to Zn>* and Mg”* ions presented in one oxidation state, spectral-
luminescent properties of manganese ions in phosphate glasses allow them to be
good candidates for interesting optical applications [21, 25, 30].

In borate glasses, manganese exists mainly as Mn>* ions with octahedral coordi-
nation in glass networks whereas in silicate and germinate glasses, it identified as
Mn?* ions with both tetrahedral and octahedral coordination [21].

Referring to literature, Montagne et al. have been studied the zinc phosphate
glasses with a general formula (100-x)NaPO3-xZnO with 0 < x < 33.3 mol% using
'P MAS-NMR, *'P NMR of liquid sample, visible spectroscopy, refractive index
measurements, density evolutions, Ty variations, activation energy, chemical dura-
bility and chemical analysis [1, 2, 46, 47].

The obtained results revealed the distortion of metaphosphate chains (Q*) which
suggests the formation of phosphate dimmers (Q") [46, 47].

Moreover, Zotov et al. have been studied the manganese phosphate glasses with a
general formula (MnO),(NaPO3); , when x = 0.0, 0.024, 0.048 and 0.167 mol [48].

These investigations have been performed using X ray diffraction, EXAFS and
Raman spectroscopy. The increase of MnO content causes the depolymerization of
metaphosphate chains leading to the decrease of the average chain length [48].

For zinc phosphate-silicate glasses, chemical compositions of the prepared
glasses, picked from literature, have been chosen with higher level of SiO, and
lower P,0O5 content [2, 20, 24, 34].

Aguiar et al. have been studied the Na,0-MgO-Ca0O-P,05-SiO, bioactive glasses
using Raman, *'P MAS-NMR and *’Si MAS-NMR spectroscopies. The glass compo-
sitions were prepared with varying SiO, content from 25 to 54 mol% and the P,0Os
proportion from 2 to 11 mol% [2, 20, 24].
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Furthermore, Szumera et al. have detailed the effect of MoOj3 addition on silicate
phosphate glasses using spectroscopic analysis such as FTIR, Raman and *'P MAS-
NMR. The molar content of SiO, decreases from 41.6 to 39.6 mol% and the P,Os
proportion increases from 5.7 to 7.8 mol% [44]. The obtained results revealed the
cleavage of oxygen bridges which suggests that acts as a network modifier [44].

In our knowledge, the thermochemical data of zinc-, magnesium-, and
manganese-based phosphate and phosphate-silicate glasses are rare in literature.
For this purpose, the aims of this research were to study the correlations between
structural changes, thermal investigations, optical properties and thermochemical
behaviors of these glassy compounds with the incorporation of zinc, magnesium
and manganese oxides.

However, it is well known that phosphate glasses have a poor chemical durabil-
ity, volatile nature and hygroscopic character. These disadvantages decrease their
stability which limits their use in technological applications [5].

The addition of alkali and alkaline earth cations with the decease of phosphorus
content can depolymerize the glass network which suggests the cleavage of
P=—O=—"P bridges [28].

The incorporation of certain network modifier cations (Na*, K*, Mg™, Ca**..)
disrupts the glassy network, leading to the structure depolymerization and
the formation of non-bridging oxygen atoms (NBO), also named terminal
oxygen (Or) [2, 4].

The addition of transition metal oxides (CuO, MgO, ZnO, MnO, CaO...) into the
vitreous network (TMO) disrupted the P==O==P bridges leading to the structure
depolymerization and the formation of non-bridging oxygen atoms (NBO) [2, 5,

6, 8,9, 13, 21, 25, 32, 35]. Which induces the formation of P==O==M bonds replacing
the easily hydrosoluble P==O==P bridge that improve the chemical durability of the
phosphate network [21].

Among several oxides mentioned above, zinc oxide gained considerable atten-
tion because Zinc doped glasses find numerous applications in optic field can be
used as LED light sources and substrates for optical waveguides. It can also play an
important role in bone formation and mineralization [3].

Zinc phosphate compositions are chemically durable, have processing tempera-
tures under 400°C and can be co-formed with high temperature under 400°C
polymers to produce unusual organic/inorganic composites [19].

In recent years, there have also appeared some publications on the influence of
the addition of ZnO on the structure of glasses with a mixed phosphate-silicate
structure [7, 34].

Among the wide class of phosphate glasses, ZnO-based glasses have low glass
transition temperature in the region of 280-380°C and significantly high chemical
durability [14].

Furthermore, the addition of ZnO to the glass network is expected to improve
the chemical stability of the structure. It can also ameliorate the electrical, optical
and magnetic properties of glasses due to the appearance of P==O==Zn ionic bond
which induces the increase in the compactness and the rigidity of the glass network
(5,13, 32, 35].

In fact, in crystalline solid compound, the structure was described by a repetitive
arrangement of a large scale patterns contrary to amorphous structure which
exhibits a short range order.

Additionally, ZnO is an intermediate oxide. It can act as former or modifier
network depending on his content in phosphate network. When it occupies the
tetrahedral sites by forming ZnO, structural units, ZnO oxide plays the role of glass
former. But, when it occupies the octahedral sites coordinated, ZnO oxide acts as
glass modifier [7, 25].
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The literature concerning zinc in various mixed oxide compounds revealed that
with the exception of few structures, zinc has tetrahedral oxygen ligancy and the
zinc-oxygen distance varies only slightly [25, 34]. It was concluded that zinc had a
coordination number of six in borate and silicate glasses [34].

Interestingly, the heat treatment of glasses at temperature higher than their glass
transition (T) or crystallization temperature (T.) improves the electrical conductivity
of the glassy compound due to the “structural relaxation” of the glass network [36].

ZnO is widely used in glass production because it improves the glass quality by
enhancing mechanical properties and chemical durability and by reducing the ther-
mal expansion [7]. Zinc is a microelement that plays an important role in the bone
formation and mineralization. Zinc containing glasses and glass ceramics has been
developed for bone engineering applications [7]. The small size of Zn ion (0.74 A)
helps it to locate itself into smaller cavities of the network [37].

Moreover, MgO oxide is of interest from a biological viewpoint because Mg** is
known to play a physiological role in positively influencing bone strength which can
be substituted into apatites [13, 18].

The bioactive behavior of magnesium rich glasses is identified as their ability to
react chemically with living tissues, forming with them mechanically strong and
lasting bonds. These bone bondings are attributed to the formation of an apatite-like
layer on the glass surface, with composition and structure equivalent to the mineral
phase of bone.

In fact, bioactive glasses have received special attention due to their better bone
bonding ability in vivo. Due to their good bioactive and tailorable degradation
properties, these glasses can be used for various biomedical applications such as
bone graft, filler, dental, implant coating.

Furthermore, by increasing the concentration of modifier oxides, electrical con-
ductivity of the glass increases. This property was probably influenced by the
structural changes resulting from the disruption of the glass network which affected
the mobility of the cations and anions when the modifying oxide was progressively
introduced [38].

Glasses containing transition metal oxides possess interesting electronic, optic
and magnetic properties due to the ability to exist in more than one valence state.
However, the electronic conduction of these glassy compounds is resulting from the
electronic transfer of cation that exists in different valence sates [4, 38].

Compared with phosphate glasses, silicate glasses exhibit superior chemical
resistance which makes them compatible with the fabrication process in the devel-
opment of optical devices [3].

Silicate glasses are an attractive host matrix for transition metal ions due to their
excellent optical and mechanical properties, good chemical durability, good chemical
stability and low thermal expansion coefficient leading to strong thermal resistance
[6]. Silicate glasses have many advantages rather than phosphate glasses. Silicate-
based glasses are chemically durable, thermally stable and optically transparent at
excitation and lasing wavelength. However, the higher viscosity of these glasses
allows the glass to be formed without crystallization process. In addition, these
amorphous materials are useful in optics as lenses or beam splitters in optical tele-
communications, micro- and optoelectronics and in near IR-windows [6, 39, 40].

2. Experimental procedures

2.1 Glass preparation

Glasses of the (50-x/2)Na,O-xMO-(50-x/2)P,05 (M = Zn, Mn, Mg)
(0 <x <33 mol%), (50-x)Na,0-xMO-50P,05 (M = Zn, Mn) (0 <x <33 mol%), and
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(0.9-x)NaP0O3-x5i0,-0.1Zn0O (0 < x < 0.1 mol) compositions have been prepared
using a melt quenching technique.

A series of glasses were prepared by varying the MO (M = Zn, Mn, Mg) content
from 0 to 33 mol% using reagent grade compounds, NaH,PO,, NH,H,PO,4, MgO,
Zn0O, MnCO3; with a high purity (99% purity), in the suitable proportions.

The mixture corresponding to the desired compositions was heated in platinum
crucible at 400°C in order to evaporate water and start the condensation of phos-
phate groups. The temperature was then progressively increased to 750-900°C,
depending on glass composition, and held constant for 30 min. The batch was
finally quenched to room temperature under air atmosphere in order to produce
vitreous compounds.

Using the same technique, phosphate-based silicate glasses with a general for-
mula (0.9-x)NaPO3-x5i0,-0.1Zn0O (0 < x < 0.1 mol) have been synthesized using
reagent grade compounds, NaH,P0,4.H,0 ZnO and SiO, with a high purity (99%
purity) with the desired compositions.

The mixture was then putted in platinum crucible at 400°C for 1 hour in order to
eliminate residual water. The temperature was raised progressively to 1200°C for
30 min in order to homogenize the melting mixture. Finally, the batch was
quenched to room temperature under air atmosphere in order to obtain glasses.

The amorphous state was confirmed by X-ray diffraction. All the products were
annealed at about 20°C below their glass transition temperature for 2 hours in order
to eliminate internal tensions and get a more homogenized sample.

2.2 ICP analysis

Phosphorus, sodium, magnesium, zinc, manganese and silica were analyzed by
inductively coupled plasma atomic emission spectroscopy (Jobin Yvon Ultra C).

2.3 Physical properties
2.3.1 Density and molar volume

Density of glass is a strong function of its composition and its intrinsic property
which shed light on the short range structure of the glassy material [4, 37]. This
work presents a series of glasses with various amounts of modifier oxides. These
modifies, depending on their polarity and size, tend to occupy the interstices within
the network and form new bonds resulting in a change in the structure and proper-
ties of the glass [4, 37].

Glass density measurements have been determined using the standard Archi-
medes method using diethyl orthophthalate as immersion fluid. The relative error
of these measurements is +3%.

The molar volume of glasses has been calculated from the density (V,,, = M/p)
and the molar weight.

For (50-%/2)Na,0-xMO-(50-x/2)P,05 (M = Zn, Mn, Mg) where 3 < O/P <3.49
and (50-x)Na,0-xMO-50P,05 (M = Zn, Mn) with O/P = 3 (0 <x <33 mol%) series
glasses, the density increases gradually with the incorporation of MO oxide. The
increase in density indicates that the MO oxide reticulate the vitreous network
because P==O==M bond are more ionic than P==O==P [11-13, 15, 29, 32, 33, 42].

Table 2 shows that the molar volume deceases monotonically with the increase
of ZnO content for phosphate glasses.

The decrease in the molar volume for (50-x/2)Na,0-xMO-(50-x/2)P,0s5
(M = Zn, Mn, Mg) where 3 < O/P <3.49 and (50-x)Na,O-xMO-50P,05 (M = Zn,
Mn) with O/P = 3 (0 < x < 33 mol%) series glasses could be explained by the higher
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field AF (AF = Z/r%; with z is the valence cation and r is the ionic radius) of M**
compared to that of Na* [11-13, 15, 29, 32, 33, 42].

The decrease in the molar volume is extensively related to structural changes
due to the incorporation of MO oxide that disrupted the average chain length of
metaphosphate resulting from the following reaction:

P—O—P + MO — (2PO)M (1)

The variation of these properties is closely related to the structural modification
when M”* ion is progressively introduced.

The effect of composition on the density and molar volume for zinc phosphate-
silicate glass, having a general formula: (0.9-x)NaPO;-xSi0,-0.1Zn0O (0 <x < 0.1 mol),
shows that the replacement of NaPOj3 by SiO, oxide induces a decrease of density as
mentioned Table 3. This is due to the lower molecular weight of SiO, than that of
NaPO; (Msjo, = 60 gmol ™, My,po, = 102 gmol ') [11-13, 15, 29, 32, 33, 42].

As the same for the molar volume, this quantity decreases monotonically with the
incorporation of SiO, oxide (Table 3). This variation indicates that SiO, oxide retic-
ulates the vitreous network suggesting the increase in the rigidity of the structure.

Furthermore, the regular decrease in the molar volume is closely related to the
nature of bending in the glass structure, because P==O==Si are more ionic than P==O==P
bridges, suggesting the compactness of the vitreous network [11-13, 15, 29, 32, 33, 42].

2.3.2 DSC investigations

Generally, the glass transition phenomenon occurs due to the increasing viscos-
ity of the overcooled liquids so T4 strongly depends on the polymerization ratio of
the network [40].

Glass composition X Density Vi Tg (°C) T.(°C) AT (°C)
(g cm ) (cm® mol ™)

(50-%/2)Na,0-xZn0O-(50-x/2) 2.43 +0.07 42.00 £1.30 280+5 290=£5 10

P,05 5 2.47 £0.07 41.00 £1.23 - - -
10 2.62 £ 0.08 3815+114 285+£5 371+£5 86
15 2.70 £ 0.08 36.63 +1.10 - - -
20 2.75+0.08 3560 +£110 287+5 368=£5 81
25 2.85+ 0.09 34.00+£1.02 294£5 439+5 145
30 293 £0.09 3270 £1.00 306+5 456+5 150
33 298 £ 0.09 32.00+1.00 314+5 446+5 132

o

Table 2.
Density, molar volume, glass composition, glass transition temperature Ty, T, AT of (50-x/2)Na,0-xZnO-
(50-x/2)P,0; (0 < x < 33 mol%) phosphate glasses.

Glass composition x Density Vi n Ty (°C) T.(°C) AT (°C)
(gcm’3) (cm® mol ™)

(0.9-x)NaPO3-xSi0,- 0 260+ 0.10 3850+120 1.44+£0.05 280+5 3715 86
0.1ZnO 0.02 258+0.10 38354+120 1.454+0.05 2875 400%5 113
0.04 257+0.10 3824+120 146+0.05 289£5 427+5 138
0.06 2554+0.10 38.13+110 1.474+0.05 293+£5 439+5 146
0.08 255+0.10 38.00+110 1.48+0.05 294+5 4755 163
01 253+0.10 3780+110 1.49+0.05 296 +5 466+5 170

Table 3.
Density, molar volume, vefractive index, glass composition, glass transition temperature Ty, T, AT of (0.9-x)
NaPO;-xSi0,-0.1 ZnO (o < x < 0.1 mol) glass series.
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The glass transition temperatures were determined on 40-50 mg of samples
using DSC-ATD Netzsch 404 PC with a 10°C/min heating rate (accuracy £5°C).

With increasing MO content, glass transition temperature, Ty, increases linearly
for all glass compositions as mentioned Table 2.

This behavior is undoubtedly corresponding to some changes in the nature of
bonding in the structural network. This parameters is strictly related to the bond
strength of the glass network which can be explained in terms of bond length (which
is the charge divided by the square of the cation-oxygen distance) affected by the
cation field strength resulting in a higher of T, values [11-13, 15, 29, 32, 33, 42].

These variations indicate the progressive increase of the reticulation and the
rigidity of the glass network by gathering the non-bridging oxygen atoms (NBO)
with the increase of MO proportion. As a result the formation of P==O==M bonds
suggesting the increase in the rigidity and the compactness of the structure that
ameliorate the chemical durability of glasses.

A similar behavior has been observed for zinc phosphate-silicate glasses
[11-13, 15, 29, 32, 33, 42].

According to Dietezel, the thermal stability of glasses (AT) can be expressed by
the temperature difference between T, and T, AT = T.-T,, in which Ty and T are
the glass transition and crystallization temperature. Increasing AT delays the nucle-
ation process, indicating a better stability of the glass [29].

Inspecting these data, one can note that the undoped ZnO and SiO, oxide glass
matrix has the lowest thermal stability indicating a tendency towards crystallization
as shown Tables 2 and 3.

AT increases when SiO, oxide is progressively added, indicating a better stability
of the glass. The larger value of AT, the stronger is the inhibition to nucleation and
crystallization process as mentioned Table 3 [12, 13, 15, 29, 32, 33].

2.3.3 Refractive index measurements

The ability to control the physical properties of glasses, e.g., the refractive index,
by variation in glass composition suggests the feasibility of chemically controlling
the materials according to the needs of a given application [3].

For glassy compounds, refractive index is a fundamental parameter that strongly
relevant to optical devices performance and reliability in the basic elements in all
optical instruments. Hence, a large number of researchers have carried out investiga-
tions to ascertain the relation between refractive index and glass composition [10].

This parameter is one of the fundamental properties of materials, because it is
closely related to the electric polarizability of ions and the local field inside the
material [3, 10, 11].

The carat eristic feature of phosphate glasses is the low value of the refractive
index that is in the order of 1.49. The variation of this quantity for zinc phosphate-
based silicate glasses is presented in Table 4. Inspecting these data, one can note
that n increases from 1.44 to 1.49 when x rises from 0 to 10 mol% of SiO, oxide
which suggests that the refractive index of glassy compounds depends essentially on
the density of glass network [3, 10, 11].

In addition to density, many parameters can prevails the refractive index such as
density, polarizability of the first neighbor ions coordinated with it (anion), coor-
dination number of ion, electronic polarizability of the oxide ion and optical basicity
[3, 10, 11]. The molar refractivity (R,,) was estimated from the refractive index and
the molar volume (V,,) using the Lorenz-Lorenz Equation [3, 10, 11]:

_ (n?*—1)
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Glass composition n an (A% Ry(em®mol™) Egp(ev) (0n/Vi) x 1077
0.9NaP03-0.1Zn0O 144 4.06 10.23 1.50 1.05
0.88NaP0;-0.025i0,-0.1Zn0 145  4.07 10.30 1.70 1.06
0.86NaP03-0.04Si0,-0.1ZnO  1.46 4.13 10.40 2.00 1.08
0.84NaP0;-0.065i0,-0.1Zn0 147  4.15 10.50 225 1.09
0.82NaP0;-0.085i0,-0.1Zn0 148  4.18 10.55 2.35 110
0.8NaP03-0.1Si0,-0.1Zn0O 1.49 4.20 10.60 2.35 111
Table 4.

Refractive index, molar vefractivity (R,,), molar electronic polarizability (a,,) and band gap energy of (0.9-x)
NaPO;-xSi0,-0.1Zn0 (0 < x < 0.1 Mol) glass series.

The molar electronic polarizability o, was calculated using the relation of
Clasius-Mosotti as follows [3, 10, 11]:

3
Ay = ZHNRm (3)

where the value of 2 []N is known as the Lorentz function and N is the Avogadro
number. Table 4 reports the values of Ry, and ay,. These parameters increase
gradually with the incorporation of SiO, oxide.

Table 4 shows that Ry, increases from 10.23 to 10.60 m> mol " and a,,, are between
4.06 and 4.20 A. These variations indicate that the refractive index as a function of
both density and molar electric polarizability of glassy compounds [3, 10, 11].

In the present work, we found that the refractive index (n) depends on the ratio

7). This quantity shows that the refractive index (n) of the studied glasses

increases linearly versus (;7) ratio. This variation can be probably due to the

electronic polarizability of oxide ions.
For Na,O ionic-based glasses, the polarizability of oxygen ions has the smaller
value (ag2- = 2.45 A) compared to copper rich glasses [3, 10, 11].

Duffy et al. suggested that increasing the optical basicity (A = 1.67 (1 - L))

-
indicates an increase in the effective electronic density of the oxide ions and
accordingly, increasing covalency in the oxygen-cation bonding [3, 10, 11].

The decrease in the molar volume for zinc-based phosphate-silicate glasses
induces an increase in the rigidity and the compactness of the vitreous network,
when SiO; oxide is progressively introduced, because Si==O==P bonds are more
ionic that Pe=O=P.

2.4 Spectroscopic analysis
2.4.1 FTIR spectroscopy

Infrared spectra of the glass series have been recorded by Perkin-Elmer (FTIR
2000) spectrometer using KBr pellets in the frequency range 400-4000 cm ™" at
room temperature. The samples were prepared by grinding about 9 mg of glass
powder with 300 mg of spectroscopic grade dried KBr.

For undoped zinc phosphate glasses, NaPOj3, FTIR spectrum revealed an asym-
metric and symmetric stretching vibration band of PO, groups in metaphosphate
chains situated respectively at 1280 and 1150 cm ™. The asymmetric and symmetric
stretching vibration bands of PO; chain end groups situated respectively at 1100
and 1000 cm ' [12, 13, 15, 29, 32, 33].
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Furthermore, the asymmetric and symmetric stretching vibrations of Pe=QO==P
bands are around 880, 780 and 720 cm ™ *. The deformation mode of Pe=QO==(PO,>")
groups at 535 and 480 cm * [12, 13, 15, 29, 32, 33].

FTIR spectra of (50-x/2)Na,0-xZn0O-(50-x/2)P,0s and (0.9-x)NaPO3-xSi0O,-
0.1ZnO glasses are shown in Figures 1a and b.

As MO oxide is introduced, the asymmetric band of PO, shifts from 1280 cm™
shift to lower frequency as showed Figures 1a and b indicating the depolymeriza-
tion of phosphate chains when x increases [12, 13, 15, 29, 32, 33].

For higher ZnO content, FTIR spectra revealed the displacement of the asym-
metric stretching mode vibration of the Pa=O==P band from 880 to 920 cm ' when
x rises from 0 to 33 mol%. This result can be correlated to the increase in the
covalence character of P==O==P bridges when monovalent cation Na* was replaced
by divalent cation (such as Zn**) [12, 13, 15, 29, 32, 33].

It may be also attributed to the shortening of phosphate chain length due to the
higher field strength and the size of the metallic cation, when the ratio O/P
increases for (50-x/2)Na,0-xZn0-(50-x/2)P,05 [12, 13, 15, 29, 32, 33].

The FTIR spectra of NaPOj glasses revealed also two bands in the frequency
range 780-720 cm ™" which are attributed to the presence of two P==O==P bridges in
metaphosphate chains based on (P,06)*~ groups (Figure 1a and b) [12, 13, 15, 29,
32, 33]. However, it is interesting to note that for the series glasses containing 30
and 33 mol% ZnO FTIR spectra exhibit only a single band at 740 cm " assigned to
the P==O==P linkage in pyrophosphate group (P,0,)*" (Figure 1a) [12, 13, 15, 29,
32, 33]. These spectral changes depend essentially on the glass composition.

On the other hand, this result could be explained by disruption of the infinite
metaphosphate chains when MO oxide is %radually incorporated suggesting the
depolymerization of the skeleton of (P,0¢" ), into short phosphate groups such as:
P,0,*" and PO,>~ [12, 13, 15, 29, 32, 33].

Similar FTIR spectra have been recorded for zinc phosphate-based silicate
glasses, with a general formula: (0.9-x)NaPO3-xSi0,-0.1Zn0, (0 <x < 0.1 mol) as
mentioned Figure 1b.

The FTIR spectra of zinc phosphate-based silicate glasses revealed the appearance of
some bands assigned to phosphate-silicate glasses in the range 1000-1300 cm ™" as
shown Figure 1b. The asymmetric stretching vibration bands of silicate and phosphate
tetrahedron is located at 1100 cm ™. It seems that a smaller band at 840 cm ™' is
attributed to the symmetric stretching vibration of O==Si==0O in metasilicate (Q?) when
SiO, tetrahedron shared two oxygen with their neighbor (Si==O==2NBO). The sym-
metric stretching vibration band Si==O=Si is about 1080 cm ™. In addition, the bending
vibration of Si==O=Si and O=Si==0 bonds is around 460 cm ! [12, 13, 15, 29, 32, 33].

When SiO;, is incorporated, FTIR spectra revealed the displacement of the
asymmetric stretching mode vibration of PO, band from 1280 to 1250 cm ™" when x
increases from 0 to 10 mol%. This result can be probably due to the depolymeriza-
tion of the infinite metaphosphate chains with the addition of SiO, oxide.

Furthermore, for 0.8 NaPO3-0.1 SiO,-0.1 ZnO glass composition, FTIR spectrum
revealed the appearance of a only a single band at 760 cm ™' assigned to Pe=O==P
bands in phosphate dimers (P,0,*") as mentioned Figure 1b. These spectral
changes have been observed for magnesium and manganese phosphate glasses that
could be attributed to the reduction of infinite phosphate groups (P,0¢” ") into
shorter phosphate groups such as: P,0,*” and PO, [12, 13, 15, 29, 32, 33].

1

2.4.2 Raman spectroscopy

Raman spectroscopy is an adequate technique for the analysis of glass matrix
structure. Raman bands are generally characteristics of structures involving chains
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of linked tetrahedral that may be found in crystalline, glassy phosphates and silicate
because it can detect the local changes in the environment of Si==O==Si and
P=0O==P bonds [1, 2].

The Raman spectra were recorded on powder of glasses using a Labram HR800
micro Raman model operating in the 50-4000 cm ™’ range at room temperature
equipped with an internal He-Ne laser source (A = 488 nm).

Figure 2a reported the Raman spectra of zinc phosphate glasses having a general
formula (50-x/2)Na,0-xZn0-(50-x/2)P,05 (0 < x < 33 mol%) with an O/P ratio
varies from 3 to 3.49.

Intensity (a.u)

. . : — : .
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Wavenumber (cm’)
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- — T T 1 '
400 500 600 70O 800 200 1000 1100 1200 1300
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Figure 2.

a. Raman spectra of (50-x/2)Na,0-xZnO-(50-x/2)P,0; glasses: (a) 0 mol% ZnO, (b) 10 mol% ZnO,
(c) 20 mol% ZnO, (d) 25 mol% ZnO, (e) 30 mol% ZnO, (f) 33 mol% ZnO. b. Raman spectra of (0.9-x)
NaPO;-xSi0,-0.1Zn0 (0 <x < 0.1 mol) glasses: (a) 0 mol SiO,, (b) 0.02 mol SiO,, (c) 0.04 mol SiO,,

(d) 0.06 mol SiO,, (e) 0.08 mol SiO,, (f) 0.10 mol SiO,.
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For undoped zinc phosphate glasses, Raman spectrum revealed a large band
around 1274 cm ™" and three weaker peaks at 1164, 685, and 380 respectively as
shown in Figure 2a.

The bands located at 1274 and 1164 cm ™" are assigned to the asymmetric and
symmetric vibrations of PO, groups in metaphosphate chains (Q?) [12, 13, 15, 29,
32, 33]. The large band at about 685 cm ™' is attributed to the symmetric vibration
of the bridging oxygen linking two PO, tetrahedrons (P==O==P) in
metaphosphate chains [12, 13, 15, 29, 32, 33]. The low frequency attributed to the
faint band at 380 cm ™ is related to the bending motion of phosphate polyhedral
(12, 13, 15, 29, 32, 33].

With increasing MO content, we observe some decrease of the overall back-
ground located at 600-800 cm ™' and 1100-1300 cm . These spectral changes can
be correlated to the distortion of P==O==P band which induces the shortening of the
infinite metaphosphate chains suggesting the formation of pyrophosphate groups
(Q') with the increase of the O/P ratio [12, 13, 15, 29, 32, 33].

From Figure 2a, it seems that the intensity of bands located at 1164 and 685 cm™
decrease when MO oxide is progressively introduced. However, the Raman spectra
revealed the displacement of these bands to higher frequencies to 1180 (d, e) and
780 cm ! (d, e, f) with 30 and 33 mol% of MO level. This result can be probably due
to the higher r character of P==NBO bands that induces the depolymerization of
infinite metaphosphate chains when MO oxide is progressively added.

Similar Raman spectroscopic analysis have been recorded for (0.9-x) NaPO3-
x510,-0.1Zn0 (0 < x < 0.1 mol) glass compositions as shown in Figure 2b.

The incorporation of SiO, oxide to the phosphate network generates the appear-
ance of the asymmetric band around 850 cm ™" attributed to Si==O==Si bending
modes. The band located at 560 cm ™" is attributed to Si==O==Si intertetrahedral
linkages obtained in calcium and magnesium rich silicate glasses in order to link the
distorted metaphosphate groups when SiO; oxide is added [12, 13, 15, 29, 32, 33].

1

2.4.3%'P MAS-NMR spectroscopy

The 3P MAS-NMR spectra of (50-x/2)Na,0-xZn0O-(50-x/2)P,0s glasses are
shown in Figure 3.

Intensity (a.u)

(b]

(a)

P Chemical shift (ppm)

Figure 3.

31P MAS-NMR spectra of (50-x/2)Na,0-xZn0O-(50-x/2)P,0; glasses: (a) 0 mol% ZnO, (b) 5 mol% ZnO,
(c) 10 mol% ZnO, (d) 15 mol% ZnO, (e) 20 mol% ZnO, (f) 25 mol% ZnO, (g) 30 mol% ZnO, (h) 33 mol%
ZnO.

177



Contemporary Topics about Phosphorus in Biology and Materials

The characteristic features of undoped zinc phosphate glasses are isotopic peaks
at —21 and —6.88 ppm. The first one is attributed to the Q” tetrahedral sites in
metaphosphate groups and the second is assigned to the Q' groups at the end of
chain [12, 13, 15, 29, 32, 33].

Based on literature, the chemical shift at +1.4 ppm is attributed to NaPOj3 chain
end groups. From Figure 3, one can note the appearance of two isotopic peaks
around 21-—18.80 ppm and —6.88-—3.90 ppm for the glass series.

When the MO oxide is introduced to the vitreous network, the intensity peak
attributed to Q" tetrahedral sites increases and becomes the major spectral feature
[12, 13, 15, 29, 32, 33]. These results are in good agreement for zinc phosphate
glasses with the structural study of (100-x)NaPO;-xZnO glasses (0 < x < 33.3 mol%)
performed by Montagne et al. [12, 13, 15, 29, 32, 33].

From Figure 3, it seem that >’P MAS-NMR spectra exhibit only single peak
assigned to Q' tetrahedral sites attributed to pyrophosphate groups resulted from
the distortion of metaphosphate chains when MO oxide is progressively introduced.

Furthermore, the phosphorus chemical shift depends essentially on the
phosphorus-ligand bond (P-O) for phosphate compounds and the electronic density
of the non-bridging oxygen (NBO). Figure 3 mentioned that the Q* chemical shift
becomes less shielded when MO is added. This decrease is probably due to the
higher electronegativity of M** compared to Na* also the increase of x fraction of
P-NBO resulting from the decondensation of phosphate chains when ZnO is incor-
porated. This suggests that Zn>* ions are only bonded to pyrophosphate groups
described by Q' tetrahedral sites. As a result the increase of shielding Q” sites from
—21 ppm in NaPOj; glass to —18.80 ppm in 33.5 Na,0-33 Zn0O-33.5 P,0s glass
composition [12, 13, 15, 29, 32, 33].

2.4.4 UV-VIS spectroscopy

UV-VIS-NIR absorption spectra of the glassy compounds were carried out by
means of Perkin-Elmer Lambda 950 spectrometer at room temperature under air.
Optical measurements were recorded in the range of 200 and 1800 nm.

Optical absorption, particularly the absorption edge, is useful for the investiga-
tion of optically-induced transitions and for getting information about the band gap
energy [4, 10, 11, 14, 16, 37, 41]. This parameter is very interesting for the applica-
tions of the materials to be studied. It is known that the optical transition occurs
through the region between conduction and valence bands (optical band gap)
directly or indirectly.

However, the optical transition involves an energy transfer caused by electron
transitions between conduction and valence bands [4, 10, 11, 14, 16, 37, 41].

The optical absorption coefficient a(hv) of the prepared glasses was calculated at
different wavelengths by using the relation [4, 10, 11, 14, 16, 37, 41]:

1 I
a=3n (E) 4)

where d represents the thickness of the glass composition and In (i) is the

absorbance.

For the optical measurements, one can note the absence of the absorption sharp
edge which characterizes the vitreous nature of the prepared glasses [4, 10, 11, 14,
16, 37, 41].

According to Davis and Mott, the expression of the absorption coefficient a (v)
as a function of photon energy (hv) for direct and indirect optical absorption, was
given by the relation as follows:

178



Structural and Calovimetric Studies of Zinc, Magnesium and Manganese Based Phosphate...
DOI: http://dx.doi.org/10.5772 /intechopen.88539

a(lv) = ——""— (5)
where
* A:an energy-independent constant
* Eqpe: the optical band gap energy

* n: a constant which determines the type of the optical transition. For direct
allowed transition # = 2 and in the case of indirect allowed transition n= %
[4, 10, 11, 14, 16, 37, 41].

For glassy materials, the indirect transitions are valid according to Tauc relations
[4, 10, 11, 14, 16, 37, 41].

Figure 4 represents the variation (ahv)? versus photon energy (hv) for (0.9-x)
NaPO03-xS5i0,-0.1Zn0 (0 < x < 0.1 mol) series glasses.

The values of indirect optical band gap energy (E,) were determined by the
extrapolation of the linear region of (ahv)? against photon energy (hv) plots at
(ahv)? = 0. This latter shows that the E,pt increases with the incorporation SiO,
from 1.5 to 2.35 eV. This quantity is not only influenced by the chemical composi-
tion also by the structural rearrangement in the glass matrix [4, 10, 11, 14, 16, 37,
41]. Figure 5 shows clearly that the E,p; values dependent strongly on the compo-
sition of the glass also on the oxygen bonding in the vitreous network [4, 10, 11, 14,
16, 37, 41]. Any changes of oxygen bonding suggesting the formation of non-
bridging oxygen (NBOs) causes a change of the absorption characteristics of the
glass [4, 10, 11, 14, 16, 37, 41].

The higher energy is required to excite an electron from bridging oxygen (BO)
than from non-bridging oxygen (NBO). As a result the increase in E,, values
[4, 10, 11, 14, 16, 37, 41].
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Figure 4.

The (ahv)? as a function of photon energy of hv of (0.9-x)NaPO ;-xSi0,-0.1Zn0 (0 <x < 0.1 mol) glasses: (a)
o0 mol Si0,, (b) 0.02 mol SiO,, (c) 0.04 mol SiO,, (d) 0.06 mol SiO,, (¢) 0.08 mol SiO,, (f) 0.10 mol SiO,.
*Obtaining the lines corresponding to the curves of (ahv)* against photon energy (hv) is probably due to the
superposition effect for all the glass compositions.
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Figure 5.
Variation of optical band gap energy of (0.9-x)NaPO;-xSi0,-0.1Zn0 (0 <x < 0.1 mol) glass sevies.

When x increases from 0 to 10 mol% of SiO,, the optical band gap energy rises
from 1.5 to 2.35 eV. This variation can be explained by the structural modifications
which suggest the distortion of metaphosphate chains inducing the increase in the
number of non-bridging oxygen (NBOs).

Because the NBOs bonds are predominantly ionic character and consequently have
lower bond energies [34]. The higher value of the band gap energy revealed the increase
of the cross-linking network due the introduction of SiO, [4, 10, 11, 14, 16, 37, 41].

From Figure 5, it seems that the E,p, is in the order of 2.35 eV for 0.82 NaP0O5-0.08
Si0,-0.1 ZnO and 0.8 NaPO3-0.1 Si0,-0.1 ZnO glass compositions. This result can be
correlated to the structural changes due to the formation of P-O-Si ionic bands [11].

3. Thermochemical study of phosphate glasses

3.1 Calorimetric dissolution of zinc, manganese and magnesium phosphate
glasses

The calorimetric study was performed by determining the energy resulting from
the dissolution of the glasses in a suitable solvent [11-13, 15, 29, 32, 33, 42].

Phosphate glasses are soluble in mineral acids [11-13, 15, 29, 32, 33, 42]. Fur-
thermore, the dissolution process has been carried out in order to find the suitable
solvent which dissolves entirely the glassy compounds and should not give rise to
any secondary phenomena.

For this purpose, our investigations were covered all the usual acids, bases and
their mixtures such as: HNO5, HCI, NaOH, KOH, CH3;COOH.

The calorimetric profile shows that the 4.5% weight of phosphoric acid solution
is the best solvent for the thermochemical requirements of phosphate glasses.

The dissolution of phosphate glasses were recorded by means the C80
(SETARAM) at 25°C. This equipment possesses two identical cells: the reference
and the measuring cell. The reference cell should contain only the solvent but the
measuring cell was provided with the solid to be dissolved or the liquid to be
mixture. The superior compartment contains the attack solution (solvent) which is
tightly separated from the lower one by a movable cover.

The reference and the measuring cell are surrounded by thermoelectric piles
with high performance. These latters permit to detect the heat flow resulted from
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the dissolution, mixing or dilution process. The integration of the raw signal deter-
mined the heat dissolution of the studied compound.

Experiments were carried out by dissolving the same mass of solids (25 mg) in
4.5 ml of solvent.

The plots of heat dissolution of glasses (AgH (K] mol 1)) are shown in Figure 6.

For (50-x/2)Na,0-xZn0-50-x/2)P,0s glass composition, it seems that the disso-
lution phenomenon is endothermic for lower ZnO content and becomes exothermic
when ZnO oxide is progressively incorporated in the vitreous network.

Furthermore, the change in thermal signs is probably correlated to structural
modifications of metaphosphate groups (Q”) suggesting the formation of pyro-
phosphate units (Q") when ZnO oxide is introduced.

These results were correlated to spectroscopic investigations which revealed the
formation of pyrophosphate groups for zinc, manganese and magnesium phosphate
glasses, resulting from the cleavage of the P-O-P bridges when the amount of MO
oxide is progressively increases [11-13, 15, 29, 32, 33, 42].

3.2 Thermochemical study of zinc phosphate glasses

Calorimetric study of glasses has been carried out for several decades. However,
the thermochemical investigations of glassy compounds have been considered using
a thermodynamic approach based on the Miedema’s model in order to evaluate the
formation enthalpy of binary alloys [42].

In the case of glassy compounds, the knowledge of the formation enthalpy is an
important chemical data which can be used to determine the Gibbs free energy of
formation of the selected compounds and to have an idea about their stability.

The determination of the formation enthalpy of (100-x)NaPO;-xZnO glass
series involves the formation enthalpy of sodium trimetaphosphate, (NaPOs)3,
crystal). Because of the very old value reported in literature [42], this quantity has
been determined again by the same technique.

3.2.1 Synthesis and characterization of samples

Sodium trimetaphosphate (NaPOj3)3, was synthesized by thermal decomposition
of sodium dihydrogen phosphate (NaH,PO,). This later was obtained by thermal

L HkImol 1y

Figure 6.
Evolution of molar enthalpy of dissolution of (100-x)NaPO;-xZnO (o0 <x < 33 mol%) glasses.
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dehydration of its commercial monohydrate from NaH,PO,.H,0 (Fluka of purity
higher than 99%) at 150°C during 24 hours.

NaH,PO, was placed in the furnace, then the temperature increases from 200 to
300°C during 24 hours in order to eliminate residual water and volatile gases. After
any heat treatment, the powder was crushed.

Then, the temperature increases and maintains 500°C for one night. The final
product was tested using an X-ray diffraction equipped by SEIFERT-XRD 3000 TT
diffractometer which confirms that the final product is the sodium
trimetaphosphate.

3.3 Cycle for sodium trimetaphosphate ((NaPOj3)3, crystal)

Generally, the direct determination of the formation enthalpy of any compounds
is impossible. For this reason, our investigation is based on considering a particular
reaction which involves the studied compounds with other reactants and products.

The knowledge of the enthalpy of the hypothetical reaction and the formation
enthalpy of the reactants and products allow determining the formation enthalpy of
the compound to be studied.

For the sodium trimetaphosphate ((NaPOj3)3, crystal); the following thermo-
chemical cycle has been studied [42]. This later put into consideration the chemical
reaction which involves dissolution, dilution and mixing processes.

The designed states from E1 to E4 are the solutions obtained from different
chemical operations [42]:

¢ E1 state presents the phenomena of dissolution for NaH,PO, in Slv2 (4.45%)
(AsolHl)-

* E2 state designed the dissolution process of (NaPO3); in Slvl (4.5%) (AgoHa).
* E3 state designed the dilution process of 3H,0 (iiq) (Ag;iH1).

* E4 state designed the mixing process of E2 + E3 states (A Hi).

AH
INaHPOuisdy ——I——p ({(MaPOsR)ien + IHOnig
SIv2 (4.45%) Shvl (4.5%)  Slvl (4.5%)
Aotz AdaH
AsetHn
(4.5%) E: Ex  (4.4%]
l.-'&m.-.llu
L J g
Ey B+ (4.45%)
L -
—~
AicH2

A,H; can be expressed as AH; = 3 AgoiH; + AmixH, — A Hy — AgiHa - AggHy
in which Ay, H are molar quantities.
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So the whole results allow to derive the enthalpy of reaction (R1) at 298.15 K.
Taking into account the enthalpies of formation of NaH,PO, (s) and H,0 (liq) [42],
we can derive that for sodium trimetaphosphate ((NaPOs;)3, (crystal)) at 298.15 K.

3.4 Cycle for Na,0-ZnO-P,0;s series glass

For zinc-based phosphate glasses, the formation enthalpy of the glass series can
be determined by considering a hypothetical reaction based on ((NaPO3);(crystal))
and ZnO (sd). Their formation enthalpies can be derived by considering the fol-
lowing cycle which involves dissolution and mixing processes. The designed states
from E5 to E8 are the solutions resulted from the different chemical operations [42]:

* ES state presents the phenomena of dissolution for (NaPO3); in Slv1 (4.5%)
(AsolHZ)‘

* E6 state designed the dissolution process of ZnO in Slv1 (4.5%) (Ag,H3).
* E7 state designed the mixing process of E5 + E6 states (A Hs).

* E8 state designed the dissolution process of glasses in Slv1 (4.5%) (AgoH4).

(100-x M MaPOs)s {er) + Jx ZnOis) AdH: » 3[(100-x)NaPO-xZn0](Glass]
4

Shvi (4.5%) Slvl (4.5%) Slvl (4.5%)

AsalHlz l 1 o) 8 £
AsolHa

Es Es

L__\[I___./

. —
~

AminHa

According to this cycle AH, can be expressed as: A;H, = (100-x) Ay,H; + 3x
AgoiHsz + AmixHs + AnixHs — 3A41H4 when E; and Eg states are identical
(AmixHa4 = 0) [42]. This quantity also equals:

AH, =3 AfH [(100 — x)NaPO3 — xZn0, glass]

6
— (100 — x)A¢H ((NaPOs);, crystal) — 3x A¢H (ZnO, sd) ©

So, the standard enthalpy of formation of the glass can be derived as:

A¢H'(glass) = 1/3(100 — x) (AsH(NaPO3);, cristal) + A¢H (NaPO3)s, cr))
+X(A501H (ZnO,sd) + A¢H" (ZnO, sd)) — AyoH (glass) + 1/3AmixHs

@)
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3.4.1 Dissolution processes

Tables 5-7 show the dissolution heat (Q,) of increasing the moles number (n) of
NaH,PO,, (NaPOj3); and ZnO solids in their corresponding solvents [42].

Table 5 presents the dissolution process of NaH,PO, with the variation of the
quantity (n (mmol)) to be dissolved in 4.5 ml of phosphoric acid solution (4.45%
(w/w) H3POy,) (Slv2).

Table 6 presents the dissolution process of (NaPO3); with the variation of
the quantity (n (mmol)) to be dissolved in 4.5 ml of phosphoric acid solution
(4.5% (w/w) H3PO,) (Slvl).

Table 7 presents the dissolution process for ZnO with the variation of the
quantity (n (mmol)) to be dissolved in 4.5 ml of phosphoric acid solution
(4.5% (w/w) H3PO,) (Slvl).

The plots of the variation of the measuring heats as a function of the moles
number of solid leads to straight lines whose expressed as: Q, = An+b.

The slope (A) presents the molar dissolution enthalpy (Ay,H) and b is the
intercept increment.

Referring to a mathematical treatment developed in literature, the increment b
is statistically not significant which leads to derive the dissolution enthalpy as [42]:

NaH,PO, (sd) in Slv2 (A4, H;)

n (mmol) Q. (J) uQ. (J)
0.2548 1.084 0.05
0.3700 1.328 0.08
0.3440 1.282 0.06
0.3000 1.167 0.11
0.1366 0.680 0.06

Q,: Heat of solution.
Slv2: 4.45% (w/w) H3PO,.
“Standard uncertainties u ave u(T) = 0.01K, u(p) = 10 kPa.

Table 5.
Enthalpy of solution of NaH,PO, (sd) in 4.45% (w/w) H;PO, at the temperature T = 298.15 K and pressure
p = 0.1 MPa (level of confidence = 0.68).”

(NaPO3)3(cr) in Slvl (A Hy)

n (mmol) Q. () uQ; (J)
0.1995 0.950 0.08
0.2473 1.171 0.06
0.2990 1.370 0.07
0.3452 1.590 0.12
0.2626 1.240 0.10

Q,: Heat of solution.
Slv1: 4.5% (w/w) H3PO,.
“Standard uncertainties u are u(T) = 0.01 K, u(p) = 10 kPa.

Table 6.
Heat of solution of (NaPO;);(cr) in 4.5% (w/w) H;PO, at the temperature T = 298.15 K and p = 0.1 MPa
(level of confidence = 0.68).”
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ZnO (sd) in Slvl (A4 H3)

n (mmol) Q. () w(Q,) ()
0.2736 —26.081 0.12
0.3625 —34.600 0.33
0.2461 —23.500 0.24
0.2211 —21.215 0.22
0.3060 —29.124 0.50
0.3350 —32.010 0.21

Q,: Heat of solution.
Slv1: 4.5% (w/w) H3PO,.
“Standard uncertainties u are u(T) = 0.01 K, u(p) = 10 kPa.

Table 7.
Enthalpy of solution of ZnO (sd) in 4.5% (w/w) H;PO, at T = 298.15 K and p = 0.1 MPa (level of
confidence = 0.68).”

% i
AsalH = Y(witAHin) - _ A (kJmol™

¥ lwi® |'||.:':I

where (w;) is the reciprocal of the variance on AH; (w; = 1/6°AH,), and AH; is
the energy resulting by dissolving n; (mol) of the corresponding product in the
phosphoric acid solution.

Equations of the lines are as follows [42]:

AgH; = 4.01n (8)
for (NaH,PO,) (sd) in 4.45% weight of H;PO, solution.
AgHy = 4.66n 9)

for ((NaPO3)s3, (cristal)) in 4.5% weight of H;PO, solution.
For ZnO (sd) in 4.5% weight of H3PO, solution.

AgHz = —95.50 n. (10)

Table 8 gathers the values of molar dissolution enthalpies with the
corresponding errors.

For zinc phosphate glasses, experiments were carried out by dissolving the same
mass of solids (25 mg) in 4.5 ml of 4.5% weight of H3PO, solution [42].

Compound NaH,PO, (sd) in Slv2 (NaPO3)3 (sd) in Slvl ZnO (sd) in Slvl

AsoH (KJ/mol) AgoH; = 4.01 £ 0.47 AsoH, = 4.66 + 0.44 AgoHs = —95.5 £ 2.7

Slv1: 4.5% (w/w) H3PO,.
Slv2: 4.45% (w/w) H3PO,.
“Standard uncertainties u are u(T) = 0.01 K, u(p) = 10 kPa.

Table 8.
Molar enthalpy of solution of dissolved compounds at the temperature T = 298.15 K and pressure p = 0.1 MPa
(level of confidence = 0.68).”
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Composition AgoH (KJ/mol) u (AgoiH) (KJ/mol)
NaPO; 4.80 0.45
95 NaPOs3-5 ZnO 3.70 0.20
90 NaPO3-10 ZnO 2.92 0.15
85 NaP0s-15 ZnO 1.70 0.10
80 NaP0O;-20 ZnO -1.15 0.10
75 NaPO3-25 ZnO -3.21 0.20
70 NaPOs-30 ZnO —6.34 0.32
67 NaPOs-33 ZnO —13.05 1.00

“Standard uncertainties u ave u(T) = 0.01 K, u(p) = 10 kPa.

Table 9.
Evolution of heat solution of (100-x)NaPO;-xZnO phosphate glasses in 4.5% (w/w) H;PO,, at the
temperature T = 298.15 K and pressure p = 0.1 MPa (level of confidence = 0.68).”

Table 9 reports the variation of the heat dissolution for the glass series published
in a previous work [33]. This evolution shows that the dissolution heat decreases
linearly with the incorporation of ZnO oxide. As a result the inversion in the
thermal signs for the studies glasses. This variation can be explained by the struc-
tural changes of the phosphate network suggesting the distortion of metaphosphate
chains revealed by *'P MAS-NMR analysis.

Plotting of dissolution heat versus ZnO proportion (Ag,H (K] mol™1)) is
reported in Figure 6. It seems that the calorimetric dissolution of the glass series is
endothermic for lower ZnO proportion and becomes exothermic above 18 mol% of
ZnO. This variation can be correlated to the cleavage of P==O==P bridges which
suggests the appearance of pyrophosphate groups (Q'), revealed by *'P MAS-NMR
spectroscopic analysis, when ZnO oxide is progressively incorporated in the vitre-
ous network [33].

3.4.2 Mixing processes
3.4.2.1 For ((NaPO3s)s, crystal) cycle

E2 was provided with various amounts of (NaPO3); (6-9 mg) which have been
dissolved in 4.5% (w/w) H3PO, solution but E3 is 4.4% (w/w) H3PO, solution.
Mixing the same volumes of E2 and E3 (around 2 ml) leads to a solution having the
mean value of acid composition (E4 with 4.45% (w/w) H3;PO, or
[H3P0,4.116.90H,0]. Consequently, the concentration of Slv2 was fixed as 4.45%
(w/w) H3POy, in order to get identical E1 and E4 states. Table 10 reports E2 + E3
mixing enthalpy for different mole number (n) of (NaPO3); added in E2. This
allowed to express AnixHi as: ApixHy = 0.07 n (R* = 0.995) leading to a value of
0.07 k] per (NaPOj3)3 mole [42].

(E; + E4) mixing process, which noted as (A,;xH>), was considered in order to
check whether or not they correspond to the same final state. This operation led to
an undetectable thermal effect [42].

3.4.2.2 For Na,0-ZnO-P,0s glasses cycle

Mixing the same volumes (around 2 ml) of Es and E¢ which have the same
concentration of phosphoric acid (4.5% (w/w) H3PO,), led to E; solution. Were
previously added to while The Es sate was obtained by dissolving the average mass
of ((NaPOj3)3, (cristal)) (27.3 mg) whereas the Eg¢ state was considered by dissolving

186



Structural and Calovimetric Studies of Zinc, Magnesium and Manganese Based Phosphate...
DOI: http://dx.doi.org/10.5772 /intechopen.88539

n (mmol) QM u(Q,) ()
0.0187 0.0005 0
0.0257 0.0010 0
0.0157 0.0003 0
0.0300 0.0013 0

“Standard uncertainties u are u(T) = 0.01 K, u(p) = 10 kPa.

E2: Solution with various amounts of (NaPOs3)3 in 4.5% (w/w) H3PO..
E3: 4.4% (w/w) H3PO,.

Q,: Heat of mixing.

Table 10.
Enthalpy of mixing: A, H, (E2 + E3) at the temperature T = 298.15 K and pressure p = 0.1 MPa (level of
confidence = 0.68)."

Composition AnmixHs (E5 + E6) u(AnixHz) AnixHy4 (E7 + E8)
(kJ/ZnO mole) (kJ/mol) (kJ/mol)
95 NaPOs3-5 ZnO 10.15 0.10 ~0
90 NaPO3-10 ZnO 4.00 0.13 ~0
85 NaPOs-15 ZnO 5.10 0.21 ~0
80 NaP05-20 ZnO 3.23 0.24 ~0
75 NaPO3-25 ZnO 2.74 0.25 ~0
70 NaPOs-30 ZnO 3.00 0.15 ~0
67 NaPO;-33 ZnO 2.12 0.20 ~0

“Standard uncertainties u are u(T) = 0.01 K, u(p) = 10 kPa.

E5: solution with 27.3 mg of (NaPOj3)3 in 4.5% (w/w) H3POy,.

E6: solution with various amounts of ZnO in 4.5% (w/w) H3PO,.
E8: solution with 25 mg of glass composition in 4.5% (w/w) H3PO..

Table 11.
Enthalpy of mixing: A, H; and A, H, at T = 298.15 K and p = 0.1 MPa (level of confidence = 0.68).”

the various amounts of ZnO so the variation of energy (Table 11) is due to the
presence of ZnO in the solution. The mixture of E; and Eg states has no detectable
thermal effect [42].

3.4.3 Dilution processes

For the cycle corresponding to the sodium trimetaphosphate, addition of water
to Slvl [H3P0,4.115.54 H,0] corresponds to a dilution process. The corresponding
energy was calculated by linear interpolation of literature data considering the
interval to which belongs each enthalpies of solution of the initial (4.5% (w/w)
H3PO,) and final states (4.4% (w/w) H3PO,) [42].

The formation and dilution enthalpies were calculated from Ref. [42] and listed
below:

A¢H’([H3PO,4.115.54H,0]) = —1288.255 (H3PO, 4.5%) (11)
A¢H' ([H3P0,4.118.54H,0]) = —1288.272 (H3PO, 4.4%) (12)
Calculation gives Ag;H; = —0.017 kJ mol ! H3PO,.

The formation enthalpy of sodium trimetaphosphate ((NaPO3)s, crystal) has
been deduced as (—3762.5 + 175) k] mol *. The obtained value differs from the
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Composition A¢H’ (KJ/mol) u(AH") (kJ/mol)
NaPO; —1260 50
95 NaPOs3-5 ZnO -1213 49
90 NaPO3-10 ZnO —1174 47
85 NaP0s-15 ZnO —1132 45
80 NaP0O;-20 ZnO —1090 44
75 NaPO3-25 ZnO —1070 43
70 NaPO5-30 ZnO —-1003 40
67 NaPOs-33 ZnO -973 39

“Standard uncertainties u ave u(T) = 0.01 K, u(p) = 10 kPa.

Table 12.
Formation enthalpy of: (100-x)NaPO;-xZnO glasses at the temperature T = 298.15 K and pressure
p = 0.1 MPa (level of confidence = 0.68).”

Zn0 % mol
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Figure 7.
Evolution of the standavd enthalpy of formation at standard temperature and pressure of (100-x)NaPO ;-
xZn0 (0 <x < 33 mol%) glasses [45].

older by only 2.4%. It seems that the calculated value of the formation enthalpy of
sodium trimetaphosphate ((NaPOs;)3, crystal) is in good agreement with this deter-
mined previously in 1968. This confirms that the synthesized product is probably
the sodium trimetaphosphate and not a mixture.

The variation of the formation enthalpy of the glass series are mentioned in
Table 12. This latter shows that this quantity increases with the addition of ZnO
oxide as reported in Figure 7 [42].

4, Conclusions

The influence of ZnO, MgO, MnO and SiO, addition on the structure, physical
and optical properties of phosphate glasses and phosphate-based silicate glasses
having a general formula: (50-x/2)Na,0-xMO-(50-x/2)P,05 (M = Zn, Mn, Mg)
where 3 < O/P < 3.49; (50-x)Na,0O-xMO-50P,05 (M = Zn, Mn) with O/P = 3
(0 <x <33 mol%) and (0.9-x)NaPO3-xSi0,-0.1Zn0 (0 <x < 0.1 mol).
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Amorphous state was investigated by means of FTIR, Raman, MAS-NMR and
UV-visible spectroscopy in order to study the structural role of MO oxide.

Spectroscopic analysis revealed the formation of pyrophosphate groups (Q")
resulting from the depolymerization of infinite metaphosphate groups (Q*) when
the modifying oxide is gradually incorporated.

Furthermore, the indirect optical band gap energy for zinc phosphate-based
silicate glasses increases with the addition of SiO, oxide. This suggests the increase
in the NBOs resulting from the modification of P==O==P bridges which revealed the
shortening of the metaphosphate chains.

On the other hand, the dissolution process is endothermic at lower MO content
and become exothermic when MO oxide is progressively incorporated. The change
in thermal sign could be correlated to the structural modification inducing the
formation of P==O==M ionic bond which increases the rigidity and the compacity of
the vitreous network.

Furthermore, the glass formation enthalpy of (100-x)NaPO3-xZnO
(0 <x <33 mol%) glass series were determine by considering a thermochemical
cycle involving the formation enthalpy of sodium trimetaphosphate ((NaPO3)s,
crystal). This later was checked in this work.

The glass formation enthalpy increases when ZnO oxide is progressively incor-
porated in the vitreous network.

When replacing of P by Zn induced a decrease in the binding energy which
suggest the increase of the formation enthalpy of the glass series.

Furthermore, the variation of T, values reflects an increase of the rigidity of the
glass network due to the formation of P==O==Zn ionic bonds. As a result, the
increase in the stability of the phosphate network which is tightly related to the
Gibbs free energy of formation A,G°.

Because of the large disorder that exists in the vitreous structure, the entropy
factor (A,S°) should prevail and induce the decrease in A,G° value when ZnO
concentration increases.
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Chapter 10

Temperature Influence on
Inhibitory Efficiency of Three
Phosphate Inhibitors by Mass Loss

Latefa Sail

Abstract

The effect of temperature on steel samples immersed in concrete pore
solutions contaminated by chlorides incorporating three inhibitors based on
phosphate (Na;PO,, K,;HPO,, and Na,PO;F) was studied by gravimetric measure-
ments at several ranges: 298, 308, and 318 K. The results obtained for the use of
these three products show that the inhibitory efficacy is lower at 318 K than that
detected at 308 and 298 K of temperature. Also, we find that the best inhibitory
efficiency at 298 K was detected for Na,PO;F (75.80% at 0.05 mol/l of concentra-
tion) followed by K,HPO, (65.05% at 2.5 1073 mol/1) and then NasPO, (61.48% at
751073 mol/l).

Keywords: temperature, concrete pores, corrosion inhibitors, phosphate,
gravimetric measurement efficiency

1. Introduction

Corrosion of reinforcement in concrete is one of the most dangerous patholo-
gies that attack reinforced concrete structures; the means of protection against
corrosion are varied and expensive. During this last decade, a new alternative has
been adapted which is the application of corrosion inhibitors either as an adjunct
to the mass of fresh concrete or by impregnation on the facing of hardened
concrete. Several families of corrosion inhibitor products have been developed
to prove their protective effect against steel reinforcement corrosion initiated by
the penetration of chlorides through the pores of concrete. The best known are
phosphates, borates, silicates and carbonates. One of the peculiarities of these
ions is that their hydrolysis releases hydroxide ions which will have the effect of
increasing the pH of the medium and thus passivating the steel. Moreover, in the
presence of oxygen, the anions will form with the metal cation a very insoluble
iron III phosphate which will clog the anodic surface and displace the cathodic
reduction reaction [1].

The required concentration of passivative inhibitor, often of the order of
107* to 107> mol/I [2], it depends in fact on many factors such as temperature,
pH, the presence of depassivating ions such as chlorides or reducing agents such
as sulfur S, [3].

Temperature is one of the factors that can alter the behavior of a material in a cor-
rosive environment. It can modify the metal-inhibitory interaction in a medium [4].
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The variation of temperature affects the rate of corrosion. According to Liu and
Weyer [5], an increase in temperature increases the rate of corrosion. This result
was confirmed in carbonated concrete and also that subject to aggressive environ-
ments like chloride ions penetration.

The objective of this research is based on the analysis of the evolution of
the inhibitory efficiencies of three phosphate inhibitors (Na;PO,4, K;HPO, and
Na,POsF) as a function of the temperature variation: 298, 303 and 313 K.

2. Methods and measurements

In this section, gravimetric tests were performed to characterize the influence
of temperature on inhibition efficiency for the three phosphate inhibitors used in
this study.

2.1 Gravimetric measurements

These measurements consist in determining the weight loss of a steel sample
subjected to specified conditions of temperature and relative humidity; they are
calculated on the basis of three tests to determine the average. The steel sample is
polished with abrasive paper ranging from 120 up to 1000 grades using a polisher at
a speed of 500 rpm, then rinsed in distilled water, dried with an electric dryer then
we weigh the mass M1.

The steel samples are introduced into beakers containing 50 ml of electrolytic
solution in an inclined position as shown in Figure 1, hermetically closed, then they
are placed in a thermostatic bath while adjusting the desired temperature, after
24 h, the samples are removed from beakers then, rinsed in distilled water, degreas-
ing is carried out with acetone and then dried with the electric dryer, after that we
weigh the mass M2.

2.2 Study medium

The medium of this study is a concrete synthetic medium which simulates
concrete pores contaminated by 3% of chlorides given in Table 1.

Figure 1.
Position of steel sample.
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1 ldistilled water Ca(OH), NaOH KOH CaS0,42H,0 NaCl
Wt (g/1) 2 04 0.56 0.27 30
Table 1.

Synthetic medium of concrete [6-8].

2.3 Steel preparation

The steel used is circular shaped with a diameter of 27 + 1 and 2 + 2 mm of thick-
ness, and the procedure of gravimetric tests is detailed in [9]. The corrosion rate is
determined by the following formula:

Cr = AM/St (mg/hcm’) (1)

AM = M1 - M2 )

Hence, AM represents the difference between the initial mass M1 and the final
mass M2 after a time “t” equal to immersion time by hours. “S” is the surface of the
metal exposed to the electrolytic solution.

This value of the corrosion rate is the average of three tests carried out under the
same conditions for an optimal concentration at a definite time. The value of the
inhibitory efficiency is given by the following formula:

IE (%) = %.100 (3)

10

3. Tested inhibitors

This study describes the corrosion behavior of steel immersed in synthetic
concrete pore solutions contaminated by chlorides for three phosphate-
inhibitors (NasPO,4, K;HPO,4 and Na,POsF), their molecular structure is given

O OH >
+ - e ey _ + K+D-_&)_GK+ + - ""'-‘P‘\‘ - +
NaOLD+a A Na O L. O Na
O Na
Sodium phosphate Potassium Sodium
Monohydrogenphosphate monofluorophosphate

Figure 2.
Molecular structure of the three tested inhibitors.

Inhibitor Concentration (mol/l)
Na;PO, 75x 1073
K,HPO, 25x1073
Na,POsF 5x1072

Table 2.

Medium concentrations.
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in Figure 2. The optimal concentration which provides maximum efficiencies
for the three products cited was extracted from a previous study [10] (see
Table 2).

4, Results and discussions

Table 3 records the mass loss results, relating to the evolution of corrosion rates
as well as the inhibitory efficiencies as a function of the temperature variation: 298,
303 and 318 K for the three inhibitors.

It can be seen from the results shown in Table 3 that the corrosion rates decrease
in the presence of the corrosion inhibitor, it reached the maximum at the optimal
concentration, for the first inhibitor sodium phosphate Na;PO, the maximum
efficiency 69.28% was detected at a concentration of 7.5 x 102 mol/1 at 298 K,
we can see clearly that the inhibitory efficiency slightly decrease as a function of
temperature increase. Likewise for K;HPOy, the best efficiency 67.44% was detected
at 298 K for a concentration of 2.5 x 107> mol/l, also, the increase of temperature
affects the inhibitory efficiency which decrease following temperature increas-
ing, the same remark was recorded for Na,PO;F the maximal efficiency 75.8% was
detected at 298 K. This phenomenon can be explained by the fact that the anodic
processes (oxidation components of steel) and cathodic (proton reduction in acidic
medium) are thermally activated.

This results in a current of exchange which increases the corrosion rate.
Hunkeler [11] has shown in his studies that the influence of temperature on the rate
of corrosion is greater than that the resistivity of the concrete.

Figure 3 shows the evolution of inhibitory efficiencies as a function of tempera-
ture variation for different concentrations of tested inhibitors.

298 K 303 K 313 K

C(mol/l) Cr 1073(mg/h.cm®) IE% Cr 10%(mg/h.cm? IE% Cr 107 (mg/h.cm®) IE%
Na;PO,

0 14 — 2.5 — 31 —
5x107 0.444 68.28 0.964 61.44 1.231 60.29
75x1073 043 69.28 0.798 68.08 1.0875 64.92
1072 0.768 45.14 149 40.4 1.8764 39.47
K,HPO,
0 14 — 2.5 — 31 —
1073 0.4629 66.93 0.8889 64.44 1.2478 59.77
25x1073 0.4558 6744 0.8737 65.04 11737 62.14
5x1073 0.4689 66.5 0.89126 64.34 1.251 59.45
Na,PO;F

14 — 2.5 — 31 —
25x1072 0.3411 75.63 0.8675 65.29 1.3976 5491
5x1072 0.3386 75.8 0.6749 73 0.8986 71.01
75 x 1072 0.3414 75.61 0.8344 66.62 1.1842 61.8

Table 3.

Evolution of corvosion rates and inhibitory efficiencies as a function of temperature variation.
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Figure 3.
Evolution of inhibitory efficiencies as a function of temperature variation for different concentrations of
Na,PO,, K,HPO, and Na,PO,F.

Figure 3 illustrates the influence of temperature variation on the inhibitory
efficacy of the three phosphate-based inhibitors. Certainly, temperature is one of
the factors that can alter the behavior of a material in a corrosive environment. It
can modify the metal-inhibitory interaction in a given environment [4].

The increase in temperature causes the instability of inhibitory molecules and
also reduces the inhibitory efficacies which was detected in previous researches [5].

It can be seen from Figure 4 that inhibitory efficiencies are highest in the opti-
mum concentration for all the studied temperature ranges, although they decrease
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Figure 4.
Evolution of inhibitory efficiencies as a function of temperature variation.

slightly as a function of temperature increase. As a result, the maximum inhibitory
efficacy at T 298, 303 and 318 K deduced using gravimetric measurements was
confirmed by sodium monofluorophosphate (Na,PO;F), followed by potassium
monohydrogenphosphate (K,;HPO,4) and thirdly sodium phosphate (Na;PO,).

These results are in good agreement with previous research that used the same
inhibitory products [10].

Indeed, sodium monofluorophosphate has been the subject of several studies
[12-14], and it has proven remarkable inhibitory properties especially in the case of
its use in zinc phosphate baths [15-17].

The variation of the temperature influences the rate of corrosion and conse-
quently the mechanism of the inhibition [18]. According to Liu and Weyer [5], an
increase in temperature increases the rate of corrosion.

5. Conclusions

Direct measurements of both corrosion rates and inhibitory efficiencies as a
function of inhibitor concentrations, have confirmed that sodium monofluoro-
phosphate (Na,PO;F) offers the best corrosion protection under study conditions
(temperature 298, 303 and 313 K); its inhibitory efficiency has exceeded 70% for
these temperatures.

This inhibitor has been the subject of several previous studies [12, 19-22], its effec-
tiveness against corrosion has been confirmed especially when used in a carbonated
concrete [14, 23-26] and also than for concrete solutions contaminated by chlorides.

We can also conclude that increase of temperature affects inhibitory efficiencies,
which is in good concordance with literature. For inhibitors based of phosphate, the
increase of temperature has a slight influence on the inhibitory efficiency for the
study temperatures, moreover, at higher temperatures, the molecular activation will
be greater, which leads to an increase in corrosion rates.
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