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Preface
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reference for researchers looking for reliable fundamental knowledge. Geologists, 
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world of phosphorus will find this book to be of interest. It is also a useful book for those 
without specialized knowledge of the field because it is thorough and easy to read. It 
covers topics such as the surface functionalization of hydroxyapatite to prevent bacterial 
colonization, the intrinsic property of phosphorous to dissociate the water molecule, 
alternatives to soluble phosphorus fertilizers, and the use of plasma pseudocholinesterase  
as a predictor of mortality in organ transplant patients. Chapters present cutting-edge 
concepts and research trends and include helpful figures and tables.
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Chapter 1

Introductory Chapter:  
An Overview of Phosphate Mineral 
and Electrochemical Detection 
of Phosphate for Environmental 
Remediation
Sadia Ameen and Mohammad Shaheer Akhtar

1. Introduction

A class of inorganic salts, derived from sustainable phosphoric acid, is known as 
phosphate minerals. Over 200 different phosphate mineral classes have been identi-
fied to date, and all of them feature isolated (PO4) tetrahedral units in their structure. 
Tetrahedrally coordinated phosphate (PO4

3−), along with occasionally substituting 
arsenate (AsO4

3−) and vanadate (VO4
3−), chloride (Cl−), fluoride (F−), and hydrox-

ide (OH−) that also fit into the crystal structure, is present in phosphate minerals. 
Although the phosphate class of minerals is a sizable and varied group, only a few 
species are comparatively widespread. Phosphates can be divided into three categories: 
(i) primary phosphates, which have formed from a liquid; (ii) secondary phosphates, 
which have emerged as a result of the repeated occurrence of primary phosphates; and 
(iii) fine-grained rock phosphates. These phosphates have mostly developed from the 
sea containing phosphorus-bearing organic material at low temperatures.

Approximately 15–20% of the world’s phosphate resources are thought to come 
from volcanic and weathered deposits, with the remaining 75% originating from sedi-
mentary, marine rock formations. Aqueous fluids produced during the latter phases 
of crystallization are often where primary phosphates form. The granitic pegmatites 
are the common examples of the primary phosphates such as apatite [Ca5(F,Cl,OH)
(PO4)3], triphylite [LiFePO4], lithiophilite [LiMnPO4], and the rare-earth phosphates 
monazite [(LaCe)(PO4)] and xenotime [Y(PO4)]. Carbonatites and nepheline 
syenites are examples of ultramafic rocks, which are very low in silica and frequently 
include primary phosphates. Both impure limestones and calc-silicate rocks contain 
metamorphic apatite. The formation of secondary phosphates in different oxidation 
states can occur in water at low temperatures. Iron and manganese are typically pres-
ent in both their divalent and trivalent oxidation forms, which results in vibrant hues. 
The phosphates such as strengite [Fe(PO4)(H2O)2] and vivianite [Fe3(PO4)2(H2O)8] 
are two typical species. There are various varieties of phosphate minerals, as follows:
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1.1 Pseudomorph mineral

Pseudomorph minerals are created when another substance undergoes chemical or 
structural change while preserving its original outward shape. The majority of pseu-
domorphs are granular and waxy on the inside, lack a regular cleavage, and appear to 
be crystalline, but they really exhibit optical properties that are distinct from those 
needed for their outer appearance. Pseudomorphs can be produced by putting the 
crystals of one mineral on top of the crystals of another. Alteration pseudomorphs 
can be created in a variety of ways, (i) through a modification in internal structure of 
the crystal without any modification in chemical composition (these pseudomorphs 
are known as paramorphs, e.g., aragonite changes to calcite and brookite changes to 
rutile), (ii) via the removal of a component from the original mixture (e.g., cuprite 
loses oxygen to form copper), and (iii) through the introduction of an ingredient to 
the (e.g., feldspar loses potassium silicate and gains water to become kaolinite).

1.2 Triplite mineral

It is a phosphate mineral comprising of Mn, Fe, Mg, and Ca phosphate [(Mn, Fe, 
Mg, Ca)2PO4(F,OH)], named as Triplite mineral. This mineral normally occurs in 
several parts of globe, for example, Bavaria, Ger.; Kimito, Fin.; Karibib, Namibia; and 
Maine, Connecticut, and Colorado in the United States, and notably, it is present in 
granite pegmatites as brightly colored (brown, salmon, flesh-red) masses.

1.3 Fluorapatite mineral

The fluorapatite mineral, also known as Ca5(PO4)3F, is a common phosphate 
mineral. It can be found in many igneous rocks as tiny, frequently green, glassy crys-
tals as well as magnetite deposits, hot hydrothermal veins, and metamorphic rocks. 
Additionally, the collophane is found in marine deposits.

1.4 Borate mineral

Borate mineral is a naturally occurring boron and oxygen combination. Borate 
minerals are generally rare; however, some can be found in significant deposits 
that can be mined for profit. The BO3 triangle or BO4 tetrahedron wherein oxygen 
or hydroxyl species are located at the triangle vertices or at the tetrahedron corners 
with a central boron atom, respectively, is incorporated into the structures of borate 
minerals. There may be both kinds of units in a single construction. Extended boron-
oxygen networks can be formed by vertices sharing an oxygen atom, or they can 
contain a hydroxyl group if they are bound to another metal ion. Any given mineral’s 
boron-oxygen complex shrinks in size as the temperature and pressure at which it 
forms rises and falls, respectively.

1.5 Tributyl phosphate

Tributyl phosphate is an organic liquid solvent used as a heat-exchange medium, 
a solvent for nitrocellulose, and the extraction of uranium and plutonium salts from 
reactor effluents. A phosphorus-containing substance with the chemical formula 
(C4H9)3PO4 is created when butyl alcohol and phosphorus oxychloride combine. 
Tributyl phosphate irritates the mucous membranes and corrodes the skin.
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1.6 Amblygonite mineral

Amblygonite comprising of Li, Na, and Al phosphate [(Li,Na)AlPO4(F,OH)] 
is phosphate mineral, which is extracted from ore of Li. It is often obtained from 
phosphate of lithium, that is, phosphate-rich granitic pegmatites having a very large 
crystal, white in color, and translucent masses. It has been mined at Keystone, South 
Dakota, as well as in a number of other nations, such as Zimbabwe and South Africa.

1.7 Cellophane mineral

Massive cryptocrystalline apatite, often fluorapatite or fluorian hydroxylapatite, 
makes up the majority of the fossil bone and phosphate rock known as collophane. It 
is typical to find horn-shaped concretions that are grayish-white, yellowish, or brown 
in hue.

1.8 Vanadate mineral

Vanadate is a naturally occurring mineral composed of vanadium (V), oxygen 
(O), and other metals. The majority of mentioned minerals are unusual and crystal-
lized under highly specific circumstances, making them rare. Even though carnotite 
and vanadinite are occasionally mined as uranium and vanadium ore, respectively, 
most vanadates are of minimal economic significance; yet, mineral collectors esteem 
them for their vivid hues.

1.9 Sulfide mineral

Any member of the sulfur family-based compounds with one or more metals 
is referred to as a sulfide mineral. The majority of sulfides have straightforward 
structural characteristics, great crystallographic symmetry, and numerous metal-like 
characteristics, such as cluster of metals and electrical conductivity. They usually 
have high specific gravities, vivid hues, and low hardness. The general chemical 
formula AmSn, where A represents a metal, S ascribes to sulfur, can be used to indicate 
the composition of sulfide minerals. This formula yields the stoichiometries A2S, AS, 
A3S4, and AS2. Fe, Cu, Ni, Pb, Co, Ag, and Zn are the metals that are most frequently 
found in sulfides, while roughly 15 other metals can also enter sulfide structures.

1.10 Electrochemical detection of phosphate

The management of phosphorus nutrients is currently seen as a highly important 
societal task with significant implications for the economy, the environment, health, 
and industry, as a part of phospholipids, nucleic acids, or adenosine triphosphate, 
which are connected to cell membranes, genetic information storage and retrieval, and 
energy sources for cells, respectively. Phosphorus is in fact a crucial chemical element 
in live cells. Inorganic phosphate is produced in large quantities (82%) for use as fertil-
izers in agricultural fields, where the majority is lost to the environment [1, 2].

To solve environmental, financial, and health issues linked to phosphate pro-
cessing, it is evident that there is a significant demand for quick, dependable, and 
affordable detection systems for continuous measurement. A variety of analytical 
techniques, including ion chromatography [3, 4], luminescence/fluorescence sensing 
[5–7], biosensing [8], and electro-analytical techniques [9–11], have been developed. 
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Here, we give a brief summary of recent advancements in the design of nanomaterials 
to meet the needs of selectivity and sensitivity for potentiometric and amperometric 
sensors, or biosensors, for phosphate measurement in actual waters.

2. Metal-based electrodes

Xiao et al. [12] introduced the unique cobalt-linked electrode for phosphate sensor. 
Due to particular interactions with the thin CoO layer generated at the electrode 
surface, solid-state Co-electrodes demonstrated a potentiometric response to H2PO4. 
This specific reactivity of the cobalt oxide surface and phosphate anions was recently 
validated by Ogata et al. [13]. Cobalt wires with a diameter of 1 mm were recently 
used to optimize a Co-based microsensor that can be used in lake water and soil 
samples with a few millimeters of spatial resolution [14].

3. Polymer-based sensors

In response to the electrochemical detection, despite the difficulties brought on by 
the hydrophilic nature of phosphate, ion selective membranes have been employed 
for phosphate detection [15]. The polyaniline film was doped with 0.5 M phosphonic 
acid and electrodeposited on a gold electrode [16]. According to Satoh et al. [17], an 
ionophore-doped polyvinyl chloride (PVC) membrane based on bis (dibromophe-
nylstannyl) methane responds primarily to HPO4

2− among different PO4 species. 
The limitations of this sensor are the interference with OH− and its short life-time 
(< 5 h). A new PVC membrane recently developed by Topcu et al. [18] was doped 
with a chitosan-clay combination. The as-prepared electrode after conditioning in Cr 
(III) solution expresses an anionic response, being particularly sensitive and selective 
toward HPO4

2−.

4. Metal complex-based sensors

Applying some metal complexes including copper phthalocyanine (CuPc) [19–21] 
or M-2,6-bis(bis(2-pyridylmethyl)amino methyl)-4-methylphenol (M-BPMP, M = Zn 
and Cu) [22], uranyl salophene III [23] have already being used for the detection of 
phosphates.
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Chapter 2

Inorganic Phosphate: The Backbone
of Life
Arkady Mustaev

Abstract

Inorganic phosphate (Pi) plays a crucial role in many biochemical pathways.
Broad Pi involvement in the structure and function of biological entities reflects a
striking unity of inorganic and organic matter in life processes. Pi functions as a
constituent of cellular metabolites as well as a building material for bones in verte-
brates and shells in some marine species, owing to the ability of Pi to form robust
minerals. Dysregulation of phosphate metabolism causes serious medical disorders,
such as osteoporosis, arterial medial calcification, hypophosphatemia, and kidney
stone formation. The purpose of this chapter is to provide a brief but comprehensive
overview of inorganic phosphate biology. The chapter aims at a broad audience that
includes advanced graduate students and first-year medical students as well as
researchers and scientists interested in the basics of Pi bioorganic, biophysical,
bioinorganic, and biomedical chemistry. Herein, the author i) describe major Pi
functions in current life forms; ii) highlight unique Pi properties that underpin its
role in life processes, iii) rationalize the natural choice of Pi for design of biological
molecules, and iv) discuss the possible involvement of inorganic phosphate and its
minerals in events that led to the emergence of life.

Keywords: inorganic phosphate, cellular functions, biological phosphate minerals,
bone metabolism, pathological calcification, catalysis, nanobacteria, life origin

1. Introduction

Inorganic phosphate, Pi, is the simplest and only form of phosphorus existing in
nature (Figure 1); it plays a central role in cellular energetics and metabolism as well
as in biological structure and regulation (for reviews see Refs. [1–3]). It is believed
that Pi participated in the principal events that led to the origin of life [4–6]. Indeed,
phosphate-containing compounds are essential constituents of all living cells.

Previous reviews covering particular aspects of Pi involvement in the life process
(cited in the text) are available. This chapter fulfills the need for a broader outlook on
the subject. This review compiles the most significant and recent data and presents
their critical analysis from the perspective of a researcher who has an extensive
experience in chemistry and biochemistry of inorganic phosphate and natural
phospho-organic compounds.
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Special emphases will be made on the properties of phosphate that define its
function in major cellular processes as well as on the biologically important Pi minerals
and biomineralization processes in vertebrate species. The later include bone metabo-
lism as well as pathological Pi minerals deposition cases such as kidney stone forma-
tion and arterial medial calcification. A significant part of the review will be devoted
to the exotic case of Pi biomineralization, which is the phenomenon of “nanobacteria”.
The importance of this phenomenon in regard to life origin and early evolution is not
yet widely appreciated. Therefore, the author will discuss this topic in detail. Finally,
the author will describe specific properties of Pi that likely determined the natural
choice of this compound as part of life material.

2. Properties of phosphate that define its function in major cellular
processes

Broad Pi involvement in life processes is explained by the unique properties of
this element. For example, phosphorus is able to covalently associate with five other
atoms by contributing outer shell electrons to the bond formation (e.g., PCl5 struc-
ture). In the (PO4)

3� moiety, phosphorus forms single bonds with three oxygens and
a double bond with the remaining oxygen (Figure 1). In the cell, phosphate forms
anhydrides, esters, phosphamides, and diesters. Major cellular structures involving
phosphate as a building block are listed in Table 1. Below, the author briefly describe
the role of the phosphate group in these structures and highlight the involvement of
Pi in major life processes.

Figure 1.
Major functions of inorganic phosphate. Recently discovered functions are indicated by the red font.
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Metabolite Structure Function

RNA/DNA Genetic material

Adenosine triphosphate
Cellular energy source,

substrate for RNA
synthesis

Creatine phosphate

Emergency energy
source, ATP production
in anaerobic conditions

Polyphosphate
Phosphate storage,

energy source

Aminoacyl-adenylate tRNA aminoacylation

1,3-diphosphoglycerate ATP production

NAD (NADP)

Redox reactions, ATP
production, signaling,

redox sensing,
detoxification

Pyridoxal phosphate

Coenzyme in the
reactions of

transamination,
decarboxylation,
deamination, and

racemization of amino
acids.

Inorganic phosphate

Coenzyme in transcript
cleavage reaction by RNA
polymerase. Substrate for
ATP synthesis by F1F0

ATP synthase

cAMP
Intracellular signal

transduction

Phospholipid
Component of cellular

membranes
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2.1 Pi role in structure of nucleic acids

Consideration of the major classes of phosphate-containing biological molecules
(Table 1) suggests distinctive roles of phosphorus in their structure and function. For
example, in nucleic acids, phosphate forms diester linkages that connect the nucleoside
units. The linkages display high chemical resistance toward hydrolytic cleavage, pro-
viding the stability required for maintenance and storage of genetic information: The
half-life for the uncatalyzed attack of water on the dimethyl phosphate monoanion
(a model for DNA linkage) at ambient temperature is about 107 years [7]. RNA is
about 104–105-fold less stable due to an intramolecular attack of the ribose 20 hydroxyl
group on the neighboring phosphodiester [8]. Nevertheless, RNA possesses remarkable
resistance to hydrolysis [9]. The stability of nucleic acids is expected to have been a
crucial factor at the beginning of life since the first life forms probably functioned at
temperatures of 55–85°C [10], conditions that accelerate hydrolysis rate by a factor
of 102–104 relative to ambient temperatures. In contemporary organisms, the integrity
of genetic information is additionally ensured by enzymes that recognize and
repair damaged DNA. Importantly, a stable negative charge at the phosphodiester
linkage maintains the high solubility of nucleic acids. This is in contrast to the low
solubility of nucleic acid analogs having a peptide backbone (PNA), which lacks a
charge [11].

2.2 Pi anhydrides, mixed anhydrides, and phosphamides: Energy-rich compounds

A separate group of cellular phosphometabolites comprises reactive energy-rich
compounds, such as phosphoanhydrides (nucleoside-5’di- and triphosphates, NDP,
NTP), nicotinamide adenine di- or triphosphates, flavin adenine dinucleotide (NAD
(H), NADP(H)), (FAD(H)2), polyphosphate (polyP), mixed anhydrides (e.g.,
aminoacyl adenylates), as well as phosphamides, creatine, and arginine phosphates.
Generally, the energy stored in these compounds is used to drive energetically
disfavored biochemical processes in coupled reactions.

ATP is an example of targeted energy delivery in biological systems in which the
energy stored in the inorganic triphosphate moiety is directed by the adenosine
“address” to an enzyme executing a particular ATP-dependent metabolic process.
ATP is a major energy source that serves multiple functions, including muscle con-
traction and biochemical synthesis (for review, see Ref. [12]). When consumed in
metabolic reactions, it converts either to adenosine diphosphate (ADP) or to ade
nosine monophosphate (AMP). While possessing high energy, phosphoanhydrides
displays remarkable kinetic stability due to the significant activation barrier of
the phosphoryl-transfer reaction. Thus, at 100°C the half-time time for

Metabolite Structure Function

Phosphoglycerate Metabolite activation

Table 1.
Major representatives of biological molecules that involve phosphate.
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non-catalyzed ATP hydrolysis is about 30 min. This relative stability allows the
controlled release of the energy stored in ATP via enzyme-mediated processes
in which enzymes direct the rate of energy release by lowering the activation
barrier of the reaction. This relative stability of phosphoanhydride seems to have
been of even greater significance during the origin of life, preserving the pool of these
compounds at high temperatures. In addition, ATP (as well as other NTPs) is a
substrate for RNA synthesis by RNA polymerase (RNAP), while the corresponding
deoxy NTPs are utilized for DNA synthesis by DNA polymerases. The former
reaction, executed by RNA enzymes (ribozymes), is believed to be central to the
origin of life by supporting the self-duplication of these structures in the primordial
“RNA world.”

Inorganic polyphosphate (polyP), a polymeric Pi form found in all kingdoms of
living organisms, is a phosphorus and energy source that ensures the survival of
microorganisms under extreme conditions [13]. It also has an important regulatory
role by inhibiting RNA polymerase-mediated transcription [14].

The NAD(P) class of compounds participates in numerous reactions
involving electron transfer due to facilitated redox conversion of the nicotinamide
moiety (for review, see Refs. [15, 16]). Even though the NAD family of metabolites
possesses an energy-rich phosphoanhydride bond, it is rarely used to drive
biochemical reactions. An example is NAD+ involvement in the repair of DNA
breaks in which the adenylyl moiety of the metabolite is transferred to the phosphate
residue of a broken phosphodiester bond, thereby affording an active pyrophosphate
derivative that phosphorylates the neighboring DNA 30 hydroxyl residue to seal the
break [17].

FAD is a redox-active cofactor, which assists various proteins (flavonoids),
involved in enzymatic reactions. Flavoproteins employ the unique and versatile
structure of flavin moieties to execute difficult redox reactions owing to the strong
oxidizing potential of FAD, which is greater than that for NAD+.

Creatine phosphate [18] possesses a phosphamide bond, whose energy (10.3 kcal/
mol) exceeds even that for ATP hydrolysis (7.3 kcal/mol). It serves to quickly recharge
ADP to ATP (through phosphoryl transfer) in the active muscles of vertebrate organ-
isms. In invertebrates, this function is executed by the structurally analogous arginine
phosphate.

Mixed anhydrides of phosphoric and carboxylic acids are another class of energy-
rich compounds. They possess activated carbon and phosphorus atoms within an
anhydride C-O-P segment; therefore, these compounds can display acyl or
phosphoryl-transfer reactivity. The former reaction pathway in observed for
aminoacyl-adenylates, which in an enzyme-mediated process transfers an aminoacyl
residue to the 30 hydroxyl group of tRNAs [19] for protein biosynthesis. In contrast,
the mixed anhydride 1,3-diphosphoglycerate, a metabolite of glycolysis, transfers a
phosphoryl group to ADP to produce ATP.

2.3 Pi functions exploiting its unique physicochemical properties

Some phosphate-bearing cellular compounds take advantage of negatively charged
Pi residues to enhance metabolite recognition by proteins at their binding sites
through salt bridging and hydrogen bonding. This appears to be the case for the NAD/
NADP class of compounds, pyridoxal phosphate, and cyclic AMP. In addition, the
incorporation of charged Pi moieties into the structure ensures metabolite retention by
the cell via impeding diffusion through the cell membrane. Metabolite retention could
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have been an important factor in primordial organisms, whose cell membranes are
thought to have been leakier than those of modern cells.

The inclusion of Pi residues in lipid components of cell membranes is due to the
highly polar nature of the Pi group owing to the double-negative electric charge and
therefore its strong water-hydration status. In addition, Pi residues as constituents of
lipopolysaccharide (LPS) of outer membranes in gram-negative bacteria coordinate
with Me2+ ions (e.g., Mg2+), which stabilize outer membrane structures through the
fusion of neighboring LPS units. In particular, this coordination limits antibiotic
access to cells [20].

The attachment of phosphate residues to cellular proteins in the course of post-
translational modification (PTM) is a significant biological process. It serves multiple
purposes, including intracellular signaling, cell differentiation, cell death, survival,
cell mobility, and regulation of cellular metabolism (for review, see [3]). Phosphory-
lation of proteins is one of the most observed PTMs. Phosphate esters of Ser, Thr, and
Tyr are the most common modification products. The critical feature of these PTM
entities—phosphoamino acids in proteins—is that they do not resemble any natural
amino acid residue; therefore, they provide a special means of modulating the physi-
cochemical properties of protein surfaces. In particular, the phosphate group, with its
large, hydrated shell and dense negative charge, is physically quite distinct from the
common negatively charged amino acids, Asp and Glu, whose carboxyl side chains
possess only a single negative charge and as such, a smaller hydrated shell than
phosphate. Consequently, a protein-linked phosphate group can form hydrogen bonds
or salt bridges of greater stability with either Arg or Lys side chains [21]. Moreover,
this moiety can bridge with Asp and Glu residues via coordination of the Mg2+ ion. As
such, protein-linked phosphates can regulate function or the interaction with another
protein or small molecule by i) inducing a conformational change within a protein, ii)
promoting inducible protein-protein interactions through specific recognition of
phosphoproteins by phosphospecific binding domains in other proteins, and iii)
changing the subcellular location of a protein by affecting its transport. Moreover,
tagging a protein with Pi can either prevent or promote protein degradation in a
ubiquitin-dependent process [22].

A phosphate is an electronegative group [1, 2, 23], a property seen in various
pathways to activate metabolites for biochemical reactions. This feature is exemplified
by phosphoglycerate (Table 1), an intermediate in glycolysis. In this compound,
electron withdrawal by the phosphate group induces a partial positive charge on the
adjacent carbon atom, which activates the C-C bond in a subsequent dehydration step
that produces phosphoenolpyruvate in a β-elimination reaction.

The ability of Pi and condensed phosphates (structures that include
phosphoanhydride units) to coordinate divalent metal ions is a part of the catalytic
mechanism underlying numerous biochemical reactions that are achieved through
nucleotidyl or phosphoryl transfer. These reactions include nucleic acid biosynthesis,
repair, and degradation. Coordination at the active center by Mg2+ ions (exemplified
below by RNA polymerase) presents substrate groups for catalysis and promotes the
above reactions (e.g., through electron withdrawal or stabilization of the reaction
intermediates, or reaction transition states).

Another consequence of phosphate coordination is the poor solubility of Pi
salts with the divalent metal ions (e.g., Ca2+ and Mg2+). This property is exploited
in the construction of bone and teeth but can also cause medical disorders
(e.g., cardiovascular calcification and formation of kidney stones), which are
described below.
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2.4 Pi utilization as a substrate or a cofactor in biochemical reactions

Pi metabolism starts with its inclusion into cellular molecules in enzyme-mediated
processes. Pi is used as a substrate in two principal reactions yielding energy-rich
compounds. One is the direct phosphorylation of ADP, which produces ATP. This
highly energy-consuming conversion, executed by ATP synthase, is driven by the elec-
trochemical gradient created during respiration by the difference in proton (H+) con-
centration across the inner mitochondrial membrane in eukaryotes and the plasma
membrane in bacteria. The second reaction is NAD+-mediated formation of 1,3-
bisphosphoglycerate from Pi and glyceroaldehyde-3-phosphate in the course of glycoly-
sis. Phosphoryl transfer from this compound to ADP affords ATP in the following step.

A function of inorganic phosphate recently discovered by our group is the ability
of Pi to serve as an enzyme cofactor [24]. Since this property may reflect unknown Pi
involvement in cell biology, the author consider the phenomenon in detail. RNA,
synthesized by DNA-depended RNA polymerase (RNAP) from a DNA template as the
first step in gene expression, encodes the genetic information that translates to the
corresponding protein structure at the following step. Although RNA synthesis is the
principal activity of RNAP, the enzyme can also degrade transcripts in a reaction that
eliminates the 30 terminal RNA nucleotide by hydrolysis [25]. We found that Pi
strongly stimulates this RNAP reaction, suggesting a potential role for this anion in
gene expression.

The stimulating Pi effect can be rationalized in the context of RNAP catalytic
mechanism (Figure 2). Both RNA synthesis and degradation by RNAP occur at the
same active center [26] and proceed through an Sn2 mechanism [25–28], which is
common to all nucleic acid polymerases and ribozymes. It is thought to have
supported RNA self-duplication in the primordial RNA world [29–32]. The mecha-
nism involves two Mg2+ ions (Figure 2) chelated by an aspartate triad in the active
center of the enzyme. One Mg2+ ion (Mg-I) is permanently retained within the
enzyme, whereas the other (Mg-II) binds transiently; it must be recruited through
additional coordination for each round of catalysis [25]. Thus, Mg-II is stabilized by
chelation with the phosphate groups of the NTP substrate at the nucleotidyl transfer
step of RNA synthesis (Figure 2A). In this process, Mg-I activates the 30- hydroxyl of
the terminal RNA residue (by promoting its ionization) and the α-phosphate of an
NTP substrate for nucleophilic attack; Mg-II facilitates the release of pyrophosphate
(Figure 2A) by electron withdrawal through coordination. The two Mg2+ ions switch

Figure 2.
Modes for the RNAP active center action. (A) Nucleotidyl-transfer reaction. (B) Proposed mechanism for Pi action
in hydrolytic RNA cleavage. Amino acid residues of the active center involved in the reactions of A and B are
indicated. (C) Structural model for B. A part of the figure is from [24].
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roles in the hydrolytic cleavage of RNA (Figure 2B). Thus, Mg-II activates the
attacking water, while Mg-I aids in the release of the leaving group. We found that
inorganic phosphate accelerates hydrolytic RNA cleavage about 2000-fold by stabi-
lizing Mg-II at the active center through additional coordination and by activating the
attacking water molecule (Figure 2B and C). In this capacity, Pi is the smallest known
prosthetic group assisting an enzymatic reaction.

The above finding represents a stunning example of how simple cellular molecules
can reprogram an enzyme’s active center by providing functional groups for catalysis.
The main Pi features as cofactor in this reaction involve the Pi ability to i) salt-bridge
with positively charged active center amino acid side chains, ii) coordinate catalytic
Mg2+ ion, and iii) form a hydrogen bond. Strikingly, inorganic phosphate mimics,
such as arsenate (HAsO4)

2� and vanadate (HVO4)
2� anions, stimulate this reaction to

the same extent as Pi.

3. Role of inorganic phosphate in biomineralization

3.1 General concepts and factors involved in mineral formation in living
organisms

Phosphate compounds play a central role in biologically controlled mineralization
(biomineralization), the processes by which living organisms produce minerals, often
to harden or stiffen existing tissues (for review see [33]). The formation of hard
tissues represented an evolutionary breakthrough by providing enhanced body
strength, advanced mobility, and protection. It is a widespread phenomenon observed
in all six taxonomic kingdoms; it is about 500 million years old. In this section, the
author concentrate on biomineralization occurring in humans and other vertebrate
species. In these organisms, mineral deposition is used to form hard structures, such as
bones and teeth. In the cases of pathology, biomineralization develops in soft tissues
causing illnesses, such as formation of stones in kidneys and bone-like deposits in
heart valves (e.g., arterial medial calcification). A significant number of these patho-
logical cases involve the precipitation of poorly soluble phosphate forms.

Solubility, a fundamental property of compounds, is defined as the maximal concen-
tration of the compound in solution. Two distinct kinds of solubility exist i) equilibrium
(thermodynamic) solubility, a type of chemical equilibrium between a compound in the
solid state and a solution of that compound, and ii) kinetic solubility, which occurs when
the concentration of the compound in solution exceeds its equilibrium (thermodynamic)
solubility, thus creating a supersaturated solution. Even though supersaturated solutions
are unstable, some compounds do not precipitate over prolonged times, especially in
media containing other compounds (e.g., intracellular environment or blood).

Crystallization affords a solid state in which atoms or molecules are highly orga-
nized into an assembled structure known as a crystal. This process involves two major
events: nucleation and crystal growth, which are driven by thermodynamics as well as
by the physicochemical properties of the compounds. Nucleation is the step in which
the solute molecules or atoms, randomly dispersed in the solvent, start to gather into
nano-scale clusters in a small region. These clusters are metastable owing to their
ability to dissolve in an equilibrium process and their need to reach a critical size in
order to become stable nuclei. At this stage, the atoms or molecules arranged in an
organized and periodic manner that defines the crystal structure. Crystal growth is the
subsequent size increase of nuclei that succeeds in achieving the critical cluster size.
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Supersaturation is a prerequisite of crystallization by making the process thermody-
namically favorable. Depending on conditions, either nucleation or growth of existing
crystals may predominate, thereby controlling crystal size. Both steps of crystalliza-
tion are highly sensitive to the presence of other molecules or objects in the medium,
which can either promote or inhibit the process. This can be illustrated by the school
chemistry demonstration in which a thread placed into a supersaturated solution turns
overnight into a magnificent string of beads—crystals.

Crystallization occurring in living organisms has several important specifics that
make it highly controllable. The major compound in biomineralization is calcium
phosphate [34], which can crystallize in various forms (see Table 2), the most com-
mon being hydroxyapatite (HAP). HAP kinetic solubility allows its accumulation at
levels sufficient to create supersaturated solutions, while the thermodynamic
solubility of this compound enables controllable deposition in biological systems.
Solubility is determined by the chemical interactions of the constituents both within
the crystal unit and between the units. In the case of HAP, these interactions are
represented by ionic bonds between the metal cation and negatively charged oxygens
of the phosphate group and the hydroxyl group as well as by coordination bonds
between Ca2+ and the above groups (Figure 3). Solubilization of the crystal destroys
all the bonds, releasing the constituents of the mineral as hydrated free ions. The
sustainable solubility of HAP can be attributed to the moderate strength of the
coordination bonds between the Ca2+ ion and the interacting anionic groups of the
mineral. Indeed, the solubility of phosphate minerals with other divalent metals that

Name, formula Appearance Solubility Ref.

Magnesium phosphate
Mg3(PO4)2

10�5 M
0.5 x 10�5 M

[35]
[36]

Magnesium hydrogen phosphate trihydrate.
Newberyite
MgHPO4 � 3H2O

1.3 x 10�3 M
1.44 x 10�3 M

[37]
[38]

Tricalcium phosphate (TCP)
Ca3(PO4)2

0.5 x 10�6 M [36]

Calcium hydrogen phosphate. Monetite
CaHPO4

0.3 x 10�3 M [39]
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Name, formula Appearance Solubility Ref.

Dicalcium phosphate dehydrate. Brushite
CaHPO4�2H2O

0.5 x 10�3 M [39]

Hydroxylapatite (HAP)
Ca5(PO4)2OH

0.8–1.6 x 10�7 M [40]

Struvite
Mg(NH4)PO4

0.5 x 10�4 M [41]

Table 2.
Solubility and appearance of biologically relevant phosphate compounds and minerals.

Figure 3.
Hydroxyapatite structure. Various types of bonds within the HAP structural unit Ca10(PO4)6(OH)2 are indicated.
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form stronger coordination bonds is lower. This could be why (along with the high
environmental availability of soluble Ca2+ forms) this metal evolved for biominerali-
zation as a Pi counterpart. Notably, Mg2+ and carbonate ions (about 0.6% and 6%,
respectively) incorporate into a HAP structure upon deposition.

The second important aspect of biomineralization is that it occurs in complex envi-
ronments that include both biopolymers and small compounds that can interfere with
HAP deposition. This enables control of biomineralization by the maintenance of the
balance between metabolites that either inhibit or promote crystallization [42]. Impor-
tantly, the concentration of Ca2+ and Pi ions in biological tissues is well above the
saturation level. Therefore, the deposition of these ions in the form of HAP is normally
prevented by inhibitors. However, in pathological situations, the elevated concentration
of the two ions can cause uncontrollable HAP deposition ([43] and below), which
underscores the importance of maintaining the ions at the optimal level.

3.2 Bone formation

Bone is a rigid organ that constitutes the skeleton of vertebrate animals. Bones
protect the body’s organs, produce red and white blood cells, store minerals, and
provide structure and support for the body, thereby enabling mobility. Structurally,
bone represents a composite material comprised of a matrix of collagen fibrils
surrounded by mineral deposit hydroxyapatite (Figure 4). The composite structure
provides remarkable rigidity and resistance to mechanical stress. The relative strength
of bone exceeds that of concrete. The human thighbone can sustain roughly 6000 lbs.
of compressive force [45]. Bone metabolism is a highly dynamic process (for review
see [46]) that involves bone formation as well as bone resorption, which is the
solubilization of the bone material. Both processes are controlled by specialized cells
populating bone tissues. Osteoblasts and osteocytes are involved in the formation and

Figure 4.
The process of bone formation. This starts with budding the matrix vehicle (MV) of the osteoblast cell. The creation
of high concentration of Ca2+ and pi inside MV initiates HAP formation (step 1) followed by the excretion of the
nanocrystals through the membrane and their further growth in the extracellular fluid (step 2). Mature HAP
crystals then associate with collagen fibrils to form mineralized bone material (step 3). This is an extended and
modified version of the original figure of Ref. [44].
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mineralization of bone, while osteoclasts execute the resorption of bone tissue.
Figure 4 shows the mineralization process mediated by osteoblasts [42, 44, 46]. As
stated above, initiation of crystallization requires high concentrations of Ca2+ and Pi
ions, which if generated intracellularly would interfere with vital cellular processes.
Osteoblasts produce specialized matrix vesicles (MV) that are “factories,” where
hydroxyapatite nanocrystals are manufactured by creation of optimal conditions for
crystallization. Matrix vesicles are small formations, 100–200 nm in diameter,
equipped with a variety of features that are involved in generation of high concentra-
tions of Ca2+ and Pi inside the vesicles. For example, vesicle membranes are enriched
in phosphatidylserine, a lipid having a high affinity for Ca2+, as well as in the Ca2+-
binding proteins calbindin D9K and bone sialoprotein. Matrix vesicles are also rich in
annexins, Ca2+ channels that export the ions from extracellular fluid into vesicles. Pi is
provided by type-II Na/Pi cotransporters and by a specialized phosphatase
(PHOSPHO1), which hydrolyzes phosphatidylcholine (PCho) and phosphatidyletha-
nolamine (PEA) scavenged from the MV membrane (Figure 4).

The association between Ca2+ and Pi affords hydroxyapatite as Ca10(PO4)6(OH)2.
When the concentration of this compound exceeds its solubility, the mineral
precipitates inside vesicles as a fine deposit (Figure 4, step 1). This is followed by
excretion of the nanocrystal seeds through the MV membrane into the extracellular
fluid. There the crystals undergo further growth (step 2) supported by sufficient Ca2+

and Pi concentrations in the extracellular fluid (crystal growth requires lower
concentrations of the ions than initiation of crystallization). The hydroxyapatite
crystals then tightly associate with collagen fibrils (provided by osteoblasts) in the
skeletal matrices, thus forming composite bone material (step 3). The Pi to
inorganic pyrophosphate (PPi) ratio controls the second step of mineralization since
the latter inhibits crystal growth. PPi is supplied by nucleotide pyrophosphatase,
phosphodiesterase 1 (NPP1) from ATP hydrolysis [47]. In addition, PPi is provided by
ankylosis protein homolog (ANKH), which is an inorganic pyrophosphate transport
regulator localized on the membranes of osteoblasts. Tissue-nonspecific alkaline
phosphatase (TNAP) hydrolyzes PPi to generate Pi, thus controlling the PPi/Pi ratio
(Figure 4).

Importantly, the HAP structure contains fully ionized (PO4)
3� species and an

ionized hydroxyl group of water coordinated by one of the Ca2+ ions. High pKa values
(12.37) for deprotonation of the (HPO4)

2� group, which would lead to (PO4)
3� and

the pKa for ionization of Ca2+-coordinated water (12.5) to generate OH� ion, suggest
that alkaline pH favors HAP formation. This is consistent with the observation that
the optimal pH for osteoblast functioning is 8.4 [48]. Also, the alkaline pH is optimal
for TNAP, which provides Pi for biomineralization in bone tissues. An alkaline envi-
ronment is maintained by pumping H+ ions from the medium into osteoblasts by
chloride-proton antiporters.

3.3 Bone resorption

During an organism’s life, bones undergo constant changes associated with initial
bone growth and the need to rejuvenate bone through the removal of the aged-bone
segments and replacement with new material (for review, see [46]). As alkaline
conditions favor bone formation, bone destruction requires acidification, which con-
verts HAP to water-soluble compounds. Osteoclasts control this process spatially and
metabolically by recognizing aged-bone segments and creating an acidic environment
between the cell and underlying bone (Figure 5). This triggers events causing the
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formation of lysosomal vesicles that contain cathepsin K, a protease that finalizes bone
destruction at later stages. Acidification is achieved through the action of carbonic
anhydrase, which converts carbon dioxide to carbonic acid in a reversible reaction
with water. Exchange of the resulting bicarbonate ion for the chloride anion of
hydrochloric acid by a chloride-bicarbonate exchanger shifts the equilibrium of CO2

hydration, thus enhancing acidification. Vacuolar H+ ATPase generates additional acid
through ATP hydrolysis. Diffusion of the resulting hydrochloric acid through the
cellular membrane into isolated areas lowers the local pH to 4.5, resulting in proton-
ation of the phosphate anions (pKa are 7.2 and 12.7) in the HAP structure, which
produces more soluble Ca-phosphate forms, CaHPO4 and Ca(H2PO4)2. This causes
the complete dissolving of mineralized HAP, thereby exposing the remaining organic
collagen matrix to degradation by lysosomal-derived proteases, particularly cathepsin
K. After degradation is complete, osteoclast moves to the adjacent bone segment to
continue the degradation process. Notably, bone formation/resorption processes are
finely balanced. Enhanced resorption rate causes bone loss disorders (e.g., osteoporo-
sis), while extensive bone growth results in osteochondroma.

3.4 Pathological calcification in soft tissues

3.4.1 Arterial medial calcification (AMC)

Regulation of blood Ca2+ and Pi levels is a complex, precisely tuned process
involving many tissues and hormones [49]. Dysregulation of this system can signifi-
cantly affect bone and vasculature [50]. Chronic kidney disease (CKD), in particular,
is associated with hyperphosphatemia and hypocalcemia promoting the development
of arterial medial calcification (AMC) and impaired bone turnover [51]. Vascular

Figure 5.
The mechanism for osteoclast-mediated bone resorption. Osteoclast connects to the bone-forming isolated area
between the cell and the bone followed by secretion of the bone-destructive agents (hydrochloric acid and cathepsin
K) into the cavity. The secreted acid degrades HAP deposits, followed by proteolytic removal of the remaining
collagen fibrils by cathepsin K. This is an extended and modified version of the original figure of [46].
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calcification is the pathological deposition of calcium phosphate, often as hydroxyap-
atite, in the arteries and the heart valves. Originally, arterial medial calcification was
considered a passive process caused solely by high serum levels of Pi and Ca2+. How-
ever, it is currently accepted that the development of this disease is a complex cell-
mediated process that is predominantly driven by pathological reprogramming of
vascular smooth muscle cells, VSMCs [49].

Under normal conditions, the action of local and circulating inhibitors prevents
pathological calcification [52, 53]. However, the imbalance between calcification
inhibitors and calcification inducers can trigger vascular smooth muscle cell trans-
differentiation, thus converting these cells into a species that resembles osteoblasts
that execute physiological bone formation. The association of the same enzymes and
ion transporters with both bone mineralization and arterial medial calcification sup-
ports this hypothesis. Thus, trans-differentiated vascular smooth muscle cells are able
to generate extracellular vesicles that are functionally analogous to matrix vesicles
produced by osteoblasts (compare Figures 4 and 6). Like matrix vesicles, extracellu-
lar vesicles concentrate Ca2+ and Pi and act as hatcheries for hydroxyapatite
nanocrystals that escape into the arterial fluid where they grow into larger species.
Grown crystals then deposit on various protein matrixes that include collagen and
elastin, an abundant structural protein in the arterial wall. Crystals also deposit on
cellular debris arising from extensive vascular smooth muscle cell apoptosis [46]. The
latter is an important factor that contributes to arterial medial calcification. This
phenomenon contrasts with bone production in which osteoblasts involved in
hydroxyapatite deposition remain alive during the mineralization process.

Osteoblasts secrete large amounts of the collagenous matrix, which is then miner-
alized to form extended bone nodules; in contrast, calcifying vascular smooth muscle

Figure 6.
The mechanism for arterial medial calcification. Transdifferentiated vascular smooth muscle cells (VSMC)
generate extracellular vesicles that produce HAP nanocrystals by mechanisms similar to that for matrix vesicles
produced by osteoblasts (see Figure 4). These crystals are released into the arterial fluid, where they undergo
further growth and then associate with various substrates to form calcified deposits. This is an extended and
modified version of the original figure of [42].
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cells tend to form small, disordered but discrete regions of calcification, where
hydroxyapatite deposits form on unstructured cellular debris [54].

As in the case of physiological hydroxyapatite deposition in bone tissues, Ca2+ and
Pi are the major inducers of pathological calcification, while PPi and ATP inhibit
hydroxyapatite crystallization. However, there is a principal distinction between these
two processes with regard to age-dependent dynamics. Thus, with age, the bone-
producing capacity decreases, while pathological calcification intensifies [46].

Importantly, in both osteoblast and calcifying vascular smooth muscle cell cul-
tures, the use of high phosphate concentrations (≥ 5 mM) supersedes cell-mediated
control of hydroxyapatite precipitation, resulting in widespread, nonspecific mineral
deposition [43, 54]. This underscores a general paradigm of biological regulation in
which the processes must proceed at moderate rates in order to be controlled.

3.4.2 Kidney stones

Kidney stones [55] are believed to have been following mankind since prehistoric
times: The first established cases are dated to 4000 BC [56]. Kidney stones are the
most common disease of the urinary tract. They have been associated with an
increased risk of other serious diseases, including chronic kidney disease, end-stage
renal failure, cardiovascular diseases, diabetes, and hypertension (for review, see [57].

Urinary stones consist of crystal matter impregnated with organic material (the
matrix) that includes polymers, such as proteins, glycosaminoglycans, phospholipids,
and carbohydrates. These molecules serve as a framework for kidney stone develop-
ment. Albumin is the major component of the matrix of all stone types [58]. Along
with calcium oxalate (CaOx), phosphate minerals (Table 2), brushite
(CaHPO4�2H2O), hydroxyapatite, Ca10(PO4)6(OH)2, and struvite (Mg(NH4)PO4)
constitute a crystal matter in the majority of kidney stones cases [57].

Struvite represents a special case of kidney stones since its incidence is associated
with a bacterial infection. It occurs among patients infected with urease-producing
bacteria, such as P. mirabilis, K. pneumonia, P. aeruginosa, and Enterobacter [57, 59, 60].
Urease degrades urea to ammonia and CO2, thus enabling struvite formation by pro-
viding NH3 and alkalizing the medium, which facilitates the mineral deposition by
deprotonating hydrophosphate ion [61].

Calcium deposits are the predominant renal stones, comprising about 80% of all
urinary calculi [60]. The proportion of calcium stones may account for pure calcium
oxalate (CaOx) (50%), hydroxyapatite (5%), and a mixture of both (45%). Urine
acidification (pH of 5.0 to 6.5) favors CaOx stones, whereas calcium phosphate stones
form when pH is greater than 7.5 [62]. This is attributed to deprotonation constants
for oxalic (pKa1 = 1.27 and pKa2 = 4.28) and phosphoric acids (pKa2 = 7.2 and
pKa3 = 12.7), as mineral formation requires Ox2� and (PO4)

3� anions.
Kidney stone pathogenesis is a complex biochemical process that is not understood

in detail. Renal stone formation involves physicochemical processes in supersaturated
urine. Crystal deposition is affected by pH (see above), degree of supersaturation, and
most importantly by the presence of numerous medium components that can either
promote or impede precipitation. The maintenance of balance between crystallization
promoters and inhibitors normally prevents precipitation. Therefore, kidney stone
incidence is a combination of two major factors that contribute to supersaturation and
dysregulation of inhibitors/promoters levels (Figure 7). The level of urinary satura-
tion with respect to stone-forming constituents, such as calcium, phosphate, uric
acid, oxalate, cystine, and low urine volume, is risk factor for crystallization [57].
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All stones share similar events with respect to the mineral phase formation (Figure 7).
They include nucleation, growth, and aggregation, followed by adhesion of the
aggregates to renal tube walls that retain the crystals within the kidneys [63], thereby
enabling their further growth therein.

At the nucleation step, stone-forming salts associate in solution into small, revers-
ible, unstable clusters that may increase in size with the addition of new components
[64]. In the kidney environment, nuclei usually form on existing surfaces in urine,
following heterogeneous nucleation. Thus, epithelial cells, urinary casts, red blood
cells, as well as crystals of various types can act as nucleating centers. The saturation
extent necessary for heterogeneous nucleation is much lower than that for homoge-
nous nucleation (see above), since when nuclei are created and anchored, they act as
templates for the formation of the subsequent layers. That lowers the free energy of
the process. Generally, the crystals grow slowly. Theoretical considerations suggest a
low probability of a particle achieving a pathophysiologically relevant size by the sole
process of crystal growth [60]. In this respect, the dramatic increase in the size of
developing stones must be caused by the aggregation of existing crystals. This process
involves the self-association of the original small crystals through surface-to-surface
interaction. Loose aggregates are usually removed from the kidneys by urine flow.
However, some of them can anchor to renal tubes, which retain the particle within the
kidneys, thus enabling their further development into mature species.

3.5 Involvement of changes in inorganic phosphate physical state in regulation of
transcription

Metabolic pathways controlled by enzymes are regulated by protein factors and
small molecules (e.g., cellular metabolites) that interfere with or enhance enzyme
activity. We found that transcription, the initial step of gene expression, is highly
sensitive to changes in the physical state of inorganic phosphate in the surrounding
medium [65]. Since this phenomenon represents a previously unknown regulatory
factor and may play a new role in the cell, the author describe it in detail.

Transcription starts with recognition by RNA polymerase of the beginning of a
gene, which is distinguished by a promoter sequence, followed by the melting of the

Figure 7.
The mechanism of kidney stone formation. Risk factors include: i) urea supersaturation with poorly soluble
materials and/or ii) increased concentration of crystallization inducers, promote the formation of transient
unstable clusters of nanocrystals (nuclei) (step 1). Nuclei can further grow to stable bigger crystals (steps 2 and 3),
which then associate into large conglomerates (step 4) able to adhere to renal tube walls, and maturate into kidney
stones. This figure is original.
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DNA double helix. This enables RNA synthesis, using one DNA strand as a template.
Short RNA products synthesized in the course of transcription initiation are unstable
and easily dissociate, forcing the enzyme to restart synthesis. The transition from
initiation to the elongation step of RNA synthesis is accompanied by relinquishing the
recognition of RNA polymerase contacts with the promoter and a dramatic stabiliza-
tion of RNA in the transcription elongation complex (TEC). The TEC is highly
processive, but it dissociates in response to a termination signal encoded in the DNA
sequence at the end of the transcribed gene. Transcription regulation occurs mostly at
the initiation step of RNA synthesis owing to the inherent instability of the RNA
polymerase initiation complex.

We have shown that inorganic phosphate, in the cellular form of MgHPO4, can
exist in vitro at physiological concentrations in a supersaturated state in which the
MgHPO4 concentration in solution significantly exceeds (10- to 13-fold) its equilib-
rium solubility (Figure 8A), or as a precipitate. We discovered that in vitro MgHPO4

in both of these distinct physical states strongly modulates RNAP activity. In the
supersaturated metastable soluble form, MgHPO4 stimulates the intrinsic RNA poly-
merase exoribonuclease activity (about 2000-fold) as described above (Figure 2),
whereas as a precipitate, MgHPO4 strongly and selectively inhibits initiation of RNA
synthesis (Figure 8B).

At physiological pH, simple Pi salts are highly water-soluble. However, Pi in com-
plex with magnesium (MgHPO4) is poorly soluble (thermodynamic solubility
�1.5 mM). Considering the high intracellular concentrations of Pi and Mg2+ and their
�1 mM complex formation constant, the bulk of intracellular Pi must exist as a
precipitated complex with Mg2+. However, establishing the solubility equilibrium for
MgHPO4 requires prolonged incubation (Figure 8A); therefore, a metastable, super-
saturated solution could persist in the cell. In addition, agents that inhibit MgHPO4

crystallization could stabilize a supersaturated solution in the cell (analogous to
hydroxyapatite deposition cases described above).

The effects of MgHPO4 on transcription suggest that Pi could play a new major role
in the regulation of gene expression. How it affects transcription in vivo would depend
critically on its physical state in the cell, which has not yet been determined. Life is a
nonequilibrium process with respect to cellular energetics and concentrations of

Figure 8.
Determination of the kinetic solubility for MgHPO4 and effect of precipitated MgHPO4 on transcription by RNA
polymerase. A. Precipitation time course for MgHPO4 generated by mixing the equivalent amounts of K2HPO4 and
MgCl2 at indicated concentrations. B. Effect of precipitated MgHPO4 on RNAP polymerase activity in initiation
and elongation steps of RNA synthesis. Charts are adopted from [65].
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cellular metabolites [66]. Therefore, finding MgHPO4 in a metastable, supersaturated
state in the cell would contribute to understanding life processes by extending the
concept of the nonequilibrium nature of life to the state of a particular cellular
metabolite. Finding MgHPO4 as a precipitate would strongly suggest that the com-
pound participates in transcription regulation by affecting RNA synthesis through this
novel mechanism.

3.6 Mineral deposition in nanobacteria

Nanobacteria gained broad attention in 1996, after a sensational announcement
by President Bill Clinton that evidence for life on Mars, at least in the distant
past, finally had been found. A meteorite originating from the surface of Mars
about 15 million years ago and found in Antarctica appeared to contain the fossil
remains of tiny bacteria-shaped life forms. Strikingly, similar formations have
been found in Earth’s minerals. Moreover, the ground-breaking discovery that
these relict entities, named nanobacteria (NB) for their small size (40–500 nm),
populate body fluids and organs of contemporary organisms and cause a number of
diseases, added fuel to the excitement surrounding the phenomenon of
nanobacteria. That prompted detailed investigations and the generation of far-
reaching ideas that often seemed to outpace the facts. Due to unusual controversial
properties, questions remained about what nanobacteria actually were and what
they were not. After more than two decades, our understanding about the
nanobacteria has advanced considerably. It appears that these “creatures” are
neither exotic new pathogens nor new forms of life, even though they display
astonishing life-like behavior. They turn out to be significant to human health and
are believed to have played a formidable role in the origin and early evolution of
life. Below is a brief description of the nanobacteria phenomenon and its impact on
medical and nanomaterials research plus its implications for understanding the
origin of life.

3.6.1 Discovery and properties of nanobacteria

In 1993, Robert L. Folk performed a systematic study of the rock collection from
Italian hot springs [67], testing the idea that mineral deposition in the springs is
mediated by bacteria. He described unusual mineral formations that he called
“nannobacteria.” The discovered entities, small spheres, morphologically resembled
the fossilized remains of bacteria apparently possessing cell walls and filamentous
structures (see Figure 9) [71, 72]. However, the observed particles were much smaller
(from 10 to 200 nm) than common bacteria (1000–3000 nm). A few years later,
similar structures were discovered by the McKay group in a Martian meteorite [71],
whose age was estimated to be 4.5 billion years. Martian structures strongly resembled
those found by Folk and were considered as evidence for the possibility of previous life
on Mars and common principles guiding the creation of living entities in the solar
system. These independent findings addressing the same paradigm were met with
great enthusiasm. However, as attractive as they were, all the claims were based on
morphological evidence alone. In addition, the observed particles seemed to be too
small to support life as unicellular organisms. In the midst of the controversy, E. Olavi
Kajander group found nanobacteria in biological materials, thus providing the first
apparently direct evidence for nanobacteria as living organisms [73]. By examining
commercial culture media, these researchers found small contaminating particles that
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affected cellular growth and were resistant to all elimination techniques, including
heat, detergent inactivation, irradiation, or antibiotic treatment. The observed particles
ranged between 50 and 500 nm in size and possessed strong morphological similarity
to those identified by Folk and McKay in Martian rock.

The major attributes of contemporary life forms are the presence of nucleic acids
and proteins. These molecules were reported in nanobacteria [74]. DNA sequence
analysis related these bacteria (which were named Nanobacterium sanguineum) to a
subgroup of pathogenic bacteria that includes Brucella and Bartonella. The
nanobacteria also displayed the unusual feature known as pleomorphism, the ability to
change shape in response to growth conditions [74]. Thus, nanobacteria change from
small spherical bodies to films and clumps of mineralized material. The mineral com-
prising these species turned out to be a common biological material—hydroxyapatite,
HAP [68]. Surprisingly, subsequent studies suggested the ubiquitous nature of
nanobacteria, finding them in most animal and human body fluids examined: blood,
saliva, and urine, among others [68, 75]. Moreover, these entities were associated with
abnormal mineral agglomerations (e.g., kidney stones [69]). Later, nanobacteria were
linked to many other diseases, including various types of cancer, atherosclerosis, and
degenerative diseases, such as arthritis, scleroderma, multiple sclerosis, peripheral
neuropathy, Alzheimer’s disease, and even viral infections, such as HIV (for review,
see [75]). These reports promoted the idea that nanobacteria behave as transmissible
pathogens and, as such, represent a serious health hazard [75].

Despite these findings, significant skepticism remained regarding the nature of
nanobacteria. Thus, Jack Maniloff of the University of Rochester Medical Center
labeled them “the cold fusion of microbiology.” This is why many researchers called
these entities “calcifying nanoparticles” (CNP) to emphasize their nonliving nature.
Detailed structural and morphological studies established the ability of nanobacteria
to self-propagate [74]. The features of self-propagation were highly sensitive to cul-
ture conditions, in particular to the presence of serum (Figure 10). Nanobacteria
grow slowly (duplication time about 3 days compared to about 30 min for Escherichia
coli and other commonly studied bacteria). In serum-containing media, nanobacteria
grew in number and size by adding new HAP layers to their surface (Figure 10,
stage 1). Growth continues through stage 2 in which the particles eventually acquire a
dumbbell shape. These mature forms could be indefinitely (for years) passaged by
dilution (stage 3) to produce the species of the same shape and size (50–400 nm).

Figure 9.
Images of nanobacteria. Adopted from [68–70].
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These small coccobacillus-shaped calcifying nanoparticles (CNP) are referred to in
Figure 10 as serum calcifying nanoparticles (S-CNP). However, if these S-CNP are
passaged in serum-/protein-free medium, the CNP produce biofilm-like structures in
which they attach to the surface of the culturing vessel. They then increase signifi-
cantly in size (1–10 μm) by acquiring several apatite mineral layers on their surface,
forming “igloos” or “shells” (Figure 8, stages 4–6). Remarkably, the extended “igloo”
forms harbor in their interior small S-CNP species (Figure 10), thus creating “dwell-
ing places” and displaying a complex “life style” [74]. These igloo structures were
named serum-free CNP (SF-CNP). Serum addition to SF-CNP cultures caused three
major changes: i) detachment of SF-CNP from the culturing vessel surface, ii) degra-
dation of the outer shell, followed by iii) release of the S-CNP from the SF-CNP
interior through the developing pores. These changes are explained by action of serum
components that promote hydroxyapatite shell solubilization. Normally, these com-
ponents control hydroxyapatite crystallization upon CNP proliferation when culturing
is performed in the presence of serum, thus maintaining the CNP small size.

3.6.2 Reconstruction of nanobacteria

Another milestone in the elucidation of the phenomenon of nanobacteria (NB) was
work led by John O. Cisar [76], which provided the first reliable alternative view of
NB as nonliving formations. Phospholipids, common components of cell membranes,
bound to both calcium and phosphate in the medium, directed the formation of
hydroxyapatite crystals. The small crystalline clumps seeded this way displayed a
remarkable resemblance to nanobacteria in several respects. Like nanobacteria, these
crystalline formations grew and replicated in culture as if they were alive. It was also
pointed out that the presence of nucleic acid sequences that had been previously

Figure 10.
“Life cycle” of nanobacteria under various conditions. In the presence of serum, nanobacteria grow and acquire
dumbbell shape (stages 1 and 2). These species can be cultured indefinitely by serial dilutions (step 3). In the
absence of serum, nanobacteria form multilayer extended structures with a cavity harboring small original species,
which proliferate inside (stages 4 and 5). Subsequent addition of serum results in dissolution of the “igloo” outer
shell (stage 6), releasing the small nanobacteria (stage 7), which can further proliferate in the presence of serum.
The figure is a modified scheme of [74]. The photo images are adopted from [68].
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identified as hallmarks of nanobacteria could be accounted for by contamination
commonly present in the laboratory environment, reagents, and glassware. This
assumption seems reasonable, considering the high similarity of the presumed
nanobacterial DNA to that of DNA from common bacteria, while significant differ-
ences in the DNA sequence are expected due to the exotic nature of nanobacteria. The
proposal also explained the limited number of proteins found in nanobacteria,
suggesting that these proteins are captured from the environment rather than being
encoded in nanobacterial DNA. Collectively, the data strongly suggested that
nanobacteria do not represent living entities, at least as they are commonly defined.

Shortly after Cisar’s findings, the Kajander group described nanoparticles isolated
from calcified blood vessels that not only retained DNA and proteins, but also were
able to synthesize these molecules, as judged by the incorporation of radioactive pre-
cursors [77]. The measured rate of the DNA/protein synthesis was about 10,000-fold
slower than in common bacteria. The exact mechanisms of these processes were not
elucidated, leaving open the question about whether the observed activities are
intrinsic to nanobacteria.

Following the work of John O. Cisar, several other groups undertook studies aimed
at i) determining the fine structural organization of nanobacteria, and ii) dissection of
the particles’ chemical and biological nature to address the principal question of
whether these entities are alive. Initial experiments set out to determine whether
nanobacteria could be reconstituted from pure materials. The experiments used
calcium phosphate (which is a mineral constituent of nanobacteria) and calcium car-
bonate, another compound with a natural tendency to aggregate in a precise molecular
pattern to form crystals [78–80]. The deposition of these compounds was examined in
the presence of various biological substances that inhibit crystal growth. It was
expected that the addition of these substances would either delay or completely inhibit
crystallization. Surprisingly, the mineral agglomerations continued to grow and prop-
agate as nanoparticles, assuming shapes and geometries that made them look identical
to nanobacteria. Moreover, nanoparticles grown under these conditions acquired cell-
like walls and appeared to divide just like living bacteria. It was also found that the
nanoparticles made of calcium carbonate-phosphate mixtures can bind to a variety of
biological substances, including any charged molecule, small organic compounds (such
as carbohydrates), lipids, or even DNA. Binding to charged groups stabilized the
growing particles, promoting their further growth and modulating their shape.

Among the charged groups studied, the most interesting and complex effects were
produced when crystallization was carried out in the presence of albumin or fetuin-A,
proteins that are abundant in the blood and that possess a high affinity for Ca2+ ions [81].
Indeed, albumin alone accounts for half of the calcium-binding capacity of blood serum,
while fetuin-A is even more unusual, capable of binding not only to calcium but also to
calcium phosphate in the form of nascent apatite. Normally, these proteins inhibit
calcium-phosphate deposition in soft tissues by scavenging Ca2+ and Pi ions from the
environment. However, when the ion-binding capacity of these proteins is exceeded,
they trigger hydroxyapatite deposition. As a result, these proteins become imbedded in
the growing calcium nanoparticles. The studies concluded that the growing nanoparticles
simply capture any readily available protein in their surrounding environment that is
capable of binding Ca2+ and hydroxyapatite. In this view, the nanobacteria may be
considered simple by-products of normal calciummetabolism in the absence of clearance
mechanisms [70] that maintain optimal concentrations of the ions. This hypothesis
explains previous data about the generation of antibodies against nanobacteria: The
antibodies developed to proteins randomly captured on a nanoparticle. Indeed, it was
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shown that commercial antibodies sold as diagnostic tools for nanobacteria are in fact
detecting fetuin-A and albumin. The discovery of DNA in nanobacteria reported in the
early studies can be accounted for by the same effect.

Despite overwhelming evidence demonstrating that nanobacteria are nonliving
particles that develop from biological minerals and organic materials, these structures
seem to play an important role in biology and human health. Strikingly, when injected
into healthy organisms, nanobacteria induce disorders causing abnormal calcification,
which points to the “infectious” potential of these entities [75, 82], thus underscoring
their astonishing resemblance to living cells. The significance of nanobacteria as a
threat to public health was recognized by developing and commercializing a means to
deal with the issue. Thus, established companies Nanobac OY (later Nanobac Phar-
maceuticals) designed antibodies to detect nanobacteria in human tissues and provide
medicines to treat NB “infections”. Moreover, some common antibiotics were shown
to inhibit nanobacteria proliferation. These drugs act by interfering with hydroxyap-
atite deposition upon nanobacteria growth rather than by blocking specific protein
targets as they do in conventional microorganisms.

In spite of the extensive studies reviewed above, exactly how NB self-propagate
remains unclear. Detailed investigation of this process is of paramount significance
with respect to the possible involvement of the NB phenomenon in the origin of life.

3.6.3 Properties of nanobacteria implicated in the origin and early evolution of life

3.6.3.1 Morphology, physical, and physicochemical properties

The remarkable feature of nanobacteria particles is their ability to assemble from
the surrounding mineral and organic components plus their broad promiscuity in
choosing the building materials. Thus, the content of the nanoparticles can be easily
modulated by changing the surrounding medium composition. Despite these factors
that cause changes in shape and size, nanoparticles retain their striking resemblance to
live biological forms, thereby reflecting morphological “stability” and the general
nature of the nanobacterium phenomenon. This resilience and adaptability to chang-
ing growth conditions are remarkable properties that represent the hallmarks of life.
In this regard, elucidation of the detailed mechanisms for nanoparticle formation from
minerals and simple organic molecules under the conditions existing on Earth billions
of years ago can aid in understanding how the first life forms evolved.

Biophysical studies suggest that nanobacteria-like particles represent a model for
primitive biosystems [83] since they possess: i) small size, which allows for the refuge
in the smallest crevices and pores in crustal rocks, thus elevating the chance of
survival during geological events as extreme as major meteorite impacts; ii) a central
cavity protected by an outer mineral shell against changing hostile environment and
chemical factors; for example, treatment with 0.1 M HCl at 20°C for 1 day does not
affect nanobacteria survival; iii) exceptional resistance to radioactivity, which could
be a life-threatening factor on the early Earth; nanobacteria tolerate radiation doses as
high as 15 kGy; iv) partial porosity and selective permeability of the mineral shell,
which is a prerequisite for passage of liquids and cell signals; v) a pumping mechanism
allowing transport of nutrients and organic compounds across the mineral shell into
the central cavity allowing metabolic products to escape, as required for growth; vi)
an ability to collect, organize, and store calcium, carbonate, and phosphate—essential
inorganic components for primal biochemical processes; and vii) capability to use
solar energy for activating, accelerating, and maintaining metabolic reactions and
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proliferation. The spherical shape of nanobacteria, combined with their physical
properties, suggests that apatite nanoparticles could collect and concentrate light into
their core, which affects NB growth. Indeed, cultured NB exposed to solar-intensity
white light responded with an enhanced replication rate.

3.6.3.2 Catalytic properties of hydroxyapatite

Generally, catalysis includes the stimulation of a chemical process by lowering its
activation barrier as the reactant molecules bind to a catalyst. The catalytic nature of
all chemical reactions occurring in cells is a major feature of life. Therefore, it is
thought that catalysis must have been involved in very early steps in the origin of life
[84]. In current organisms, catalysis is mostly performed by protein, while during
early life this function must have relied on minerals. Minerals possess remarkable
catalytic potency. Below, the author review the catalytic properties of phosphate
minerals with an emphasis on hydroxyapatite due to its likely role in life as a
constituent of nanobacteria.

Catalysis occurs on a crystal surface that is exposed to reactant molecules in the
surrounding medium and possesses functional groups that assist chemical conversions.
In the inner layers of the crystals, atoms and ions are involved in interactions that
maintain crystal structure. In the surface layer, only some of the functional groups of
the crystal, those facing the interior of the crystal, are involved in interactions, while the
groups exposed to the outer space retain “free” valences that can bind molecules from
the surroundings and activate them for subsequent chemical reactions. Figure 11

Figure 11.
Physicochemical processes that can occur on hydroxyapatite crystal surface. I. the structure of the HAP crystal unit.
II. Coordinated hydroxyl groups can exchange for other anionic molecules (exemplified in III by fluoro/
chloroapatite formation). Surface-exposed Ca++ ions can: i) bind ligands from solution through coordination (IV);
ii) exchange for other di- and polyvalent metal ions (structure V), or iii) dissociate into surrounding medium
creating a negatively charged center (VI) that can bind other cationic compounds. This figure is original.
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depicts the structure for the crystal unit of hydroxyapatite (HAP), Ca10(PO4)6(OH)2
(structure I). This unit is assembled through ionic/coordination interactions of Ca2+,
OH�, and Pi ions. Occasional dissociation of the hydroxyl groups or Ca2+ ions from the
HAP crystal surface creates positively or negatively charged sites (structures II and VI,
respectively), that are able to bind counter-ions from the solution. This is exemplified
by fluoro- and chloroapatite, species that constitute a mineral component of teeth
(structure III). Also, surface-exposed Ca2+ can coordinate ligands from the medium
(structure IV). In addition, these Ca2+ ions can be easily exchanged for other metal ions
(structure V), which modulates and diversifies the catalytic properties of the surface as
described below. Remarkably, carbonate ions can incorporate into HAP structures (up
to 6%), further contributing to the variety of possible interactions.

The ability of HAP to retain compounds through ionic and coordination interac-
tions has been widely exploited by using HAP as a sorbent for chromatographic
separation of numerous classes of biological compounds that include proteins, nucleic
acids, polysaccharides, and small metabolites ([85] and refs. therein). In addition,
coordinated Me2+ ions on the crystal surface can execute electrophilic catalysis
(exemplified in Figure 2), which is performed by a wide variety of modern enzymes
that have Me2+ ions at the active centers. In particular, this type of catalysis is
displayed by enzymes involved in nucleic acid metabolism. Therefore, the HAP sur-
face possesses enzyme-like properties, being able to bind reactant molecules and
provide functional groups to assist chemical reactions as described below. Table 3
summarizes the most important biologically relevant catalytic reactions that are
stimulated by HAP.

Phosphorylation of organic molecules is the major reaction thought to be common
in early life forms [1–4]: It would be the first process that combined organic and
inorganic matter into the same entity. Anhydrides of phosphoric acid are considered
to be the first phosphorylating agents. These energy-rich compounds are also plausible
condensing agents for prebiotic biopolymer synthesis [94]. Therefore, various strate-
gies have been tested in attempts to synthesize the simplest phosphoanhydride, pyro-
phosphate (PPi), using the compounds and conditions that might have existed on
early Earth. Strikingly, the HAP efficiently assists the synthesis of pyrophosphate
(Table 3) from inorganic phosphate in the presence of cyanate [86], urea [87], or
thioesters [88], simple compounds that were likely available in the primordial
environment.

Phosphorylation generally results in the formation of phosphate esters with
organic molecules. To understand how this process could be carried out in the pri-
mordial environment, investigations have focused on the chemistry and conditions
affording reasonable yields of phosphorylation products. In the course of these stud-
ies, the HAP was found to efficiently catalyze nucleoside phosphorylation to yield
monophosphate derivatives. At certain conditions, they underwent further phosphor-
ylation, producing nucleoside di- and triphosphates [89–91], which are
phosphoanhydride derivatives (Table 3). Importantly, this reaction provides sub-
strates that can polymerize into polyribonucleotides that constituted the basis for the
“RNA world,” presumed to be very early life forms (before DNA).

Ribose is a building block of the nucleic acid backbone and a part of energy-rich
compounds, NTPs that drive numerous life-supporting reactions in the cell. As such,
this carbohydrate represents the most fundamental pentose. This monosaccharide
might have been created from C1 or C2 carbon sources in a prebiotic environment.
For example, formaldehyde (C1) was found in the dust within the coma of a comet,
and glycolaldehyde (C2, a dimer of formaldehyde) was found in the gas around a
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forming star. One of the possible synthetic routes to ribose is the “formose reaction”
pathway (Table 3) discovered by Aleksandr Butlerow in 1861 [95]. In several
attempts at reactions from formaldehyde and glycolaldehyde, strongly alkaline aque-
ous solutions, containing calcium ions, were required and complex mixtures of reac-
tion products, including tetroses, pentoses, and hexoses formed in this process.
Strikingly, using hydroxyapatite as a catalyst allowed the production of ribose from C1
and C2 carbon sources in one pot of hot water [92]. This catalyst worked continuously
in multistep reactions to produce ribose preferentially rather than the other
monosaccharides.

Reaction Catalyst References

Pyrophosphate synthesis

HAP

HAP,
struvite

HAP

[86]

[87]

[88]

Nucleoside and nucleotide phosphorylation

HAP

HAP,
struvite

[89–91]

[87]

Ribose synthesis

HAP [92]

Template-directed RNA synthesis

HAP [93]

Table 3.
Biologically significant reactions catalyzed by phosphate minerals.
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Finally, the ability of HAP to assist RNA synthesis from activated monomeric
building blocks (Table 3) has been explored [93]. Polyuridylic acid, poly(U), is
adsorbed completely from aqueous solution by hydroxyapatite under conditions that
permit template-directed synthesis of RNA oligoadenylates in free solution. Even
though the yield of oligoadenylates was enhanced to almost the same extent by poly
(U) in the presence or the absence of hydroxyapatite, hydroxyapatite adsorbed higher
molecular-weight oligoadenylates selectively from a mixture of oligomers. Based on
these results a mechanism for prebiotic oligonucleotide formation has been proposed
in which selective adsorption of oligomeric RNA products on HAP provides a protec-
tive environment, while monomers are released from the surface for reactivation/
recycling.

It should be noted that HAP modification achieved by changing the surface-
exposed Ca2+ ions to other polyvalent metal ions (as shown in Figure 11, structure V)
greatly extends the repertoire of chemical reactions that can be assisted by this min-
eral [96]. This finding underscores a remarkable analogy with contemporary protein-
based metalloenzymes, whose catalytic properties can be modulated by changing the
active center-bound metal ions ([97] and references therein).

3.6.3.3 Possible involvement of nanobacteria in the origin of life and early evolution

Life-like behavior of apatite-based nanobacteria particles, coupled with remark-
able catalytic properties displayed by hydroxyapatite in biologically significant reac-
tions, invites an attractive hypothesis about how these nanoparticles evolved into life
entities.

As pointed above, the formation of nanobacteria requires an organic substrate on
which hydroxyapatite deposits. Therefore, nanoparticle formation requires the initial
production of organic material. This material could be generated in reactions occur-
ring spontaneously in the environment and accumulate in the “primordial soup”
[98, 99]. As suggested, these reactions were likely promoted by light, electric dis-
charge, high temperature, and/or the catalytic action of various minerals. Interaction
of hydroxyapatite with the accumulated organic material could produce nanobacteria-
like structures. Based on the properties and the complex nanobacteria behavior
described above, these structures could be considered as models for, if not the first,
mostly inorganic primitive life forms in which a hydroxyapatite shell served as both a
catalytic entity assisting chemical reactions and a membrane secluding the pool of
synthesized molecules. A subsequent step in evolution could be accompanied by the
increased involvement of the nanobacteria-produced organic material in the
nanoparticles’ composition and functioning. This organic material could be generated
through catalytic processing of the simple organic molecules absorbed on the mineral
surface of nanobacteria from the environment followed by transport of the synthe-
sized material into the nanoparticle’s interior using a pumping mechanism [83]. This
would i) provide protection of the produced organic material from environmental
perturbations and ii) retain and concentrate the material in the interior. The accumu-
lated matter could undergo further transformation into more complex and diverse
“libraries” of compounds assisted by the interior hydroxyapatite surface of the shell
acting as a general “enzyme” possessing multiple catalytic activities and broad sub-
strate specificity. This transformation would be facilitated by the elevated concentra-
tion of the molecules in the cavity relative to that in the surrounding medium. Some of
the synthesized molecules could be used as cofactors in HAP-catalyzed processes, thus
increasing the repertoire and specificity of catalyzed chemical reactions.
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At this stage, primitive cells could start undergoing a natural selection process with
respect to their fitness. Thus, small differences in the structure and chemical composi-
tion of the accumulated organic material could affect the “growth,” so that faster
proliferating nanobacteria would dominate the environment. The preservation of the
features of the selected cells would be ensured by cell division creating identical species.

Subsequent steps of nanobacteria evolution could include the production of RNA,
which in its self-duplicating form would constitute the basis of the proposed “RNA
world” [29–32]. This step could be followed by creation of DNA and proteins through
establishing a genetic code, by relating nucleic acid sequence to that of an encoded
protein, thereby setting metabolic pathways resembling those in contemporary
organisms. This process would produce catalytically active protein structures—pri-
mordial enzymes that would offer more efficient catalysis and greater substrate spec-
ificity than hydroxyapatite. However, the majority of the enzymes would still depend
highly on metals—invariant catalytic entities and constituents of minerals. This is
supported by the fact that about a third of contemporary enzymes require metal for
their function [100, 101]. Remarkably, in ribozymes (RNA-based enzymes) catalytic
centers include metal ions coordinated by phosphate residues—structures reminiscent
of hydroxyapatite. In addition, some contemporary enzymes possess mineral
nanoclusters (e.g., iron sulfide, pyrite [102], or iron sulfide-molybdenum
nanoclusters [103]), suggesting that even in modern life forms minerals cannot be
completely substituted by protein structures.

Later evolution could include the production of lipid-like compounds, which due
to their high affinity to HAP (see above) could pave the outer surface of HAP shells,
thereby forming membranes and creating a species of greater resemblance to modern
cells. The final step could involve a fundamental change in cell lifestyle by eliminating
the need for hydroxyapatite structures as catalysts, cell membranes, and cell division-
driving entities.

3.7 Why nature has chosen magnesium as a major metal ion to support life
processes

As discussed above, phosphate minerals are believed to play an exceptional role in
the origin and evolution of early life by executing catalytic reactions and by providing
inorganic phosphate, a crucial material for emerging life forms. Another major player
in this event is magnesium, since Mg2+ ion is a ubiquitous cofactor assisting virtually
all cellular reactions that include the transfer of phosphoryl or nucleotidyl groups
[104]. The high prevalence of Mg2+-mediated catalysis in the biochemistry of
phosphometabolites strongly suggests that this metal, along with Pi, played an
exclusive role in prebiotic chemistry. Thus, magnesium-assisted reactions involving
phosphate compounds must have strongly contributed to a pool of primordial
“metabolites”—building blocks for first life forms [104]. In this regard, the high
content of the principal inorganic ions (Mg2+ and Pi) in the environment must have
been crucial factors defining the rates of chemical reactions involved in life. Most of
the polyvalent metal cations in the Earth’s interior are balanced by polyvalent inor-
ganic anions to form poorly soluble minerals, thus excluding them from life processes.
However, this balance is not absolute. Thus, in nature, Mg2+ and Ca2+ ions seem to be
in excess of precipitating polyanions. This explains the relatively high concentration
(50 mM and 10 mM, respectively) of the ions in seawater, whose composition reflects
the dissolution of the Earth material over the span of billions of years. Whereas Ca2+

and Mg2+ ions are abundant, the concentration of Pi ions in seawater is very low
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(about 1–3 μM). This is the result of a general imbalance of Pi anion versus polyvalent
metal cations, which scavenge the inorganic phosphate into insoluble minerals (e.g.,
HAP, whose solubility is about 1 μM).

An intriguing question is about concentrations of the major inorganic ions (Mg2+

and Pi) that were required to maintain a reasonable rate of chemical reactions
involved in the origin of life. Reconstitution of the environments where life emerged
is obviated by the paucity of geological records. However, some insight can be gained
from theoretical considerations. According to a well-accepted paradigm, “chemistry
conservation principle” [105, 106], the chemical composition of major inorganic ions
of organisms is more conservative than the changing environment and, as such,
retains information about the ancient environment in which the first cells emerged. In
other words, the intracellular concentration of major inorganic ions in current life
forms is close to that in the environment in which the protocells came into existence.
In this view, the Pi and Mg2+ ion concentration in the habitats of the first cells is
expected to be 1–10 mM. While Mg2+ concentration in the seawater is consistent with
this paradigm, the Pi concentration therein is about 1000-fold lower, strongly
suggesting that life originated in localized “puddles” (where Pi content could be
higher due to proximity to a soluble Pi source), rather than in extended water reser-
voirs (e.g., oceans). The same conclusion was reached in the studies [107] considering
the other life-supporting inorganic ions. Importantly, as suggested by the “chemistry
conservation principle” the local environment where life emerged should be distin-
guished by low Ca2+ content (about 0.1–1 μM), which is a concentration of Ca2+ ions
in contemporary cells. This could be rationalized in terms of a scavenging effect of Pi
and bicarbonate that precipitate Ca2+ ions as HAP and calcite, respectively. However,
the presence of moderate Ca2+ concentrations in the primordial media would still
allow the formation and functioning of nanobacterial structures, which are presumed
to have an important role in the origin of life.

So, what minerals could supply the high concentrations of the major ions needed
for prebiotic chemistry? The most soluble Pi form (Table 2) is represented by the
natural mineral newberyite (MgHPO4 �3H2O), whose solubility (about 1.5 mM) is in
the range of that of Mg2+ and Pi ion concentrations in the cell. Therefore, this mineral
could be a source for both ions in concentrations necessary to originate life. The higher
temperature of the ancient environment (55–85°C) could further increase the mineral
solubility and therefore the concentration of the ions in water reservoirs. It is thought
that newberyite could have been a source of condensed phosphates that executed
prebiotic phosphorylation [108]. The significantly greater solubility of MgHPO4 rela-
tive to phosphates of other divalent metal ions explains why nature has chosen Mg2+

as the major ion for electrophilic biocatalysis, as deduced in our previous study [97].
The high solubility of newberyite can be explained by the generally moderate coordi-
nation strength of Mg2+ ions as they establish bonds with oxy-ions of Pi (Kd� 1.5 mM),
as compared to other Me2+ ions (e.g., transition metals). This property facilitates the
magnesium mineral dissolution that is accompanied by destroying the coordination
bonds, and it impedes precipitation, which requires coordination bond formation. In
other words, Mg2+ and Pi ions are biocompatible, as they maintain high solubility
when present in the same solution. Moreover, Mg2+ is compatible with another
biologically significant inorganic ion, bicarbonate, as evidenced by the high
solubility of MgCO3 (about 5 mM) compared to that for bicarbonates of other
divalent metals.

Notably, an additional mechanism could provide a reasonable rate of prebiotic
phosphorylation, even at low Pi concentration in the medium, and it has been shown
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that HAP crystals could act not only as catalysts in phosphorylation of organic mole-
cules, but also as a Pi source [86]. Therefore, a reasonable phosphorylation rate, in this
case, is achieved by proximation catalysis as an organic molecule binds nearby the
HAP-associated Pi at the crystal surface.

The above considerations define conditions that allowed life to originate and
evolve, at least in the form existing on Earth, which is a fine balance of chemical
elements and their forms that provide the soluble source of the most significant
biological Mg2+ and Pi (and possibly (HCO3)

�) ions. Thus, an excessive content of
elements forming anions that precipitate Mg2+ ions would eliminate this key catalytic
metal ion from the aqueous media. Likewise, the prevalence of polyvalent metal ions
forming insoluble salts with inorganic phosphate and bicarbonate would exclude these
vital anions from the media. Both processes would deplete from media key inorganic
ions that are crucial for life.

3.8 Why nature has chosen phosphate as a part of life material

The phosphate choice for the construction of biological molecules has been widely
discussed [1–3]. This question can be viewed from two perspectives. The choice could
be determined by the versatile beneficial properties of Pi that are addressed above. On
the other hand, it could be asked whether nature had a choice. In other words, can
other elements be utilized in major biological structures as a phosphorus substitute?
This idea inspired numerous studies in which arsenate (AsO4)

3� and vanadate
(VO4)

3� anions act like phosphate in some biological processes (for review, see Refs.
[109–111] and our results on RNA polymerase, presented in Figure 2). Arsenate
affects about 200 enzymes in the cell by acting as a Pi analog [112]. This behavior can
be explained by the similarity in physicochemical properties of these ions and Pi.
Thus, geometry and dissociation constants for arsenate (pKa1 = 2.22, pKa2 = 6.98, and
pKa3 = 11.53) and vanadate (pKa1 = 3.5, pKa2 = 7.8, and pKa3 = 12.5) ions are close to
those for phosphate (pKa1 = 2.1, pKa2 = 7.2, and pKa3 = 12.7). These studies culminated
in sensational reports [113, 114] stating that DNA isolated from bacteria populating
arsenate-rich waters of Mono Lake in California USA contained this structure,
suggesting in particular that phosphate linkages in nucleic acids can be substituted by
arsenate counterparts. However, subsequent studies failed to confirm this finding.
Indeed, arsenate and vanadate esters and diesters are not stable and, as such, could not
maintain nucleic acid structure or substitute for phosphate in other ester-based bio-
logical molecules. Thus, the half-life for arsenate esters in water solution is a fraction
of a second [115]. Anhydrides of arsenate and vanadate are unstable as well, which
would preclude the utilization of these compounds in cell energetics. Unlike phos-
phorus (which is a nonmetal) As is a metalloid, while V is a metal. This factor
fundamentally affects the bond between the element and oxy- or alkoxy-groups.
While the P-O bond is covalent and very stable under physiological conditions, As-O
and V-O bonds are mostly coordination bonds, which are unstable. That allows a
quick exchange between the bound groups and surrounding water. Therefore, it
seems that nature did not have an alternative to phosphate. Although nonphosphate
life forms cannot be excluded, they would be fundamentally different from those
existing on Earth. However, with respect to forming hard tissues (e.g., bones), phos-
phate is dispensable, since carbonate and silicate minerals can be deposited to produce
robust biomaterials, such as shells in mollusks [116] and membrane structures in
diatoms [117].
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Finally, there is a remarkable similarity in the chemistry of carboxylic and phos-
phoric acids, which is evidenced by using the same agents for the synthesis of major
biologically relevant derivatives of these acids including anhydrides, esters, amides,
and thioesters. This similarity could facilitate the inclusion of phosphate in the
biosynthesis of metabolites in primitive life forms.
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Human Beings to Dissociate the 
Water Molecule
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Abstract

Phosphorous paradox means that this element is abundant on Earth, it is present 
inside of every cell of living things. However, is so scarce in the Universe. Phosphate, 
the most exploited form of phosphorous, is a vital constituent of fertilizer. Phosphate 
rock has emerged as a globally traded commodity linked to a diverse set of politically 
charged debates, ranging from environmental degradation and threats to human 
health to food security and agricultural sovereignty. Supposedly, life can multiply 
until all the phosphorus is gone, and then there is an inexorable halt, which noth-
ing can prevent (Asimov, Isaac). Phosphorus seems like a Life’s Bottleneck. It is so 
believed that Phosphorous (P) has been placed as a critical resource for the bio-
economy and for food security at the global scale. The biogeochemical P flow has been 
described as a “planetary boundary,” which, in parts of the world, has already been 
exceeded. However, our discovery about the unexpected intrinsic capacity of living 
beings to dissociate the water molecule breaks the ground. Thereby, the formation of 
Phosphorous requires the presence of Life.

Keywords: eutrophication, fertilizer, plant nutrition, hydrogen, nitrogen, water

1. Introduction

The purpose of this work is to concatenate the biochemical logic of the relatively 
recently discovered property of living entities to dissociate the molecule from water 
with the phosphorus paradox, as well as to present a novel method to efficiently 
manage the earth and water problems secondary to excess of phosphates in different 
bodies of water, based on the human eye’s biology.

Theoretically, for phosphorus, there is no substitute, there is no element that 
can replace it [1]. Alfalfa can germinate and grow in agricultural soil containing 
0.1% phosphorus, while the plant only contains 0.7% phosphorus in its structure. 
The structure/activity ratio of phosphorus makes it an important and irreplaceable 
element for plant growth. To date, there is no known way—natural or synthetic—that 
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can carry out the functions that phosphorus performs. Curiously, in breast-fed 
infants, the phosphorus such as iron intake is very low [2].

Few centuries ago, phosphorus was chemically identified; however, throughout 
history, phosphorus has been used in the form of crop residues and manure that were 
dispersed in agricultural fields. This ancient practice continues so far, but an increase 
in phosphorus mining throughout the twentieth century contributed, at least initially, 
to steadily rising agricultural yields, but in the long term, the fertility of agricultural 
soil is adversely affected. Fertilizers manufactured with high proportions of phospho-
rus, nitrogen, and potassium boost the plant growth to unprecedented levels, espe-
cially in tropical soils that are poor in these constituents [3] although for some reason, 
nature so provides, and the proof is that these fertilizers, in the long run, contribute 
to impoverish yields.

In the 1960s, manufactured fertilizer was gearing up farmers to feed more people 
than the world had ever known; thus, harvests were ahead of a growing population. 
and although the number of people with malnutrition has decreased, the current 
figure of 925 million remains worrying [4].

Global production of phosphate rock is now nearly 13 times what it was in 1930s 
[5]. It has virtues as a key elemental the biochemical of life, but also phosphorus has 
also earned a well-deserved reputation as a persistent pollutant. In rural areas, unfor-
tunately, phosphates regularly flow into receiving water as runoff from “fertilized” 
agricultural fields, [6] and in urban areas from sewage sources as a major constituent 
of human excreta flushed down toilets, as a result of indiscriminate use of phosphates 
as additives in industrialized food and drinks. Phosphorus can excessively boost local 
nutrient levels, promoting abnormal algal blooms in the lakes and rivers where it 
concentrates—a process called eutrophication [7].

Supposedly, this excessive algal growth can eventually lower oxygen levels in the 
water to the point where some fish species can no longer survive. But the reality is 
quite the opposite, as algal blooms are triggered precisely by low levels of dissolved 
oxygen caused in turn by high levels of phosphates. On the other hand, low levels 
of dissolved oxygen tend to affect marine species until eventually they disappear, 
regardless of whether there is an overpopulation of algae.

2. After all, for the prokaryotic and eukaryotic cell, water is not indivisible

The human eye has 3–4 ml of water that is not rechanged during all the life span 
of the individual. To practical aims, this is stagnant water; however, this water has 
adequate dissolved oxygen levels and rarely goes on acidity. We found the biochemical 
mechanism that Mother Nature uses to maintain the physicochemical characteristics 
of this eye’s stagnant water in good shape for decades [8].

Melanin splits something previously thought to be unsplittable, and we’ll never 
look at light, water, Universe, human being, and living things in the same way. The 
dissociation of the water molecule has transcendent industrial applications, some of 
them are exemplified in Figures 1–12.

Our finding that glucose—and thereafter meals in general—is just the building 
block of human being but not source of energy because light can be absorbed directly 
by living things, which suppose their capacity to transform light power into chemi-
cal energy in a previously unimaginable split form—like plants; means substantive 
advances in the fundamental understanding of light and how it behaves inside living 
things. Thereby, human body is not exception [9].
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Figure 1. 
QBLOCK™, a novel material developed based on human eye’s Biology, which also dissociates the water molecules. 
At left, the container with the presence of QBLOCKS™ explains the abundance of bubbles. The container at right 
has no QBLOCK™, thereby it has no “bubbles” of oxygen. To date, 5 months later, the bubbles remain in the 
container with QBLOCK™.

Figure 2. 
In experiments where QBLOCK™ is applied to offshore sand, after some months, this soil can support plants to 
grow up. Photograph shows sprouts of a mango seed after 8 days.
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Figure 3. 
After 2 weeks, the sprouts of mango seed. The QBLOCK™ was placed earlier, 14 months ago, and is deep in the 
offshore sand. Mango seeds were placed 2 weeks ago.

Figure 4. 
Sprouts of mango seed after 16 days. Notice the QBLOCK™ on the surface.
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Figure 5. 
Mango and avocado sprouts.

Figure 6. 
Avocado sprout in a soil treated con QBLOCK™.
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This is a major paradigm change of how we understand the interaction between 
light and living things in a way that was not believed to be possible. Not only did we 
find a new biochemical reaction entity, but it was one that nobody believed could 
exist [10].

Figure 7. 
Mango sprouts, after 21 days. Notice the QBLOCK™ on the soil surface (and deep too).

Figure 8. 
The presence of QBLOCK™ even in offshore sand, allowed mango seeds germination (right). At center avocado, 
right: mango sprouts. QBLOCK™ was used in the three specimens.
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Phosphorus, a 5A element with atomic weight of 31, comprises just over 0.6% of 
the composition by weight of plants and animals [11]. A ubiquitous mineral on Earth, 
but not in the universe, and the second most abundant mineral in the human body, 
phosphorus represents ∼1% of total body weight [12]. Common chemical linkage is 

Figure 9. 
Left: mango. Right: tamarindo.

Figure 10. 
The presence of larvae (yellow arrow) in water contaminated with carbon is unusual, due to formaldehyde 
formation (CH2O), which is toxic. But in the presence of our QBLOCK™, the history is different, beginning with 
the rise of dissolved oxygen levels, which support life.
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in the form of phosphate ester and phosphoanhydride. The element phosphorus is a 
key element in organic molecules overall in those involved in a wide variety of critical 
cellular functions. These include the biochemical temperature regulation through 
the hydrolysis of adenosine triphosphate (ATP), maintenance of genetic information 
with nucleotides DNA and RNA, intracellular signaling via cyclic adenosine mono-
phosphate (cAMP), and membrane structural integrity via glycerophospholipids. 
But we keep in mind that energy, defined as everything that produces change, is not 

Figure 11. 
In the flask with residues of grains (peanut), but with no other carbon source, only chlorophyll developed on the 
upper surface of QBLOCK™.

Figure 12. 
In a closed bottle, simulating a closed system, the presence of QBLOCK™ immersed in the soil sample allows the 
development of organic carbon. The bottle has been closed since 2016, and a moderate amount of water was added 
one time only: at the very beginning of the experiment. Photograph taken in January 2022.
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only needed to function, to move, reproduce, think, etc., but it is also required even 
to preserve the shape, the form, and in the case of the molecules and membranes, to 
continue as such.

The metabolism of inorganic phosphorus (Pi) is acting as a weak acid. At physi-
ological pH of 7.4, Pi exists as both H2PO4

(−) and HPO4
(2−) and acts as an extracellular 

fluid (ECF) buffer. Pi is the form transported across tissue compartments and cells. 
Eighty percent of the body phosphorus is present in the form of calcium phosphate 
crystals (apatite) that confer hardness to the bone and teeth and function as the major 
phosphorus reservoir. The remainder is present in soft tissues and ECF. The phospho-
rus coming from meals and liquids, comprising both inorganic and organic forms, is 
digested in the upper gastrointestinal tract.

During growth, there is net accretion of phosphorus, and with aging, net loss 
of phosphorus occurs, in similar way and at the same rate that the capacity of our 
body to dissociate the water molecule declines. Kidney is the main regulator of ECF 
Pi concentration by virtue of having a tubular maximum resorptive capacity for Pi 
(TmPi) that is under close endocrine control that means energy expenditure. It is also 
the main excretory pathway for Pi surplus, which is passed in urine, thereby requiring 
energy coming from water dissociation. At a dietary phosphorus of 1400 mg, 1120 mg 
is absorbed (energy required) in the upper intestine to the ECF, 210 mg returned to 
the intestine by endogenous secretion, processes all that need energy, resulting in 
910 mg net Pi absorption and 490 mg fecal excretion. In the bone, 180 mg is depos-
ited by bone formation and 180 mg return to the ECF by bone resorption, and all 
involved processes need power. In the kidney, 5040 mg is filtered at the glomerulus 
and 4130 mg return to the ECF by tubular reabsorption with 910 mg excreted in the 
urine. In soft tissue, Pi is exchanged between ECF and cells. Let us remember that any 
chemical reaction, any process, no matter how small, requires energy.

Bioavailability of phosphorus also varies depending on the source. Plant protein 
sources generally have the lowest bioavailability, followed by animal protein sources, 
then inorganic phosphate additives with the highest bioavailability. Inorganic phos-
phates have been nearly 100% bioavailable [13]. Phosphorus from plant-based sources 
remains less bioavailable than animal sources and animal sources less bioavailable 
compared with inorganic phosphate additives.

The growing Phosphorous “paradox” (the simultaneous overabundance of P 
impairing water quality and the prospect of global scarcity of P for future agricultural 
production) has stimulated new convergence between P-security and water-quality 
research agenda [14]. In the Universe, phosphorous is notably scarce.

Both in agricultural and urban systems, the fragmentation of the P cycle has 
implications even for water-quality impairment [15]. A sufficient (adequate for the 
purpose) and efficient (performing with the least waste of effort) utilization of P may 
offer a great reduction potential in animal husbandry and crop production [16].

The management of animals plays a key role in reducing P inputs to soils and, 
consequently, P losses from arable lands and grasslands. Because of the regional 
concentration of animal husbandry, improved diets with less P content may be most 
urgently required and effective in regions with high stocking density.

Genes involved in pathways relevant for P utilization were differentially expressed 
due to variable P supply. Phosphorous fluxes through various process and ecosystems 
along which originally mined and processed P is diluted and distributed over increas-
ingly large parts of the terrestrial and aquatic environments.

Animals fed with low-P diets showed attempts to maintain mineral homoeostasis 
via intrinsic mechanisms [17]. Pyrophosphatase, an enzyme, could completely 
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exchange the oxygen atoms within the phosphate ion with oxygen atoms originally 
within water molecules [18]; however, water does not release oxygen for free, so it 
is necessary to dissociate the molecule (of water) first. The isotopic composition of 
oxygen (proportion of Oxygen 16 to Oxygen 18) within phosphate ions in plant leaves 
was different from that observed in the solution delivering P to the plant [19], which 
suggests that inside living things, atomic nucleus tends to grow, but it does not happen 
in a flask solution. The difference is the available energy inside the living thing can 
impel protons (H+) with enough and adequate force, so the atomic nucleus of oxygen 
and other elements increase their atomic number.

With the adequate surroundings, and a precise and enough energy, it is possible 
to create the main elements of periodic table contained in living things. Supposedly, 
only a synchrotron can impel subatomic particles with enough speed to be included in 
atomic nuclei. However, Nature can do it inside cells of living things.

For instance, Hydrogen has an atomic number of 1 and atomic mass of 1. Thereby 
Hydrogen has no neutrons. The difference between Carbon (6), Nitrogen (7), and 
Oxygen (8) is one and two protons, respectively.

The internal cellular environment has a relative abundance of Hydrogen and 
Oxygen (and energy) coming from water dissociation. Therefore, we can enlist 
Hydrogen, Carbon, Nitrogen, Oxygen, Sodium, Magnesium, Phosphorous, Sulfur, 
Chlorine, and Calcium as primary elements normally present in living things.

Now, we’ll enlist the same elements with the number of protons in their atomic 
nuclei. H (1), C (6), Nitrogen (7), O (8), Na (11), Mg (12), P (15), Sulfur (16), Cl 
(17), K (19), and Ca (20).

Notice that the difference between them is just one proton, in general terms. Thereby, 
the formation inside living things of Carbon con atomic mass of 14, and Oxygen con 
atomic mass of 18, means that atomic nuclei can grow inside living cells. After death, 
Carbon 14, and Oxygen 18, tends to fade gradually along thousands of years.

This is, the growth of atomic nuclei of Carbon and Oxygen can occur inside the 
cell, because water dissociation happens there, so protons and energy, the two key 
elements, are available. Furthermore, these transformations—in guarded propor-
tions—can also occur between Na (11) and Mg (12; between P (15) and S (16); also, 
between Cl (17), K (19), and Ca (20).

It is possible that a certain degree of transmutation between these elements hap-
pens to adjust the requirements of the living beings, allowing them a better adapta-
tion to their surroundings. Thereby, Life is not totally dependent on determined diet, 
it can hatch under diverse diet composition, because the human body can synthesize 
chemical elements—guarded proportions—and compensate for nutritional deficien-
cies in the environment at any given time.

In relation to the essential trace elements, we have Manganese (25Mn), Iron (25Fe), 
Cobalt (26Cu), Nickel (27Ni), Copper (29Cu), and Zinc (30Zn) as examples of chemi-
cal elements whose difference between them is a proton, that is: a hydrogen without 
electron, and the dissociation of water produces them—electrons—abundantly [20].

Supplements are not the answer, i.e.: the intake of calcium supplements in patients 
with osteoporosis makes their bones brittle.

2.1 Phosphorous

Remarkable abundance of phosphorous on Earth and its scarcity in the Universe 
suggest strongly that the P could be formed by living beings overall those in soil. 
Phosphorus is widely distributed in the global food supply, with milk and dairy being 
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the greatest contributors followed by meat and poultry. Notice a strong relationship 
with living beings. Circadian fluctuations in some bioactive components and trace 
elements are suggested to transfer chronobiological information from mother to child 
to assist the development of the biological clock [21].

For dairy cows, mineral P supplementation of the feed is generally not neces-
sary and might be needed only when fed with high amounts of corn products. This 
includes more precise prediction of the dietary P requirement and a better character-
ization of the availability of different P sources used in animal feed [22].

About nonruminants, much attention has recently been given to the variation in 
plant P sources, in particular phytate-P [23]. It has been known for about two decades 
that the use of the enzyme phytase as a feed additive can effectively increase phytate-
P availability in pigs and poultry. However, enzymes do not make possible an impos-
sible reaction.

Sophisticated analytical techniques such as stable isotope techniques (33-P, 18-O), 
NMR- and synchrotron-based spectroscopies are required for quantifying P cycles, 
fluxes, and dynamics in the soil and other environmental systems.

Measurement of the isotopic composition of oxygen within the phosphate ion can 
improve our understanding of P cycling in soil and plant systems [24]. Analyzing 
the isotopic composition of oxygen bound to P (δ18O-P) is, however, constrained by 
several analytical difficulties [25].

The scientific discussion on the identification of soil organic P forms—whether 
soils contain simple well-identifiable organic P forms or organic P in complex mac-
romolecular, nonidentified structures—is continuing [26]. The cycles of the biogeo-
chemically important nutrient elements C, N, and P are closely interlinked across 
environmental systems.

The difference between Silicium (14) and Phosphorous (15) is just one proton, and 
microorganisms in soil also can dissociate the molecule of water, thereby, inside them, 
there are available protons and energy. Neutrons form spontaneously.

The C-, N-, P-stoichiometry of soil organic matter was primarily controlled by soil 
properties rather than by the elemental stoichiometry of manure or fertilizer inputs 
[27]. Since 1998, in Northern Germany, organic P forms in soil did not correspond 
with the P forms in the organic fertilizers applied to the soil [28]. It is quite possible 
that living organisms inside soil make the difference, given the energy, protons, and 
oxygen available coming from water dissociation in analogue fashion to formation of 
14 C and 18 O in living beings.

Although the study of C-, N-, and P ratios is needed to understand the long-term 
functioning of cropped soils, it must always be tied with valuation of elemental 
inputs and budgets, and the capability of soils to steady, modify, and form, even a 
subatomic level, the C-, N-, and P-containing compounds. The soil is way beyond to 
be inert.

The relative importance of P fluxes arising from soil organic matter (SOM) miner-
alization compared with fluxes from P desorption appears to be much larger in forest 
and grassland than in arable soils [29], which is understandable and expected because 
the intensive use of agrochemicals in arable soil, and not in forest and grassland, 
perturbed the astonishingly accurate dissociation of the water molecule, therefore 
the highly ordered generation and distribution of energy, protons, and oxygen are 
impoverished.

Factors such as wetting and drying cycles, green manure inputs, seasonal fluctua-
tions, amount of light, pressure, temperature, moisture, and soil parent material also 
clearly affect organic P mineralization [29].
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The application of microbial inoculants as so-called biofertilizers has often been 
described as a component of sustainable nutrient management. The main efforts in 
this field have focused on living beings, as fungi [30].

Considering the uncertainty and the costs of microbial inoculants in practical 
agriculture, the activation of native soil microorganisms by agronomic measures such 
as organic matter management and crop rotation could be a better approach to utilize 
benefits of microbes [31] measures that significantly diminishing the need and use of 
industrialized phosphorous.

Fertilizers manufactured with high proportions of phosphorus, nitrogen, and 
potassium boosted plant growth to unprecedented levels, especially in tropical soils 
that are poor in these constituents [3]. Although phosphorus is one of the most 
common elements on Earth, only a small percentage is available for human use [32]. 
Phosphorus is seldom credited for the decline in the number of undernourished 
people, but such progress would have been unthinkable without its dramatically 
expanded use in the form of phosphate-based fertilizer.

2.2 Toxicity of phosphorous in the environment

Phosphorus plays many roles in society today—both desired and undesired [33]. 
Phosphorus brings about a plentiful of different functions—on immeasurably dissim-
ilar temporal and geographical balances: transporting split-second signals to the brain 
in the chemical ATP, or immobile as a Ca3 (PO4)2 molecule in apatite-rich phosphate 
rock that took tens of millions of years to form, expecting mining, or progressively 
being drawn up from soil solution by plant roots via chemical dissemination, or clear-
ing from our bodies in a momentary drop of urine before being thinned by a flood of 
flush water to join other domestic and industry wastewater at a distant and pestilent 
treatment plant, poisoning water bodies as cyanobacteria, or simply cycling naturally 
between land, biota, and water without being perceived by most of the society [34].

Elevated P inputs can have severe long-term effects on freshwater and marine 
ecosystems, and large-scale efforts are needed to reduce P inputs from land. 
Eutrophication is still considered to be the most serious anthropogenic threat, for 
instance, in the dead zone of Baltic Sea [35]. The mitigation of eutrophication in 
freshwater, coastal, and marine systems requires a better understanding of mobiliza-
tion and release of P from soil and catchments (soil-to-water transfers), P composi-
tion and cycling in water bodies, and measures to decrease P loss.

Despite its merits as an essential staff of life, phosphorus has also a role as quite 
persistent pollutant. In rural areas, with poor control of agrochemicals, it often flows 
into receiving water (ponds, lakes, rivers, etc.) as runoff from agricultural fields and in 
urban areas from dirt sources as a foremost component of human body waste flushed 
down toilets [36]. Phosphorus can excessively boost some type of biochemical reactions 
meanwhile turn down others, which finally seems as endorsing and abnormal algal 
blooms in the lakes, ponds, and rivers where it concentrates—eutrophication [37].

The misconception that disproportionate algal growth can in the long run lower 
oxygen levels in the water although first the levels of dissolved oxygen fall and then 
it is eutrophication, it is thought that some fish species cannot tolerate this DOL of 
less of 6 mg/l. Thereby, the explanation of this long-lasted mistake emerges after our 
discovery that both prokaryotic and eukaryotic cells are phototrophs [38].

It has been demonstrated that the phosphate detergents emerging from municipal 
wastewater streams were a major driver of Lake Erie’s problem—excessive algal 
growth and mortality of some fish’s species [39].
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Cadmium is a well-established renal, bone, and pulmonary toxicant that occurs 
naturally in phosphate rock deposits. Phosphate fertilizers are considered the main 
source of cadmium in agricultural soils [40].

In some river basins, P export now exceeds P inputs, which may result from the 
net mobilization of P pools accumulated during earlier decades [41], already reached 
a finite P-accumulation stage. Animal studies show that high inorganic phosphate 
feeding resulting in high serum phosphate promoted lung, skin, bladder, and 
prostate cancer [42].

Leaf senescence, or the final developmental stage of the leaf, means the transi-
tion from a photosynthetically active organ to the attenuation of said function and 
eventual death of the leaf. During senescence, essential nutrients sequestered in the 
leaf, such as phosphorus (P), are recycled, this is mobilized and transported to sink 
tissues, particularly expanding leaves and developing seeds. Phosphorus recovery is 
decisive, as it helps to ensure that previously acquired P is not lost to the environment, 
particularly under the naturally desirable occurring condition where most unfertil-
ized soils contain low levels of soluble orthophosphate (Pi), the only form of P that 
roots can directly assimilate from the soil [43].

Phosphorus (P) is a key plant macronutrient, as it is a structural component of 
critical biomolecules involved in both temperature regulation processes, such as ATP 
and PPi, and in the development of key macromolecules such as nucleic acids and 
phospholipids. Thus, P is central to nearly all foremost metabolic processes in plants 
(and humans), including photosynthesis and respiration. Soluble orthophosphate 
(PO4

3−; Pi), which is the only form of plant-available P that roots can directly assimi-
late from the soil, is often highly limiting in the natural environment, prompting the 
widespread erroneous use of Pi-containing fertilizers in agriculture [44]. And we say 
wrong because the living entities that live in the clay can transmute the phosphorus 
from the silicon, because the difference between them is just one proton.

While fertilizers are seemingly effective in boosting harvest yields, only 15–30% 
of applied P is on average absorbed by crops in the year of its application [45]. The 
resulting Pi-runoff from fertilized fields leads to nutrient overloading of aquatic 
ecosystems, triggering toxic algal blooms and eutrophication of the affected water-
ways. Furthermore, the Pi contained within these fertilizers is manufactured from 
nonrenewable rock-phosphate reserves, which have been projected to be depleted 
within the next 80 years [35].

The use of fertilizers in agricultural practices may boost efficient crop growth but 
could consequently inhibit efficient Pi recycling and thus the overall P-use efficiency 
(PUE) [46]. Nearly half of the total P present within a healthy leaf exists within 
nucleic acids; of that, approximately 80% is represented by ribosomal RNA (rRNA).

The possibility of microorganisms in soil can synthesize 15P arising from 14Si opens 
an unexpected source of phosphorous in minute quantities but at the same time 
sufficient for the fundamental biochemical needs of life, both in plants and animals. 
The difference between them (15P and 14Si) is just one proton, and water dissocia-
tion provides enough protons, energy, and high-energy electrons. As it is expected, 
amount of Pi resulting from this “transmutation” of elements are small, such as 14C 
and 18O, which also formed—in small quantities—inside living things, and coher-
ently, the plants metabolism is so efficient to recycling minute amounts of Pi.

Therefore, the fertility of the soil depends significantly on its oxygen content, so 
much so that the formation of clays depends on the presence of oxygen and therefore 
on the presence of life that generates it, rather than phosphorus in irrational quanti-
ties. If we restore the oxygen levels that the arable soil should contain, soil fertility 
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would improve significantly. And even more so if we irrigate the crops with water 
with dissolved oxygen levels above 6 mg / L.

Enzymes do not make possible an impossible reaction, thereby, neither water 
dissociation nor transmutation from 14Si to 15P is a biochemical reaction that depends 
on enzymatic activity. Thereby, Pi acquisition from the soil is not an entirely passive 
process due to soil’s microorganisms being systems with capacities way beyond our 
abstraction capacity.

Zones that were found to have high heavy metal levels should be avoided to 
cultivate potatoes because potatoes tend to accumulate heavy metals notably higher 
than other types of plants. Soils that were found to be acidic traditionally should be 
treated with lime so that heavy metal uptake by plants via soil–plant pathway could 
be slowed; however, the increase of oxygen levels in the soil and the increase of pH 
through QBLOCK™ improve the root plant health and thereby the crops yield. It is 
important to protect groundwater resources in the region from heavy metal contami-
nation especially in acidic zones [47].

Phosphate extraction increasingly generates more pollution and waste, requires 
more energy per nutrient value, and costs more to mine and to process [48]. The 
fluxes that we generate are larger than natural fluxes. This is no easy way to run a 
bio-geo-chemical cycle [49].

3. Discussion

First life originated in water, then glucose—the universal precursor—and there-
after phosphorus that plays important role in evolution of whole spectrum of life. 
Phosphorus constitutes integral part of nucleic acids and amino acids, which are 
carriers of the whole genetic information of evolution of life on this planet and build-
ing block in every form of life. Such is importance of element phosphorus. But now 
phosphorous is emerging hidden crisis before agricultural community and environ-
mentalists of the world.

Phosphates are thermodynamically unstable while being kinetically stable [50]. 
ATP is kinetically stable under physiologic conditions [51]. Kornberg has estimated 
that eukaryotic cells contain on average 109 molecules of ATP [52]. Theoretically, 
≈2.5 ATPs are formed for each pair of electrons sent by an NADH molecule down 
the respiratory chain and that ≈80 kg of ATP is turned over in a day per adult male 
human, thereby, about 30 kg of NADH must be generated and funneled to O2 every 
day. It does not make sense.

The fluidity of nucleoside triphosphates, via NMP allocation, to handle DNA 
replication (~2 × 108 ATP to replicate the E. coli chromosome), RNA transcription  
(~ 200/typical mRNA of 1000 nucleotides), and the many peptide bonds in each 
 protein (~1500 ATP per 30 kDa protein) may be the largest energy drain in proliferat-
ing cells [53]; however, ATP is not source of energy, thereby these calculations are 
wrong, because the source of energy of living things starts with water dissociation.

In cancer cells and in pluripotent stem cells (embryonic), TCA cycle is not fully 
active for purposes of ATP synthesis, even in the presence of ample oxygen. Thus, 
they do not oxidize glucose completely, and electrons do not get put into the mito-
chondrial respiratory chain effectively, the so-called Warburg effect [54].

Phosphorous is an inorganic element probably produced by photosynthesis in living 
beings. O2 by analogy is an inorganic molecule also, since nearly all the 20% of the earth’s 
atmosphere that is O2 has been biogenically derived via O2-producing photosynthesis.
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O2: Thermodynamically Activated, Kinetically Stable Inorganic Molecule to Power 
Eukaryotic Metabolism. Molecular oxygen is a difficult to handle metabolite. Living 
things have optimized their presence, as it has been present in the equation since the 
beginning of time. But the valuable product of water dissociation is hydrogen, simply 
because it is the quintessential energy carrier in the entire universe. Therefore, the 
following concepts are totally theoretical: Higher eukaryotes unlock its thermody-
namic potential to undergo four-electron reduction and make a good living energeti-
cally. But glucose is not a source of energy, it is only a source of biomass, even if it is 
combined with oxygen. They practice substrate hydroxylation chemistry judiciously, 
in hypoxia, in macromolecule demethylations, and in the steroid hormone maturation 
pathways. Of course, oxygen appears in every reaction but its “unwanted” presence 
is since it comes from the dissociation of water that the body carries out to obtain 
energy. The oxygen that the body contains does not come from the atmosphere. Yet, 
they still had to evolve enzymatic and nonenzymatic defenses against toxic partially 
reduced oxygen metabolites, emphasizing how oxygen reductive metabolism has its 
intrinsic dangers. The previous paragraph, also theoretical, will have to be rewritten 
since the best antioxidant known is hydrogen.

The amount of ATP in a 70 kg human has been estimated at ~50 g, with about 109 
molecules/cell.

The most common single posttranslational modification of proteins (PTM) is 
phosphorylation of Ser, Thr, and Tyr side chains by ATP-dependent protein kinases, 
but the activation energy required by enzymes comes from the dissociation of water, 
the effect of ATP is minor and complementary. Supposedly tens to hundreds of 
thousands of phosphor variants of proteins may be formed transiently in human cells 
by the >500 members encoded in human kinemes; however, the energy that the body 
obtains through the dissociation of water is exact, amazingly accurate, and has not 
changed since the beginning of time, so the sequence of biochemical logic with which 
the body handles the compounds that conform us is strictly regulated by 4 billion 
years of evolution. Many proteins can be phosphorylated at multiple residues, by 
single or multiple kinases, but it does not happen randomly, but every kinase requires 
energy that comes from the dissociation of the water molecule. The fraction of a 
given protein subject to modification can depend on location within the cell (distinct 
pools) available energy that comes from water dissociation and the activity of the 
PTM enzymes. Hundreds to thousands of fractional molecular protein variants can be 
created (but not randomly) and then returned to starting pools by protein phospha-
tases [55], which, to function properly, require adequate energy, which undoubtedly 
comes from the dissociation of the water molecule. By the way, any enzyme whether 
related to phosphate metabolism requires the energy that always comes from water 
dissociation. Thereby, the turnover rate of the splitting of the water molecules is the 
great regulator of the functioning of the biochemical logic of life both in water and in 
agricultural soil.

There are at least four compounds that seem to exist in abundance on planet Earth 
in comparison with other planets or with known Universe: oxygen, water, clay, and 
phosphorous.

Them all are produced by living beings. This is: the presence of these compounds 
and elements requires the presence of life to be produced. Without life, they are not 
produced or at least are absent.

Such as the O2 present inside human body coming from water dissociation that 
living being has inside and not from atmosphere [56], then a significant part of 
phosphorous coming from the inner photosynthesis more than of diet. Phosphate 
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esters and anhydrides dominate the living world but are seldom used as intermediates 
by organic chemists. Phosphoric acid is specially adapted for its role in nucleic acids 
because it can link two nucleotides and still ionize, something unique; the resulting 
negative charge serves both to stabilize the diesters against hydrolysis and to retain the 
molecules within a lipid membrane; but these reactions also need the power coming 
from water dissociation. Phosphates with multiple negative charges can react through 
energy expenditure, by way of the monomeric metaphosphate ion PO3- as an inter-
mediate. No other residue appears to fulfill the multiple roles of phosphate in bio-
chemistry; however, energy from water dissociation still is needed. Stable, negatively 
charged phosphates react under catalysis by enzymes—energy expenditure; organic 
chemists, who can only rarely use enzymatic catalysis for their reactions, need more 
highly reactive intermediates than phosphates.

Given our discovery of unexpected intrinsic capacity of living beings to transform 
sunshine power into chemical energy, through water dissociation, like plants do, we 
can discard the role of phosphates as energy sources [57] limiting it to temperature 
regulation ATP, ADP, and AMP cycle, the biology of phospho-nucleotides, and 
control of phosphates toxicity.

Therefore, the planetary boundary for phosphorous must be rethanked, rewritten, 
[58] because the abundance of phosphorous on Earth and the scarcity in Universe are 
not by chance. Phosphorous (15P) is produced by living things, mainly by the microor-
ganisms of the soil; probably arising from silicium (14Si). Remember that the dif-
ference between them is just one proton, and the transformation of sunshine power 
into chemical energy is through the dissociation of the water molecules, a universal 
mechanism that places the adequate energy, protons, and oxygen inside every cell of 
living things.

4. Conclusion

Therefore, while the life thrives on planet Earth, Phosphorous should be produce 
by living things, as has been done since beginning of time. And it is important to 
respect the way nature has formed and used it, this is in minimal quantities. The 
secret of sustainable fertile soil lies in keeping oxygen levels high inside it; something 
that is possible to achieved with the QBLOCK™.

Once the knowledge about the unsuspected ability to dissociate water from living 
beings, to transform sunlight into chemical energy, is known and disseminated suf-
ficiently, the use of nitrogen fertilizers can be reduced to a minimum and even stop 
using them completely, because the damage it causes to the environment, even from 
their manufacture and subsequent use, they are huge and long-lasting.

We can maintain the fertility of agricultural soil by raising the levels of oxygen it 
contains and irrigating crops with water with adequate levels of dissolved oxygen, 
this is above 6 mg/L. This would substantially reduce the need for artificial fertilizers 
whose synthesis alone is remarkably polluting, not to mention the amounts of phos-
phates that are thrown into crops and end up flowing in rivers and seas forming dead 
zones, as in the Gulf of Mexico, in the Gulf of Aden, the Baltic Sea, which continue to 
spread.

The use of QBLOCK™ or some similar method that raises the levels of dissolved 
oxygen in both water and agricultural soil will allow us a more rational agriculture, 
even regenerative, because we will be able to prevent the damage inflicted by current 
agrochemicals, and even reverse it.
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Abstract

Phosphorus is one of the primary nutrients required in crop production. Rock 
phosphate is the raw material required for the manufacturing of soluble phosphorus 
fertilizers, which is nonrenewable in nature and expected to last for 50–400 years. The 
restriction of resources to few geographical locations makes its supply more vulner-
able. In India, 90% of the rock phosphate for fertilizer manufacturing is imported. 
However, the low quality of rock phosphate deposits available in India can be utilized 
with certain modifications in the form of addition of phosphate-solubilizing bacteria, 
addition of gypsum, and in the form of phospho-enriched compost. Agriculture, live-
stock, urban and industrial waste can also prove to be a source of phosphorus through 
crystallization of struvite. There are encouraging results of struvite compared with 
soluble phosphorus fertilizers. This will reduce the import dependency in India as well 
as encourage the Atmanirbhar initiative in phosphorus fertilizer.

Keywords: phosphorus, nonrenewable, rock phosphate, phosphate-solubilizing 
bacteria, gypsum, phsopho-enriched compost, struvite

1. Introduction

The term phosphorus derived from the Greek word “Phos” meaning light, and 
“phorus” means bearer. Elemental form of phosphorus was discovered by German 
Alchemist, Henning Brandt in 1669 [1, 2]. Phosphorus evolved from seventeenth 
century as philosopher‘s stone to medicinal phosphorus, flammable phosphorus, 
essential nutrient in crop production, element of war, cause of eutrophication to its 
emerging scarcity in recent twenty-first century [2]. Earlier it had been established 
that adding ground bone increases the crop yield and subsequently Lawes (1842) 
patented the process of phosphate solublization [3]. With the proposition of Criteria 
of Essentiality (1939) by Arnon and Stout, it had been established that the roles and 
functions of each essential nutrient are irreplaceable in plant system. Phosphorus is 
one of the essential nutrients for plant, which extends to animals also [2]. Around 
80% of the world phosphorus is utilized in agriculture [1]. Rock phosphate is one of 
the basic raw materials for the synthesis of phosphatic fertilizers [4]; however, its 
nonrenewable nature increases the vulnerability in the long term.
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Phosphorus in Indian soils occurs primarily in inorganic form contributing 
54–84% of the total phosphorus and organic contributing 16–46% [5]. More than 
90% districts in India are classified under low-to-moderate phosphorus availability 
[5, 6]. The phosphorus status of soil doesn’t necessarily reflects its availability to 
the crop plants, which is governed by the presence of calcium, iron, and aluminum 
phosphates; thus, only 30% of the soil phosphorus is utilized by the crop and rest 
remains in the soil [7]. Therefore, it demands the external application of phospho-
rus through fertilizers. India imports the high-grade rock phosphate for the syn-
thesis of soluble phosphorus fertilizers. This import cost along with the decontrol 
of the phosphorus and potassium fertilizers in 1992 has led to the fertilizer appli-
cation in favor of urea. The turmoil in the Former Soviet region in present times 
has also increased the vulnerability of the rock phosphate import in near future. 
Therefore, it is important to increase self-reliance in the field of phosphorus fertil-
izer application. It has been reported that indigenous rock phosphate if suitable 
is treated with solubilizing microorganisms or acidulates; there can be increased 
solublization and availability of phosphorus to the plants and consequent yields 
[8, 9]. Precipitation of struvite from the agriculture and livestock waste can prove 
another efficient alternative [10]. The major objectives of the following discus-
sion in chapter are to find out in ways and means to enhance the dependability of 
phosphorus fertilizer on indigenous resources in general and on farm resources in 
particular.

2. Importance of phosphorus in crop production

Phosphorus constitutes 0.2% (0.1–0.5%) in the plant system. Most of the phos-
phorus is absorbed in the form of primary orthophosphate ions; however, it is also 
absorbed in the form of secondary orthophosphate. Phosphorus is not reduced like 
nitrates and sulfates and rather exists as inorganic phosphate or esterifies to carbon 
chain through hydroxyl group or attaches to another phosphate group through 
energy-rich pyrophosphate bonds [11].

The major functions of phosphorus are as structural element of nucleic acids; 
phospholipids of biomembrane forming bridge between triglyceride and other 
molecules; energy-rich phosphates and phosphate esters in metabolism; acts as 
regulator in glycolysis, photosynthesis, respiration, nitrogen assimilation, starch 
synthesis in chloroplast; detoxification of heavy metals by binding with phytates 
[11, 12]. Phosphorus control over photosynthesis involves ratio of Pi to triose phos-
phate; light activation of ribulose bisphosphate carboxylase; activation of fructose-
1,6-bisphosphatase, sedoheptulose 1,7-bisphosphatase; ATP/ADP ratio; decreased 
regeneration of RuBP, and low sink strength under P-deficient conditions leading 
to reduced photosynthesis [12]. The stored inorganic phosphate in the plant varies 
according to its availability; however, phosphorus in metabolism remains stable 
with former acting as buffer [13]. Phosphorus supply is more critical in the early 
season as observed in various annual crops; however, later stage supplementation 
improves yield though plant is also able to remobilize the stored phosphates to the 
grains [13].

The similar role can be played by higher seed phosphorus content where it will 
supply early seedling growth P requirement leading to better root development and 
thus giving access to growth limiting water and mineral nutrients [14]. Phosphorus 
is required more for the nodule growth and nitrogenase activity in the N-fixing 
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plants than for the whole plant growth [15, 16]. Phosphorus supply increases the root 
diameter and dry weight; however, increased root shoot diameter, root hair length 
and density, root branching, root hair are observed under P-deficient conditions to 
increase P acquisition [17, 18].

3. Need for the alternatives in Indian context

Before the utilization of phosphate rocks for commercial fertilizer production, 
bones, corpolites (fossilized animal dung), and guano were the main sources of 
phosphorus supplementation [3]. It is evident that various sources of phosphorus 
had been utilized including crop residues; human, animal, fish, and bird waste from 
Middle East to Japan [2].

The process of super phosphate production by solubilizing bones in sulfuric 
acid was separately patented by J B Lawes and James Murray in 1842 leading to the 
development of superphosphate and mixed fertilizer industry [3, 19]. Phosphorus 
consumption in the post-World War II era was not that much intensified; however, 
with introduction of Green Revolution after mid-twentieth century, there was increase 
in use of phosphorus fertilizer along with nitrogen and potassium owing to introduc-
tion of the fertilizer-responsive varieties. Both annual phosphate rock extraction and 
per capita production have seen consistent growth of 3–4% and 1.4%, respectively, 
with an increase of more than 300% phosphorus fertilizer consumption between 1961 
and 2013, however, characterized by a decline post 1989 for a considerable period 
owing to disintegration of Soviet Union and decreased fertilizer demand in Western 
Europe and North America [19, 20]. More than 70% of the world phosphorus reserves 
are located in South Africa, Morocco and Western Sahara and United States [21] and 
Brazil and Peru in South America; China, Iraq, Israel, and Jordan in Asia; Australia in 
Oceania; Former Soviet Union in Europe are some major countries continent-wise [22]. 
The mineral resource extraction follows a mountain/ U-shaped curve where there is 
initial increase followed by the plateau and then decline in production with time [22]. 
Phosphorus reserve exploitation has been correlated with time, and it is considered to 
have “peak P” analogous to the “peak oil” by 2035, after which demand will outstrip 
supply [3, 23]. With current utilization rate, the phosphate rock reserves are expected 
to last for 50–400 years [24, 25].

In India, 90% of the rock phosphate required for soluble P fertilizer manufactur-
ing is imported, out of which 80% is imported from Jordan, Morocco, and Egypt [26]. 
The nonrenewable nature along with its restricted availability to few countries in 
the world increases the vulnerability of its supplies in case of any untoward incident 
happens in these nations. The present fertilizer use is also characterized by the imbal-
ance with N:P2O5: K2O use ratio for 2018–19 as 7.1:2.7:1 [27] in place of recommended 
ratio of 4:2:1. It can be partly attributed to the higher cost of import of phosphorus 
and potassic fertilizers. Fertilizer subsidy has seen increase of more than 200% 
since 2010–11 when it reached 1.34 lakh crores in 2020–21 [28]. This becomes more 
relevant in present times with the turmoil arising in Former Soviet Union region, 
which is dwindling the resources supply, and the rising protectionism approach of the 
nations. Therefore, it is important to seek alternate sources of P fertilization in India, 
which are more indigenous in nature. In addition to reducing the cost of farming, the 
concept will also support the Atmanirbhar Bharat and self-reliance as it will be more 
depending on the indigenous minerals and on-farm waste generated in the farmers’ 
field.
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4. Various alternatives of phosphatic fertilizers

4.1 Indigenous rock phosphates

India has substantial reserves of low-grade phosphorus [29, 30], which can be 
utilized as nutrient source. Total resource of rock phosphate in India is estimated at 
312.67 mT of which only 45.80 mT constitutes reserve [31]. Of the total resources, 
only 8% constitutes fertilizer grade and around 37% is classified under low-grade 
reserve [31]. However, direct application of rock phosphate is only suited for acidic 
soils, not for the neutral to alkaline soils where pH is more than 5.5–6.0, and is less 
reactive, of low grade, and has poor agronomic efficiency [32–36].

The acidulation of these rock phosphates either with the sulfur-based miner-
als or sulfur or organic matter holds promise to increase its availability in the soil. 
Addition of rock phosphate to compost or straw can be useful in increasing the 
phosphorus availability to the crop. The composting process leads to the mobiliza-
tion of phosphorus in the rock phosphate, in addition to supplying secondary and 
micronutrients [37].

Partial acidulation of rock phosphate with locally sourced material such as farm 
residues, manure, and compost is cost-effective technique to make phosphorus avail-
able by the release of chelating action forming complexes and humic acid [38].

4.1.1 Addition of phosphate-solubilizing bacteria (PSBs)

An important aspect of Rock phosphate solublization is addition of phosphate-
solubilizing microorganisms where they release organic acids, chelation, and increase in 
phosphatase enzyme activity and ion exchange reactions and thus, increase the avail-
ability [35, 36, 38]. There are various species of phosphate-solubilizing bacteria including 
Serratia, Burkholderia, Azotobacter, Rhodococcus, Xanthomonas, Enterobacter, and Pantoea 
[39]. Rock phosphate when incubated with PSB has shown encouraging results (Table 1).

4.1.2 Phosphate-enriched compost/manure

Composting is common practice in India; however, it is characterized with lower 
nutrient concentration. Around 500 mT of crop residues is generated in India of 
which three-fourth is contributed by the cereals. Enrichment of compost with rock 
phosphate has twin benefits with enriched nutrient content and comparatively more 
solublization of phosphate mineral. Addition of rock phosphate is found to not only 
increase the nutrient content of rice straw compost but also reduce C:N ratio when 
added in combination of waste mica [42].

Addition of rock phosphate is reported to reduce total C content in compost-
ing mass due to dilution effect, increase in total nitrogen content due to net loss 
of dry matter, and significant increase in phosphate content with higher share of 
citrate soluble form than water-soluble as it contributed by the rock phosphate and 
favorable maturity index such as C/N ratio < 20 except for tree leaf compost due to 
higher cellulose, hemicelluloses, and lignin content; water-soluble carbon to organic 
nitrogen ratio < 0.5; nitrification index> 0.16 [43–45].

Higher reduction in C:N and C:P ratio and increase in water-soluble P were 
recorded in rock-phosphorus-enriched manure when inoculated with phosphate-
solubilizing microorganisms [34] with citric, malic, oxalic, and formic acids with 
citric acid having maximum P-solubilizing efficiency [46]. Higher rate of nitrogen 
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and sulfur mineralization has been observed with rock-phosphate-enriched compost 
along with 50% NPK after 120 days and significant improvement in available P with 
progress of incubation period indicating its availability for longer period of time 
compared with 100% NPK [45, 47].

In cropping systems, residual effect of enriched compost is found to significantly 
increase the total phosphorus, enhance grain and stover yield and P uptake and its 
use efficiency compared with similar P dose from phosphorus fertilizer [45, 48]. 
Rock-phosphate-enriched compost reported significantly highest grain yield and P 
uptake in cowpea when compared with other treatments including P fertilizer as sole 
source [49].

Application of rock-phosphate-enriched compost along with RDF sharing equal 
to the phosphorus dose in rice recorded significantly higher labile P and grain yield, 
only at par with treatment having total phosphorus dose from RDF [49]. Phosphorus-
enriched manure has significant effect on the number of nodules, their fresh and dry 

Sr. 
No.

Crop Modification of rock 
phosphate

Observations References

1. Potato-
soybean

Rice straw enriched with 
Rock phosphate, mica and 
Aspergillus awamori (along 
with 50 and 75% of RDF)

Significantly higher yield over 
RDF and control up to 43.3 and 
21.5%, respectively in potato and 
27.6–46.9% increase in soybean 
grain yield.

[37]

2. Maize- 
Wheat

Rock phosphate treated 
with Pantoea cypripedii 
(PSB-3) and Pseudomonas 
plecoglossicida (PSB-5)

Significantly higher yield for both 
inoculants in maize compared 
with DAP application and for 
wheat though highest with RP + 
inoculants, however, at par with 
DAP

[35]

3. Maize-
Wheat

Rock phosphate treated 
with Penicillium oxalicum

Significantly higher yield for both 
maize and wheat compared with 
control and rock phosphate alone.

[33]

4. Soybean- 
Wheat

Half of recommended P 
by rock phosphate with 
Pseudomonas striata and 
Glomus fasciculatum

Significantly higher yield 
compared to control, highest in 
soybean (3.4% higher than when 
100% is through SSP); and almost 
similar in wheat.

[40]

5. Rice-
rapeseed-
mungbean

Mussorie rock phosphate 
(MRP) inoculated with 
Pseudomonas striata

In 3 year experiment, MRP 
@ 17.5 kg P ha−1 was found 
significantly superior to control in 
all 3 years and at par with DAP @ 
17.5 kg P ha−1 in third year in terms 
of rice equivalent yields.

[29]

6. Stevia 
rebaudiana

Mussorie rock phsophate 
(MRP) treated with PSB 
(Burkholderia gladioli; 
Enterobacter aerogenes and 
Serratia marcescens)

Increase of 136% total biomass 
compared with absolute control 
and stevioside and rebaudioside-A 
recorded 291 and 575% increase, 
respectively.

[41]

Table 1. 
Research evidences showing utilization of rock phosphate with PSB strain in different crops. The comparison for 
the crops/cropping system is done with control and commercial phosphorus fertilizer, and summarized findings are 
mentioned.
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weight in legume crop and yields at par with soluble fertilizer when these are com-
bined with soluble fertilizer in equal proportion [50, 51]. Among all the phosphorus-
enriched manures, highest pod and stover yield of mung bean has been reported 
with that inoculated with Penicillium oxalicum [34]. Phosphate-rich organic manure 
(PROM) and rock phosphate mixed with urea have shown the comparative results 
with soluble phosphates and even higher yield under residual effect showing the 
long-term availability of phosphorus [52]. The effect of phospho-enriched compost 
on various crops is presented in Table 2.

4.1.3 Acidulation with gypsum

Rock phosphate is made to react with sulfuric acid for production of single super 
phosphate. Similarly, gypsum can also serve as source of partial acidulation of rock 
phosphate. Total reserve of gypsum in India stands at 36.6 mT with 80% of the total 
reserve under fertilizer grade and Rajasthan, Jammu & Kashmir, Tamil Nadu, and 
Gujarat as the major states [31]. Low-grade gypsum is utilized as soil amendment for 
the sodic soils.

It can also be utilized as an acidulate for the rock phosphate treatment. In addition 
to the extraction of phosphorus from rock phosphates, gypsum serves as source of 

Sr. No. Crop Particular of PEC Observations References

1. Blackgram PEC prepared with 
rock phosphate, mica, 
maize straw and 
FYM along with PSB 
inoculation.

Significant seed yield recorded 
upto 4 t ha−1 with 15.21% 
increase over control and at par 
with 6 t ha−1.

[53]

2. Cowpea Rock phosphate was 
added to biowaste 
according to P2O5 
requirement of cowpea

83% yield gain over control and 
55% gain over soluble P fertilizer

[54]

3. Chickpea 
and lentil

Rock phosphate was 
added to composting 
material consisting 
of fruit peels and 
vegetable waste

Nodules plant−1, fresh and dry 
weight of nodules was higher 
and 15% higher yields compared 
to control (P fertilizer).

[51]

4. Wheat-
Greengram 
rotation

Rock phosphate was 
added to rice residue, 
mustard leaf residue 
and tree leaf separately

No significant difference with 
different composts on grain 
yields for both crops. Enriched 
compost of rice residue reported 
highest yields and residual effect 
on successive greengram.

[44]

5. Rice Rock phosphate was 
added to rice straw and 
aerobic composting 
was done.

Enriched compost along with 
chemical fertilizer (50:50) 
reported numerically higher 
yield compared when P was 
supplied through fertilizer 
alone.

[49]

Table 2. 
Effect of phospho-enriched compost on various crops/cropping system. Source of organic matter in compost 
is indicated and yields as well as nodule growth are mentioned in comparison to control/soluble phosphatic 
fertilizers.
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calcium and sulfur to the crop plants. Among the various acidulates tested with rock 
phosphate in various Kharif and Rabi crops, gypsum acidulated rock phosphate has 
higher yields in most of crops with significant results in Indian mustard [55].

Acidulation of rock phosphate with gypsum in wheat crop reported highest 
though nonsignificant among all acidulates and more than the treatment having 
soluble P fertilizer source [56]. Gypsum along with PSB had significantly higher yield 
sweet pepper yield when applied with rock phosphate compared with its use without 
gypsum [57].

4.2 Precipitation of struvite mineral

Struvite, a crystalline mineral having formula MgNH4PO4.6H2O, has equimolar 
concentration of phosphate, ammonium, and magnesium ions [58, 59] and thus can 
prove as an alternate source of phosphorus. Struvite can be crystallized from the 
wastewaters of agriculture, sewage effluents, industrial streams, animal waste, and 
urine [58]. It has various properties, which make it suitable for use in agriculture 
(Table 3).

Around 85% of the mined phosphorus finds way in the water bodies through soil 
erosion, agriculture, and livestock waste, which promotes eutrophication; therefore, 
struvite precipitation can be useful to reduce this pollution [61]. Two major condi-
tions for struvite crystallization are pH between 8.5 and 9.5 with maximum at 9.5, 
which reduces further, and the concentration of three ions in equimolar concentra-
tion and above struvite solubility limit (>0.2 gl−1) [58–62]. P content of the struvite 
remains in the range of 11–26% depending on the source, of which 1–2% is water-
soluble and slow release in nature [60]. According to an estimate, taking stock of 
cow urine generated in India, 12000 tonnes of struvite can be produced daily and 
enlarged scope when considered for all the livestock population [61]. Similar poten-
tial exists for the industrial and domestic waste water in India. Globally, full-scale 
struvite recovery plants are functional in countries of Europe, North America, and 
Japan [61].

The extraction of struvite has been from the various sources. It is now utilized as 
the fertilizers or mixed with other fertilizers for value addition having good mar-
ket and used in crops such as paddy, vegetables, and flowers and even reported to 
increase quality of paddy [63]. Performance of crops when applied with struvite when 
compared with chemical fertilizers is presented in Table 4.

Sr. No. Parameter Struvite characteristics

1. Nutrient 
content

Rich in nitrogen, phosphorus, and magnesium

2. Pattern of 
release

Slow release

3. Influence of pH Not soluble in alkaline soil and effective in neutral and acidic soils

4. Suitability Suitable for crop requiring high Mg and P doses

5. Comparative 
advantages

Significantly higher dissolution rate compared with other P minerals such 
as fluorapatite and variscite due to weak H bonds; N leaching rates are 
significantly lower when compared with other N fertilizers

Table 3. 
The major characteristics of struvite as fertilizer in relation to crop production [60].
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4.3 Steel slag

Steel slag is the by-product of steel industry. In total, 150–180 kg steel slag is gen-
erated for 1 ton of steel production in India [68] and has been estimated at 39 mT for 
2017–18 [69]. Per capita steel consumption is expected to increase more than double 
between 2018 and 2030–31. Thus, there exists a huge potential of generation of steel 
slag. In countries such as United States, Japan, and European countries, more than 

Sr. No. Source Control 
fertilizer

Crop Remarks Reference

1. Distillery 
waste water

DAP Brassica 
alba

15% increase in dry weight, 
3.2% increase in P uptake, 
49% increase in chlorophyll 
content.

[64]

2. Commercial Mineral 
(KPO4H2)

Phaseolus 
vulgaris

Application of struvite more 
than 5 g plant−1 leads to higher 
yield than mineral fertilizer.

[59]

3. Human urine DAP Arachis 
hypogea

Seed yield and other yield 
attributing characteristics 
were significantly higher with 
DAP inoculated with Nitrogen 
fixing bacteria, however, 
similar inoculation of struvite 
reported significantly higher 
parameters than DAP alone.

[62]

4. Livestock 
wastewater

Urea and 
Magnesium 
sulfate

Vegetable 
crops in 
pot

It was superior to control 
fertilizer for all the vegetables. 
The increase in dosage was 
less inhibitory than control 
fertilizer.

[65]

5. Manure Mono 
Ammonium 
Phosphate 
(MAP)

Canola At lower rates, the mean 
biomass yields were similar 
to control which decreased 
at higher rates; Quadratic 
response for P uptake for 
struvite with increase in dose 
whereas it was linear with 
MAP.

[66]

6. Commercial Struvite 
and MAP 
were mixed 
in different 
ratios in 
gradation.

Maize-
Soybean

Upto 50% struvite blending 
reported statistically similar 
biomass which decreased 
further and lowest with 100% 
struvite in maize and upto 
25% for soybean, however, it 
was 50% for only root biomass 
for it.

[67]

7. Cow urine DAP Vigna 
radiata

At higher rates struvite 
application reported 
significant increase in the leaf 
area, stem and root dry weight 
and total chlorophyll content.

[58]

Table 4. 
Performance of struvite as phosphorus source in various crops. Source of extraction is mentioned and commercial 
fertilizers are used as control. The effect of struvite on chlorophyll is also mentioned as it is source of magnesium.
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80% of steel slag is recycled, whereas for countries such as China and India, it is less 
than 30% [70]. While slag is rich source of calcium, silicon, iron, it also reported to 
contain up to 4% phosphorus [71]. Application of slag is reported to increase the dry 
weight, yield, and phosphorus uptake in maize [72]. In addition to this, application of 
steel slag is advantageous in increasing the quality of the produce, source of silica to 
the crops, promotes immobilization of heavy metals, reduction of disease incidence in 
crops, and promoting carbon sequestration and reducing methane emission and can 
act as potential liming material [73–78].

5. Conclusion

Phosphorus is a valuable element in relation to agriculture; however, its depleting 
reserve presents a potential challenge to nations across the world. India is at much 
vulnerable position as there is huge import dependency for its raw material. Keeping 
the situation in view, Government of India has introduced the action plan to make 
country Atmanirbhar in phosphorus fertilizer production by utilizing the existing 
rock phosphate indigenous resources in country. It can be concluded that with certain 
modifications, indigenous low-quality rock phosphate can also be enriched and the 
phosphorus can be made available to the crops. The utilization of struvite is still need 
to be explored in India. Though there is commercial exploitation of this as phospho-
rus source in countries across the world, there is need to have extensive work on its 
extraction and develop low cost and customized approach. This will not only reduce 
the import cost but will also promote the sustainability at village level and concept of 
circular economy, which is expected to bring benefit of 40 lakh crores in 2050.

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 



Functional Phosphate Materials and Their Applications

78

[1] Gleason W. An introduction to 
phosphorus: History, production, and 
application. JOM. 2007;59(6):17-19

[2] Ashley K, Cordell D, Mavinic D. 
A brief history of phosphorus: From 
the philosopher’s stone to nutrient 
recovery and reuse. Chemosphere. 
2011;84(6):737-746

[3] Ulrich AE, Frossard E. On the 
history of a reoccurring concept: 
Phosphorus scarcity. Science of the Total 
Environment. 2014;490:694-707

[4] Samreen S, Kausar S. Phosphorus 
Fertilizaton: The original and commercial 
sources. In: Tao Zhang T, editor. 
Phosphorus—Recovery and Recycling. 
London, UK: Intechopen Limited; 2018

[5] Sanyal SK, Dwivedi BS, Singh VK, 
Majumdar K, Datta SC, Pattanayak SK, 
et al. Phosphorus in relation to dominant 
cropping sequences in India: 
Chemistry, fertility relations and 
management options. Current Science. 
2015;2015:1262-1270

[6] Dey P, Santhi R, Maragatham S, 
Sellamuthu KM. Status of phosphorus 
and potassium in the Indian soils vis-
à-vis world soils. Indian Journal of 
Fertilizers. 2017;13(4):44-59

[7] Shah TI, Rai AP, Ma A. Relationship 
of phosphorus fractions with soil 
properties in mothbean growing 
acid soils of north western Indian 
himalayas. Communications in Soil 
Science and Plant Analysis, 2019. 
2019;50(9):1192-1198

[8] Biswas DR. Nutrient recycling 
potential of rock phosphate and 
waste mica enriched compost on crop 
productivity and changes in soil fertility 

under potato–soybean cropping sequence 
in an Inceptisol of Indo-Gangetic 
Plains of India. Nutrient Cycling in 
Agroecosystems. 2011;89(1):15-30

[9] Beura K, Ghosh GK, Pradhan AK, 
Kohli A. Forms of phosphorus and its 
bioavailability in rice grown in an alluvial 
soil treated with rock phosphate enriched 
compost. Journal of Plant Nutrition. 
2021;2021:1-21

[10] Vasa TN, Chacko SP. Recovery 
of struvite from wastewaters as an 
eco-friendly fertilizer: Review of the 
art and perspective for a sustainable 
agriculture practice in India. Sustainable 
Energy Technologies and Assessments. 
2021;48:101573

[11] Hawkesford M, Horst W, Kichey T, 
Lambers H, Schjoerring J, Skrumsager M, 
et al. Functions of macronutreint. In: 
Marschner H, editor. Mineral Nutrition 
of Higher Plants. 3rd ed. London, UK: 
Academic Press; 2012. pp. 135-189

[12] Rychter AM, Rao IM. Role 
of phosphorus in photosynthetic 
carbon metabolism. In: Handbook of 
Photosynthesis. Vol. 2. 2005. pp. 123-148

[13] Grant CA, Flaten DN, 
Tomasiewicz DJ, Sheppard SC. The 
importance of early season phosphorus 
nutrition. Canadian Journal of Plant 
Science. 2011;81(2):211-224

[14] White PJ, Veneklaas EJ. Nature 
and nurture: The importance of seed 
phosphorus content. Plant and soil. 
2012;357(1):1-8

[15] Jakobsen I. The role of phosphorus 
in nitrogen fixation by young pea plants 
(Pisum sativum). Physiologia Plantarum. 
1985;64(2):190-196

References



Alternatives to Soluble Phosphorus Fertilizers in Indian Context
DOI: http://dx.doi.org/10.5772/intechopen.105561

79

[16] Israel DW. Investigation of the 
role of phosphorus in symbiotic 
dinitrogen fixation. Plant Physiology. 
1987;84(3):835-840

[17] Shen J, Yuan L, Zhang J, Li H, Bai Z, 
Chen X, et al. Phosphorus dynamics: 
From soil to plant. Plant Physiology. 
2011;156(3):997-1005

[18] Heydari MM, Brook RM, Jones DL. 
The role of phosphorus sources on root 
diameter, root length and root dry matter 
of barley (Hordeum vulgare L.). Journal 
of Plant Nutrition. 2019;42(1):1-15

[19] Stewart WM, Hammond LL, Van 
Kauwenbergh SJ. Phosphorus as a natural 
resource. Phosphorus: Agriculture and 
the Environment. 2005;46:1-22

[20] Chen M, Graedel TE. A half-century 
of global phosphorus flows, stocks, 
production, consumption, recycling, 
and environmental impacts. Global 
Environmental Change. 2016;36:139-152

[21] Kirkby EA, Johnston AE. Soil and 
fertilizer phosphorus in relation to crop 
nutrition. In: The Ecophysiology of 
Plant-phosphorus Interactions. 2008.  
pp. 177-223

[22] Wellmer FW, Scholz RW. Peak 
minerals: What can we learn from the 
history of mineral economics and the 
cases of gold and phosphorus? Mineral 
Economics. 2017;30(2):73-93

[23] Cordell D, Rosemarin A, Schröder JJ, 
Smit AL. Towards global phosphorus 
security: A systems framework for 
phosphorus recovery and reuse options. 
Chemosphere. 2011;84(6):747-758

[24] Schroder JJ, Smit AL, Cordell D, 
Rosemarin A. Improved Phosphorus 
use efficiency in agriculture: A key 
requirement for its sustainable use. 
Chemosphere. 2011;84(6):822-831

[25] Dhillon J, Torres G, Driver E,  
Figueiredo B, Raun WR. World 
Phosphorus use efficiency in 
cereal crops. Agronomy Journal. 
2017;109(4):1670-1677

[26] IBM. Apatite and Rock Phosphates. 
In: Indian Mineral Yearbook. 58th ed. 
Ministry of Mines, Govt of India; 2019

[27] FAI. Annual Review of Fertilizer 
Production and Consumption, Executive 
Summary. 2019. 1049-1051

[28] FAI. Central Subsidy on Fertilizers, 
(2010-11 to 2021-22). 2022

[29] Sharma SN, Prasad R, Shivay YS, 
Dwivedi MK, Kumar S, Davari MR,  
et al. Relative efficiency of diammonium 
phosphate and mussoorie rock phosphate 
on productivity and phosphorus 
balance in a rice–rapeseed–mungbean 
cropping system. Nutrient Cycling in 
Agroecosystems. 2010;86(2):199-209

[30] Shivay YS. Effect of diammonium 
phosphate and mussoorie rock phosphate 
on productivity and economics of 
potato (Solanum tuberosum). Indian 
Journal of Agricultural Sciences. 
2010;80(4):329-332

[31] IBM. Minor Minerals 30.12 Gypsum 
(minor) and Selenite (Major). In: Indian 
Mineral Yearbook. 57th ed. Ministry of 
Mines, Govt of India; 2018

[32] Biswas DR, Narayanasamy G. 
Rock phosphate enriched compost: An 
approach to improve low-grade Indian 
rock phosphate. Bioresource Technology. 
2006;97(18):2243-2251

[33] Singh H, Reddy MS. Effect of 
inoculation with phosphate solubilizing 
fungus on growth and nutrient uptake 
of wheat and maize plants fertilized 
with rock phosphate in alkaline soils. 
European Journal of Soil Biology. 
2011;47(1):30-34



Functional Phosphate Materials and Their Applications

80

[34] Shrivastava M, Kale SP, 
D’Souza SF. Rock phosphate enriched 
post-methanation bio-sludge from 
kitchen waste based biogas plant as 
P source for mungbean and its effect 
on rhizosphere phosphatase activity. 
European Journal of Soil Biology. 
2011;47(3):205-212

[35] Kaur G, Reddy MS. Effects of 
phosphate-solubilizing bacteria, 
rock phosphate and chemical 
fertilizers on maize-wheat cropping 
cycle and economics. Pedosphere. 
2015;25(3):428-437

[36] Yadav H, Fatima R, Sharma A, 
Mathur S. Enhancement of applicability 
of rock phosphate in alkaline soils by 
organic compost. Applied Soil Ecology. 
2017;113:80-85

[37] Cicek H, Bhullar GS, Mandloi LS, 
Andres C, Riar AS. Partial acidulation 
of rock phosphate for increased 
productivity in organic and smallholder 
farming. Sustainability. 2020;12(2):607

[38] Ghosh R, Mandal NC. Use of plant 
growth-promoting Burkholderia species 
with rock phosphate–solubilizing 
potential toward crop improvement. 
In: Microbial Services in Restoration 
Ecology. Elsevier; 2020. pp. 139-156

[39] Mahanta D, Rai RK, Dhar S, 
Varghese E, Raja A, Purakayastha TJ. 
Modification of root properties with 
phosphate solubilizing bacteria and 
arbuscular mycorrhiza to reduce rock 
phosphate application in soybean-wheat 
cropping system. Ecological Engineering. 
2018;111:31-43

[40] Gupta M, Bisht S, Singh B, Gulati A, 
Tewari R. Enhanced biomass and steviol 
glycosides in Stevia rebaudiana treated 
with phosphate-solubilizing bacteria 
and rock phosphate. Plant Growth 
Regulation. 2011;65(3):449-457

[41] Biswas DR, Narayanasamy G, 
Datta SC, Singh G, Begum M, Maiti D, 
et al. Changes in nutrient status during 
preparation of enriched organomineral 
fertilizers using rice straw, low-
grade rock phosphate, waste 
mica, and phosphate solubilizing 
microorganism. Communications 
in Soil Science and Plant Analysis. 
2009;40(13-14):2285-2307

[42] Moharana PC, Biswas DR. 
Assessment of maturity indices of rock 
phosphate enriched composts using 
variable crop residues. Bioresource 
Technology. 2016;222:1-13

[43] Moharana PC, Biswas DR. Use of 
mineralization kinetics to estimate the 
potentially mineralizable nitrogen of 
rock phosphate-enriched composts-
amended soil. Journal of Plant Nutrition. 
2018;41(10):1333-1344

[44] Moharana PC, Biswas DR. 
Phosphorus delivery potential in soil 
amended with rock phosphate enriched 
composts of variable crop residues under 
wheat–green gram cropping sequence. 
Communications in Soil Science and 
Plant Analysis. 2022;2022:1-18

[45] Kumari A, Kapoor KK, Kundu BS, 
Kumari MR. Identification of organic 
acids produced during rice straw 
decomposition and their role in rock 
phosphate solubilization. Plant Soil and 
Environment. 2008;54(2):72

[46] Moharana PC, Biswas DR, Datta SC. 
Mineralization of nitrogen, phosphorus 
and sulphur in soil as influenced by 
rock phosphate enriched compost 
and chemical fertilizers. Journal of 
the Indian Society of Soil Science. 
2015;63(3):283-293

[47] Reza SK, Pal S, Singh S. Rock 
phosphate-enriched pressmud compost: 
Direct effect in pearl millet (Pennisetum 



Alternatives to Soluble Phosphorus Fertilizers in Indian Context
DOI: http://dx.doi.org/10.5772/intechopen.105561

81

glaucum L.) and residual effect in 
mustard (Brassica juncea) in a Typic 
Haplustept. 2012

[48] Kumar A, Singhal SK, Singh V, 
Kumar N, Sharma VK. Impact of rock-
phosphate enriched pressmud and 
biogass swrry on yield, phosphorus 
nutrition and utilization by soybean 
(Glycine max) in a typic hapwstept. 
Legume Research-An International 
Journal. 2013;36(1):79-83

[49] Ditta A, Imtiaz M, Mehmood S,  
Rizwan MS, Mubeen F, Aziz O, et al. 
Rock phosphate-enriched organic 
fertilizer with phosphate-solubilizing 
microorganisms improves nodulation, 
growth, and yield of legumes. 
Communications in Soil Science and 
Plant Analysis. 2018;49(21):2715-2725

[50] Sekhar DMR, Katewa MK, 
Shaktawat MS. PROM Khad an efficient 
source of P to replace the costly 
chemical Phosphatic Fertilizer. Nature 
Proceedings. 2012:1-1

[51] Meena M, Jat G, Meena RH, 
Choudhary R, Jain D, Doodhwal K,  
et al. Effect of phospho enriched compost 
and zinc on productivity and nutrient 
uptake of blackgram (Vigna mungo L.) 
in Sub-humid Southern Hills and Aravalli 
Region of Rajasthan. Legume Research. 
2021;45(2):203-208. DOI: 10.18805/
LR-4359

[52] Kumari MS, Ushakumari K. Effect 
of vermicompost enriched with rock 
phosphate on the yield and uptake of 
nutrients in cowpea (Vigna unguiculata 
[L.] Walp). Journal of Tropical 
Agriculture. 2006;40:27-30

[53] Kumar R, Krishna M, Bhatnagar A, 
Pandey DS, Singh VP, Ram P. Effect of 
rock phosphate with different acidulates 
on growth and yield of different field 
crops. Indian Journal of Agronomy. 
2018;63(3):293-299

[54] Chaudhary SK, Kumar R, Singh AK, 
Kumar R. Effect of acidulated rock 
phosphate on growth yield attributes and 
yield of wheat (Triticum aestivum L.). 
Indian. Journal of Agricultural Research. 
2015;49(6):574-576

[55] Kamal AM. Effect of gypsum, 
phosphoreine and rock phosphate 
on growth and yield of sweet pepper 
plants. Journal of Plant Production. 
2008;33(12):8709-8722

[56] Prabhu M, Mutnuri S. Cow urine as a 
potential source for struvite production. 
International Journal of Recycling 
of Organic Waste in Agriculture. 
2014;3(1):1-12

[57] Arcas-Pilz V, Rufí-Salís M, 
Parada F, Petit-Boix A, Gabarrell X, 
Villalba G. Recovered phosphorus for 
a more resilient urban agriculture: 
Assessment of the fertilizer potential of 
struvite in hydroponics. Science of the 
Total Environment. 2021;799:149424

[58] Kataki S, West H, Clarke M, 
Baruah DC. Phosphorus recovery as 
struvite: Recent concerns for use of 
seed, alternative Mg source, nitrogen 
conservation and fertilizer potential. 
Resources, Conservation and Recycling. 
2016;107:142-156

[59] Sathiasivan K, Ramaswamy J, 
Rajesh M. Struvite recovery from human 
urine in inverse fluidized bed reactor and 
evaluation of its fertilizing potential on 
the growth of Arachis hypogaea. Journal 
of Environmental Chemical Engineering. 
2021;9(1):104965

[60] Kumari S, Jose S, Tyagi M, 
Jagadevan S. A holistic and sustainable 
approach for recovery of phosphorus via 
struvite crystallization from synthetic 
distillery wastewater. Journal of Cleaner 
Production. 2020;254:120037



Functional Phosphate Materials and Their Applications

82

[61] Ueno Y, Fujii M. Three years 
experience of operating and selling 
recovered struvite from full-scale 
plant. Environmental Technology. 
2001;22(11):1373-1381

[62] Min KJ, Kim D, Lee J, Lee K, 
Park KY. Characteristics of vegetable 
crop cultivation and nutrient releasing 
with struvite as a slow-release fertilizer. 
Environmental Science and Pollution 
Research. 2019;26(33):34332-34344

[63] Ackerman JN, Zvomuya F, Cicek N, 
Flaten D. Evaluation of manure-derived 
struvite as a phosphorus source for 
canola. Canadian Journal of Plant 
Science. 2013;93(3):419-424

[64] Hertzberger AJ, Cusick RD,  
Margenot AJ. Maize and soybean 
response to phosphorus fertilization with 
blends of struvite and monoammonium 
phosphate. Plant and Soil. 
2021;461(1):547-563

[65] Chand S, Paul B, Kumar M. An 
overview of use of Linz-Donawitz 
(LD) Steel Slag in Agriculture. 
Current World Environment. 
2015;10(3):975-984

[66] Annual Statistics. Strategy paper 
on resource efficiency in steel sector 
through recycling of scrap and slag. Niti 
Aayog. 2017-2018

[67] Das S, Gwon HS, Khan MI, Jeong ST, 
Kim PJ. Steel slag amendment impacts on 
soil microbial communities and activities 
of rice (Oryza sativa L.). Science Report. 
2020;10:6746

[68] Yildirim IZ, Prezzi M. Chemical, 
mineralogical and morphological 
properties of steel slag. Advance Civil 
Engineering. 2011:143638

[69] Xian W, Qing-Sheng C. Steel slag 
as an iron fertilizer for corn growth and 

soil improvement in a pot experiment. 
Pedosphere. 2006;16(4):519-524

[70] White B, Tubana BS, Babu T, 
Mascagni H Jr, Agostinho F, Datnoff LE, 
et al. Effect of silicate slag application on 
wheat grown under two nitrogen rate. 
Plant. 2017;6:47

[71] Ali MA, Oh JH, Kim PJ. Evaluation of 
silicate iron slag amendment on reducing 
methane emission from flood water 
rice farming. Agriculture Ecosystem 
Environment. 2008;128:21-26

[72] Zhang M, Liang Y, Chu G. Applying 
silicate fertilizer increases both yield and 
quality of table grape (Vitis vinifera L.) 
grown on calcareous grey desert soil. 
Science of Horticulture. 2017;225:757-763

[73] Haynes RJ, Belyaeva ON, 
Kingston G. Evaluation of industrial 
wastes as sourcesof fertilizer silicon 
using chemical extractions and plant 
uptake. Journal of Plant Nutrition and 
Soil Science. 2013;176:238-248

[74] Ning D, Song A, Fafn F, Li Z, Liang Y. 
Effects of slag-based silicon fertilizer on 
rice growth and brown-spot resistance. 
PLoS ONE. 2014;9(7):e102681

[75] Ning D, Liang Y, Liu Z, Xiao J, 
Duan A. Impacts of steel-slag-based 
silicate fertilizer on soil acidity 
and silicon availability and metals-
immobilization in a paddy soil. PLoS 
ONE. 2016;11(12):e0168163

[76] Gwon HS, Khan MI, Alam MA, 
Das S, Kim PJ. Environmental risk 
assessment of steel-making slags and the 
potential use of LD slag in mitigating 
methane emissions and the grain arsenic 
level in rice (Oryza sativa L.). Journal of 
Hazard Materials. 2018;353:236-243

[77] Yang R, Mitchell CC, Howe JA. 
Relative neutralizing value as an indicator 



Alternatives to Soluble Phosphorus Fertilizers in Indian Context
DOI: http://dx.doi.org/10.5772/intechopen.105561

83

of actual liming ability of limestone and 
byproduct materials. Communications 
in Soil Science and Plant Analysis. 
2018;49(10):1144-1156

[78] Preston HAF, de Sousa Nuns GH, 
Preston W, de Souza EB, Mariano RLR, 
Datnoff LE, et al. Slag-based silicon 
fertilizer improves the resistance to 
bacterial fruit blotch and fruit quality 
of melon grown under field conditions. 
Crop Protection. 2021;147:105460



85

Chapter 5

Perspective Chapter: 
Hydroxyapatite – Surface 
Functionalization to Prevent 
Bacterial Colonization
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and Javier Fernandez

Abstract

Microbial colonization is one of the main causes of implant loosening and  
rejection. Pathogenic contamination and the subsequent biofilm formation reduce 
the implant’s chance of survival and can be life-threatening to a patient. Among the 
many strategies employed to reduce the infection probability of bioceramics, surface 
functionalization plays a key role. This chapter is dedicated to describing the different 
strategies available to prevent bacterial colonization and the proliferation of hydroxy-
apatite-coated implants. Moreover, the factors intervening in the bacteria-implant 
interaction will be described, detailing the mechanisms involved during the contact, 
adhesion, and proliferation of bacteria. Finally, the characterization methods will be 
discussed, emphasizing the bioactivity and antibacterial assays.

Keywords: antibacterial, hydroxyapatite, functionalization, bioactivity, implants

1. Introduction

Bioceramics, particularly hydroxyapatite (HA), are used massively to produce 
ceramic biomaterials and coatings for metallic implants. Implant infection is a serious 
medical complication and socioeconomic concern.

The economic burden can be quantified by the increased time in the hospital, 
rehospitalizations, additional surgeries, and the total cost of outpatient care. There 
are also intangible costs associated with implant infections, such as physical limita-
tion, mental trauma, and reduction in quality of life for the patient.

An infected medical device can be difficult to treat with only antibiotic therapies. 
When these therapies are ineffective, then required the use of surgical procedures, such 
as debridement or implant replacement. Once the infection has spread to the bone, 
known as osteomyelitis, it may lead to limb amputation threatening the patient’s life.

The first part of this chapter describes the mechanisms of interaction between 
the bacteria and the surface of hydroxyapatite. The second part is a review of the 
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different strategies to develop an antibacterial functionalization. The last part 
describes the main methods of studying bioactivity and antibacterial properties.

2. Bacteria-hydroxyapatite interaction mechanism

Infection of HA implants is a complex problem in clinical medicine. The large 
number of pathogens that infect medical devices, their resistance to antibiotics, and 
the strategies that microorganisms used to resist treatments are some of the reasons.

The infection probability is dependent on several aspects, such as the environmen-
tal conditions in which the attachment occurs, the type of microorganism, the prop-
erties of the substrate, and host characteristics. Furthermore, preexisting conditions, 
such as diabetes, obesity, and the use of immunosuppressant drugs, can increase the 
probability of an infection event.

There is limited research about the effect of material composition on the prob-
ability of infection. Hailer et al. [1] studied hip implant infection, and they detected 
no significant difference in infection events comparing hydroxyapatite-coated with 
micro-rough titanium implants.

The data available show that factors, such as the local immunological environ-
ment, the type of surgical intervention, the healing time, the fluid in contact with 
the implant and the microorganism contained, are more important to determine the 
infection probability than the chemical composition of the implant [2].

2.1 Implant infection classification

Infections of medical devices can be classified by the timeline of the infec-
tion event as early postoperative, late chronic, and hematogenous infection [3]. 
Alternative classifications are related to the microorganisms detected (bacterial, 
fungal, and polymicrobial) or by the substrate infected.

Early postoperative infections, also known as surgical site infection (SSI), are 
associated with postoperative wound infection and nosocomial infections. The symp-
toms appear during the first three months after surgery because of contamination 
during implantation or hospitalization before the wound is closed. The most common 
organism isolated from early infection is Staphylococcus aureus [4], but depending on 
the type of implant and the surrounding tissues, other organisms can also be found, 
such as Klebsiella spp., Pseudomonas spp., and Escherichia coli [5].

Late chronic infections are delayed postoperative infections and the symptoms 
normally emerge after the third month and up to two years after the surgery. These 
infections normally develop after months of apparent implant stability and their 
treatment includes surgical intervention and implant exchange [6].

Hematogenous infection generally occurs after a symptom-free period and is 
caused by bacteria originating from a secondary infection that spread through the 
bloodstream infecting other tissues [7]. This type of infection is a threat to the 
patient’s life years after surgery.

2.2 Bacteria’s life cycle

Suitable environmental conditions are necessary for bacterial attachment to the 
implant surface. During unfavorable or stressful conditions, the bacteria can enter an 
intermediate or “starvation survival” which allows them to survive long periods of 



87

Perspective Chapter: Hydroxyapatite – Surface Functionalization to Prevent Bacterial Colonization
DOI: http://dx.doi.org/10.5772/intechopen.106375

nutrient deprivation [8]. During this stage, the bacteria morphology changes dramati-
cally adapting to a spore-like shape, known as ultramicrobacteria [9], reducing significa-
tively the size and the metabolic activity until the conditions allow for active growth [10].

The bacteria life cycle on a substrate is a process genetically regulated that occurs in 
four main stages: attachment, growth, proliferation, and dissemination [9, 11]. Starting 
within the first few seconds after the implant insertion, the bacteria’s reversible attach-
ment to the substrate is mediated by Van der Waals forces and determined by the surface 
charge, the degree of hydration, the topography, and the surface’s roughness [12, 13].

An inactive bacterium, also denominated swimmer or planktonic cell, can interact 
with a surface using a flagellum as a mechanoreceptor. Once a suitable surface is 
detected, a gene expression allows the bacteria to change phenotypically attaching 
irreversibly to the substrate [9, 14].

Immediately after the irreversible adhesion, the bacteria begin to grow and prolif-
erate, creating microcolonies of one or several species embedded in an extracellular 
polymeric matrix or slime [11]. This polymeric slime is composed of exopolysaccharides, 
proteins, lipids, and extracellular DNA [13, 14]. The biofilm has matrix-enclosed bacte-
rial colonies adherent to each other and surfaces. Biofilms contain open channels that 
facilitate nutrient and water diffusion from the bulk phase to bacteria in the biofilm [15].

Biofilm generation is a survival strategy that protects bacteria from changes in 
environmental conditions or antimicrobial agents. Biofilms can protect bacteria by 
different mechanisms. First, by acting as a barrier that can dilute reactive species 
before they can reach the bacterial wall. Second, by creating a stationary phase to 
reduce the effectiveness of antibiotics. Third, by increasing the survival of bacterial 
subpopulations with antibiotic-resistant phenotypes.

During the initial formation stages, the biofilm is still unstable and susceptible to 
elimination, but once maturation is achieved it gains an increased thickness (up to 
50 μm), a mushroom or column-like morphology, and higher resistance to antibiotics 
[16]. The dissemination is the culmination of the “bacterial life cycle” by biofilm disso-
lution and detachment of free-living bacterial cells, which will spread to other locations 
[9, 16]. Figure 1 presents a schematic representation of the implant infection timeline.

2.3 Common microorganisms infecting implants

Implants infections are mainly caused by Staphylococcus bacteria, the coagulase-
positive S. aureus, and the coagulase-negative Staphylococcus epidermidis [13, 17].

S. aureus can release enzymatic virulence factors, such as exfoliative toxins and 
nucleases, to avoid the immune response and toxins like hemolysins and leucocidins 
to destroy host cells [18]. Indeed, considerable concern has recently been raised 
because of the resistance to antibiotics of methicillin-resistant Staphylococcus aureus 
(MRSA) as the cause of the most important incidents of infectious diseases [19].

In healthy people, S. epidermidis is a symbiotic microorganism that inhibits the 
colonization of more virulent bacteria in the skin and mucous membranes. S. epi-
dermidis adheres exceptionally well to indwelling catheters and is founded in early 
postoperative infections [20].

Other bacterial strains found frequently in early postoperative implant infections 
are aerobic gram-negative bacilli, such as Pseudomonas aeruginosa and Escherichia 
coli. These microorganisms are especially threatening due to their high virulence and 
resistance to antimicrobial agents, mainly because they can produce a mature biofilm 
in 5–7 days [21]. P. aeruginosa, an opportunistic pathogen, found in soil or water is one 
of the major causes of nosocomial infections [22]. The pathogenesis of P. aeruginosa 
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is related to their high adherence to mucus and injured-epithelial cells [23]. E. coli is a 
symbiotic organism found in the gut flora of healthy people and can cause more than 
80% of urinary tract infections (UTI). E. coli is the second highest cause of gram-
negative orthopedic implant infection [22].

Other microorganisms found infecting orthopedic devices are Streptococcus and 
Enterobacteriaceae strains [7, 24]. If the implant is in direct contact with mucus or 
sores on the skin Streptococcus pyogenes, Streptococcus agalactiae, and Streptococcus 
pneumoniae can also be present [18, 25].

Polymicrobial infections occur generally in the early stages after surgery but can 
be discovered months afterward in immunocompromised patients. When two or 
more microbes colonize the same substrate, they interact releasing small molecules 
that change the host’s environment. These biomolecules can increase the proliferation 
of the microbes improving their resistance to antimicrobial drugs resulting in a chal-
lenge for treatment [26, 27].

Fungal infections of implants are rare events, but their treatment involves more 
medical problems and aggressive surgical treatments than normal bacterial infec-
tions. Most fungal infections are caused by candida species, such as Candida albicans 
and Candida parapsilosis [28, 29].

3. Mechanisms against bacterial infections

Meticulous aseptic methods during surgery and prophylactic actions, such as 
antibiotic treatment, are not enough to prevent an implant infection. Several strate-
gies can be used to improve the resistance to an infection event. These strategies can 

Figure 1. 
Implant infection timeline. The Figure created by author using parts of figures from Servier Medical Art, provided 
by Servier, licensed under a Creative Commons Attribution 3.0 unported license.
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be broadly differentiated by the production of an implant with intrinsic antibacterial 
properties and by the functionalization of the surface.

3.1 Intrinsic antibacterial properties of HA

Intrinsic antibacterial properties are dependent on the chemical composition, 
structure, and morphology of the material. The obtention of HA with intrinsic 
antibacterial properties can be achieved by multi-cationic/anionic substitution, also 
known as ion exchange [30].

Substitutions of calcium ions, phosphate, and hydroxyl groups in the HA lattice 
are possible because the HA-crystal can incorporate several elements with different 
atomic radii and charges [31]. Cations, such as copper, iron, magnesium, manganese, 
potassium, strontium, and zinc, among others, can substitute some calcium cations. 
Similarly, anions, such as chlorine, fluorine, and carbonate groups, can substitute 
hydroxyl and phosphate lattice positions.

The exchange of atoms opens a wide range of possibilities for customizing the 
properties of HA. The atomic substitution alters the solubility, reactivity, and biologi-
cal properties of HA. Also, the amount of substituting atoms modify the percentage 
of the amorphous/crystalline phase ratio affecting the dissolution rate and the dura-
tion of the antibacterial properties. A co-doping strategy has been used to stabilize 
the crystalline structure after the introduction of atoms with a very big difference in 
radii and charge [32–35]. The objective is to improve bioactivity while maintaining 
good antibacterial properties.

There is a wide range of transition metals exhibiting antimicrobial activity being 
eligible for the cationic substitution of HA. Some examples are silver [33, 36–39], zinc 
[40–42], copper [34, 43, 44], and gallium [45–47]. The antibacterial characteristic of 
transition metals is produced by their oxidated forms [48]. The mechanism proposed 
is based on the inhibition of enzymes and cytoplasmatic proteins by the reaction with 
electron donors, creating M-thiolate bonds [49]. The inactivation of cytoplasmatic 
proteins can produce the disturbance of membrane potential, increasing permeability 
and the leaking of cellular contents [50].

Metallic ions can induce oxidative stress by increasing the production of reactive 
oxygen species (ROS) via the Fenton and Haber–Weiss reaction. These reactive oxy-
gen species can react with DNA molecules and proteins, triggering condensation and 
denaturalization reactions, reducing the replication capacity [51]. Figure 2 illustrates 
the main mechanisms of ROS toxicity.

The synthesis of multi-substituted HA can be achieved by different methods, such 
as sol-gel synthesis [35], co-precipitation [37, 41, 52, 53], hydrothermal [54, 55], and 
ball-milling [56, 57], among others [39, 42, 58–61].

The main advantage of the use of atomic substitution to increase the antibacterial 
resistance of implants fabricated with hydroxyapatite is the straightforward adapta-
tion of the production facilities to prepare substituted HA. The atomic substitution 
can be achieved either during the synthesis of the HA or during the posttreatment of 
pure HA.

The challenge in the use of intrinsic antibacterial properties is related to the 
precise control of composition and percentage of the crystalline/amorphous phases. 
These variables simultaneously regulate the solubility and the release control of the 
antibacterial compound.

It is necessary to select the best variable combination to ensure long-term anti-
bacterial properties and optimal concentration to avoid toxicity problems. The 
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compositional adjustment is an interesting strategy, combining different solubility 
rates and releasing kinetics to obtain antibacterial properties consistently during a 
long period of time [59]. Figure 3 presents a schematic representation of Projection of 
Ag-substituted HA according to planes 110, 001, and 111.

3.2 Antibacterial functionalization of HA

Functionalization can be defined as a modification of the material surface by 
incorporating functional groups, biomolecules, nanoparticles, and other components 
with the objective to modify or enhance properties. The surface functionalization is 
mainly used to increase bioactivity, osseointegration, and angiogenesis but also can be 
used to produce antibacterial coatings on HA. Functionalization can be achieved by 
linking biomolecules by a covalent bond to the HA surface, by using physical adsorp-
tion to generate a covering layer, or by creating a hybrid coating.

Figure 3. 
Projection of Ag-substituted HA according to planes 110, 001, and 111. Figure created by author.

Figure 2. 
Mechanisms of ROS toxicity. The Figure created by author using parts of figures from Servier Medical Art, 
provided by Servier, licensed under a Creative Commons Attribution 3.0 unported license.
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3.2.1 Functionalization by covalent bonding

A covalent bond can be created because the HA surface presents approximately 2.6 
P-OH groups per nm2 that can be used as an anchoring point to tether a molecule to 
the surface of HA via hydrogen bonding [62]. The target molecule can be covalently 
anchored if containing a functional group as amines, carboxylates, and thiols that can 
react with the hydroxyl moieties [63–65].

Another approach is to use a molecular adhesive as a spacer between the HA surface 
and the antibacterial compound. Molecular adhesives act like a bridge, creating a cova-
lent bond between the hydroxyapatite surface and the biomolecule of interest [66, 67]. 
Many molecular adhesives can produce a covalent link with HA, but the most used are 
silane coupling agents that contain a reactive silanol group at one end and at the other 
end a hydrolysable group, typically alkoxy, halogen, or amine [68]. CEPTES and APTES 
are examples of silane molecules that contain a reactive group of carboxyl and amino, 
respectively, that can react with a functional group of a target biomolecule [65, 69, 70].

The main drawback of the use of silane agents as adhesive molecules is their high 
reactivity. Silanes interact through hydrogen bonding with the hydroxyl groups of the 
surface, but lateral polymerization may occur, generating multiple siloxane layers. 
The creation of a monolayer of silane molecules at the HA surface normally requires 
anhydrous conditions, extended reaction times, elevated temperatures (50–120°C), 
and rigorous control of the reagent concentration [68].

Formulated bio-adhesives using mussel adhesive proteins (MAPs) are a good alter-
native for silane coupling agents [71, 72]. Many MAPs have been isolated containing 
L-3,4-dihydroxyphenylalanine (Dopa) residues. The functional part of Dopa residues 
necessary to create covalent bonds is the catechol group.

A catechol group is composed of a benzene ring and two hydroxyls in the ortho 
position. Catechol groups can be oxidated into quinones under alkaline and neu-
tral conditions, creating a stable coating with controllable film thickness [73, 74]. 
Dopamine, caffeic acid, and L-3,4-dihydroxyphenylalanine have been used to produce 
stable coatings containing the molecule of interest [75–77].

3.2.2 Functionalization by physical adsorption

Physical adsorption is a straightforward method to generate antibacterial func-
tionalization because it can be achieved by soaking HA powders or substrates into a 
solution containing the antibacterial molecule. The main drawback is the weak bonds 
or interactions resulting in high release kinetics of the adsorbed molecule.

The nature and chemistry of the HA control the interaction with biomolecules, 
and the surface chemistry and porosity are fundamental variables. The interaction 
between adsorbed molecules and hydroxyapatite surfaces is predominantly Van der 
Waals forces, hydrogen, and weak coordination bonds [78].

The adsorption capacity is dependent on the surface area available. When there is 
no internal porosity, the biomolecules are mostly adsorbed onto the surface, limiting 
the loading capacity. Mesoporous hydroxyapatites are excellent structures for bio-
molecule release using physical adsorption mainly by their high surface area, but also 
because the pore size and interconnection can be customized [65, 79].

The chemical composition of the HA surface can be functionalized to improve 
adsorption and reduce the releasing kinetics prolonging the duration and efficiency 
of the antibacterial properties (Figure 4) [80, 81].
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3.2.3 Functionalization by antibacterial composites

The production of antibacterial composites is a valuable approach to produce 
antibacterial functionalization of hydroxyapatite. The combination of polymers, 
nanoparticles, antibiotics, and different structures of HA have unlimited possibilities 
for the obtention of medical devices with antibacterial properties.

Among the methods used to prepare composite, the incorporation of antibacte-
rial compounds into the precursor solution is highly employed in co-precipitation, 
sol-gel, and hydrothermal methods to produce antibacterial HA powders with 
high homogeneity [42, 82, 83]. Additionally, the solution containing the antibacte-
rial compound can be applied to HA substrates by dip coating and spin coating 
[84–86]. Another approach is to use electrochemical methods, such as electrodepo-
sition [34, 87–89], micro-arc oxidation [90], and electrophoretic deposition [91], 
to generate HA coatings containing antimicrobial compounds. Electrospinning can 
be used for the creation of composite nanofibers and coatings with a combination 
of functionalized-HA nanoparticles and antimicrobial compounds [92–94]. Other 
methodologies include the spraying of a solution containing the precursors of HA 
mixed with the antibacterial compound [95–97].

Different compounds can be used to produce antibacterial functionalization 
of HA including antibacterial polymers, nanoparticles, antibiotics, and proteins. 
Among them, antibacterial polymers, such as chitosan, and polycaprolactone 
(PCL), are frequently preferred for the obtention of HA composites with anti-
bacterial properties [87, 90, 91, 98–102]. Metallic nanoparticles, such as silver, 
zinc dioxide, titanium dioxide, and niobium pentoxide, have been combined with 
graphene and hydroxyapatite to produce composites with antibacterial properties 
[64, 80, 94, 103–105].

Many antibiotics have been used to produce antibacterial functionalization. 
Among them, β-lactam antibiotics, such as amoxicillin, can be adsorbed onto  
HA nanocrystals to be used alone or in composites fabricated by electrospinning 
[92, 106].

Fluoroquinolones, such as ciprofloxacin, have been used to functionalize 
nano-HA crystals and composites of chitosan, poly(vinyl alcohol), and HA 
sponges [107, 108]. Other fluoroquinolones, such as enoxacin, have been employed 
together with nano-HA/Polyurethane-cement to enhance the antibacterial 
properties of bone cement [109]. Adsorption has been used to introduce broad-
spectrum antibiotics of the tetracycline class and cyclic oligosaccharides, such 

Figure 4. 
Strategies to produce antibacterial properties on HA. Figure created by author.
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as cyclodextrin, onto HA surfaces [78, 88, 95]. Moreover, antibiotics from the 
glycopeptides class as vancomycin has been loaded into porous substrates to obtain 
a controlled release [84, 91]. Taha et al. [95] prepared a cyclodextrin polymer 
loaded with rifampicin, an antimycobacterial antibiotic, to prepare a coating onto 
titanium-coated hydroxyapatite surfaces. Covalent immobilization of antibiot-
ics like doxorubicin can be achieved using HA nanoparticles functionalized with 
amino groups or by more complicated methods, including the fabrication of 
polymer brushes, to anchor aminoglycoside antibiotics, such as gentamycin, to HA 
substrates [110, 111]. Furthermore, aminoglycosides antibiotics, such as strepto-
mycin, have been encapsulated in HA nanoparticles [93].

Proteins that present a broad spectrum of antibacterial activity can be used for 
the antibacterial functionalization of HA surfaces. One example is protamine, a 
cationic protein rich in arginine residues, used for Koizumi et al. [112] to functional-
ize different calcium phosphates by adsorption. Peptides with between 10 and 15 
amino acids are preferable for the antibacterial functionalization of surfaces because 
of the lower production cost compared to proteins [113]. These peptides so-called 
antibacterial peptides (AMPs) are very interesting due to their selectivity and high 
antibacterial efficiency at low concentrations. Their efficacy is based on the adoption 
of amphipathic structures and their cationic character. So far, more than 700 types of 
AMP have been isolated from different organisms. AMPs can be used to functionalize 
HA surfaces by electrostatic and covalent attachment [114].

4. Characterization methods

4.1 Bioactivity

One of the most important factors affecting the bioactivity and biocompatibility 
of HA implants is the release of substances that can cause toxicity, hypersensitivity, 
allergies, or even osteolysis depending on the released product, their concentration, 
and the exposure time [115]. Ensuring a controlled release of substances after the 
implantation is one of the key strategies to improve the implant performance, as it 
can affect osseointegration and implant long-term viability. The ISO 10993-17 is the 
standard that establishes the limits for leachable substances in medical devices.

Immersion tests are used to quantify the products released at body temperature 
(37 ± 1°C) under static or dynamic conditions. The level of substance released is mainly 
dependent on the implant’s surface area and the composition of both implant and the 
body fluid in contact. Therefore, the released products should be determined using a 
solution with the closest composition to the body fluid in contact with the implant under 
working conditions. Complex biofluids can be replicated with phosphate buffer saline 
(PBS), Hank’s solution, simulated body fluid (SBF), Ringer’s solution, artificial saliva, 
and eagle’s minimum essential medium (EMEM), as well as other fluids [116, 117].

The ability of an orthopedical implant to induce the formation of biological apatite 
on its surface is one of the requirements to determine correct osseointegration. The 
precipitation of apatite can be replicated in vitro by the immersion of the sample 
in simulated body fluid, a saturated solution with a composition comparable to the 
human blood plasma [118].

The cytotoxicity of an antibacterial functionalization is determined by cell viabil-
ity and cell proliferation. Cell viability refers to the number of live, healthy cells in a 
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sample and cell proliferation is defined by the valance between cell divisions and cell 
loss through cell death or differentiation. Cell viability assays can be used to evaluate 
cell health and can be assessed by culturing the chosen cells over either the sample or 
an extraction vehicle. The cell viability can be quantified using redox indicators that 
interact with metabolites produced by healthy cells. Another method is the use of 
dyes that react only with healthy cells like methylene blue, triptan blue, neural red, or 
by live/dead assays [119–121].

Cell proliferation is defined as the increase of cell number after the final step of 
the cell cycle due to cytokinesis or cell division. Many strategies can be used to assess 
cellular proliferation as the use of nucleoside-analogs incorporated during DNA 
synthesis, the quantification of cell cycle-associated proteins, and the use of cytoplas-
matic proliferation dyes [122–125].

All methods are valid to compare proliferation but it is important to consider 
their strength and limitations and, to improve the accuracy of the results, multiple 
assays should be performed [126]. The standard procedure of in vitro cell viability 
and proliferation assays is exposed in ISO 10993-5: Biological evaluation of medical 
devices-tests for in vitro cytotoxicity.

4.2 Antibacterial properties

The antibacterial properties of a biomaterial can be tested by studying antimicrobial 
susceptibility in vitro. Multiple methods can be used to evaluate, either quantitatively or 
quantitatively, the antibacterial activity of HA coatings and powders.

Qualitative measurements may not provide quantifiable results but offer valuable 
information regarding the bacteria’s sensitivity to antimicrobial functionalization  
of materials.

• The Kirby–Bauer disk diffusion susceptibility test, also known as the agar disk diffu-
sion method, is a standardized procedure to qualitatively determine the sensitivity or 
resistance of bacteria to antimicrobial compounds [127]. The presence or absence of 
growth around the disk is an indirect measure of the bacterial inhibition by the anti-
microbial compound. The Kirby–Bauer test was designed to test antibiotic-impreg-
nated disks, but many authors have also used it to test antibacterial substrates. This 
method cannot be used to determine the minimum inhibitory concentration (MIC) 
but can be approximate for some microorganisms and antibiotics by comparing the 
inhibition zone using systems that can read and interpret the results [128]. The main 
advantages of this method are its simplicity and low cost.

Quantitative tests provide more accurate information about bacterial growth in 
presence of an antimicrobial compound. These methods are normally based on the 
measurement of the turbidity of a bacterial solution to indirectly assess the bacteria’s 
sensitivity to an antibacterial compound.

• Among the quantitative test used, the broth dilution test can be used to test both 
coatings and powders that release the antibacterial compound. This method is 
based on the preparation of dilutions of the antibiotic or the extract in a liquid 
growth medium. The dilutions are inoculated with a previously known con-
centration of bacterial suspension. After overnight incubation, the turbidity is 
measured, and the MIC is defined as the lowest concentration that prevented the 
growth of the microorganism.
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• Once the MIC is determined, it may be useful to determine the interaction of the 
antibacterial compound depending on the time. The time-kill assay is based on 
the preparation of antimicrobial extracts with dilutions lower than MIC, and up 
to 16 x MIC that is inoculated with the same concentration of bacterial suspen-
sion, and their growth is measured during different intervals of time [129].

Likewise, in any biological test, the results obtained from a bacterial sensitivity test 
are dependent on variables, such as the inoculum size, the type of growth medium, and 
the incubation time [130]. Updated standards should be used to obtain reliable results.

Among the standardized methods to quantitatively evaluate antibacterial activity, 
there is the ASTM E2149-standard test method for determining the antimicrobial 
activity of antimicrobial agents under dynamic contact conditions and ASTM E2180-
standard test method for determining the activity of incorporated antimicrobial agent 
in polymeric or hydrophobic materials.

5. Conclusions

This book chapter presented the mechanisms that bacteria use to attach and 
proliferate on implants. Moreover, the main strategies used to provide antibacterial 
properties to hydroxyapatite powders and substrates were exposed.

The obtention of medical devices with suitable antibacterial properties must be 
complemented by excellent biocompatibility and adequate mechanical properties. 
Novel strategies include the combination of different methodologies and the use of 
different compounds to improve the properties.

The main difficulty in developing antibacterial functionalization of implants is 
the lack of homogeneity in the in vitro assays, which limits the comparison of the 
strategies employed. Additionally, many factors can affect the results from in vitro 
assays, such as the type of cell, their origin, incubation time, and the compound used 
to quantify the proliferation.

To accelerate the development of suitable antibacterial functionalization, more 
efforts must be made to use standardized protocols for bioactivity and antibacterial in 
vitro assays. The homogenization of the assays is necessary for an accurate compari-
son of the release of substances and bioactivity. Furthermore, through an in-depth 
study of the antibacterial properties during long periods of time, a selection of the 
suitable strategy for each application can be made.

Even though many attempts have been made to produce antibacterial function-
alization of HA, none have been used industrially. Considerably work still needs to 
manufacture a cost-effective implant’s antibacterial functionalization.
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Chapter 6

Use of Plasma Pseudocholinesterase 
as a Predictor of Mortality in 
Organophosphate Poisoning
Siva Kumar V., Shruthi K. Siva Kumar, Ipsita Debata, Tejas J.  
and Viswanathan K. Gowda

Abstract

The study was conducted on patients of organophosphate poisoning admitted 
to Bapuji Hospital (J. J. M. Medical College), Davangere during a period of October 
2011 to March 2013. To know the incidence of acute Organophosphate poisoning, 
epidemiological aspects of the patient and plasma pseudocholinesterase levels at the 
time of admission and correlation within hospital mortality. Total number of cases 
studied were 150. At the time of admission blood was drawn for estimation of plasma 
pseudocholinesterase estimation. The patients were clinically divided into three 
grades according to Dreishbachs criteria. Analysis was performed by cobas integra 
400 cholinesterase assay system. All patients were followed-up for 3 days to know 
the outcome. Majority of the cases (40%) belong to 21 to 30 years age group and 
predominantly belonged to male sex (73%). Seventy eight cases (52%) had severe 
poisoning, 40 cases (26.67%) had moderate poisoning and 32 cases (21.33%) had 
mild poisoning. Sixty cases (40%) had fatal outcome. Suicidal consumption was seen 
in 128 cases (85.33%). Plasma pseudocholinesterase levels associated with fatalities 
in severe poisoning and was found to range from 912 to 2490 U/L which accounts to 
suppression of plasma pseudocholinesterase levels by 84.04 to 93.19%.

Keywords: organophosphate poisoning, plasma pseudocholinesterase, 
butyrlycholinesterase, suicidal poisoning, agricultural poisons

1. Introduction

Poison is a substance (solid, liquid or gaseous), which if introduced in the living 
body or brought into contact with any part thereof, will produce ill-health or death by 
its constitutional or local effects or both. However, Goethe says that, ‘There is no such 
thing as poison, it all depends on dose’.

It might be challenging to draw a line between a medicine and a poison because a 
medicine can behave as a poison in big amounts and can be a medicine in tiny doses. 
The “intent” with which they are intentionally supplied, as opposed to accidently, is the 
sole significant distinction.
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Many people believe that toxicology, or the study of poisons, is a very young field 
of science. On the other hand, evidence of the damaging effects of chemicals on 
living things dates back to prehistory. Even in the past, mankind looked for poison 
antidotes. While many chemical compounds used to make medications can behave 
as poisons in their larger abundance, there has been an almost centuries-long risk to 
both human health and the environment.

In all civilised nations, poisoning incidents are steadily rising. Depending on a 
number of variables, the type of poison employed for distinct modalities may change. 
However, there has been a steady increase in accidental and suicidal poisoning in agri-
culture and domestic settings. The increased usage of many chemical products in the 
home is blamed for the increase in accidental poisoning among youngsters. Children 
are most likely to become poisoned in the kitchen (34%), bedroom (27%), bathroom, 
and laundry rooms (15%). Among children the common poisons include kerosene, 
household chemicals, drugs, pesticides and garden plants. Industrial poisoning is 
gradually receding, owing to advances in industrial hygiene and medical service and 
to the increasing automation of industrial processes.

In adults the manner of poisoning, irrespective of the sex can be;

1. Suicidal

2. Accidental

3. Homicidal

4. Self-treatment

5. Injudicious medication.

Poisoning can happen as a result of:

1. The use of poison for illegal objectives.

2. Ingesting poison by accident while thinking it is a harmless material.

3. Accidental or unintentional inhalation of poisonous gas.

4. Improperly mixing poison-containing medications.

5. Accidentally taking a huge dosage of medicine that is poisonous.

6. Abundant self-medication.

7. Drug addiction.

8. Being bit by a dangerous animal.

9. Food contaminated with poisons or microbes.

Criteria for an ideal suicidal Poison:
An ideal suicidal poison should be:
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a. Easily available.

b. Cheap.

c. Tasteless, if not, have a pleasant taste.

d. Highly toxic and sure in action.

e. Capable of being easily consumed with food or drink.

f. Capable of producing painless death, preferably through sleep.

Opium and barbiturates satisfy several of the above criteria. But organ phosphorus 
compounds and endrin commonly used for the purpose. The substances like oleander 
seeds, oxalic acid, carbolic acid, aspirin, arsenic trioxide, mercuric chloride, or coal- 
gas inhalation may be used for the purpose.

Criteria for an ideal homicidal Poison:
An ideal homicidal poison should be:

a. Colourless, tasteless and odourless.

b. Capable of being easily administered in food, drink, or medicine without 
 arousing any suspicion.

c. Should be highly toxic and certain in its effects.

d. Signs and symptoms of it should resemble a natural disease without raising any 
suspicion.

e. Signs and symptoms are to appear late, giving sufficient time to the culprit to 
escape or to avoid suspicion.

f. Having no good antidote against the poison.

g. Having no specific postmortem findings to arouse suspicion.

h. To be rendered undetectable from the body by toxicological examination.

Organic compounds of “fluorine” used as rodenticides and “thallium” satisfy 
several of the above criteria. However, compounds of arsenic, aconite, antimony, 
mercury, copper, powdered glass, oleander, nuxvomica, madar etc. may be used for 
the purpose of homicide.

Apart from poison those are ingested, poisoning due to animal bites especially 
snake bites are quite common in India. Except in Arctic lands, New Zealand and 
Ireland snakes are found all over the world. In India, snake bites are usually accidental 
in nature. Especially in southern districts of West Bengal, Orissa, Assam, Bihar, 
Madhya Pradesh, Karnataka, Andhra Pradesh etc., the incidence is high. At least more 
than 20,000 persons die per year out of 2 lakh snake bite cases in India.

Human poisoning due to suicide, homicidal, accidental is common in India, as 
poisons are easily obtained in the market such as insecticides, pesticides, rodenticides, 
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weed killers, and drugs. In addition to the above, many poisonous plants grow widely 
all over the country are also used in poisoning e.g., Oleander, Aconite, Nux- vomica, 
Calotropis, Datura, Nerium odorum, Abrus precatorius etc. Many Indians consider 
taking off life by poisoning a lesser crime than bloodshed Reddy et al. [1]. Incidence 
of accidental poisoning is also increasing because of increasing use of chemicals both 
for industrial and also domestic purposes. Insecticides and weed killers are also in 
extensive use for agricultural purposes.

Following the knowledge of the highly lethal nature of these substances they have 
become popular as suicidal and homicidal poisons. In Belgaum, the age-old tradi-
tion of suicides by drowning in wells or by hanging have been replaced by poisoning 
oneself by the use of organophosphorus compounds, etc.

1.1 Objectives

• Incidence of acute Organophosphate poisoning.

• Epidemiological aspects of the patient.

• Pseudocholinesterase levels at the time of admission and correlation within 
 hospital mortality.

Organophosphates are a group of compounds with various toxicities to different 
form of life. The widest use of these compounds is as insecticides.

Organophosphate insecticides have controlled vectors of Malaria. Their use is 
increasing since, low toxic organophosphates are now replacing Chlorinated hydro-
carbon insecticides such as DDT, which accumulates unchanged in human and animal 
tissues and have adverse effects.

The organophosphate insecticides are esters and oxides of phosphoric and pyro-
phosphoric acid which, when introduced into animal body, inhibit the enzymes that 
hydrolyse acetylcholine. They are called anticholinesterase agents. These inhibitors 
have frequently been called “irreversible” inhibitors because it was believed that the 
enzyme attacked by them is permanently destroyed and that recovery took place by 
formation of new enzyme molecules.

In India, the first report of oral poisoning by Organophosphorus compounds 
was reported by Mutalik et al. [2]. They studied 25 cases of Diazinon poisoning and 
described the various clinical features, management and autopsy findings.

Acetyl choline (Ach) an ester of choline is present in various organs and tissues of 
the body. It plays an important role in transmission of nerve impulses at - Synapses & 
Myoneuronal junction. Acetylcholine is rapidly destroyed by an enzyme Acetyl cho-
line esterase (AchE). This enzyme stops the action of acetylcholine which is present in 
various body tissues; including muscles, nerve cells and red blood cells. A deficiency 
of cholinesterase results in neuromuscular excitability, a prominent clinical feature in.

1.2 Organophosphate poisoning

According to Dr. K.S.N. Reddy [1], the most commonly used poison in rural and 
urban places in South India is organophosphorus compounds, which are powerful 
inhibitors of cholinesterase enzyme. Inactivating it by phosphorylation at myoneu-
ronal junction, it results in a syndrome of over activity due to excess of unhydrolysed 
acetyl choline at myoneuronal junction, which leads to accumulation of Acetylcholine 
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at parasympathetic, sympathetic and somatic sites. Thus preventing the transfer of 
nerve impulses across the myoneuronal junction.

According to Callaway et al. [3], the red cell choline esterase level in good health 
ranges between 75 and 142 units. Mild symptoms occur when acetylcholine esterase 
activity reduces to 20–25% of normal. If moderate poisoning occurs, the activity of 
AchE decreases to 10–20% of normal. Severe poisoning results in an activity of less 
than 10% of normal (Table 1).

This clearly indicates that the rate limiting factor in a case of organophosphorus 
compound poisoning is the concentration of acetyl choline esterase enzyme at 
myoneuronal junction.

Thus the concentration of AchE at myoneuronal junction acts as a guide to 
determine - (i) The severity of toxicity, (ii) The therapeutic dose of atropine and 
(iii) PAM (Pyridine Aldoxime ethiodide), so that these antidotes, may not be used in 
excess quantity than required, because they themselves are capable of causing harm-
ful effects on the body.

According to the text book of Modern Toxicology by V.V. Pillay [4], Plasma cholin-
esterase levels (Pseudocholinesterase) are diagnostic.

In the present study the concentration of AchE was estimated in the plasma in 
order to assess the severity and mortality.

Clinical Manifestations of Organophosphorus Poisoning:
Organophosphorus compound produces clinical manifestations by depression of 

the enzymes cholinesterase, resulting in the accumulation of acetylcholine at various 
receptors. This has three types of effect.

1. Cholinomimetic actions of muscarinic type at autonomic effector organs.

2. Nicotinic actions: Stimulations of all autonomic ganglion and skeletal muscle.

3. CNS effect; Stimulation with consequent depression of cholinoceptive sites in 
the CNS [5–7].

1.3 Classification of organophosphate poisoning based on clinical features

The severity of poisoning is graded according to modified version of Dreisbachs 
classification (Table 2) [8].

Plasma cholinesterase activity recovers slowly due to the irreversible nature of 
organophosphate inhibition. Without the use of pralidoxime, plasma cholinesterase 
rises an average of 15.6% over 14 days in one group of organophosphate-exposed 
workers. The serial levels rather than one initial level may be valuable in diagnosing 
organophosphorus poisoning. The poor correlation between acetylcholinesterase level 
and clinical effects may mislead clinicians, into making incorrect diagnosis of mild 

Concentration of AchE Severity of toxicity

20–25% Mild

10–20% Moderate

<10% Severe

Table 1. 
Callaway classification based on acetylcholine esterase suppression.
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poisoning. Sequential post-exposure determinations may be necessary to confirm 
Acetylcholinesterase inhibition. Initially acetylcholinesterase should regenerate by 15 
to 20% within 3 to 5 days [9, 10].

1.4 Anti-cholinesterase agents

These compounds are capable of inhibiting cholinesterase enzyme both true and 
pseudo and thus resulting in accumulation of acetylcholine at various cholinergic 
sites. Thus, pharmacological effects resulting from administration of anticholinester-
ase resemble the actions of endogenous acetylcholine or exogenously administered 
acetylcholine.

Classification:

1. Reversible anti-cholinesterase - physostigmine, neostigmine.

2. Irreversible anti-cholinesterase - organophosphorus compounds.

1.5 The reversible anti-cholinesterase

Reversible anticholinesterase by their structural resemblance to acetylcholine 
are capable of combining with anionic and esteratic sites of cholinesterase as well 
as with acetylcholine receptors. However, the complex which they form with the 
esteratic site of cholinesterase is much less readily hydrolysed from acetyl esteratic 
site than the complex formed with acetylcholine. This produces a temporary inhibi-
tion of enzyme.

Reversible anticholinesterase have gained therapeutic importance. They are found 
to be beneficial in the treatment of glaucoma, myasthenia gravis, paralytic ileus, uri-
nary retention, in the treatment of certain cardiac arrhythmias (paraoxysmal supra 
ventricular tachycardia) and in Belladona poisoning.

Grade (Dreisbachs) Symptom

Mild 1. Nausea

2. Vomiting

3. Diarrhoea

4. Sweating

Moderate 1. Lacrimation

2. Salivation

3. Miosis

4. Fasciculation

Severe 1. Coma

2. Seizures

3. Incontinence

4. ARDS

5. Areflexia

Table 2. 
Dreisbachs criteria.
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1.6 The irreversible anti-cholinesterase

The irreversible anticholinesterase combines only with the esteratic site 
of cholinesterase which is phosphorylated. The hydrolysis of phosphorylated site is 
extremely slow and in certain cases does not occur at all this results in irreversible 
inhibition of enzyme. The irreversible anticholinesterase are of limited therapeutic 
use because of prolonged action and high toxicity. They are found to be of great 
benefit in the field of agriculture, where they are used as insecticides.

1.7 Paraoxonase

Paraoxonases are a group of enzymes involved in the hydrolysis of organophosphates 
parathion, diazinon and chlorpyrifos [11, 12]. The important discoveries that certain 
organophosphorus (OP) insecticides could be enzymatically hydrolyzed by plasma 
and that this reaction is catalysed by enzymes which were named “A-esterases”, were 
reported in the 1940s and 1950s. There are 3 proteins in this family which include PON-
1, PON-2 and PON-3 the genes of which are located in long arm of chromosome 7 [13].

1.8 Chemical structure with classification

Organophosphorus insecticides are usually esters, amides or thiol derivatives of 
phosphoric or phosphonic acid. The general formula being described in Figure 1.

Typically, Rl and R2 are straightforward alkyl or aryl groups. The “laving group,” 
often known as Group “X,” can be any of a wide range of substituted or branched 
aliphatic, aromatic, or heterocyclic groups that are connected to phosphorus by 
a bond with some degree of liability. Typically -O- or -S-. The similar chemical is 
known as a phosphate or phosphorothioate, and the double bond may be O or S. Many 
pesticides are produced in the intrinsically more stable P=S form, which can later be 
transformed in vivo to the physiologically active oxon [14].

Phosphorothioate oxidation to phosphates poses a risk since phosphates are more 
volatile and may undergo directly harmful oxidation at higher temperatures. Some 
formulations (such as malathion) may become more harmful when they are isomer-
ized while being stored in warm, humid circumstances [15].

2. Methodology

The study was conducted on patients of organophosphate poisoning admitted 
to tertiary care hospital at Davangere, Karnataka, India during the period between 
October 2011 & March 2013.

Figure 1. 
Chemical structure of Organophosphate.
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Materials used for the study were 18-gauge needle, 10 cc syringe, Colour coded 
vacutainer tubes, Cobas Integra 400 cholinesterase assay system.

Total number of cases studied were 150. At the time of admission blood was drawn 
for estimation of plasma pseudocholinesterase estimation. A laboratory reference 
range of 8000 to 18,000 U/L was used in this study which coincide with the estimated 
population mean levels.

Information was gathered from patient case histories, hospital MLC files, eyewit-
ness interviews, family and friends of the dead, and the investigating officer.

The study covered patients of either sex who had Organophosphate poisoning and 
were older than 14 years.

All patients with age less than 14 years, poisoning other than organophosphate 
were excluded from the study.

From the patient, his or her relatives, and the police, a thorough history was gath-
ered on the quantity of poison, the type of poison, etc. Whenever possible, the poison 
container was also examined. Each patient underwent a clinical examination, and 
using Dreishbach’s criteria, the patients were graded into mild, moderate, and severe 
groups based on their signs and symptoms. All patients were followed-up for 3 days 
to know the outcome. In fatal cases the Forensic Science Laboratory was also used for 
conformation of organophosphorus poisoning. Data was wrangled using Microsoft 
excel 2016 and analysed with IBM SPSS v26.

3. Results and discussion

Out of 150 cases, highest number of poisonings was reported in the age group of 
21 to 30 years (60 patients, 40%) as depicted in Figure 2. This correlates with the age 
which was also reported by S Singh et al., were the mean age of the patient was found 
to be 26.44 years [16].

Males were found to be more affected (73%) than the females (27%). Similar 
observations were made by Singh et al. [16], consisting of 67.95% males as depicted 
in Figure 3.

Figure 2. 
Age distribution.
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3.1 Time taken to reach hospital

The average time taken by the patients to reach the hospital in this study was 
found to be 5 hours with a minimum of 1 hour and a maximum of 12 hours. This can 
be attributed to the inefficient health care delivery and transport systems and wide 
area of coverage leading to lack of access to health care services to most of the areas 
situated in the outskirt of the city.

The commonest poison consumed in the study was Malathion, 28 patients (18.67%) 
as shown in Figure 4. Second common was Dimethoate, 26 patients (17.33%). In every 

Figure 3. 
Sex distribution.

Figure 4. 
Type of poison distribution.
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instance, the poisons were taken orally. One of the most widely used organophosphate 
insecticides is malathion, which is frequently accessible for agricultural application. 
Due to its simple accessibility to farmers and fatal action, despite its unpleasant taste, 
it is most frequently used orally. Other research by Namba, Greenfield and Grob [6]; 
Daglia & Shaikh [17]; Wadia, Bhirud, Gulavani & Amin [18] and Wille, Thiermann & 
Worek [19] also reflect similar finding. An acute case of demeton poisoning in a child 
was reported by Felsenstein and collegues [20].

Most of the participants in our study had ingested 101 to 200 ml of an organo-
phosphorus chemical (43.33%) as seen in Figure 5. This amount exceeds the lethal 
dose for Malathion and Dimethoate, the two most prevalent poisons employed in our 
investigation.

In relation to severity of poisoning, the average quantity of poison consumed in 
case of severe poisoning was found to be 237.05 ml which could also be a causative 
factor in highest mortality being associated with this group as this dose in in excess of 
the fatal dose of most of the poisons observed in this study.

The patients were clinically examined and divided into groups using the 
Dreisbach’s criteria 78 patients (52%) had sever poisoning, 40 patients (26.67%) had 
moderate poisoning and 32 patients (21.33%) had mild poisoning (see Figure 6). The 
majority of the patients had serious poisoning. Our may be partially due to the way of 
death, as the majority of cases in this study drank poison with the intention of killing 
themselves, in which case the amount consumed would have been substantially more 
than accidental or extremely infrequently homicidal intake.

During the 3 days that the patients were monitored, 40% of them died (includ-
ing those who went into a coma), while 60% recovered with the help of treatment. 
17.33% of all fatalities—or deaths—occurred within 24 hours of hospital admission 
(see Figure 7). Only 12% of patients with severe poisoning survived, and all deaths 
were related to it. The mortality rate for patients with suicidal organ phosphorus 
poisoning was reported to be 26% in a study by Kar [21], which is greater than the 
rate we discovered because our investigation also looked at other causes of death. 

Figure 5. 
Approximate quantity of insecticide ingested.
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The mortality rate of 17.30 percent reported in a research by Singh et al. [16] is consis-
tent with our 24-hour mortality rate.

Pseudocholinesterase levels in the blood (Table 3; Figures 8–10).
Plasma pseudo-cholinesterase levels, as shown in Table 3 were compared and in 

the group that had experienced severe poisoning were observed to range from 912 
to 2490 U/L (mean value = 1696.62 U/L and S.D. = +/− 438.99 U/L). All 60 fatalities 
(40%) noted in this study were included in this category. When the plasma levels of 
each of the 60 fatal instances were compared, it was shown that they were statistically 

Figure 7. 
Final outcome of 3 day follow-up post poisoning.

Figure 6. 
Clinical severity of poisoning.
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very significant (p < 0.01). As a result, plasma pseudo-cholinesterase is suppressed 
by 84.04 to 93.19%. Even though 18 patients (12%) who had severe poisoning sur-
vived, there was no statistically significant difference between them and the fatalities 

Figure 8. 
Clinical severity.

Clinical grade of poisoning Plasma Pseudo-Cholinesterase 
Levels

Percentage 
suppression of Plasma 

Pseudocholinesterase level
Range 
(U/L)

Mean 
(U/L)

Standard 
deviation 

(U/L)

Severe Death within 
24 hours (17.33% 
mortality rate)

912 to 
1678

1380 200.68 89.24 to 93.19%

Death over a period 
of 3 days following 

admission (40% 
mortality rate)

912 to 
2490

2158.15 774.15 84.04 to 93.19%

Moderate 4128 to 
7642

5339.40 1121.33 51.01 to 69.19%

Mild 7654 to 
11,230

9110.38 927.29 28.01 to 42.88%

Table 3. 
Clinical grade of poisoning and its relation to plasma pseudo-cholinesterase.
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(p > 0.5). The clinical severity also worsened with reduction in plasma pseudocholin-
esterase levels as depicted in Figure 8 with correspondingly higher fatality as depicted 
in Figure 9.

Figure 9. 
Final outcome.

Figure 10. 
Suppression of plasma pseudocholinesterase (%) in relation to severity of poisoning.
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The plasma-pseudocholinesterase levels were found to be statistically highly sig-
nificant (p < 0.01) and ranged from 912 to 1678 U/L (mean value = 1390.35 U/L and 
S.D. = +/− 200.68 U/L), suppressing plasma pseudo-cholinesterase by 89.24 to 93.19% 
in the 26 patients (17.33%) who passed away within 24 hours of hospital admission.

When plasma pseudo-cholinesterase levels in the group with mild poisoning 
were evaluated, it was discovered that they ranged from 4128 U/L to 7642 U/L 
(mean value = 5339.40 U/L and S.D. = +/− 1121.33 U/L) and were statistically highly 
significant (p < 0.01). This results in a 51.01 to 69.19 percent reduction in plasma 
pseudo-cholinesterase.

When plasma pseudo-cholinesterase levels in the group with mild poisoning 
were analysed, it was discovered that they ranged from 7654 to 11,230 U/L (mean 
value = 9110.38 U/L and S.D. = +/− 927.29), and that this difference was statistically 
highly significant (p 0.001). As a result, plasma pseudo-cholinesterase is reduced by 
28.01 to 42.88%.

The range of suppression of plasma pseudocholinesterase showed a linear correla-
tion with clinical severity of poisoning as depicted in Figure 10.

Severe poisoning accounted for all the 60 fatalities (40%) observed in this study 
and only 18 patients (12%) survived. The Plasma Pseudocholinesterase levels of all 
the 60 fatal cases were compared with those who survived and found to be statisti-
cally highly significant (p < 0.01). As a result, the estimated levels of pseudocholines-
terase at the time of hospital admission serve as an excellent prognostic indicator and 
also aid in the dose adjustment of numerous medicines used for therapy. Inhibition 
of plasma pseudocholinesterase from 84.04 to 93.19% was linked to severe poisoning 
when fatality occurred well over 3 days after hospital admission. Plasma pseudo-
cholinesterase inhibition of 89.24 to 93.19% (as observed in patients who passed 
away within 24 hours of arrival) is linked with 100% mortality. This demonstrates a 
connection between plasma pseudocholinesterase and poisoning severity. And a fatal 
outcome is linked to the inhibition of this enzyme by more than 89.24% (i.e., plasma 
pseudocholinesterase levels below 1678 U/L). This is consistent with a research by Xu 
et al. [22] that found severe acute organophosphorus poisoning happens when plasma 
pseudocholinesterase levels approach 10%. This study’s findings concur with a cohort 
study by Eddleston and collegues [23] who discovered that plasma pseudocholinester-
ase activity of 600 U/L at admission was highly specific for dimethoate toxicity and 
very sensitive to chlorpyrifos poisoning. According to Sunder Ram et al. [8] plasma 
pseudocholinesterase levels below 10% of normal are associated with a poor progno-
sis, which is consistent with the findings of this investigation. In acceptance with this 
study are studies by Reddy [1], Pillay [4] and Sozmen and collegues [24] as well. No 
discernible difference was seen in the levels of pseudocholinesterase in postmortem 
samples from brought-dead subjects and partially treated cases, according to Kukde 
and collegues [25].

Plasma pseudocholinesterase concentrations in mild and moderate poisoning were 
also found to be statistically highly significant (p < 0.01) and hence the observed 
levels can be effectively used in assessing the patient outcome and also for calibration 
of dose of pralidoxime which is the specific antidote.

4. Conclusion

1. Total of 150 cases were included in the present study who had organophosphate 
poisoning.
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2. Majority of the cases belonged to age group between 21 to 30 years and the 
 incidence among males (73%) is higher than that in females (27%).

3. All the cases were agricultural farmers by occupation.

4. Average time taken by the cases to reach hospital was 5 hours.

5. Malathion, Dimethoate and Dichlorvos were the most common poisons 
 consumed in decreasing order.

6. Majority of the cases belonged to severe grade (52%) of poisoning presenting 
with coma and convulsions.

7. Malathion and parathion were associated with highest mortality (15% each).

8. Major patients (43.33%) consumed between 101 to 200 ml of the poison and 
most of them were in the severe group with high mortality.

9. There is a fairly good correlation between clinical severity of organophospho-
rus poisoning and Plasma Pseudocholinesterase levels and the plasma pseudo-
cholinesterase levels equal to or less than 1390.35 U/L (+/− 200.68 U/L) was 
fatal. This amounts to suppression of plasma pseudocholinesterase by 90.414% 
(+/−1.384%).
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Content Estimation
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Abstract

Remote sensing techniques are an interesting alternative to traditional methods 
for the rapid abundance prediction and mapping of phosphate mineralization surface 
states. In this context, a methodological approach based on hyperspectral spectros-
copy and X-ray diffraction (XRD) method is proposed for the phosphate surface 
abundance prediction and exploration in a specific geological context in Tunisia. In 
this study, partial least square regression (PLSR) method was conducted on hyper-
spectral visible-near infrared (VNIR) and short-wave infrared (SWIR) field reflec-
tance spectra of the collected samples and XRD analysis results for phosphate content 
prediction. Results revealed that carbonate absorption features in SWIR region could 
be considered for an accurate estimation of phosphate contents. The generated model 
has shown an interesting performance with an R2 of 0.64, an RMSE of 5.52, and an 
RPIQ of 2.15, using the training samples set. Moreover, X-ray diffraction (XRD) 
analysis results were used for the validation purposes. The using validation samples 
set revealed an R2 of 0.42, an RMSE of 10.29, and an RPIQ of 1.74. All performance 
coefficients have shown that the generated model can be applied successfully for the 
content prediction of phosphates. The present study revealed, thus, the contribution 
of the proposed methodological approach for phosphate exploration in the Chaketma 
mine site in the Centre West of Tunisia, which can be improved in the future.

Keywords: optical remote sensing, PLSR, XRD, phosphate mineralization, 
Fluorapatite, content prediction

1. Introduction

Phosphate is essential to all forms of life, which 90% of its consumption is in agri-
culture. There is no substitute for phosphate, and it is essential to improve crop yields. 
Otherwise, phosphate rock is considered as a potential new rare earth element (REE) 
resource according to their world commercial production that is estimated to be 250 
million tons per year [1]. Specifically, apatite is included as one of the known host 
minerals of rare earth elements by exploration geologists and can provide a feasible 
resource of REE in future, which demand increases nearly 8% per year [2]. Actually, 
they are vital to green and emerging technologies [3, 4].
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Tunisia is well known for its phosphate reserves, since 1887. Gafsa mining basin is 
the main region of sedimentary deposits exploited in the south [4]. Indeed, Eocene 
phosphate basins can be classified into three large sites: the Gafsa basin (Metlaoui, 
M’Dhilla, Moulares, and Redeyef), the Meknassi basin, and the northern basin 
(Chaketma and Sra Ouertane), which were recently explored as carbonate phos-
phates. The extracted raw phosphate was processed in Metlaoui, Moulares, Redeyef, 
Kef Eddour, and M’Dhilla production centers. Particularly, Chaketma phosphate mine 
presents a potential large-scale, world-class phosphate development asset in Tunisia. 
The bulk of the phosphate is located at the base of a massive limestone unit close to the 
top of a high segmented plateau, which is affected by a series of normal faults.

A first study was conducted in a Tunisian semiarid environment for phosphate map-
ping using both hyperspectral and multispectral remote sensing technologies as an inter-
esting alternative to standard methods, which are routinely applied in mineralogical and 
geochemical studies [5]. Indeed, remote sensing tools have been well used to map rocks 
and minerals because of their detailed information, which can be provided periodically. 
Hyperspectral remote sensing tools at different scale provide higher spectral resolu-
tion data that can be used for mineral exploration and mapping [6–11]. Several studies 
detected minerals basing on their spectral absorption features identified from hyper-
spectral reflectance data, taken by hyperspectral radiometer. Carbonates, clays, were 
thus studied and analyzed. Recently, near-infrared (NIR) data were used successfully for 
the prediction of rare earth elements in the largest uranium-phosphate deposit in Brazil. 
Three partial least squares regressions (PLSRs): full-spectrum partial least squares 
(PLS), interval partial least squares (iPLS), and successive projections algorithms for 
interval selection in partial least squares (iSPA-PLS) were conducted to calibrate the 
measured spectra to predict rare earth elements in topsoil [12]. PLSR is a statistical and 
a recent technique that generalizes and combines features from principal component 
analysis and multiple regression. It is particularly useful in the case of predicting a set of 
dependent variables from a large set of independent variables, called predictors [13].

Studies that pointing out the prediction of fluorapatite phosphate minerals using 
VNIR-short-wave infrared (SWIR) spectroscopy data and carrying out PLSR meth-
ods are missed. The present chapter shows the preliminaries results, derived from 
a PLSR-based study that was conducted on a particular semiarid Tunisian context 
aiming to predict fluorapatite phosphate mineral contents using field hyperspectral 
spectroscopy and X-ray diffraction (XRD) mineralogical analysis.

2. Chaketma mine site

The Chaketma mine, which is located in the Central West of Tunisia, at 200 km 
far from the southwest of Tunis, is characterized by its sedimentary phosphates. This 
facies, which is the most common, comes from three main petrographic constituents: 
granules (pseudo-oolites), nodules, and organic debris (coprolites).

Consisting of a succession of fractured plateaus, the phosphate deposits of the 
Chaketma site are bounded to the west by the Ghoualguia anticline by a major NNO-
SSE normal fault (N160) (Figure 1) controlling the Rouhia hollow. Particularly, in the 
prospect of Gassaa Kebira, a massive bar of dolomitic limestone, recording a series 
of Ypresian age and decline of the formation of El Gueria, outcrops thicker than at 
Gassaa Sghira, in the north of the district, and Kef Oum Ezzine, in the south [14].

Kef El Louz, Sidi Ali Ben Oum Ezzine, Gassaa Kebira, Gassat Ezarbat, Kef El 
Agueb, and Douar Ouled Hamouda are the six individual phosphate prospects, 
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Figure 1. 
Localisation of the Chaketma mining site as well as the six phosphate perspectives: Map of Tunisia (left) and 
combination of Aster red-green-blue (RGB) image draped over the digital elevation model (DEM) of the mine 
site (right).

Figure 2. 
Geological map of the Chaketma mining site (TMS Company, 2012).
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showing thick mineralized zones with more than 15 m at depth [15], which were 
determined in 2012 by the Celamin Holdings Company. Tunis Mining Service TMS 
company estimated, however, the mineralization in the six prospects of the Chaketma 
mine at about 176 Mt. at 19.5% of pentoxide phosphorus P2O5 (Figure 2) and 79 Mt. 
of phosphate at 30% P2O5 content. Recently, PhosCo Company has revealed that the 
deposit contains a resource of 148Mt at 20.6% P2O5, confirmed from drilling at only 
two of the project’s six prospects, precisely, 93 Mt. at 20.3% P2O5 in Gassaa Kebira and 
55.5 Mt. at 21.2% P2O5 in Kef El Louz (Figure 3). According to PhosCo, the phosphate 
resource at Kef El Louz is large, shallow and features simple geology. Drilling results 
have produced consistent, wide, high-grade phosphate mineralization close to sur-
face, with 50% of the prospect’s known surface mineralization yet to be drilled [16].

3. Methodological approach

The methodological approach (Figure 4) aiming to fluorapatite content predic-
tion is based on both mineralogical and spectral analysis data. Indeed, the gathered 
phosphate samples from the top surface, after draying and quartering, were the subject 

Figure 3. 
The six phosphate perspectives (PhosCo Company, 2020).



129

Perspective Chapter: Optical Remote Sensing for Fluorapatite Content Estimation
DOI: http://dx.doi.org/10.5772/intechopen.108701

of X-ray diffraction (XRD) analysis, using a PANalytical X’Pert PRO X-ray diffrac-
tometer, to identify and estimate the abundance of each mineral. Furthermore, all 25 
surface samples in different point locations were measured under natural light with the 
ASD FieldSpec HiRes spectroradiometer (Analytical Spectral Devices, Boulder, Co.). 
This spectroradiometer, which is fitted with 10°field-of-view fiber optics, operated in 
the 350 nm to 2500 nm spectral regions with sampling intervals of 1 nm. The mean of 
the five surface VNIR-SWIR reflectance spectra scans of each sample was preprocessed 
before using for the partial least square linear regression (PLSR). The prediction con-
tent results were validated basing on their comparison with the measured ones by XRD.

4. Results and discussions

4.1 Phosphate mineralogical composition

The interpretation of X-ray diffractograms of all selected samples revealed a high 
concentration of both calcite and dolomite minerals [5]. The carbonated geologi-
cal context of the region can explain the presence of these high carbonate mineral 
abundances. Particularly, dolomite (CaMg (CO3)2) and calcite (CaCO3) showed high 
concentrations of up to 97% and reached 68%, respectively. The phosphate mineral, 
fluorapatite (Ca5 (PO4)3F, reached 27.21% in the sector of Sidi Ali Ben Oum Ezzine 
and 34.05% in the sector of Gassaa Kbira. An overview on result statistics of the 
fluorapatite is showed in Table 1. Quartz (SiO2) was also detected. It showed average 
to low abundance that can reach 30%.

4.2 Phosphate spectral behavior

According to the identified specific vibrational absorption features on the 
measured reflectance spectra, minerals were detected in convergence with the 

Figure 4. 
Flowchart detailing the methodological approach.
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mineralogical results. Carbonate minerals were highlighted thanks to a specific 
vibrational absorption feature in the short-wave infrared (SWIR) region at 2336 nm 
due to CO3

2− ion. Dolomite presents, in particular, a displaced absorption feature at 
2326 nm instead of 2336 nm, compared to calcite (calcium carbonate), which presents 
an absorption minimum at 2270 nm instead of 2298 nm (Figure 5).

Fluorapatite is, however, featureless within the spectral range from 2000 to 
2500 nm [17]. Some spectral features could, however, be considered for a judi-
cious diagnostic and an efficient characterization of phosphate-enriched rock. 
Indeed, the flatness of rock phosphate spectra as compared to the spectrum of 
dolomite around the spectral range from 2230 to 2400 nm as well as the absorp-
tion kink at 2209 nm have been used for this purpose. The defined absorption 
features were confirmed basing on the spectrum of a fluorapatite sample that 
was collected from a Tunisian carbonate geological context. Considering the both 
carbonate minerals in this case region, the phosphate-enriched dolomitic rock 
showed a decrease in the value of the absorption depth at 2326 nm as well as for 
the absorption minimum at 2270 nm. The phosphate-enriched limestone rock also 
showed a similar behavior but at different wavelengths, at 2336 nm and 2298 nm, 
respectively. The presence of fluorapatite was still detected according to 2209 nm 

Figure 5. 
Phosphate samples: (a) photo of the phosphate surface and (b) ASD VNIR-SWIR field reflectance spectra, taken 
on the surface of the different sampling points.

Parameter Value

Obs 25

Min 0

Max 34.05

Mean 10.79

Median 6.01

Std Dev 10.41

Skewness 0.64

Kurtosis 2.26

Table 1. 
Fluorapatite result statistics.
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absorption feature [5] within both phosphate-enriched dolomitic rock and 
phosphate-enriched limestone rock spectra.

4.3 Fluorapatite content prediction

4.3.1 PLSR regression method

The PLSR regression method was conducted using the resulting XRD analysis data 
and the measured VNIR-SWIR hyperspectral data in an attempt to predict fluorapa-
tite contents within phosphate samples. No transformations have been applied on the 
used reflectance spectra.

Aiming to verify the prediction capability of each generated PLSR model for the 
training dataset, an optimum number of latent variables (LVs) were determined 
through the leave-one-out cross-validation procedure [13, 18], which was repeated 
for all samples to predict fluorapatite contents. The resulting optimal PLSR model 
was then applied to the validation dataset, which represents 30% of selected samples. 
Seventy percent of samples were, however, selected for training purpose (Figure 6).

According to the previous studies [19], fluorapatite concentrations were sorted in 
increasing order, interpreted as the optimal method. The performance of the gener-
ated PLSR model was assessed through the comparison of predicted content values of 
fluorapatite dedicated for validation with the measured ones. Thus, the coefficient of 
determination R2 in the training and the validation sets, the root mean square errors 
(RMSE) and the ratio of the performance to interquartile (RPIQ ) were calculated. 
The most significant wavelengths n in the PLSR were justified [20] and used for PLSR 
model generation.

4.3.2 PLSR linear regression

The generated PLSR model for the fluorapatite content prediction was generated 
using hyperspectral reflectance spectra and its respective concentrations, estimated 

Figure 6. 
The selected samples for training and validation purpose.
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by X-ray diffraction analysis. The most important VNIR and SWIR spectral regions 
were used by the PLSR for the fluorapatite content prediction of 400 to 450 nm, 500 
to 570 nm, 2000 to 2100 nm, 2180 to 2200 nm, and 2300 to 2350 nm (Figure 7). The 
spectral bands corresponding to clay (Al-OH) and carbonate (CO3) occurrences were 
particularly used. The generated model has shown an R2 equal to 0.64, an RMSE of 
5.52, and an RPIQ at 2.15. An R2 equal to 0.42, an RMSE of 10.29, and an RPIQ at 1.74 
were, however, determined using the validation dataset (Figure 8). It has been shown 
that these interesting prediction accuracies, which were revealed using these prelimi-
nary results, are promoted for the prediction of fluorapatite contents.

The present chapter highlighted the usefulness of the hyperspectral reflectance 
spectra for the content prediction of the fluorapatite around the Chaketma phosphate 
mining site.

The detailed methodological approach based on PLSR regression method, which 
was conducted using VNIR-SWIR reflectance spectra, taken on the surface of the 
different point sampling, and the corresponding X-ray diffraction (XRD) results, was 
presented. Results have shown that fluorapatite, the main phosphate mineral in the 
Chaketma mine, was predicted according to the interesting prediction accuracies, 
showing an R2 = 0.64, an RMSE = 5.52, and an RPIQ = 2.15.

Figure 8. 
Accuracies of the PLSR model, generated for the fluorapatite content prediction.

Figure 7. 
The most spectral regions used in the PLSR regression for the prediction of fluorapatite concentrations.
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A thorough study will be conducted in the future with the aim of further improv-
ing the prediction performances of the fluorapatite content modeling, through the 
application of the data preprocessing methods. Moreover, multispectral image data, 
such as SENTINEL-2 and Aster data, as well as hyperspectral image data, such as 
Hyperion, will be used for the mapping of this phosphate mineral. Such results will be 
of great interest for locating and estimating the phosphate reserve.
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