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Foreword

Cancer research captured my interest since the first time I realized that a hydroxyolite, a
hybrid system made of hydroxyapatite mineral and DNA, could be related to that disease.
Every day, since I started the OLi Project, I remember my family and friends who I lost due to
such disease (Txema A., M. M. Carmen S., Angel C., TeresaF., Xavi G.). Imade a commitment
them to dedicate the rest of my life to making research about cancer and I will never give up.
What I did not expect was that such research would end up in a thesis related to Chemistry, one
of my long lasting dreams and life objectives. The thesis has been a long journey through the
frontier of inorganic and organic worlds, working with non-viral vectors of transfection,
synthesizing new catalysts for recycling COz, designing a prebiotic scenario and making
hypotheses about how DNA survived in early Earth when undergoing events of mass extinction.
After several years of work on the topic, I can confirm that no dream is achieved without a long
term effort, and the least of the initial ideas consumes a huge amount of resources. However,
long term objectives produce a long term satisfaction when accomplished. The main reward |
aspire to is to enjoy the journey, sharing challenges with my travel companions, the ones who
share the vision and continue walking towards the target despite the difficulties. Thanks for

joining OLi Project.
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Abstract

The origin of building blocks of life and how life thrived on Earth remains a topic of high
interest for researchers of the Origin of Life. In this thesis, we deal with concepts, perspectives
and implications of the system termed Aydroxyolite, a combination of outstanding biopolymers
(nucleic acids such as DNA and RNA) and an exceptional mineral (hydroxyapatite). First we
study, based on Revilla et al. (2013) and Bertran et al. (2014), how hydroxyapatite forms
crystals able to encapsulate DNA or RNA when nucleic acids are used as a nucleating template.
Later, in Bertran et al., (2016), we reported the mechanism of how the encapsulated nucleic
acid is released to the surroundings when environmental conditions change, for instance
becoming more acidic. As a consequence, we postulated that DNA existing in cells can be
encapsulated and protected by hydroxyapatite against environmental attacks (i.e. poisonous
gases, gamma radiation or enzymatic degradation) until they change, making feasible the
reintroduction of nucleic acids in the mainstream of life. We hypothesized about the
implications of such a system in the early history of life when mass extinction events occurred
on Earth (Turon et al., 2015). Moreover, we extended the hydroxyolite concept, borrowed from
the materials chemistry, to other disciplines such as paleontology, biology, biotechnology and
medicine by considering hydroxyolites as equivalents to non-viral vectors that can introduce
and release DNA into a cell (transfection). Such nucleic acid triggers the expression of foreign
proteins if released in the cytosol or might be recombined with cell genome when DNA is
released in the target cell nucleus.

In the second part of the thesis, we studied the hydroxyolite system from a complementary
perspective. We speculate about the consequences of being hydroxyapatite the first actor and
not the nucleic acid. We propose that hydroxyapatite might act as an inorganic mold if
considered as a catalytic substrate that facilitates the synthesis of simple organic molecules as
the building blocks of life. Thus, we identified a prebiotic scenario, a volcanic eruption under
lightning, where a phenomenon known as dirty storm usually occurs under certain conditions.
Hydroxyapatite is known in nature to be part of igneous rocks and volcanic ash in small but
significant concentrations. We replicated in the laboratory such extreme conditions by
developing a thermally and electrically stimulated polarization. A process performed at 1000
°C and under a difference of potential of 300 kV-m!, to obtain permanently polarized

hydroxyapatite (Turon et al., 2016; PCT/EP2017/069437) that turned out to be an enhanced
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catalyst compared to hydroxyapatite able to fix nitrogen and carbon from a gas mixture of N2,
COz and CH4 (Rivas et al., 2018). The catalyst, under UV light, converts them into amino acids
(Glycine and D/L-Alanine) and small organic molecules by means of a new inorganic
photosynthetic process. In this work, we develop an integrative prebiotic model that describes
how simple molecules might be synthesized from mildly reducing atmospheres by combining
previous models such as volcanos as giant reactors, minerals as catalysts and photochemical
reactions in the atmosphere under prebiotic sun light. All of them under the framework of a
prebiotic inorganic photosynthesis, a process that might be considered the corner stone of the

rise of the building blocks of life.



Resum

L’origen de les molécules que van donar lloc a la vida i com la vida va prosperar a la Terra
segueix essent un tema del maxim interes pels investigadors de 1’origen de la vida. En aquesta
tesi, discutim conceptes, perspectives de futur i implicacions del sistema que hem anomenat
hidroxiolita (hydroxyolite), una combinacié de biopolimers amb caracteristiques molt
especials (acids nucleics com I’ADN i ’ARN) i un mineral excepcional (hidroxiapatita). En
primer lloc, en els treballs Revilla et al., (2013) i Bertran et al., (2014) estudiem com els
cristalls d’hidroxiapatita tenen la capacitat d’encapsular ADN o ARN quan I’acid nucleic es
comporta com agent nucleant. Tot seguit, reportem com I’acid nucleic préviament encapsulat
pot ser alliberat si les condicions ambientals canvien, per exemple tornant-se lleugerament
més acides (Bertran et al., 2016). Com a conseqiiéncia, postulem que I’ADN existent a les
cel-lules pot ser encapsulat per la hidroxiapatita protegint-lo contra atacs de 1’entorn (per
exemple, la influéncia de gasos toxics, la radiacio gamma o la degradaci6 enzimatica) fins que
les condicions externes canvien i els acids nucleics poder ser reintroduits en el torrent principal
de la vida. A continuacio, discutim les implicacions d’aquest sistema hibrid a la historia
primitiva de la vida a la Terra, quan van ocorrer les grans catastrofes que van donar lloc a
extincions massives d’éssers vius (Turon et al., 2015). Tanmateix, estenem el concepte
d’hidroxiolita, encunyat a la ciéncia de materials, a altres disciplines com la paleontologia, la
biologia cel-lular, la biotecnologia i la medicina, considerant les hidroxiolites com a vectors
no virals que poden introduir i alliberar ADN dins una c¢l-lula (transfeccio). Aquest acid
nucleic, si s’allibera en el citosol pot desencadenar I’expressié de proteines codificades en
I’ADN introduit, o si s’allibera en el nucli podria recombinar-se amb el propi ADN de la
c¢l-lula diana de manera transitoria o permanent.

A la segona part de la tesi, estudiem el sistema hidroxiolita des d’una perspectiva
complementaria. Especulem sobre les conseqiiéncies de ser la hidroxiapatita ’actor principal
del sistema i no 1’acid nucleic. Proposem que la hidroxiapatita pot actuar com un motlle
inorganic si es comporta com a substrat catalitic que facilita la sintesi de molécules organiques,
com les molécules que van donar lloc a la vida. A partir d’aquest concepte hem identificat un
escenari prebiotic, una erupcié volcanica acompanyada de descarregues eléctriques, fenomen

que succeeix amb certa freqiiéncia en funcidé de les caracteristiques de I’erupci6. La
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hidroxiapatita a la natura és coneguda per formar part de la composicié de roques ignies i de
la cendra volcanica en petites perd significatives quantitats. Al laboratori hem replicat
aquestes condicions extremes i hem desenvolupat un procés de polaritzacié mitjancant
estimulaci6 eléctrica i térmica, aplicant 1000 °C i una diferéncia de potencial de 300 kV-m™,
que dona com a resultat hidroxiapatita polaritzada permanentment (Turon et al, 2016;
PCT/EP2017/069437) que converteix el mineral en un catalitzador extraordinari comparat
amb la hidroxiapatita i que té la capacitat de fixar nitrogen i carboni a partir d’'una mescla de
gasos composada per N2, CO2 i CHa (Rivas et al., 2018) en preséncia d’aigua.

El catalitzador, sota il-luminaci6 de llum UV facilita la conversio d’aquests gasos en
aminoacids (Glicina i D/L-Alanina) i en molécules organiques simples a través d’un procés
fotosintétic inorganic. En aquest treball, desenvolupem un model prebiodtic que descriu com
molecules senzilles van poder ser sintetitzades a partir d’atmosferes suaument reductores
combinant models prebiotics previs (volcans que es comporten com grans reactors, reaccions
fotoquimiques que succeeixen a 1’atmosfera sota el sol prebiotic i minerals que actuen com a
catalitzadors) sota el marc de la fotosintesi inorganica prebiotica, un procés que podria ser

considerat la pedra angular de 1’aparicid de les molécules que van donar lloc a la vida.



Resumen

El origen de las moléculas que dieron lugar a la vida y como la vida prosper6 en la Tierra
sigue siendo un tema del maximo interés para los investigadores del Origen de la Vida. En
esta tesis discutimos conceptos, perspectivas de futuro e implicaciones del sistema que hemos
denominado hidroxiolita (hydroxyolite), una combinacion de biopolimeros con caracteristicas
muy especiales (acidos nucleicos tales como el ADN y el ARN) y un mineral excepcional
(hidroxiapatita). En primer lugar, en nuestros trabajos Revilla et al. (2013) y Bertran et al.
(2014) estudiamos como los cristales de hidroxiapatita tienen la capacidad de encapsular ADN
0 ARN cuando el acido nucleico se comporta como un agente nucleante. A continuacion,
reportamos como el acido nucleico previamente encapsulado puede ser liberado cuando las
condiciones ambientales cambian, por ejemplo, cuando se vuelven ligeramente mas acidas
(Bertran et al., 2016). A consecuencia, postulamos que el ADN existente en las células puede
ser encapsulado por la hidroxiapatita protegiéndolo contra ataques del entorno (por ejemplo,
la influencia de gases téxicos, la radiacion gamma o la degradacion enzimatica) hasta que
cambian las condiciones externas y los acidos nucleicos pueden ser reintroducidos de nuevo
en el torrente principal de la vida. A continuacion discutimos las implicaciones de este sistema
hibrido en la historia primitiva de la vida en la Tierra, cuando ocurrieron las grandes
catastrofes que dieron lugar a extinciones masivas de seres vivos (Turon et al., 2015).
Asimismo, extendemos el concepto hidroxiolita, acufiado en la ciencia de materiales, a otras
disciplinas como la paleontologia, la biologia celular, la biotecnologia y la medicina,
considerando las hidroxiolitas como vectores no virales que pueden introducir y liberar ADN
dentro de una célula (transfeccion). Este acido nucleico, si es liberado en el citosol puede
desencadenar la expresion de proteinas codificades en el ADN introducido, o si se libera en el
ntcleo podria recombinarse con el propio ADN de la célula diana de forma transitoria o
permanente.

En la segunda parte de la tesis, estudiamos el sistema hidroxiolita desde una perspectiva
complementaria. Especulamos sobre las consecuencias de ser la hidroxiolita el actor principal
y no el 4cido nucleico. Proponemos que la hidroxiolita puede actuar como un molde
inorganico si se comporta como un sustrato catalitico que facilita la sintesis de moléculas

organicas, como las moléculas que dieron lugar a la vida. Hemos identificado un escenario
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prebidtico basado en una erupcion volcénica con descargas eléctricas, fendmeno que ocurre
con cierta frecuencia en funcion de las caracteristicas de la erupcion. La hidroxiapatita es
conocida en la naturaleza por formar parte de la composicion de rocas igneas y ceniza
volcanica en bajas pero significativas concentraciones. Hemos replicado en el laboratorio
estas condiciones extremas y hemos desarrollado un proceso de polarizacion mediante
estimulacion térmica y eléctrica, aplicando 1000 °C y una diferencia de potencial de 300
kV-m!, que da como resultado hidroxiapatita permanentemente polarizada (Turon et al, 2016;
PCT/EP2017/069437). Este proceso convierte el mineral en un catalizador extraordinario
comparado con la hidroxiapatita y tiene la capacidad de fijar nitrogeno y carbono a partir de
una mezcla de gases compuesta por N2, CO2 y CHa (Rivas et al., 2018) en presencia de agua.
El catalizador, bajo iluminaciéon de luz UV, facilita la conversién de estos gases en
aminoacidos (Glicina y D/L-Alanina) y en acidos organicos simples a través de un proceso de
fotosintesis inorganica. En este trabajo desarrollamos un modelo prebiotico que describe como
moléculas sencillas pudieron ser sintetizadas a partir de atmodsferas suavemente reductoras
combinando modelos prebioticos ya existentes (volcanes que se comportan grandes reactores,
reacciones fotoquimicas que ocurren en la atmosfera bajo el sol prebidtico y minerales que
actuan como catalizadores) bajo el marco de una fotosintesis prebidtica inorganica, un proceso
que podria ser considerado la piedra angular en la que se baso la aparicion de las moléculas

que dieron lugar a la vida.
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Chapter 1
Introduction to hydroxyolite hybrid system

1.1. Introduction

This thesis starts its course from a singular crossroad defined by one of the most
interesting hybrid systems that binds organic and inorganic worlds together. Through this
thesis we focus on the origin, theoretical implications and perspectives of a system built by
the outmost biopolymer family related to life on Earth, the nucleic acids, and a highly
polyvalent mineral, the most stable form of calcium phosphate, hydroxyapatite
[Cai0(PO4)s(OH)2]. Such a hybrid system was termed by our group as Hydroxyolite,' a new
brand name invented to define the adsorption and/or encapsulation of nucleic acids into
hydroxyapatite, a name that recalls how hydroxy-apati-te is able to put the essence of life
(“-oli-” meaning “Origin of Life”) in a nutshell, making feasible the concept hydroxy-oli-te.

In this work, we use a multidisciplinary approach to study the hydroxyolite system,
acknowledging its duality as a strategy to scrutinize the interaction between the organic
biopolymers (i.e. deoxyribonucleic acid, henceforth DNA and ribonucleic acid, henceforth
RNA) adsorbed or encapsulated by an exceptional inorganic mineral that is able to include
in its lattice multiple ions without losing its structure, adsorb a long list of organic molecules

on its surface and facilitate multiple heterogeneous catalytic processes.

We deal with the frontier of two well-defined areas of knowledge, inorganic and organic
edges of Chemistry, merged together under the framework of materials chemistry to yield
new concepts, models, hypotheses, materials and processes: 1) a new catalyst that enables an
inorganic photosynthetic process that converts gases into simple organic molecules; ii) a
prebiotic model; iii) a hypothesis about how DNA survived mass extinctions events through
the history of life on Earth protected by hydroxyapatite; and iv) we increase the knowledge
and understanding of concepts such as nucleic acid mineralization and aim to extend such
basics to other disciplines as Biotechnology (i.e. gene therapy, as hydroxyolite is known to
be a non-viral vector of transfection) and Medicine (hydroxyapatite calcifications containing

nucleic acids are recently described as appearing in breast cancer calcifications).
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When performing the research, we analyzed from the perspective of each of the two
components the interrelations between them. We discovered different viewpoints that made
it possible to extract conclusions and then, create new concepts, hypothesis and models. For
that reason, we have organized the thesis taking first the nucleic acid as a starting point, as a
template of the hydroxyolite system (Chapters 3 and 4). Furthermore, in the second half of
the thesis, we consider that hydroxyapatite is the substrate that triggers the system (Chapter
5).

1.2. Nucleic acids

We focus on a specific type of biopolymers, nucleic acids, being DNA and RNA two of
the crucial molecules of living organisms. Nucleic acids are unique molecules that handle
storage, transmission, processing, and regulation of genetic information and might act as
catalysts and mechanochemical switches.? DNA and RNA differ in their building blocks.
First, the sugar, as 2'-deoxyribose participates in DNA and 2'-ribose in RNA, and second,
the nucleotides in DNA are built with four heterocyclic bases: adenine (A) and guanine (G)
(purines) and cytosine (C) and thymine (T) (pyrimidines) but in RNA thymine is substituted

by uracil (U), the other three are common in both biopolymers.?

The complete set of DNA of an organism, the genome, includes all genes (> 3 billion
DNA base pairs in human cells) contained by each cell of the organism with nucleus. DNA
encodes hereditary information that is transferred to the next generation, controlling how
cells grow and replicate. The main characteristic of DNA is the entwining of two strands that
are complementary in their nucleotide sequence, adenine pairs thymine and cytosine pairs
guanine, to form a right-handed chiral double helix with a pitch of 3.4-3.6 nm, a diameter of
2 nm and usually packed around 50 nm length that can be extended to a linear length up to
108-10° nm.*> DNA may adopt mainly two right-handed double-helical structures (i.e. A-
DNA and B-DNA) but also a left-handed Z-DNA (Figure 1.1.) and other forms, such as
triple and quadruple helices, junction (cruciform) structures and parallel helices,® but RNA,
due to steric restrictions created by the 2’hydroxyl in ribose only adopts A-RNA.” Therefore,
the functions of DNA can be explained by two features: a reservoir of information that
encodes the sequences of proteins and RNA molecules (both specified in the base sequence)

and a polymer allowing the replication, access and packaging of the previous information.
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Through the process of gene transcription, DNA encodes RNA that eventually is translated

to specify the proteins of a cell.?

A-DNA B-DNA

Figure 1.1. DNA in its A- B- and Z- form. Axial and equatorial views.

Despite their similarities, RNA is more labile than DNA. The RNA helix shows a pitch
0f 2.9 nm and a diameter of 2.6 nm, developing three-dimensional structures with an average
size of 5 nm.® RNA easily folds in tertiary structures with capacity of recognition and retains
some catalytic properties, not so different from those of proteins some of which make authors
link them with the origin of life through a RNA world.!® RNA is able to use energy from
adenosine triphosphate (ATP) or guanosine triphosphate (GTP) in order to perform several
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major tasks such as gene regulation, facilitating the protein synthesis and information

processing.

The major stabilizing forces which contribute to the structural integrity of ds-DNA and
ds-RNA are non-covalent interactions between their aromatic nucleobases.!' Its C2-
symmetrical structure with complementary hydrogen-bonded base pairs provides an
effective means to store genetic information and transfer of the encoded messages.!? The
role of hydrogen bonds in stabilization of the helix and selective base-pair formation is still
unclear despite the fact it has been generally accepted that the hydrogen bonds between the
bases are critical to the stability of DNA. A Watson and Crick pair has two or three hydrogen
bonds that contribute, depending on the molecular context, approximately with 0.5-1.8
kcal-mol! of stabilization per base pair of DNA. Such low values are increased in gas phase

to 6 - 7 kcal-mol! where competition with water hydrogen bonds does not exist.!>!4

The base stacking in explaining DNA function has received less attention than hydrogen
bonds in the base pairs but, in B-DNA, neighboring pairs overlap one n system with the other
(Figure 1.2.), making contact up to 115 A% Thus, when forming a double helix from a
random coil involves removing ~ 230 A2 of base © -surface area from the solvent per pair.
The specific forces that contribute to stabilizing this stacking (i.e. electrostatic effects,
induced dipole attractions and solvophobic effects) have been extensively studied, even
though they are not completely understood despite the fact that significant advances and

knowledge have been provided.!>!8

Hydrogen bonds play an important role in specificity of biomolecular recognition. Energy
studies forcing mismatches in the pairs A-T or C-G demonstrated that the energetic penalty
is significant (i.e. T-C destabilizes within 3.2 - 5.8 kcal-mol"! compared to the pair T-A. The
effect of one hydrogen bond disrupted as occurs in T-C pair generates a destabilization that
probably goes beyond the pair alone, distorting the polyphosphate backbone along the helix
due to the different geometry that the pair should adopt due to the mismatch. Furthermore,
the enzymatic replication of DNA is a critical process affected by hydrogen bonding and
stacking stabilization. Such a process occurs with high efficiency and fidelity, quickly
assembling within 20-1000 nucleotides-s™', most of them without failures, the ratio of error
being about one per 103 - 10° nucleotide insertions. Thus, both the stacking stabilization and

hydrogen bonding stabilization are factors to be taken into consideration when discussing
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the accuracy of the replication process, however such an effect was underestimated for

years.'?

Figure 1.2. (a) Model of a three base-pair B-form DNA duplex with distances between strands and
bases. (b) Watson and Crick A-T base pair. Adapted from ref. [12] with permission from John Wiley
and Sons.

On the other hand, DNA may have the role of a scaffold for the structural support of
multiprotein complexes in the cell. Despite DNA being rather rigid, proteins can use their
binding energy to bend, wind or unwind it. Therefore, researchers develop strategies to use
such structural properties to build artificial matrices for different uses in materials science

and biomedical applications.>!°

Finally, it is worth mentioning that mammals’ DNA contains two layers of information
for generating the infrastructure required to shape an organism. The first layer is DNA itself,
as we have been discussing in the previous paragraphs, the sequence of nucleotides. The
second is more sophisticated and corresponds to the methylation of DNA. Such chemical
modification along the DNA strand has been equated to a set of instructions about how to

read the text already printed in the DNA sequence and how to control the transcription.
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Therefore, DNA methylation is an epigenetic process. DNA is inherited from the parents,
nevertheless a new methylation profile is established in each individual as the previous
methylation pattern in the gametes is erased before implantation of the embryo.2° After birth,
programmed variation in genome methylation happens in response to environmental
influences, recording such impacts in the genetic code that could significantly affect the
individuals in their predisposition to some diseases (i.e. metabolic, autoimmune, and
neurological). Additionally, DNA methylation can be advantageous as a diagnostic tool in
order to detect cell death and allow the monitoring of some diseases by cell-free circulating-
DNA blood test. Currently, this individualized methylation pattern is a hot topic in medicine

as it can be correlated with ageing and cancer as well.?!

1.3. Hydroxyapatite

Hydroxyapatite (HAp), Caio(PO4)s(OH)z2), is the most stable form of calcium phosphate.
The name apatite was given by A. G. Werner in 1786 using the Greek word “omotao”
meaning “to deceive” or “to mislead” due to its unspecific aspect and similarities to other
minerals.?? Geological apatite, which is the most abundant phosphorus bearing mineral on
Earth, can be found in igneous, sedimentary and metamorphic rocks and has various
proportions of OH-, F~, and Cl- forming the apatite group under the general formula of
Cas(PO4)3(F,OH,Cl). However, HAp is the one capturing the greatest interest and relevance
in biological and materials sciences.”* The mineral naturally formed in nature is usually

known as hydroxylapatite instead of hydroxyapatite, its chemical name.

Calcium phosphate might adopt different phases that have in common the presence of
calcium cations (Ca’") and anions containing phosphate as orthophosphate (PO4*),
metaphosphate (POs"), or pyrophosphate (P207*) and their hydrogenated or hydroxylated
forms. Furthermore, their crystal structure and properties are significantly different (i.e.

space group, pKsp, solubility, pH stability range and density as shown in Tables 1.1 and 1.2.).

In the following paragraphs we briefly highlight brushite, tricalcium phosphate, calcium
phosphate amorphous and pyrophosphate among them as HAp will be discussed later.
Brushite is the calcium phosphate compound easiest to be synthesized. It can be converted
into monetite, its dehydrated form at pH < 6 or just heating brushite above 80 °C; or into
octacalcium phosphate at pH = 67, or to HAp at pH above 7. Although brushite is

biocompatible,?* biodegradable, and osteoconductive, may form as an intermediary phase in
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pathological calcifications occurring in slightly acidic media (for example, in dental calculi,
urinary calculi, and urinary stones).>* Brushite usually undergoes internal restructuration
processes to yield HAp in biological environments.”> B-Tricalcium phosphate has
stoichiometric composition Ca3(PO4)2 and can only be prepared by calcination ( > 800 °C)
and not by precipitation. It transforms in a-tricalcium phosphate above 1125 °C. Pure j-
tricalcium phosphate never occurs in biological calcifications, only when containing
magnesium (whitlockite; (Ca,Mg)3(PO4)2) is found in dental, calculi urinary and salivary
stones or some soft-tissue deposits. It is used as a bone cement or bone replacement in

combination with HAp.?¢

Table 1.1. Main calcium phosphate phases, along with their chemical formulas, crystal systems,
space group symmetries, solubility product values (pK,) and solubility at 25 °C and pH 7.4. Adapted
from ref. [22,27] with permission Royal Society of Chemistry and John Wiley and Sons.

Phase Chemical formula Space group pKsp Solubility
25°C/37 °C (mg-dm-)
MCPA? Ca(H2POa4)2 Triclinic P1 1.14/n.d. 17x 10°
MCPM? Ca(H2PO4)2-H20 Triclinic P1 1.14/n.d. 18x 10°
DCPD? CaHPO4-2H20 Monoclinic 6.59/6.63 88
DCPA® CaHPO4 Triclinic P1 6.90/7.02 48
B-CPPpP? CazP207 Tetragonal P4 18.5/n.d. 7.6
ACP? Ca3(PO4)2-nH20 - 25/n.d. 0.8
a-TCP? Ca3(PO4)2 Monoclinic P21/a 25.5/25.5 2.5
B-TCP? Ca3(PO4)2 Rhombohedral R3cH 28.9/29.5 0.5
TTCP? Cas(PO4)20 Monoclinic P2; 38-42/37-42 0.7
OAp?* Cai0(PO4)sO Hexagonal P63/m 69/n.d. 8.7
CDHAp* Cai0x(HPO4)x(PO4)6x(OH)2x (0 <x < 1) Hexagonal P63/m ~85.1/85.1 9.4
OCP? Cas H2(PO4)s -SH20 Triclinic P1 96,6/95.9 8.1
HAp* Cai0(PO4)6(OH)2 Hexagonal P63/m 116.8/117.2 0.3
FAp? Cai0(PO4)s(F)2 Hexagonal P63/m 120/n.d. 0.2

# MCPA = monocalcium phosphate anhydrous; MCPM = monocalcium phosphate monohydrate; DCPD = dicalcium
phosphate dihydrate, a.k.a. brushite; DCPA = dicalcium phosphate anhydrous, a.k.a. monetite; CPP = calcium
pyrophosphate; ACP = amorphous calcium phosphate (data pertain to the phase obtainable at pH 9-11); TCP = tricalcium
phosphate; TTCP = tetracalcium phosphate; OAp = oxyapatite;, CDHAp = calcium-deficient hydroxyapatite; OCP =
octacalcium phosphate; HAp = hydroxyapatite; FAp fluoroapatite.

Amorphous calcium phosphate (ACP) is the first phase that precipitates from
supersaturated solutions containing calcium cations and phosphate anions. Ca®" and PO4*
and H3O™ ion concentrations in the mother liquor regulate the chemical composition of ACP.
It is often found as a transient phase during the formation of calcium phosphates in aqueous
systems. The compounds are amorphous, according to X-ray diffraction experiments but

electron microscopy reveals spherical particles (20-200 nm). ACP calcifications containing
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some ions such as Mg?*, COs3* and P207* are also found in soft-tissue pathological
calcifications (e.g. heart-valve calcifications of uremic patients). ACP might nucleate the
crystallization of HAp. ACP is often used in calcium phosphate cements. ACP and cHAp
interact with different phosphates and biophosphonates (BPs), which is a very relevant topic
in the field of biomaterials for biomedical applications. Thus, polyphosphate, which is an
orthophosphate polymer found in mammalian organisms, promotes mineralization and bone
regeneration when adsorbed onto HAp by stabilizing basic cell growth and differentiation.
On the other hand, the oxygen atom that links the phosphate groups of pyrophosphates is
replaced by a carbon atom in BPs, which results in the inhibition of both hydrolytic and
enzymatic degradations. The affinity of BPs towards HAp has been associated with the
formation of strong interactions between the two species. Indeed, BPs are primary agents in
the current pharmacological arsenal against different bone diseases (e. g. osteoporosis, Paget

disease of bone and metastatic bone malignancies).?8-3

Table 1.2. Selected calcium phosphate phases of interest for biomedical applications. Reproduced
from ref [33] with permission from MDPI.

Ca/P Name Formula pH Stability Range Density
Molar (g/cm?)
Ratio
0.5 MCPM  (monobasic  calcium | Ca(H2POs)-H20 0.0-2.0 2.22
phosphate monohydrate
1.0 DCPA  (dicalcium phosphate | CaHPO4 2.0-5.5 (> 80°C) 2.929
anhydrous, Monetite)
1.0 DCPD (dibasic calcium phosphate | CaHPO4-2H20 2.0-6.0 2.319
dehydrate, Brushite)
1.33 OCP (octacalcium phosphate) Cas Ha(PO4)s -5SH20 5.5-7.0 2.673
1.5 a-TCP (a-tricalcium phosphate) Cas(POs)2 Precipitated from 2.8143
aqueous solutoins
only at T > 800 °C
1.5 B-TCP (B-tricalcium phosphate) Cas(POu)s ~5-12! 3.0673
1.2-2.2 ACP (amorphous calcium | Ca3(POas)2-nH20 6.5-9.5 -
phosphate)
1.50-1.67 | CHDA (calcium deficient HAp) Cai0x(HPO4)x(PO4)6-x(OH)2x 9.5-12.0 -
(0<x<2)
1.67 HAp Cai0(PO4)s(OH)2 Precipitated from 3.155
aqueous solutoins
only at T > 1300 °C
2.0 TTCP (tetracalcium phosphate) Cay(P0O4)20 - 3.0563

! Always metastable. The composition of the precipitate depends on the composition and pH of the electrolyte solution; > In the case x=1
(the boundary condition Ca/P = 1.5), the chemical formula looks as follows: Cas(HPO4)(PO4)s(OH), 3These compounds cannot be
precipitated from aqueous solutions.
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Finally, pyrophosphate or diphosphate (P207*) is synthesized when monetite is heated
above 300 °C, however ammonium phosphate yields pyrophosphate at temperatures greater
than 125 °C.3! Pyrophosphate ions inhibit HAp crystal formation being an important ion to
regulate biomineralization. Calcium pyrophosphate hydrates (CPP, Ca:P207-nH20) are
involved in several forms of arthritis, including calcium pyrophosphate crystal deposition
disease, also known as pseudogout.’? Alkaline phosphatase (ALP), which is able to
hydrolyze pyrophosphate ions, simultaneously causes a reduction of this ion’s potent
inhibiting effect on HAp formation and supersaturates the extra-cellular fluid with

orthophosphates that consequently induce mineralization, regulating the bone re-

mineralization.
TCP+TTCP
o
T, = 1475 °C -
2 G Cao+TTCP | ~ A TTCP+Liquid
o, - o
Py = . B
= TTCP+HApP s =
-'I'-U‘ L.~
© TCP+HAp
T, = 1360 °C 8 S
z 2 =
O L -
= CaO+HAp [ =~ 7| Tcp+Dcea
1 T 1 ! y
70 65 TTCP 60 HAp 55  TCP 50

<« Ca0% P,0s% —>

Figure 1.3. Equilibrium phase diagram of different calcium phosphates. The dashed region shows
the phases of interest for biphasic calcium phosphate formation (TCP+HAp). In this figure, TTCP—
tetracalcium phosphate, CaO—calcium oxide. Reproduced from ref [74] with permission from
SAGE Publishing.

On the other hand, it is worth noting that temperature and pH are relevant parameters to
obtain the desired calcium phosphate phase and to control its formation in different
environments, while the transitions to be avoided or favored when synthesizing the chosen

phase are multiple.
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Figure 1.4. The distribution of phosphate species as a function of pH at 37 °C, 0.36 mM total
analytical concentration of phosphate, free hydrogen concentration of 107° M. The values of the three
dissociation constants are marked, along with the CaP phases that are likely to form from each species.
As the pH increases, the Ca/P ratio in the solid phase increases, and the solubility of this phase
decreases. Reproduced from ref [33] with permission from MDPL.

Considering the interest of HAp for heterogeneous catalysis, its synthesis has been under
research in the last decades in order to obtain different structures, morphologies and textures.
Production of HAp powders has been classified under four different methods:*-3
1) dry methods, based on homogeneous mixtures of the precursors, controlling

precisely their composition and parameters,

i) wet methods, extensively used as they are simple procedures comprising:

a. double decomposition or coprecipitation (reacting source of PO4* ligand with
a source of Ca?" with the assistance of additives (e.g., base or acid).

b. emulsion, considered efficient, simple and suitable for producing a nano-
structured HAp powder.

¢. hydrolysis (aqueous hydrolysis of CaP (i.e. OCP, DCPD, TCP) usually
following dissolution and precipitation stages; sol-gel methods, from
precursors in a solution, preferably organometallic.

d. hydrothermal treatment, a reaction between the calcium and phosphate
sources in water or solvents (solvothermal), in a confined environment with a
higher temperature and pressure, inside an autoclave, a process that creates
chemical bonds and forms nuclei that ensure a relatively stoichiometric and

highly crystalline synthesis of HAp.
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i) microwave (MW)-assisted methods (intended to produce a higher yield of
perfectly crystalline HAp powder homogeneous in terms of size, porosity and
morphology) and ball-milling or ultrasound (used for its simplicity,
reproducibility, and large-scale production of HAp) and

v) miscellaneous methods (i.e. mimicking efficient biological systems or through

pyrolysis).

HAp features have been compared by some authors with water due to its outstanding
peculiarities as the role of water in the realm of liquids has been considered similar to the
role of HAp is in the world of solids. Among its properties, its crystal lattice flexibility, the
ability to conduct protons, improved osteoconductivity and a high bioactivity are particularly
relevant. Furthermore, the structural hydroxyl ion channel in the direction of the c-axis is

considered a specific feature of its crystal lattice that underlays its outstanding properties.

Stoichiometric pure HAp crystal is monoclinic and belongs to the space group P21/b, with
88 atoms per unit cell and its stoichiometry is Ca20(PO4)12(OH)4 and Ca/P = 1.67. However,
the monoclinic form almost never occurs in such a form in nature, as the crystallization in
hexagonal form is more feasible. Additionally at 207 °C suffers a transition to hexagonal
(P63/m). This is due to the fact that OH" ion is not spherical, and the two mirror planes normal
to the c-axis channel cannot be preserved. Conversely, the symmetry and the position of F-
is much better defined in the channel and, therefore, the fluoroapatite belongs to the

hexagonal space group P63/m.

Figure 1.5. (a) Axial and longitudinal views of the HAp (0001). Yellow borders mark the 2x2
primitive surface cell reconstruction. (b) Green and red arrows mark the opposite direction of two
consecutive OH columns. Ca*" (green), Oxygen (red), Hydrogen (white), Phosphorus (in the center
of violet bars).
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Figure 1.6. 3-D structure of hydroxyapatite lattice.

The theoretical lattice parameters are a = 9.418 A and ¢ = 6.884 A for P63/m (b = 2a,
a = 120° for P21/b). However, depending on the synthesis and environmental factors, the
lattice parameters can vary within the ranges of 9.41-9.44 A and 6.84-6.94 A, respectively,
for the P63/m space group. The polymorphic transition from hexagonal to monoclinic is
reversible at temperatures lower than 204 °C. The number of atoms per cell in a P63/m crystal
is 44. It contains seven symmetrically independent atoms, two different calcium atoms: Cai
forming single atomic columns parallel to the c¢ axis and Can surrounding the hexagonal
channel of hydroxyl in groups of the three calcium atoms at different heights; one phosphor
and three oxygen atoms forming PO4* tetrahedral units (P, O1, On and Om); and the O(H)

ions disordered along ¢ about the mirror plane at z= %. The occupancy of the OH" sites was

50%, as necessary in P63/m.

Regarding lattice flexibility it is worth noting that HAp can incorporate on half of the
elements of the period table without losing its structure,?® an important property that can
influence the behavior of biomineralized DNA in HAp. As an example, when Mg?" ions
substitute up to 20% of Ca** ions some properties change significantly (e.g. the solubility is
increased and the size of crystals is reduced). Interestingly, when ions with different charge
are substituted, charge neutrality shall be maintained either by a second substitution with

different charge or by creating vacancies, usually in the locations occupied by OH.
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Substitutions may occur in several crystallographic sites and this feature is extremely useful
in biological environments as toxic ions may be scavenged or they are just captured to
maintain the homeostatic level in HAp forming bones or even to remove pollutants in toxic
waters and environments. Those ions induce changes in the degree of crystallinity, solubility,
thermal stability, morphology, and other surface and biological properties that are worth

being studied in combination with nucleic acids.??

The surface of HAp is in constant evolution, particularly in biologic environments. The
complexity of those processes makes it difficult to elucidate the mechanisms of
transformation in calcium phosphates as the solution mediated dissolution/reprecipitation
mechanism is the most supported. Moreover, the dynamics of the surface allow the system
to be split as the surface properties are different from the inner part depending on slight
differences in environmental parameters as low as a change of one pH unit from 6 to 7. Such
an ability allows the possibility to obtain differences in reactivity in case HAp acts as a
catalyst. The capacity of encapsulating and protecting molecules until the target is reached
justifies the utilization of HAp as a drug delivery carrier. Thus, the slightly acidic pH inside
some compartments of the cell would allow the dissolution of HAp capsules (pH 4.5-5.5).
This feature might enable its use in gene delivery as HAp belongs to the group of non-viral

transfection agents.

In terms of electrical properties, HAp exhibits piezoelectricity, ferroelectricity and
pyroelectricity.?” The first, related to the possibility of generating electrical charge at the
surface when it is subjected to stress, is related to the polarization of OH" groups trapped in
the channel formed by the calcium atoms in Can positions in the hexagonal form P63/m but
not in the monoclinic P21/b. HAp thin films exhibit the ferroelectric behavior with a remnant
polarization being one-fourth of that exhibited by lead zirconate titanate films mostly due
to OH in hydroxyl channel. Additionally, HAp pyroelectricity characterized by the
pyroelectric coefficient pi = 12 pC-m2 -K-! as HAp is able to generate electrical charge as a

function of the rate of temperature change.??

The OH" groups located in the characteristic column of HAp are located in the center of
the overlapping triangles formed by the hexagonal Ca®" ions, with an average distance of 2.5
A between them. The calcium triangles of each layer are rotated by 60° with respect to the
triangles below and above it, with both oxygen and hydrogen of the OH™ group lying on the

c-axis in the higher, monoclinic symmetry, as they are all OH™ ordered in the same direction,
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following a head-to-tail alignment. However, in P63/m there is a 50 % likelihood for OH" to
point upwards or downwards. They are restricted to a channel resembling a line of
interconnected ovoids, with the longest diameter, around 3 A, in the basal plane and the
shortest diameter in the plane of Can triangles. The oxygen and hydrogen belonging to OH"
groups are disordered and such a situation is usually observed in hexagonal and defective
HAp generated in biological environments. Piezoelectricity and the pyroelectricity effects
exhibited by HAp are caused by the spontaneous polarization of the OH™ ions in the c-axis
channel. Vacancies in the central channel allow room for mobility of OH-, Oz~ and Ca?* ions
facilitating the restructure of the crystal or enhancing the catalytic properties of HAp. Such
vacancies paired with vacancies in Ca’’ create a defective structure able to retain small

molecules such as glycine.

The capacity of conducting H" is interesting as well due to its relationship with the
catalytic properties of the mineral. The transmission of protons through the OH- channel
converts HAp into a good proton conductor useful for some industrial applications. The
diffusion pathway is not linear but sinusoidal accompanied by the reorientation of OH". The
diffusion of OH groups along the c-axis channel results in high ion mobility on the HAp
surface and an intense local hydration expected to be responsible for the higher electrical
conductivity exhibited by HAp. The mineral, using the same mechanism is able to transport
Oz ions, particularly in B-type HAp where CO3* substitute PO4>* groups causing an
enlargement of the channel that facilitates the diffusion of ions through it. In terms of
biomaterial for bone regeneration it is worth mentioning that thermally and electrically
polarized HAp (semi-permanently polarized) stored charge density of 3.9 uC-cm?,
enhancing osteobonding and osteoconductivity when implanted in cortical bone of femoral

diaphysis in white rabbits.??

1.3.1. Hydroxyapatite as a catalyst

HAp is a versatile and exceptional catalyst compared to other minerals.’® Buvaneswari
and Valsalan®® reported that pure forms of HAp and fluorapatite show less activity compared
to systems that were modified or enriched with certain metal ions. HAp brings several
options related to the diversity of reaction sites, high surface of reaction and high adsorption
capacity. Additionally, this mineral contributes with an unusual property of containing both

basic and acid sites in a single crystal lattice. It is known that when HAp is highly crystalline
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and ratio Ca/P = 1.5 it acts as an acid catalyst, when the ratio Ca/P is around 1.67 it acts as
a basic catalyst. When 1.50 < Ca/P < 1.67 HAp catalyst behaves as both acid and basic.*’
HAp has already been used to catalyze in dehydration and dehydrogenation of alcohols,*! in
oxidation of alkanes, Friedel-Frakft alkylation,* aldol condensation reactions (reaction of
an enolate ion enolate (alkaline media) or enol (acidic media) with a carbonic group to yield
a B-hydroxyaldehid (aldol) or a B-hydroxyacetone), Diels-Alder (a reaction between a diene
and a dienophile to build a substituted cyclohexene system), aerobic oxidation of alcohols
(transforming ethanol in chemical substance of high added value and to decompose
hydrogen peroxide among others). In pure form, HAp catalyzes the combustion of
formahaldehide at room temperature.*> The Knoevenagel’s condensation (nucleophilic
addition to a carbonic group, aldehyde or ketone of an activated carbon (acid) located
between two acceptor groups of resonant electrons) can be easily performed without solvent
at room temperature by using HAp.** It is worth noting that HAp has been used in

combination with microwaves to catalyze Knoevenagel’s condensation.*

The Green Chemistry approach is expected to develop sustainable heterogeneous
catalysts by using highly functionalized metals based on the specific features of inorganic
crystals as HAp, considered as nanostructured catalyst that allow the location of active
metallic species (e.g. in the lattice, in the surface or between layers).*® In high temperature
conditions (> 350 °C), HAp results in a high conversion yield from lactic acid to acrylic acid.
The catalyst in such conditions is highly stable and it inactivation is not observed even after
300 hours of reaction. In such a reaction the dehydration ration is correlated with the

deficiency in calcium and the increment in groups P-OH.¥

The photocatalytic performance of HAp has attracted researchers as it makes the
decomposition pharmaceutical pollutants, dyes and bacteria inactivation feasible. HAp
composites, such as Ti-doped HAp are promising.*® The origin of the photocatalytic activity
of HAp has been attributed to effect of UV on the near-surface vacancies, presence of ‘OH
radical and the production of superoxide O2"" radical, and subsequent electron transfer to

oxygen in the atmosphere.*’

Recently, HAp has been described as the catalyst yielding ribose from formaldehyde and
glycolaldehyde through a cross-aldol reaction and Lobry de Bruyn—van Ekenstein
transformations. The continuous reaction needed one pot in hot water, without any fine pH

control or any complicated condition control at each reaction step. The authors claimed that
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ribose production by HAp may be a reason why a pentose backbone was incorporated into

nucleic acids in the prebiotic world.>

1.4. Mineralization of nucleic acids

The research about how organic molecules become trapped in a mineral or how they
template an inorganic matrix is of outmost interest, particularly to understand how
mineralization processes work in biological environments and as a strategy to design new

hybrid composites.

Literature mentions two types of mineralization related with biological processes:
biomineralization and biocrystallization. Firstly, biomineralization is an important
phenomenon in nature. Many researchers have focused on two subcategories of
biomineralization: i) interfacial interactions organic-inorganic associated with biological
mineralization, traditionally known as biomineralization; and ii) template-directed
crystallization (i.e. organic molecules or structures that play a templating function, serve to
fill space, direct the structure, and balance the charge of the resulting inorganic open-
framework material).’' Their objective, when studying natural mineralization phenomena
(creation of shells, growth of teeth and bone) has been to apply biomimetic strategies in order
to develop new materials (advanced composites and coatings) for several applications in
different sectors (i.e. medical, chemical, optical, and electronic applications).’?
Biomineralization research, from a chemical perspective, can be divided into three different
contributing areas: i) crystallographic characterization, composition elucidation, and
biochemistry of the biological materials; ii) design of in vitro models, intended to test
hypotheses referred to the role of biomacromolecules in controlling nucleation growth of
crystals or the interactions between the organic matrix and the crystals; and recently iii) the
development of new approaches to methods of synthesis, based on biological systems, with
the objective of controlling crystal morphology, polymorphism, and material properties,
resulting in new organic-inorganic hybrid composites (controlling complex patterns in
inorganic structures will contribute developing new types of catalyst supports and
membranes for the separation of large polymers, colloids and cells).> In the biomedical field,
mimicking the biological mineralization is expected to result in implants with customized
macroporosity, drug delivery systems and more efficient vectors for delivery of DNA in

transfection procedures.’*>>
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Secondly, the concept of biocrystallization has been used by some authors to describe the
process that some organisms use to encapsulate crucial biomolecules when they undergo
external attacks.’®* It is well known that life is not compatible with the crystalline state.
However, in some living systems such as bacteria, when exposed to severe environmental
conditions, vital macromolecules are captured in intracellular crystalline assemblies that may
give protection against the environmental event (i.e. E. coli has developed a defense strategy
involving co-crystallization of its DNA with the stress-induced protein Dps). These
intracellular hybrids are thermodynamically stable in a state that corresponds to free energy
minima of the system. They are considered reminiscent of ordered states in the inanimate
world such as crystals and liquid crystals, the last step to preserve high ordered molecules
such as biopolymers.® The preservation of DNA, by eukaryotic cells under certain
aggressive circumstances, has been part of the theoretical research performed in the thesis

as we discuss in the results and discussion chapters.

Through evolution of life, some organisms have been capable of developing the ability to
produce organic—inorganic hybrid materials templated by biomolecules (i.e. moluscus
through calcium carbonate, diatoms and marine multicellular sponges via protein-based
silica biomineralization). Nucleic acids, as templates for the synthesis of hybrid materials,
have received considerable attention in recent years.> Such interest is grounded in several
of DNA’s main characteristics, chirality is one of them which is particularly relevant.®®
Chirality is a crucial feature that sustains life. It is present in a myriad of molecules and
biopolymers (i.e. amino acids, sugars, (poly)peptides, and DNA or RNA) but also in
macroscopic objects such as snails, helical trees and even hair vortices.®'%> Chirality opens
routes of molecular recognition and the use of selective mechanisms for natural self-
assembly strategies that result in materials with hierarchical structures in the nano-, meso-
and macroscale. Among chiral molecules, helical biopolymers such as nucleic acids, are of
particular interest. Helical biomolecules present rod-like structures with a highly charged
surface, a distinct uniform diameter, functionality, persistence length. Therefore, helical
biomolecules undergo distinctive hierarchical self-assembly to form complexes with
minerals (i.e. silica) making them important structural and signaling molecules in biological
systems.>® The use of chiral biomolecules to direct the “bottom-up™ in vitro synthesis of
inorganic silica materials is interesting for understanding the formation of complex
architectures in living organisms, but also assists the applications of nanostructured

materials.>® For instance, rigid DNA rods, approx. 50 nm, in aqueous solution easily self-
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assemble into multiple liquid-crystal phases. Conversely, when longer than 100 nm, they are
flexible and can result in highly compact forms through cooperative conformational
transitions. Therefore, DNA molecules can transcript into multiple molecule-length-
dependent silica structures by using the combination of DNA self-assembly and silica
biomineralization. Recently, Grass and co-workers (2015) showed that silica is a perfect
environment to preserve nucleic acids for information storage and biomedical purposes.®?
Moreover, the long term preservation of DNA has been a matter of research for
paleontologists looking for well preserved DNA of ancient species. It has been postulated
that DNA in ancient fossil bones has the greatest chance of survival if encapsulated within

bone apatite/collagen structures® and crystal aggregates.®

DNA has been used to template calcium carbonate. Calcium carbonates such as calcite,
aragonite, vaterite and amorphous have industrial interest as pigments, brighteners and fillers
and also biological (structural support and gravity sensors). The control of their crystal shape
and texture is an important feature for such applications. Regarding nucleic acids interaction
with calcium carbonate, Chen, Cai and Yu (2010) found that ss-DNA and linear structures
show greater influence on the particle morphology than ds DNA, probably due to the fact
that linear DNA is more easily adsorbed on CaCO3, facilitating the interaction and because

its rigidity decreases and flexibility increases.

To finalize this section, we review CaP biomineralization focusing on some aspects that
have been relevant in our work. CaP biomineralization has a prominent place over 60
different biological minerals since they play an important role as constituents of hard tissues
in vertebrates. Reasonably high concentrations of Ca** and PO4* (1 to 5 mM), but nontoxic,
occur in all vertebrates, sometimes such a high concentration is allowed to be in solution by
specific proteins (i.e. Fetuin-A) that keep nanosized HAp clusters in solution and inhibit
their precipitation and posterior calcification. CaP, the major constituent of bone, teeth and
tendons gives these organs stability, hardness, and function.®” Biologically formed calcium
phosphates are often nanocrystals, from tens to a few hundred nanometers, that are
precipitated under mild conditions in contrast with calcium phosphates precipitated from
aqueous solutions from supersaturated solutions. Calcium phosphates constitute a specific
area of interest in nanotechnology, which may be applied in the repair of hard and soft

skeletal tissues.%:08



Introduction to hydroxyolite system | 21

Other interesting areas include the design and creation of cellular therapy carriers as non-
viral vectors of transfection.’® The process of nucleic acids going through the cytoplasmic
membrane into the cells is termed transfection. In such a process, DNA is read out by the
cell, and the machinery of the cell allows the biosynthesis of the encoded protein. As naked
DNA (negatively charged) cannot cross the cell membrane due to its negative charge, a
suitable carrier is required. The calcium phosphate family are known to be adequate vehicles
to transport nucleic acids through that journey to the cytosol and cell nucleus where a
recombination of DNA with the one originally belonging to the cell is feasible temporarily
(transient) or permanently.”® Almost 50 years after its discovery they are still under intense

research, especially after transfection using viral vectors has shown some drawbacks.”!

Coprecipitation of DNA with calcium phosphate which is based on HAp, is one of the
most commonly used non-viral vectors since it was proposed in the early 1970s’
Modification of the original process through the use of calcium phosphate nanoparticles has
gained some attention because of their biocompatibility, their easy preparation, the capacity
to be loaded with biomolecules and once inside the cell, their biodegradation/dissolution
after cellular uptake in the lysosome.”® However, their use has been limited through time due
to the low efficiency of the process.” Interestingly, most of the authors consider DNA
adsorbed in the surface of the HAp particles and they do not consider DNA as a template
during the coprecipitation. A fact, that from the perspective of this thesis requires more
research. In order to increase the efficiency of transfection some strategies were followed as

to include Mg?" in a initial stage of the coprecipitation in order to reduce the particle size.®

Additionally, DNA can be protected against intracellular attacks by DNAse if an
additional shell of calcium phosphate layers is given to cover adsorbed DNA. This strategy

leads to an increase in the transfection efficiency compared to single-shell calcium.’

In summary, the hybrid system we study in this thesis shows extraordinary features and
potential applications in several fields that makes the research exciting. As the potential
aspects to be analyzed are multiple, we are going to describe the objectives of this thesis and

their justification in Chapter 2.
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2.1 Introduction

This thesis is intended to develop a new conceptual framework around an idea that was
envisioned to become a new line of research. We acknowledge that the main concept has
several ramifications, and some of them in different disciplines that we cannot totally include
in this work. However, we expect to outline the basic theoretical background that will
identify the Gordian nodes of the whole picture, expecting that a full set of details about the
nodes and their connections will be developed elsewhere in separate works. The conceptual
framework we are going to expose in the following chapters is the result of several
contributions from researchers belonging to different fields, who we thank, and with whom
the author has discussed the idea in order to establish the overall consistency of the concepts

across the fields.

The thesis is planned to be more conceptual than rather focused on empirical work.
Nevertheless, we investigated experimentally some of the concepts and hypothesis we
develop here. This is the reason why the objectives of the thesis are structured around the
concepts, hypothesis and models and the complete empirical work is separated in the
corresponding annexes. Due to the interdisciplinary scope of the research, several scientists
from different fields, who we thank, contributed to the empirical research where they are
experts. Thus, through the thesis, we introduce and discuss the most relevant results in the

corresponding sections, using them as pillars to build the theoretical framework.

We have followed a general strategy through the thesis. First, we have compiled the
current state of the art. Second, when possible, we have used a theoretical-experimental
synergistic approach, in order to first simulate the system in silico by means of molecular
mechanics or quantum mechanics, and later confirm empirically the behavior of the
hydroxyolite system using classical wet chemistry. Third, we extracted the main features of
the hydroxyolite system from previous simulations and experiments in order to create
models or confirm hypothesis intended to be applicable to different fields of Chemistry (i.e.

material chemistry, catalysis or prebiotic research), extending the concept when possible to
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other life sciences using as a common denominator the relevant characteristics of the hybrid
system made of nucleic acids and HAp.

The objectives have been structured as follows. First, we define a general objective that
we split into four sub-objectives, each of them interlinked with the main concept of a hybrid
system made of nucleic acids and HAp. Each of them is intended to develop a specific topic

according to the perspective from which we approached the hybrid system:

a) Nucleic acids as a template of a HAp crystal, a biocompatible carrier of genetic
information that can be delivered after re-dissolution.
b) HADp as a protective shield of nucleic acids, and

c¢) HAp as a catalyst (after a polarization process).

We detail such sub-objectives and their justification in the next section.

2.2. Main Objective

DNA/HAp biominerals formed by the combination of DNA with a HAp matrix can be
viewed from two different perspectives. The first refers to the fact that DNA in combination
with HAp nanoparticles is able to transfect (transport + infect) living cells (e.g. liver cells,
fibroblasts, osteoblasts and tumor cells).!- It has been proposed the interaction between the
two entities of the biomineral occurs because of the affinity between the calcium of HAp
and the phosphate backbone of DNA.*? It should be noted that this proposal makes the
nucleotide sequence of DNA unimportant, whereas its length takes on major importance. A
second perspective is the one reported by Kostetsky,'® who observed that the period of
translation along the c-axis of the HAp lattice, 3.4 A, is relatively similar to the period of the
DNA double helix. This feature combined with the fact that HAp is able to catalyze the
abiogenic synthesis of: D-ribose from ammonia, methane and water; nucleotides from
nucleosides condensing agents and ammonium oxalate;'! and polynucleotides with a 3°,5-
phosphodiether bond under conditions similar to those of primaveral Earth, led Kostetsky to
propose a model for the synthesis of DNA through the interaction of its different elements
with the lattice of HAp mineral. According to this model, the DNA double helix might be
embedded into the crystalline network of HAp forming a biomineral similar to that obtained
by encapsulating therapeutic DNA into HAp nanoparticles. Considering the relevance of

both perspectives we realized the need to establish a solid theoretical framework and a robust
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empirical background that could make such a hybrid system more understandable in order

to foresee its implications in life sciences. For that reason, we define the main objective as:

Main objective “To determine the theoretical implications of the hydroxyolite system, made
by a combination of nucleic acids and the mineral HAp, in terms of its origin, role and
consequences related to its formation under certain specific circumstances, particularly

during the history of life on Earth”.

2.3. Sub-objectives
2.3.1. Sub-objective 1

We consider that the nucleic acid is the one which triggers the generation of the
hydroxyolite system. Interactions between HAp and DNA are believed to play an important
role in different fields, including the biomedical one.'?!3 For example, recent spectroscopic
studies reported a contribution of vibrational modes of DNA, phospholipids and proteins in
HAp breast cancer microcalcifications formed in the organism.'? Additionally, HAp
nanoparticles have been described as non-viral inorganic gene carriers.!3'¢ DNA-HAp
complexes were found to be able to cross cell membranes, integrating DNA into the cell
genome. Brundin et al.'” showed a specific binding affinity of HAp for DNA. The direct
encounter between DNA and HAp in biological systems suggests that investigation of the
interaction between these two materials and particularly, of the formation of biominerals
through the nucleation of HAp at a DNA template would be very useful for the development
of novel strategies for gene therapy. Amazingly, the number of studies devoted to examining
the interaction between HAp and DNA is still very scarce. In an early study, Jordan et al.'®
reported on DNA-calcium phosphate co-precipitation for transfection purposes, even though
such co-precipitation was described only in a narrow range of physical-chemical conditions.
More recently, Okazaki et al.!” investigated the effect of DNA on the crystal growth of HAp
by synthesizing the mineral in the presence of the biomolecule. However, those authors
reported that DNA inhibits the HAp crystal growth, indicating that DNA molecules are not
in the HAp structure but adsorbed at the surface.

On the basis of these observations, as stated in the first objective, we investigate the

feasibility of DNA encapsulation into HAp nanoparticles, with DNA as the template of such
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a crystal, using a rational design approach that combines theoretical and experimental
methodologies. Atomistic molecular dynamics simulations of B-DNA immersed in an
inorganic solution show the rapid formation of calcium phosphate clusters at the biomolecule

template. Thus, we define the sub-objective 1 as:

Sub-objective 1. “We aim to demonstrate that nucleic acids play the role of a nucleating
agent in an aqueous solution that contains calcium and phosphate ions and a crystal
(hydroxyolite) that encapsulates both DNA or RNA is formed spontaneously because it is

thermodynamically favored”.

2.3.2. Sub-objective 2

Demineralization of double-stranded DNA (ds-DNA) in HAp is at the forefront of the
emerging clinical and medical applications (gene therapy) because of its importance in the
development of controlled vehicles for gene delivery to replace damaged DNA. In addition,
clinical observations have shown that bone HAp dissolution in acid environments is directly
related with the pathophysiology of cancer-associated bone pain and osteoporosis, even
though their mechanisms remain poorly understood.?*?! Bioactive particles made of HAp-
DNA exhibit good cell absorption, significant transfection efficiency, and high
biocompatibility. They are obtained by covering genetic material with HAp.??-?* Dissolution
of such particles is worthy of study because it is directly related to the transfection efficiency
and, additionally, it can be connected with other biological processes because HAp-DNA
particles might release protected information encoded in DNA under certain conditions.>
The molecular mechanism that drives the particle dissolution and DNA demineralization
remains widely unknown and controversial.?*2® We use a four-step approach based on
atomistic molecular dynamics simulations to clarify the dissolution mechanism of HAp-
DNA particles in acid environments, mimicking the physiological pH variations of the
intracellular fluid encountered inside the cell cytosol and nucleus. Thus, we define sub-

objective 2 as:

Sub-objective 2. “We aim to demonstrate that a hydroxyolite crystal, carrier of genetic
information, dissolves when the environmental conditions change, particularly when it

becomes more acidic, releasing the entrapped nucleic acid into the surrounding media”.
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2.3.3. Sub-objective 3

Third, we deliberate about the implications of HAp shielding the biopolymer from
external assaults. We postulate that hydroxyolite is a hybrid system where HAp acts as an
inorganic shell that protects nucleic acids from environmental attacks. The importance of
calcification processes, such as fossilization, for the understanding of the development of
life on Earth is well documented.?’3! Biomineralization of DNA was studied at atomic
level’>33 revealing that DNA acts as a template for HAp crystallization, as we demonstrate
in the first set of sub-objectives. As a consequence, HAp adsorbs or encapsulates DNA and
might protect the biomolecule from external attacks.*® We note that we focus on the scenario
related to periods of mass extinction, one of the most aggressive events that life has faced.
We consider it is worth reviewing them within the third sub-objective from the perspective
of DNA-HAp interactions and the synergistic effect against aggressive environmental
conditions. This is the aim of this objective, to determine the physical, chemical, and
biological implications of the mineralization of DNA for the persistence of life after

aggressive events. Thus, the sub-objective has been defined 3 as:

Sub-objective 3. “To develop a conceptual model about the implications of DNA being
protected by HAp when facing environmental attacks and its consequences for other
disciplines such as paleontology (i.e. in mass extinction events on early Earth), biology,

biotechnology and medicine”.

2.3.3. Sub-objective 4

We consider HAp as a catalytic substrate where simple organic molecules, particularly
the ones related to the building blocks of life, could be synthesized. Starting from that
premise we analyze the specific catalytic features of HAp. An important difference between
ACP and synthetic HAp is the alignment of the OH" ions along the c-axis in the latter. The
crystal structure of stoichiometric HAp, which contains no OH" defects, is monoclinic at
room temperature. However, the monoclinic HAp changes to hexagonal phase at about 207
°C, which means a change from an ordered to a disordered distribution of OH" ions along the
c-axis. The hexagonal phase becomes the most stable form of HAp in the pH range of 412
because of the disorder caused by the presence of vacancies and presence of Oz ions in the

columns of OH" groups. Although the properties of HAp were altered by thermally induced
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changes in the positions of OH" ions, the observed effects were not stable at room

temperature (i. e. the OH™ reorientation has a short relaxation time).

In the last decades, Yamashita and co-workers3’-#!

caused polarization effects in HAp
samples by applying a constant DC electric field of 1.0-10.0 kV/cm at elevated temperature
(300 — 850 °C) to samples previously sintered at 1250 °C for 2 h. Results indicated that the
polarization effects were consequence of the electrical dipoles associated with the formation
of defects inside crystal grains and of the space charge polarization originated in the grain
boundaries. The slow relaxation of such dipoles suggested that polarization was only
partially maintained (semi-permanently), even though this effect was not quantified. In
addition, the above mentioned thermally stimulated polarization process (TSP) was found to
affect some surface properties as for example the wettability and adhesion of osteoblastic
cells, which were higher onto semi-permanently polarized samples than onto non-polarized

ones. 243

In this thesis, we develop an alternative TSP strategy, based on the conditions reported to
be found in a volcano eruption and its plume (~1000 °C and 3 kV-cm™). Such TSP treatment
resulted in an electrophotocatalyst where the electrical properties of polarized HAp become
permanent. For that reason it is currently on its way to patenting (PCT/EP2017/069437 in
Annex VII).* More specifically, the new catalyst allows the fixing of nitrogen from N2 and
carbon from CO2 and CHa4 to obtain both glycine and Alanine (D/L racemic mixture), the
two simplest amino acids, using mild reaction conditions. Results reflect the significant
impact of the alternative conditions used for the TSP treatment on the adsorption of several
organic molecules in its surface that can be tailored by controlling the conditions used for

HAp treatment, suggesting new applications for permanently polarized HAp.

As a result, we revisit HAp as a mineral which might catalyze the synthesis of simple
organic molecules after polarization and consequently might build hybrid systems composed
of the polarized catalytic substrate and the recently synthesized molecules adsorbed in its
surface. All in all, taking into consideration all our previous empirical findings, we aim to
develop a prebiotic model where HAp plays the role of a catalytic substrate where simple
organic molecules, such as the building blocks of life, can be generated and assembled to

develop biopolymers such as nucleic acids. Then, we define sub-objective 4 as:
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Sub-objective 4. “To develop a prebiotic model that considers HAp as a catalyst that might
facilitate the rise of the building blocks of life that are assembled to synthesize biopolymers

in its surface”.

All sub-objectives are somehow interlinked and through their development we cannot
avoid referring from one to the other in order to build the whole picture of the conceptual

framework we are going to describe in the next chapters.
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Nucleic acids in a hydroxyapatite crystal

3.1. Introduction

Okazaki et al.! (2001) indicated that DNA inhibits the crystal growth of HAp, which
makes the formation of biominerals through the encapsulation of the biomolecule difficult.
In a more recent study, parallel to our own research, Gerdon and co-workers (2012)?
demonstrated empirically the ability of DNA to template the mineralization of calcium
phosphate. These authors developed a quartz crystal microbalance sensor for the
quantification of HAp formation and the assessment of DNA as a template molecule. The
results, which were also supported by optical density and dynamic light scattering measures,
FTIR spectroscopy and scanning electron microscopy, suggested that DNA sequesters
calcium and phosphate ions, thereby supersaturating the microenvironment and acting as a
scaffold on which mineral forms.>? Moreover, small differences in DNA length,
hybridization, and secondary structure were found to provoke differences in affinity for HAp
and appear to influence mineralization. However, the molecular mechanism that enable

nucleic acids to template of a HAp crystal was not described.

In the first part of the chapter, according to sub-objective 1, we dive into such research,
seeking the basic concepts that justify that a hydroxyolite system can be generated in nature
under certain circumstances. Furthermore, we assess if DNA or RNA acting as a template
would make it feasible to encapsulate themselves in HAp, minimizing the total energy of the

system.

In the second part of the chapter, according to sub-objective 2, we discuss the
mechanism that drives the dissolution of such hybrid particles when they are endocyted and
released in the cytosol or the cell nucleus, which is usually slightly acidic. Despite the
clinical importance of the dissolving mechanism of HAp for some diseases as vascular
calcifications, osteoporosis or bone cancer, the underlying mechanism that controls its
dissolution in acidic environments remains unclear. However, deep knowledge about such a
process is highly desirable in order to provide better understanding of different pathologies
and of the HAp as a vehicle for gene delivery to replace damaged DNA. The mechanism of

dissolution in acidic conditions of HAp nanoparticles encapsulating ds-DNA has been
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investigated at the atomistic level using computer simulations. For this purpose, four
consecutive (multi-step) molecular dynamics simulations, involving different temperatures

and proton transfer processes, have been carried out.

3.2. Purpose

In this chapter we focus on the two sub-objectives defined in Chapter 1 as sub-objective
1 and sub-objective 2. We recall them in this section to put into context the concepts we are
going to outline in the following sections in order to demonstrate each one. We note that we
have extracted the main findings to support the achievement of the objectives from the full
research documents enclosed in Annex I, II, III and IV that were published in international

scientific peer-reviewed journals.

Sub-objective 1. “We aim to demonstrate that nucleic acids play the role of a nucleating
agent in an aqueous solution that contains calcium and phosphate ions and a crystal
(hydroxyolite) that encapsulates both DNA or RNA is formed spontaneously because it is

thermodynamically favored”.

Sub-objective 2. “We aim to demonstrate that a hydroxyolite crystal, carrier of genetic
information, dissolves when the environmental conditions change, particularly when they

becomes more acidic, releasing the entrapped nucleic acid into the surrounding media”.

The chapter is organized as follows. Section 3.3. summarizes the main results in terms of
DNA as a template of a HAp crystal (Section 3.3.1.) and the dissolution mechanism of a
hydroxyolite (Section 3.3.2.). Firstly, we introduce the concept of a shared crystallization
plane by HAp and nucleic acids (Section 3.3.1.1.). Secondly, we confirm the role of DNA
as a template in an aqueous solution containing Ca®" and PO+’ ions (Section 3.3.1.2.).
Thirdly, we confirm the synthesis in vitro of hydroxyolites using DNA as a template (Section
3.3.1.3). Finally, the mechanism of hydroxyolite dissolution is unveiled (Section 3.3.2.1).
Discussion of all results is integrated with the exposition of the results. The chapter ends

with conclusions (Section 3.4).
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3.3. Results and discussion
3.3.1. DNA as a template of a hydroxyapatite crystal
3.3.1.1 The common shared crystallization plane

First, a Molecular Dynamics (MD) study of the nucleation and crystal growth of HAp at
the ds-DNA, which was arranged in a B double helix (B-DNA), was performed, as described
in detail in Annex I. Detailed atomistic information was extracted from models describing
the initial stages of nucleation and cluster formation of calcium phosphate at a B-DNA

molecule.

It is worth noting an important result which appeared after a detailed comparison of B-
DNA and HAp structures that allowed us to identify two planes, the first defined by four
phosphate groups of HAp and the second by two pairs of phosphates belonging to the
polyphosphate backbone of ds-DNA. The phosphate groups are located at similar distances
in the two planes, making the match between them feasible and facilitating the initial
nucleating site of the crystallization process (Figure 3.1.). Specifically, for HAp such a plane
is defined by u = 6.87 A (i.e. the crystallographic parameter (c) and v = 11.66 A, with an
angle y = 120°; while some minor variability is observed for B-DNA depending on the
sequence, however we tested different models for DNA and RNA and we extracted similar
conclusions, the sequence is not significantly influencing the identified plane. Thus, the
average values of the rectangle sides in B-DNA are u’ = 6.72 A and v’ = 13.75 A, the largest
variability being shown by changes in the angle, considering values ranging from 108° to
141°.

A HAp model was generated starting from the phosphate groups located at the
crystallization plane, using the plane identified as a nucleating site in the
5’-CGCGAATTCGCG-3’, arepresentative DNA sequence, and allowing the crystal to grow.
Accordingly, the four phosphate groups of the plane identified in B-DNA, as displayed in
Figure 3.1a, were embedded into the HAp crystal. The growing process of the crystal is
schematized in Figure 3.2a for HAp, whilst Figure 3.2b displays the resulting structure
viewed from a frontal perspective of the B-DNA in the mineral. Thus, we corroborated that
the geometric positions of the phosphate groups of ds B-DNA are suitable to grow a HAp
crystal. This result allowed us to conclude, from a geometric point of view, that such

biomolecules have the suitable nucleating sites to act as a nucleating agent of the mineral.
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However, an energy analysis was also required to provide a complete assessment of this

behavior of B-DNA as a mineral nucleator.

(a) _‘.-.,};j; ;

7= 108° - 141°

13.75 A

Figure 3.1. Isomorphic planes identified in (a) the double helix of B-DNA and (b) HAp. Reproduced
with permission AIP Publishing ref [8].

The variation of the total energy, which is clearly dominated by the electrostatic
contribution of the mineral as the size of the crystal grows (i.e. increasing thickness) is
summarized in Annex I, Figure 1.7. (henceforth Figure Ann.1.7.). The size or thickness of
the crystal is represented by a cutoff distance defined with respect to the center of masses of
the phosphate groups belonging to the planes used to nucleate the crystals. The energy
profiles obtained for B-DNA/HAp and HAp, which are practically identical, clearly reflect
the lack of influence of the double helix DNA on the energy of the system from the first

steps of mineralization (i.e. mineral thickness < 10 A).
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Figure 3.2. (a) Growing process of HAp using the double helix of B-DNA as a nucleating
agent and (b) Biomineral obtained by such a growing mechanism where DNA strands are
highlighted in brown balls. Reproduced with permission AIP Publishing ref [8].

Moreover, we compared the pattern of B-DNA embedded in HAp with a different apatite,
fluoroapatite (FAp), noting that despite the fact that patterns are quite similar there is an
energetic mismatch in the pair B-DNA/FAp and FAp (Figure Ann.1.7b), which suggests a
stronger distortion of the ds DNA in FAp compared to HAp.

3.3.1.2. DNA as a template in an aqueous solution containing Ca’** and PO+ ions
In this section, we introduce the effect of an aqueous solution containing Ca?" and PO4*
on the capacity of B-DNA to template the mineral.

Atomistic molecular dynamics simulations of B-DNA immersed in the above mentioned

solution showed the rapid formation of calcium phosphate clusters at the biopolymer
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template. The temporal evolution of those clusters suggests the growing of HAp crystal
around the DNA matrix. Although 50 ns trajectories only represent the initial stages of
nucleation of HAp around the DNA template, the analyses support the view that the

biomolecules promote but do not inhibit the mineral growth (more details in Annex II).

The systems with presence and absence of B-DNA were simulated for 50 and 25 ns,
respectively, to gain insights not only of the clustering process but also of the mineral (or
crystal) nucleation process. Figures 3.3. and 3.4. show the distribution of Ca?*, PO4>~ and
OH™ ions at selected snapshots extracted from the simulations in the presence and absence
of B-DNA, respectively. As can be seen, the DNA favors the formation of embryonic
clusters surrounding the double helix from the first stages of the MD simulation (i.e. after 1
ns). These initial clusters mainly involve Ca*" and PO4’~ ions, the incorporation of OH~
anions being apparently very scarce at such an early part of the trajectory. Snapshots
recorded after 25 and 50 ns of simulation show not only the incorporation of OH™ anions,
but also a change in the distribution of the Ca?>" and PO4+* clustering. This feature suggests
that B-DNA may act as a stable nucleating template for the formation of HAp. More
specifically, the DNA double helix may behave as a nucleating motif that initially helps to
nucleate amorphous-like calcium phosphate clusters, which subsequently tend to re-organize

for transformation into HAp.

The templating role of the biomolecule in the nucleation of HAp is clearly demonstrated
when the distribution of inorganic ions is examined for the trajectory without B-DNA. Figure
3.4. shows extensive inorganic clusters after 1 ns, which is consistent with the formation of
multiple nucleation centers for amorphous phosphate precipitation. This observation is
consistent with nucleation from a supersaturated solution. In subsequent stages of the
trajectory, these clusters grow similarly and ions tend to re-organize, suggesting that the
system evolves towards poly-organized HAp. This multi-nucleation behavior is fully
consistent with previous studies devoted to investigating HAp crystal growth® and differs
from that displayed in Figure 3.3. which shows the preferential nucleation around the
DNA template. The radial distribution functions of P---P pairs, gp-p(r), were calculated for
the crystal structure of natural HAp,* the backbone of the DNA double helix and the PO4*~
anions in the inorganic solution with and without DNA. As displayed in Figure 3.5., the gp-

p(r) for the B-DNA shows a broad and high peak centered at 6.45 A, which is consistent with
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the dynamics and structural regularity of the biomolecule. This peak contains the two peaks

found for the HAp crystal atr = 6.2 and 6.6 A.

1ns 25ns 50 ns
oo | I e [
- ,. e i
OH- g
. . -,
"it_*-' E‘.‘:
Po: :-
Total >
L %

Figure 3.3. Distribution of Ca**, PO,’~ and OH™ ions around DNA double helix at selected snapshots
of the MD trajectory. The distributions of ions are displayed separately and all together. Solvent
molecules have been omitted for clarity. Reproduced from ref. [13] with permission from The Royal
Society of Chemistry.

Ca2*

OH-

PO;

Figure 3.4. Distribution of Ca?*, PO,’>~ and OH ions at selected snapshots of the MD trajectory in
the absence of DNA. The distributions of ions are displayed separately and all together. Solvent
molecules have been omitted for clarity. Reproduced from ref. [13] with permission from The Royal
Society of Chemistry.
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Hydroxyapatite (crystal structure)
—DNA double helix
—Inorganic ions in absence of DNA
—Inorganic ions in presence of DNA

9p.p

r(A)
Figure 3.5. Radial distribution functions of P---P atom pairs for: the crystal structure of natural HAp
(grey line); the DNA double helix (blue line); the PO4>~ anions in the solution without DNA (black
line); and the PO,4*” anions in the solution with DNA (red line). The profiles for DNA and PO4 anions
were calculated using MD simulations performed in this work while the profile for natural HAp was
obtained using the crystallographic coordinates reported in ref. * Reproduced from ref. [13] with
permission from The Royal Society of Chemistry.

However, as expected, none of the four characteristic peaks of HAp atr <5.4 A appears
in the profile obtained for the biopolymer. This is overcome in the gp-p(r) calculated for the
PO4>~ containing solutions. Thus, all the peaks found at r < 6.7 A for the HAp crystal are
identified in the profile derived for the inorganic solution with B-DNA.

Furthermore, the six peaks found for the HAp crystal in the 8-10 A interval fit within a
broad peak that contains multiple shoulders. This is consistent with an ordered enlargement
of the clusters. Although quantitative comparison of the two profiles still reveals some
discrepancies (i.e. in the gp-p(r) derived from MD the peak at r = 4.9 A is a shoulder, the
peak atr = 5.4 A is shifted by ~0.2 A, and the intensity of the peak atr = 6.7 A is low after
50 ns trajectory), the qualitative concordance clearly indicates that B-DNA favors the

mineral formation or even crystallization of HAp around it.

The agreement between the profiles derived from the HAp crystal structure and the
snapshots recorded from the MD trajectory in the absence of DNA is also very remarkable
(Figure Ann.I1.4.), even though the definition of the peaks in the latter is not very high. This
should be attributed not only to the length of the trajectory (i.e. 25 ns only) but also to the
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organization mechanism discussed above, which is based on the simultaneous formation and

growing of multiple clusters (nucleation centers).

The radial distribution functions of Ca---Ca and Ca---P pairs (gca-ca(r) and gca-r(r),
respectively) obtained for the crystal structure of natural HAp and the simulated systems,
corroborate the role of DNA as a template. Thus, the similitude of the profiles derived from
the trajectories in the presence and absence of DNA as well as the rapid definition of such
profiles (i.e. the profile remain practically invariant after 10 ns) indicate that DNA does not
inhibit the nucleation of HAp around it, as recently suggested.! Indeed, the correspondence
between the peaks derived from simulations and the peaks calculated using the
crystallographic coordinates of HAp confirms that, after a few ns, the inorganic clusters tend

to organize into pseudo-ordered structures.

Figure 3.6a depicts a representative calcium phosphate cluster obtained at the first stages
of the simulation (<1 ns) without B-DNA. The formation of such simple clusters seems to
be a requisite for the growth of HAp from inorganic solutions. Figure 3.6b and 3.6¢c show
clusters involving Ca®*, PO4* and OH™ ions from simulations without and with DNA,

respectively, which suggest the nucleation of HAp.

(a) ® (b)

Figure 3.6. (2). Representative calcium phosphate cluster obtained at the first stages of the simulation
without DNA. Representative clusters including OH™ ions extracted from the simulation (b) without
and (c) with DNA. Reproduced from ref. [13] with permission from The Royal Society of Chemistry.
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3.3.1.3. Synthesis of hydroxyolites in vitro

In this section, experimental studies for the biomineralization of DNA into HAp have
been conducted by mixing aqueous solutions containing Ca?*, PO4*~ and OH™ ions with
DNA. Corroboration of the formation of hydroxyolites and characterization of the
biomineral were carried out after the removal of superficially adsorbed DNA by enzymatic

digestion.

Figure 3.7. shows the morphologies of HAp samples prepared using Ca(NOs),
(NH4)2HPO4 and fish sperm DNA in aqueous solution and under two well differentiated
conditions based on previously established methodologies.>” In order to obtain nanocapsules
the solutions containing Ca?* and PO4>~ ions were quickly mixed at high pH, which favored
rounded morphologies. Aggregation was avoided by adding a surfactant (CTAB), highly
diluted solutions being used. DNA molecules should form micelles in solution that adsorbed
Ca”" ions on their surface by electrostatic interaction.” After the addition of the solution

containing PO4*", the reaction took place forming HAp around the initial DNA micelles.

Figure 3.7a clearly shows the presence of hollow nanospheres with a diameter close to 20
nm, which may contain the DNA molecules inside. In contrast, solid nanospheres of similar
size (inset of Figure 3.7a) were obtained when DNA was not added to any of the initial
inorganic solutions. A high concentration of DNA was employed for the preparation of
nanocrystals and, consequently, it was added to the PO4*~ solution instead of the Ca?* one in
order to avoid the formation of complexes that could limit solubility. The crystal anisotropy
and, specifically, a preferred growth along the crystallographic ¢ axis were favoured by
decreasing the pH to 10.31. The phosphate solution was slowly added over the Ca®* solution
to avoid a rapid precipitation, allowing the development of well formed crystals from a
primary nucleus. Figure 3.7b shows the crystalline aggregates that were attained under these
selected conditions. Aggregates had a length close to 2 um and a variable width that was

found to depend on the number of constitutive nanorods, each with a width close to 20 nm.

UV-vis spectra, which are displayed in Figure 3.8., clearly demonstrate the presence of
DNA molecules in both nanocapsules and nanorod preparations since a characteristic

absorption peak at 260 nm was detected in both cases.
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Figure 3.7. TEM micrographs showing HAp-DNA nanocapsules (a) and nanocrystals (b). Red
arrows point out capsules with a clearly distinctive contrast that suggest the incorporation of DNA
in their inner part. For comparison purposes the inset shows nanocapsules prepared under the same
experimental conditions but in absence of fish sperm DNA. Blue arrows emphasize the nanorods that
constitute the crystal aggregates. Reproduced from ref. [13] with permission from The Royal Society
of Chemistry.

This absorbance increases after dissolution of the sample with the acid medium, as
expected for DNA molecules encapsulated inside the HAp nanoparticles. It should be
emphasized that such an increment is very remarkable in the nanorod preparation,
corroborating the shielding effect hypothesis discussed above. Figure 3.8. also shows the
spectra of digested samples. As expected, the absorbance at 260 nm decreases considerably
after enzymatic treatment, reaching a value practically zero for the nanorod sample.
However, the significant absorbance detected after dissolution of the sample in acid medium

unambiguously demonstrates the incorporation of DNA inside nanoparticles.
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Figure 3.8. UV-vis absorption spectra of the aqueous solution/dispersion of HAp-DNA
nanocapsules (a) and nanocrystals (b) (with blue traces). Spectra from samples digested with
deoxyribonuclease to eliminate adsorbed DNA are indicated with red traces, whereas those
corresponding to samples dissolved with the acid medium are indicated with dashed traces.
Reproduced from ref. [13] with permission from The Royal Society of Chemistry.

The quantification of DNA in nanoparticles was performed for the nanorod preparation
due to a greater amount of sample being available. For this purpose, the absorbance
measurement (A260) was multiplied by the well-known conversion factor of 50 ug-mL™!
(for double-strand DNA) to obtain the total amount of DNA. Results indicate that
approximately 11 ug and 33 pg of DNA are adsorbed on the surface or encapsulated inside
the 1 mg of HAp nanorods, respectively. Accordingly, an encapsulating efficiency close to

25% is derived, considering that the DNA/HAp ratio from synthesis was 127 pg-mg™".

Similar conclusions are derived from the electrophoretic pattern of HAp/DNA nanorods
Figure 3.9.. Both the DNA superficially adsorbed and that incorporated inside the particles
give rise to the high intense spot observed on lane 4. This corresponds to the particles
digested with EDTA, which is capable of chelating calcium ions. The intensity of the latter
spot is clearly higher than that observed for the spot of lane 3, which refers to the initially
loaded particles (i.e. it is basically attributed to both DNA adsorbed on the surface and DNA
internally loaded but able to migrate).
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Figure 3.9. Electrophoretic pattern of HAp-DNA nanocrystals. Lane 1: molecular weight marker.
Lane 2: Fish sperm DNA. Lane 3: HAp-DNA nanocrystals. Lane 4: HAp-DNA nanocrystals
dissolved with EDTA. Lane 5: HAp-DNA nanocrystals digested with deoxyribonuclease. Lane 6:
HAp-DNA nanocrystals digested with deoxyribonuclease and then dissolved with EDTA. Note that
the intensity of the DNA signal in lane 4 (blue circle) is similar to the addition of the intensity of
DNA signals in lanes 3 and 6 (red circles). Reproduced from ref. [13] with permission from The
Royal Society of Chemistry.

The fluorescence observed in the wells of lanes 3 and 4, and even the continuous smear,
reflect the restricted mobility of DNA in the gel, which is caused by a progressive release
from the bigger particles. Lanes 5 and 6 correspond to particles in which the adsorbed DNA
was previously digested with deoxyribonuclease to eliminate this superficial DNA. A high
intense spot is observed after dissolution with EDTA (lane 6) while a low signal is detected
before dissolution (lane 5), as expected for encapsulated DNA. Finally, Figure 3.9. points
out that the intensity of the DNA spot of lane 4 results from the addition of the signals of
DNA adsorbed in the surface (lane 3) and DNA incorporated inside the particle (lane 6).

3.3.2. Dissolution of a hydroxyolite crystal

A HAp nanoparticle of composition similar to that found in previous experimental
studies® was constructed using Ca?*, Mg?*, OH-, PO4*, and CO3> ions (Figure 3.10.). For

this purpose, we used one of the small aggregates obtained in a previous work® as a starting
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point, which was spontaneously formed in neutral water from a bulk solution of the same
ions (details in Annex IV). The resulting mineral mold, which contained 656 Ca?*, 42 Mg?*,
112 OH-, 412 PO4*, and 14 CO3?* ions, was surrounded by 50,552 water molecules, 1,000
H30%, and 1,000 CI-. The total number of explicit atoms, including ds-DNA, was 160,328.

Two independent molecular models were constructed using this strategy because the
study was performed using two sets of independent MD simulations. Although results
discussed in this work correspond to one of such sets only, similar observations were

obtained from the second set, giving consistency to their interpretation and discussion.

The dissolution of the hydroxyolite was followed through changes in the Ca* distribution
using two parameters: 1) the partial radial distribution function of Ca?" -Ca?" pairs, gcaca,
which is not expected to detect the first stages of the dissolution process; and 2) a p(L)-L
profile, where p(L) = 656/M(L), 656 is the total number of Ca*" ions in the model, L is the
edge of the identical cubes in which the simulation box was divided, and M(L) is the number
of cubes of edge L containing at least one Ca?". Accordingly, p(L) defines the average
number of Ca?" per occupied cube of edge L, the shape of the p(L)-L profile being very
sensitive to the migration of ions from the initial nanoparticle to the bulk solution. The

distribution of the Ca?" in equilibrated hydroxyolite is described in Figure 3.11..

Figure 3.10. Hydroxyolite nanoparticle: (a) after equilibration; and (b) after multi-step MD
simulation (last snapshot). The distribution of the ions at the surface is illustrated in the
magnifications. Brown, red, light grey, and blue balls represent P, O, H, and Ca, respectively.
Reproduced from ref. [14] with permission from John Wiley and Sons.
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Figure 3.11. a) Radial distribution functions of Ca*"--- Ca*" pairs and b) p(L)-L curves calculated
for hydroxyolite after equilibration, three consecutive runs at temperatures increasing from 298 to
350 K (MD1-MD3), and the latter trajectories plus a run of 1.75 ms at 350 K with proton transfer
(MD1-MD4). The inset in (a) evidences the migration of the Ca*" from the hydroxyolite surface to
the solution during MD4. Reproduced from ref. [14] with permission from John Wiley and Sons.

The equilibrated hydroxyolite was the starting point of the first MD run (MD1), which
corresponded to 300 ns of NPT MD at 298 K and 1 bar pressure. After this, both the gcaca
and p(L)-L profiles remained practically unchanged, evidencing that the dissolution process
had not start yet. Then, the temperature was slowly increased to 320 K, a production run of
200 ns being subsequently conducted (MD2). The gcaca profile calculated for the last
snapshot was again identical to that of the equilibrated hydroxyolite, whereas the p(L)-L
profile exhibited some differences. However, a careful analysis of the results showed that
such variations were not due to the migration of ions but to a change in the volume of the
biomineral. Similar features were obtained when the temperature was slowly increased from
320 to 350 K and a production run of 20 ns (MD3) was conducted (Figure 3.11.).
Accordingly, the nanoparticle underwent small rearrangements produced by a thermal

expansion, which resulted in a variation in the corresponding p(L)-L curve. More
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specifically, the volume of the nanoparticle increased from 86,368 A3 at 298 K to 88,436 A3
(2.4 %) and 88,509 A3 (2.5 %) at 320 and 350 K, respectively.

The solubility of HAp in acid environments is known to increase with temperature.!
However, simulations indicate that the description of the interactions at the nanoparticle/bulk
interface is not enough to promote the hydroxyolite dissolution, independently of the
temperature. The influence of the acidic conditions was introduced in the mechanism by

considering reactions (1) [Eq. (1)] and (2) [Eq. (2)] in the next MD step:

PO4* + H3O" — HPO4* + H20 (1)

HPO4* + H;0" — H2PO4+ H20 @)

Changes in the gcaca and p(L)-L profiles after 0.75 ms demonstrated that the nanoparticle
was dissolving (i.e. 25 Ca”>" migrated from the hydroxyolite surface to the solution). This
dissolution process continued for the next 1 ms (Figure 3.11.). At the end of MD4, the
intensity of the sharp peak at = 4.1 A in the gcaca profile decreased significantly (28 %) with
respect to the equilibrated mineral, which was consistent with the drastic reduction of p(L)
at relatively small L values. The number of Ca®* that migrated from the nanoparticle to the
solution accounted for 144 (i.e., 22 %) after 1.75 ms (Figure 3.10.). In addition, the proton
transfer mechanism facilitated the dissolution of 7 Mg?* (17 %), 4 OH" (4 %), 63 PO4*
(16 %), 2 HPO4*, and 1 CO3% (7 %). This demineralization is dominated by the detachment
of Ca?" from the hydroxyolite nanoparticle (i.e., decalcification), the participation of Mg?*

ions in such process being very small at this stage.

Multi-step simulations suggested a decalcification for hydroxyolite dissolution, triggered
by proton transfer and acid—base-based reactivity of the phosphate species. These results are
in complete agreement with experimental observations on the dissolution of HAp with
different acids.”!® On the other hand, results reflect a polynuclear detachment of Ca**
(Figure 3.12.). Although some authors suggested that this mechanism is more probable for
HAp dissolution in mild acid environments (pH within 5.0-7.2 and Ca/P molar ratios of 1.0—
2.0),!" other authors reported a mononuclear mechanism driven by the formation and

growth of pits.!?
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Figure 3.12. Dissolution of the hydroxyolite particle following a polynuclear mechanism. The initial
nanoparticle (i.e., starting point for MD1) is displayed. All atoms are depicted with small light grey
balls with the exception of Ca’" detached from the surface along MD4 (i.e., the simulation
considering proton transfer), which are represented by large dark grey balls. As it can be seen, Ca*"
ions detach from multiple centers widely distributed through the surface in the initial configuration.
Accordingly, the decalcification process follows a poly-nuclear mechanism rather than a
mononuclear one (i.e., detachment of Ca®* ions from a few close centers). Reproduced from ref. [14]
with permission from John Wiley and Sons.

Results obtained in this work provide direct evidence that Ca?* is detached from multiple
centers widely distributed on the surface. In addition, results show that Ca** mobility
increases following the transformation of phosphates into H2PO4', thus reflecting changes in
the coordination caused by the steric and electrostatic components. The latter promotes

dissolution of the biomineral.

The structural stability of the ds-DNA can be assessed in Figure 3.13., which displays the
temporal evolution of the root-mean-square deviation (RMSD) with respect to the ideal B-
DNA double helix. The RMSD was calculated by considering all atoms different from
hydrogen. The ds-DNA remains mostly unaltered through the whole range of examined
temperatures. The average RMSD values calculated for MD1 (298 K), MD2 (320 K), and
MD3 (350 K) are 0.42 +0.06, 1.02+0.03, and 1.51 =0.01 A, respectively. The RMSD
increases slowly along MD4 as a consequence of the penetration of the protons. In spite of

this, the average RMSD for the last 500 ns of MD4 (2.03 + 0.04 A) is still very low. This
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stability has been attributed to the reduction of the electrostatic strain at the biomolecule

associated to the hydrogenated phosphates at the internal regions.
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Figure 3.13. Evolution of the RMSD along the multi-step MD for the ds-DNA relative to the
canonical B-DNA. The double helix is represented by using a ribbon model for the equilibrated
system (starting point of MD1) and for the last snapshot of MD4. Reproduced from ref. [14] with
permission from John Wiley and Sons.

3.4. Conclusions

The mechanism proposed for the growth of apatite crystals using the double helix of B-
DNA as nucleating agent represents an alternative to classical encapsulation processes (i.e.
loading of biomolecules at the nanopores and/or on the surface). Thus, the controlled
formation of biominerals (i.e. porous nanoparticles of mineral growing from biomolecules)
combined with conventional encapsulation approaches may be used to design therapies with
higher efficacy and durability. MD simulations have been used to investigate the initial
stages of nucleation and cluster formation of calcium phosphate at a B-DNA double helix in
aqueous solution. At room temperature, calcium ions interact with DNA phosphates to form
ion complexes, but attracted by electrostatic forces, they coordinate to POs* and other

calcium ions starting the formation of clusters.

The overall observation of the results reported in this chapter indicates that the DNA
double helix promotes the nucleation of HAp, acting as a template. The embryonic calcium

phosphate clusters formed at the first stages of the simulation grow and transform into
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complex clusters, in which Ca?*, PO4*~ and OH™ ions occupy positions that resemble those
of crystalline HAp. This re-organization, which is largely influenced by the incorporation of
OH™ into the clusters, supports the benefit of the interaction between the DNA and the
inorganic ions for the formation of HAp. Experimental studies demonstrated the
biomineralization of DNA into HAp obtained by mixing aqueous solution containing Ca®*,
POs* and OH™ ions with DNA. The existence of encapsulated DNA inside of the HAp
crystal was confirmed after removal of superficially adsorbed DNA by enzymatic digestion

and further redissolution of the mineral that led to the release of the entrapped DNA.

Concerning the dissolution mechanism, atomic-level studies shed light on the acidic
dissolution of HAp and hydroxyolites. Those processes happen following a decalcification
mechanism where calcium ions detachment is triggered by the initial hydration of
phosphates and it is enhanced by their further hydrogenation resulting from hydronium
reactivity. The decalcification occurs through a polynuclear process: the escape of the
calcium ions occurs through multiple independent centers widely distributed on the surface.
Thus, the detachment of the calcium ions is caused by the important electrostatic alterations
induced by the HPO4* and H2POs species rather than by the detachment of neighboring
calcium ions. This result has enormous implications for the development of therapies in
which fixation of Ca®' is crucial, as for example those related with the fight against
osteoporosis. Also, results prove that HAp acts as a shield for ds-DNA biopolymer,
protecting their functionality from temperature-stressing conditions and chemicals.
Accordingly, the mechanism unveiled in the chapter contribute to the understanding about
how hydroxyolite particles are able to deliver nucleic acids in the cytosol or in the cell

nucleus to carry out the transfection processes.

The approach discussed in this chapter, using DNA as a nucleator of the non-viral vectors
of transfection, represents an alternative to conventional gene therapy strategies, in which
plasmids are transported at the surface of the mineral and, therefore, are exposed to
undergoing the attack of enzymes. With the strategy discussed here, DNA remains protected
against external degradation until the hydroxyolite crosses the cell membrane and starts the
dissolution process. From that moment, the dissolution profile would be dependent on the
surrounding pH and calcium concentration. Lysosomes, acidic vacuoles that contain
hydrolytic enzymes able to degrade most biomolecules will start degrading the hydroxyolites

after endocytosis. The result of such a degradation process will be the release of DNA or
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RNA inside the cell, meaning that foreign genetic information may interact with the cellular
ribosomes in order to synthesize the proteins encoded in its sequence (in case the release
happens in the cytosol) or be recombined with the own genome of the cell if the release
happens inside the cell nucleus, completing the transfection process. Such processes are
highly interesting from the perspective of some diseases and we have contributed through

this chapter to increasing the knowledge about such a process mediated by hydroxyolites.
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Chapter 4

Surviving mass extinctions through biomineralized DNA!

4.1. Preamble

As a consequence of the research that withstands the previous chapter, we validated that
HAp protects ds-DNA against both temperature and chemicals effects, being noteworthy
that despite its fragility the double helix is preserved through the encapsulation process
keeping it functional. Furthermore, during its dissolution, HAp totally or partially protects
DNA from physical and biochemical stressing factors, like enzymatic degradation until
DNA is completely released (i.e. by regulating the pH in the cytosol or cell nucleus due to
the release of HPO4* and H2PO4™ ions from protonated HAp surface). Thus, we concluded
that both biomineralization process based on DNA encapsulation by the surrounding ions,
as calcium and phosphate usually ubiquitous in cells and extracellular matrix, and dissolution
process should protect the genetic information contained in the hydroxyolite capsule.
However, when DNA is only adsorbed at the surface of the mineral, it should be easily
attacked by endonucleases triggering its degradation and disappearance of genetic
information, that from a certain perspective is a waste that nature only would allow if a
higher benefit would be achieved (i.e. to degrade some mutations that should not be

preserved).!

The hydroxyolite, which has to be understood as a DNA molecule in its HAp mold, might
have important implications in several fields (i.e. for the development of novel strategies for
gene therapy or for its potential relation with some diseases). Moreover, we postulate that
the HAp microcalcifications in certain diseases such as breast cancer might be related to the
formation of hydroxyolites and we are convinced that such investigation merits specific
attention. As we are performing such research in a clinical context, we decided not to include
that part in this thesis and will be disclosed elsewhere. However, we decided to extend the
hydroxyolite concept to other disciplines as paleontology, looking for some clues that could

explain why after mass extinctions events life was reborn with even more diversity and

! Concepts article. Turon P*, Puiggali J., Bertran O, Aleman C.*, Surviving Mass Extinctions through
Biomineralized DNA, Chemistry - A European Journal (2015), 21, 18892 — 18898.
DOI:10.1002/chem.201503030. Reproduced with permision from John Wiley and Sons.
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strength. In this chapter, we do not pretend to close the full gap about how life survived
through mass extinction events but we intend to give a new insight on that debate using as a
basic premise of our hypothesis that DNA templates HAp capsules and can be release again

to the life mainstream when environmental conditions become more favorable.

From the mass extinction events perspective, we discuss the formation and resilience of
hydroxyolite particles that may have made the difference for the survival of life in early
Earth.? Results from this work suggests that once formed, hydroxyolite particles can be
viewed as nanocontainers that store and preserve DNA or RNA from changing

environmental conditions.

4.2. Purpose

In this chapter we focus on the third sub-objective defined in Chapter 1. We revisit it in
this section to be used as an initiator of the hypothesis we are going to developed that is fully

based on our research detailed in Annex I, II, III and IV, and summarized in Chapter 3.

We note that we focus in the scenario related to periods of mass extinction, one of the
most aggressive events that life has faced. This is the aim of this objective is to determine
the physical, chemical, and biological implications of the mineralization of DNA for the

persistence of life after aggressive events. Thus, we define the sub-objective 3 as:

Sub-objective 3. “To develop a conceptual model about the implications of DNA being
protected by hydroxyapatite facing environmental attacks and its consequences for other
disciplines as paleontology (i.e. in mass extinction events on early Earth), biology,

biotechnology and medicine”

Then, through the chapter we discuss the potential implications of encapsulating a nucleic

acid inside a HAp shield, a mineral that wraps DNA and RNA as a mold.
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4.3. Introduction

Even in the worst of conditions, such as those which occurred during mass extinction
events, life on Earth never totally stopped. Aggressive chemical and physical attacks able to
sterilize or poison living organisms occurred repeatedly. Surprisingly, DNA was not
degraded, denatured or modified to the point of losing the capability of transferring the
genetic information to the next generations. After the events of mass extinction life was able
to survive and thrive. DNA was passed on despite being an extremely fragile biomolecule.
The potential implications of HAp protection of DNA are discussed in the following sections
including how DNA acts as a template for HAp formation, how cell death can trigger
biomineralization, and how DNA can be successfully released from HAp when the

conditions are favorable for life.

Figure 4.1. Schematic description of the hydroxyapatite encapsulation of DNA (hydroxyolite). The
biomineralization process of DNA has not only been observed experimentally, but has also been
described at the molecular level using atomistic computer simulations.** Reproduced from ref. [80]
with permission from John Wiley and Sons.

From a simplified perspective a cell might be considered to be a soft organic DNA-
protective capsule with all the functions for sustaining active life. In other words, it is a
perfect mechanism for replicating and transmitting the genetic code to the next generation.
The proposed existence of the universal common ancestry® (UCA), the grandfather of all

living organisms, reinforces the robustness of DNA as a successful biochemical
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infrastructure that has supported life through time. Since the time of UCA, and probably
even earlier, the requirement of collecting, keeping, and transmitting information essential
for life has been fulfilled using an extremely simple system based on a double pair of
nitrogen bases bonded to a sugar phosphate backbone. The main hurdle for this finely tuned

and fragile system is that it can easily be stopped by mild physical or chemical aggressions.

Conversely, an inactive inorganic long-lasting shield of calcium phosphate seems to be
the opposite alternative to protect DNA. Are both approaches linked? From our point of view,
the biomineralization process connects both, making them complementary, thus explaining

the resilience of the DNA life based system.
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Figure 4.2. Proposed HAp—DNA (hydroxyolite) connections to multiple scientific disciplines. (a)
Paleontology: number of families decrease during the Big Five mass extinction events when
hydroxyolites are expected to be spontaneously formed. Graphic adapted with permission from
reference.® Copyright 1987, Wiley. (b) Chemistry and physics: gases expulsed by volcanoes caused
cell death acting as toxins or causing death by hypoxia. Radiation or temperature variations also
caused cell death. (c) Biology: cells damaged or killed undergo cell death processes, like necrosis.
The subsequent DNA encapsulation depends on the availability of Ca** and PO4*. Encapsulated
DNA remains functional for a long time. (d) Biotechnology: cell transfection by encapsulated DNA
in HAp is likely to reintroduce DNA in the life cycle of a cell. (¢) Medicine: gene therapy is based
on the introduction of a gene into the cell with the objective of healing it. The use of HAp for
encapsulating DNA is possible, but the rate of success is low and the process is not efficient.
Reproduced from ref. [80] with permission from John Wiley and Sons.
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Here we explore the synergies for life development based on bioinorganic interactions
between DNA and HAp and the role of HAp in biochemical reactions. We consider cell
death as a trigger of the biomineralization process and the processes of reintroduction of the
biomineralized DNA in the life cycle, drawing conclusions on how DNA could survive

through mass extinction events.

4.4. DNA-HAp interactions

Extinction events have occurred several times since life began. They had catastrophic
consequences for living organisms, significantly reducing the number of living species
(Figure 4.2.). The “Big Five”, Ordovician (ca. 443 Myr), Devonian (ca. 359 Myr), Permian
(ca. 251 Myr), Triassic (ca. 200 Myr) and Cretaceous (ca. 65 Myr), were remarkably intense
(> 75 % reduction of species).” Surprisingly, DNA (the only mechanism for transferring the

genetic code to next generations) was able to be passed on without being deactivated.

Current theories on the origins of life propose an initial RNA world® and posterior
development of DNA, suggesting that both RNA and DNA biopolymers were likely to be
synthesized through heterogeneous catalysis on mineral surfaces such as montmorillonite.’*-
' The DNA capacity of interaction with several inorganic substrates (not only silicates) is
remarkable.'>!?> We highlight HAp for its strong capacity of interaction with biomolecules.
DNA acts as a template of HAp in physiological conditions. Additionally, we note that the
nature of DNA—HAp interaction on the crystal surface depends on the exposed face of the
crystal (Figure 4.3.).'4 The binding on the (001) face, the most favorable, maintains the B-
DNA double helix conformation. Conversely, the interaction on the (010) face terminated
with Ca?* , OH  , and POs*—denoted (010; Ca**OH’)— provokes DNA structural
deformations and rejection. Finally, the binding on the side of the (010) face terminated
with Ca?" and PO4* ions (010; Ca®") shows very strong attractive interactions, which are
intense enough to distort the double helix structure and push the molecule towards the
surface. Additionally, considering the morphological aspects of HAp, we observed that
amorphous nanospheres and fusiform rods, synthesized under controlled reaction conditions,
showed enhanced protection against the aggression of external factors like enzymatic

degradation by DNAse compared to sheet crystals.!'*
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a)

b)

c)

Figure 4.3. Interaction of DNA with three different HAp surfaces (in grey the initial state, in colour
the final state): (a) DNA is attracted to the surface of face (001) and DNA double helix is not distorted,
(b) DNA is distorted and repelled when it interacts with the face (010 ; Ca®>* -OH") terminated with
Ca** , OH", and POs*, (c) DNA is strongly attracted to the side (010 ; Ca®") causing double helix
distortion and pushing the molecule towards the surface. Reproduced from ref. [80] with permission
from John Wiley and Sons.
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Travelling back to the very origin of life it is worth noting that the finding of the first
abiotic carbon was reported in 1996 by Mojzsis and co-workers'> when they identified a *C
depleted microscopic graphite inclusion inside apatite dated 3,830 million years old in Akilia
(Greenland). It was interpreted as a possible biomarker indicating the early connection
between apatites and life. Recently, well preserved soft tissue in fragments of demineralized
cortical and/or medullary bone from the Cretaceous to the present day have been reported,
and proteins have been detected in dinosaur bone microstructures.'® The strong relationship
between calcified structures and biopolymers can still be found in current organisms. The
role of HAp as a catalyst of many organic basic reactions is not a minor one,'’"'” and of
special interest are reactions in which the chemistry of surfaces is involved.?’ As an example,
essential biochemical reactions take place around mineralized calcium phosphate scaffolds,
such as bones (i.e. production of mesenchymal stem cells and platelets inside bone
marrow).?! Enhancing its role for homeostasis HAp incorporates fixed quantities of Mg?* in
its lattice;?? this allows for the regulation of available Mg?* that remains free to react in basic
metabolic reactions as cell respiratory systems. Additionally, Mg?" is able to stabilize DNA

modulating its structure and dynamics.?® Misbalances of Mg?" are related to several diseases.

4.5. Triggers for DNA biomineralization

DNA is a biopolymer that is easily affected and degraded by chemicals®® or physical
treatment (radiation),>* becoming mutated or denatured. The fragility of DNA-supported life
systems becomes evident when unprotected cells are exposed to an excess of solar ultraviolet

radiation: they become damaged, mutated, or carcinogenic.?’

The question of how DNA was able to overcome the aggressive conditions of mass
extinction events remains open.’ Reviewing the hypotheses of how mass extinction events
took place, we observe that during the Ordovician period repeated glacial episodes occurred.
The uplift and weathering of the Appalachians affected the atmospheric and ocean chemistry,
including the sequestration of CO2. Additionally, at the end of the period, a gamma ray burst
caused a severe depletion of the ozone layer and the Earth received intense solar ultraviolet
radiation®® that sterilized the earth’s crust. The Devonian period was affected by a global
cooling, weathering, and drawdown of global CO2 with periods of anoxia. The Permian
extinction event was determined by Siberian volcanic activity that led to elevated H2S and

CO2 concentrations, which poisoned both marine and terrestrial ecosystems in conjunction
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with a global temperature increase. As a consequence the oceans became more acidic and
marine waters anoxic. The Triassic registered magmatic activity and elevated atmospheric
COz levels with an increase in global temperatures, which resulted in a calcification crisis in
the world’s oceans.?’ Finally, the Cretaceous period was characterized by a rapid cooling
due to a bolide impact that provoked a global cataclysm. How could DNA survive as a
coherent molecule keeping the ability of transmitting life despite these repeated aggressions?

A plausible answer is that DNA was encapsulated or protected by HAp.

4.6. Cell death

When cells are affected by external aggressions they might undergo cell death, most likely
through necrosis?®3° but other mechanisms, such as apoptosis, necroptosis, or pyroptosis
cannot be discounted.’! Here, we use the explanation of necrosis as representative and the
most likely process under these conditions. The necrotic status causes the cell membrane to
collapse and release the cell content into the surrounding environment (usually the
extracellular matrix). Several chemical mechanisms can trigger necrosis, such as calcium
misbalance, hypoxia, ATP depletion, and excess of reacting oxygen substances (ROS).
Necrosis can happen when cells suffer freezing and defreezing cycles or DNA is damaged
by ultraviolet or gamma radiation. All of them can cause the uncontrolled release of DNA
from the nucleus. When DNA is released in combination with calcium (Ca*") and phosphate
(PO4*) available in the cell, it can act as a calcifying template* and the biomineralization
process will end up in a necrotic calcification.? Usually a calcium homeostasis system
prevents this from happening. Calcium homeostatic systems appeared very early in the
history of life as a survival mechanism preventing Ca?" mediated cell damage. An excess
of cytosolic calcium is incompatible with life, because it initiates the precipitation of
phosphates, starts the aggregation of proteins and nucleic acids, and finally affects the
integrity of lipid membranes.*® Calcium, an extremely versatile ion, participates in several
relevant cell processes like fertilization, embryonic pattern formation, cell differentiation,
and cell death. The concentration of calcium is usually around 100 nm when the cell is at
rest, but increases to 1000 nm when activated. Higher concentrations are cytotoxic. The
availability of calcium in a cell is well regulated and depends on several interconnected
factors.’**> Among them, we highlight both the role of the endoplasmic reticulum (ER), as

the main store of calcium (total Ca®* in ER is about 2 mmol-L-!, but free Ca®* in ER is about
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50-500 mmol-L"),*¢ and the role of mitochondria due to their ability to rebalance the
calcium concentration in the cytosol. The membrane systems of the endoplasmic reticulum
(ER) hold the stores of calcium. The release is controlled by various channels (i.e. the
inositol-1,4,5-trisphosphate receptor and the ryanodine receptor are the most studied), but it
is interesting to note that the principal activator of these channels is Ca" itself and this
autocatalytic process is central to the mechanism of Ca’* signaling.’* On the other hand,
mitochondria are able to capture high concentrations of calcium ions from cytosol by
allowing the precipitation of HAp inside of them.’’3® Such reservoirs of calcium and
phosphate are mobilized when mitochondria are damaged or cells are necrosed.®

Additionally, mitochondria are able to release polyphosphates,**#!

archaic polymers present
in all living species from archae to eukaryotes, to the cytosol, in which they are then
converted by hydrolysis to additional phosphates.*> Polyphosphates might also be attracted
to the HAp surface,® to specific sites recently defined at the atomic level, creating a

polymeric outer layer on the HAp (Figure 4.4.).
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Figure 4.4. Polyphosphate binding to HAp surface. Reproduced from ref. [80] with permission from
John Wiley and Sons.

The combination of both endoplasmic reticulum and mitochondria malfunctions due to
external aggressions, might provide the source of both calcium and phosphate for HAp—

DNA particle formation, particularly taking into consideration that mitochondria have their
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own mtDNA that usually become mutated when cells are getting older.** Dead cells will not
be viable, but DNA remains totally or partially protected from the environmental aggression
when adsorbed or encapsulated. Transferring this fact to the mass extinction perspective we
can expect that when cells were stressed by the aggressive environmental conditions, a
significant part of them were damaged or killed. Thus a large quantity of HAp—-DNA
nanoparticles were likely to be formed preserving DNA from further attacks. In parallel, we
recognize that other mechanisms of adaptation to environmental stressful conditions were

developed during the recovery after each mass extinction event.*’

4.7. Resilience of hydroxyapatite

The resilience of the hydroxyolite particles is also due to several additional intrinsic
features of HAp that reinforce the probability of surviving the environmental attack
unaltered, or with minor secondary effects. HAp is able to adsorb contaminants, like
formaldehyde,*® and can enhance their further catalytic oxidation'® at room temperature. A
high adsorption of cyanide ions by HAp is reported to be a promising air purification
system.*” Formaldehyde and cyanide are interesting because they are considered to be
substances released by volcanic eruptions into the atmosphere, and they are molecules that
are necessary for starting life reactions. HAp can be activated by strong chemical conditions
that modify its surface texture giving high-performance properties.*® Furthermore, HAp
performs well under high radiation doses (< 30 kGy), similar to what is commonly used to
sterilize medical devices, as HAp is able to protect organic polymers, like collagen, without
losing their biocompatibility properties.* Interestingly, the radiation might generate active
oxygen radicals on the HAp surface, such as ‘OH, ‘Oz (UV) or ‘COz2" (y), which could lead
to the enhancement of chemical reactions, including DNA mutations.’*3! Tonized electrons
by radiation remain trapped in the HAp crystalline structure, which is a useful feature as a
bone dosimeter for recording the radiation history of skeleton or fossil dating. 32 Finally,
HAp is able to retain a wide variety of heavy metal ions in its structure that could damage

DNA, such as lead, copper, tin, uranium, aluminum, and nickel.3*-*

HAp is not the only candidate for DNA protection: for example, silicates share some
structural characteristics with apatite which would be compatible with DNA interactions.>>-
Montmorillonite, illite, and kaolinite represent clay minerals that are able to protect DNA

from nucleases during natural bacterial genetic transformation3’>® and they are also useful
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for gene delivery as silica nanoparticles, but their slow degradation rate decreases

efficiency’*%° compared to HAp.

4.8. Reintroducing DNA into the life cycle

The potential impact of a hydroxyolite, a nanometric particle, for life continuation is not
negligible (Figure 4.2.). Since the 1970s calcium phosphate has been well known as a non-
viral carrier used for gene therapy. Particles with transfection capability are in the range of

61.62 where

20-200 nm.*> Hydroxyolites are capable of introducing plasmids into the nucleus,
the plasmid recombines with cell DNA. For some decades HAp transfection was almost
abandoned due to its low transfection efficiency, but recently it has become more attractive,
as HAp is highly biocompatible and has less side effects compared to other transfecting

agents, like viral vectors.%3-64

The hydroxyolite capsules, once formed, can stay “on hold” and remain passive for years
until the aggressive environment relaxes or totally disappears. After clearance, the
encapsulated DNA could have the option of being reintroduced again into the life cycle by
two main mechanisms: 1) redissolution of the particle or 2) uptake by a living cell. Looking
at the first mechanism, several solubility factors affect HAp:® method of preparation,
crystallinity, density and extent of ionic substitutions into the apatite lattice. Particularly
interesting is the carbonate substitution extensively observed in living organisms, as it
increases the solubility. Fluoride substitution observed in enamel decreases solubility.
Finally, highly crystalline particles usually result in very insoluble structures, whilst particles

that are less crystalline have higher relative solubilities.®%-7

The redissolution process by
pure acid attack (HCI) is 10-fold easier when sodium (Na®) and chloride (CI") are present in
the aqueous solution at low concentrations (in the millimolar range).® The molecular
mechanism that drives solubility remains unclear despite the efforts for clarifying it and

several models proposed in the literature. -7

When considering the second mechanism, eukaryotic cells can internalize particles bigger
than 10 nm through the endocytic pathways including phagocytosis, macropinocytosis,
clathrin mediated endocytosis, and non-clathrin mediated endocytosis, such as
internalization by caveolae.”! As representative mechanisms for HAp internalization we
mention endocytosis and macropinocytosis. In the first, the cell membrane invaginates

before taking up the nanoparticle. In the second, macropinocytosis, the particle first goes to
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the endosomes and then to the lysosomes, dissolving under the acidic conditions.”” The
combination of cell uptake and redissolution is especially relevant during the event of
transfection when the particle releases DNA to the nucleus or cytosol. The buffering
properties of HAp are important for protecting DNA against DNAse degradation during this
process.”® Additionally, it is worth mentioning that it is not difficult to release DNA from
HAp. Only a slight increase in temperature or a decrease in pH is necessary to discharge
DNA from HAp.”* An increase in ionic strength, phosphate gradients, or other solvents
mimicking the chromatographic conditions used for DNA separation in HAp columns also

result in DNA release from HAp.”>76

Summarizing, DNA is protected from the environment after cell death, but is not isolated
forever. When favorable life conditions reappear, hydroxyolite particles have the ability of
delivering DNA to a new cell, promoting a recombination of genetic code and potentially
starting diversification, as usually observed after the event of mass extinction (Figure 4.2.).7
Single- or double-stranded RNA have the same potential of templating HAp and becoming
encapsulated or adsorbed as an hydroxyolite’® without losing functionality that will be

essential for restarting life.

4.9. Conclusion

This work provides an example of how chemical concepts extracted from both laboratory
and computer simulation experiments can be extended to very diverse and relatively far

fields of science, such as evolution, to correlate and explain important observations about

life itself.

It is highly likely that life has evolved up to now using several mechanisms to protect the
information encoded in DNA. HAp is currently intensively interlinked with biochemical
processes. All of these processes run at physiological conditions of temperature and pH. Its
unique properties of accepting different ions on its flexible lattice, gases on its surfaces, and
biomolecules on its interior makes it likely that HAp played an outstanding role during the

relevant life events on earth.

Environmental stressing conditions are expected to damage DNA. At first glance, looking
at its lability, fragility, and instability, DNA is not expected to survive unscathed after being
exposed to damaging conditions with unfavorable circumstances. However, the evidence of

life today confirms that even the most aggressive events that occurred in the past could not
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stop life thriving; therefore, despite the fact that DNA was probably modified or mutated
during the events of mass extinction, it was not denatured or destroyed. Its resilience is
remarkable, thus the hypothesis of a combination of DNA with an inorganic shell of HAp
gains credibility. Hydroxyolites (DNA—HAp nanoparticles) are thermodynamically favored.
HADp is easily redissolved and able to carry the encoded information without modifying it.
The power of these particles for transmitting information to living cells has led to the fact
that HAp has been used as a gene therapy vector. Only its low efficiency prevents it from
being the most used mechanism for transfecting cells. Thus, its ability to protect and transmit
DNA probably made the difference throughout the mass extinction events for the survival
of life. This hypothesis is reinforced by the biomineralization process observed when a cell
dies under certain stressing conditions. After a while, a necrotic calcification appears that
frequently is no more than a particle containing DNA (on its surface or in its interior) trying
to protect the invaluable information for life. It can be considered to be the first survival

mechanism of the cell.

Considering all the reviewed arguments, the potential of hydroxyolites to help us
understand the evolution of life remains an interesting field to be explored in depth. Further
research is necessary to confirm the process of DNA encapsulation after cell death, how and
where DNA remains preserved and how the reintroduction of DNA into the life cycle really

works.

Watson and Crick” realized the importance of the double helix for life, thus changing the
understanding of medicine, diseases, genetics, and the origin of life. From our perspective,
the DNA—-HAp particle has to be understood as a molecule in its mold. HAp has the potential
to be the Trojan horse that protected and hid DNA through mass extinction events and this

throughout the whole history of life on Earth.
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Inorganic photosynthesis on polarized hydroxyapatite, an

integrative prebiotic model

5.1. Preamble

5.1.1. Challenges in prebiotic research

How life was initiated and thrived on Earth is still one of the most challenging topics in
prebiotic and early life research. Many researchers have contributed to the debate from
different perspectives, however, key topics are still partially understood or unsolved, and
this fact makes the research in that field extremely exciting. In this preamble we highlight
four challenges that give framework to our research. They put in perspective the prebiotic
model we introduce in this chapter about the role calcium phosphate might have played, in

the form of HAp, more than 3.6 billion years ago, before any form of life reigned on Earth.

As a first challenge, we mention the rise of the building blocks of life. Some theories and
models have been developed in order to explain how the first organic molecules were
synthesized. They range from atmospheric photochemistry, mineral surfaces, sea vents,
volcanos, comets and meteorites. None of them totally explain how the building blocks of
life appeared, all of them showing some important drawbacks that keep the debate open. In
this chapter we aim to contribute to the prebiotic research with an integrative prebiotic model
based on our recent findings in inorganic photosynthesis that we are going to review in

section 5.3.

A second challenge, that we are not addressing in the thesis, but which has always
captured our attention, is the enigma behind chirality. Up to now, remains unveiled why only
enantiomeric molecules are used to build the molecular infrastructure of life (i.e. D-sugars,
L-amino acids and D-nucleic acids and not L-sugars, D-amino acids and L-nucleic acids).
How they ended up in a totally unbalanced ratio in cell mechanics, knowing that a regular
synthetic reaction in the laboratory usually yields a 50:50 racemic mixture of such
enantiomeric pairs, remains a paradox. From our perspective, it can only be conjectured that

nature tends to use minimal energy pathways to build complex systems. However, they are
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not yet known and chirality remains as a major challenge for prebiotic chemistry researchers,
despite the fact that some authors claim there is a selective recrystallization that favors one
of the enantiomers over the other, that still seems to be too simplistic explanation for such

an intricate system.

Assuming that biopolymers such as proteins and nucleic acids should be synthesized
before life started, a third challenge should be to determine how monomers of such
biopolymers were concentrated enough and assembled together. Some authors theoretically
and empirically proved that mineral surfaces, such as silicates and calcium phosphates (i.e.

montmorillonite, feldspar and HAp) may act as catalysts that enabled such polymerization.

Last but not least, we reach the fourth challenge, to determine whether the first living
system, a protocell, used a coupled system made by proteins and nucleic acids becoming
integrated and fully functional with replicative capacity to transmit their own genetic
information to the next generation. The hypothesis of RNA world is currently the most
accepted, as this biopolymer is considered one of the corner stones of life due to its capacity
to transmit information and catalyze some metabolic pathways. Therefore, we note that for
replicative purposes, a template or a mold is usually necessary, two concepts we deal with
extensively in this thesis. This is the reason why we support the idea that that HAp might be
involved in the first replicative processes, probably in the format of an early made

hydroxyolite, a concept beyond the scope of this thesis but in our radar.

In summary, what the origin of RNA or DNA was, how the polyphosphate backbone,
sugars (D-ribose or D-deoxyribose) and nitrogen bases were synthesized and assembled is
still under research. To our knowledge, the full chain of events has not been achieved without
human intervention. Hence, the complete challenge starts from a mixture of simple
molecules (i.e. a mildly reducing gas mixture composed of nitrogen (N2), carbon dioxide
(CO2) and less than 100 ppm of CHa, (ratio CH4/CO2=0,1) to be populating the early Earth’s
atmosphere and considering the existence of liquid water) and it ends with a functional
replicating unit able to transmit their own features to the next generation, including the

option to mutate and evolve into different species.

At this point, we return to the central concept of this thesis. As we mention in Chapter 3,
a hydroxyolite can be understood as a nucleic acid in its mold. For that reason, in this chapter
we change the perspective from the DNA as a template to the HAp as a prebiotic mold. In

the next sections, we are going to put the focus on the mold and its consequences. As a
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premise, we hypothesize that HAp, that is able to encapsulate nucleic acids, might be the

catalytic substrate that originated the building blocks of life.

J. D. Bernal (1949)! and V. Goldschmidt (1952)* speculated independently on the
mineral’s role in the origins of life. After them, a long list of authors have contributed with
detailed scenarios for mineral-mediated biogenesis. However, the list of ones focusing on
HAp is short, and they basically mentioned their properties as a good adsorbent substrate or
as a phosphorylation agent.>* As we mentioned in the introductory chapter, HAp is a good
catalyst by itself, many reactions are known where HAp is involved, some of them being
interesting from the origin of life perspective. However, few authors centered their attention
in the potential of HAp as a catalyst related to the building blocks of life, some of them are
Reid and Orgel (1967),> Weber (1982),° Acevedo and Orgel (1986).” Schwartz and De Graaf
(1993),® Kostetsky (2005) and more recently Usami and Ukamoto (2017)° but, surprisingly,
relevant contributions to minerals as a prebiotic catalytic substrate do not put the focus on

HAp in their work (i.e. Cairns-Smith,'? and Cleaves et al.,).!!

To develop our prebiotic model, we were inspired by the Miller and Urey experiment
(1953), who synthesized amino acids from a reducing gas mixture containing CHa4, NH3,
H20 and H2 under sparks for a week. Such an impressive result gave a boost to almost 70
years of origin of life research that is still on going and it is reviewed elsewhere.'> 4 We
introduced some major modifications to Urey experiment: i) lightning over the gas mixture
was removed and, the source of energy was UV light irradiation and temperature, ii) H2 was
removed as a reducing gas, iii)) NHs was replaced by N2 as a source of nitrogen, iv) the
reaction temperature was defined at around 95 °C (< 100 °C). The idea of simulating the
effect of a volcano lightning storm on HAp was attractive because volcanic ash is known to
contain a certain amount of apatitic minerals, including HAp, and we were particularly
interested in the effect of a high difference of potential on HAp at high temperature.
Therefore, we defined a laboratory process that simulates the extreme conditions of a
volcano plume during a volcano lightning storm (known by volcanologists as a dirty storm).
A polarization process at 1,000 °C and 500 V (3 kV-cm!) was applied to HAp resulting in
an improved catalyst (see Annex V). The process caused a permanent polarization of HAp,
up to now a mineral known to become polarized under the effect of an electric field but only
for a short period of time, a phenomenon known as quasi-permanent polarization.'-1¢

However, the process we applied transformed the transient electrical properties into



96 | Chapter 5

permanent, a decisive feature to significantly enhance the catalytic performance. Since then,

we have tested its catalytic properties in different conditions obtaining newsworthy results.

In this chapter we retrieve one of the reactions we reported using HAp/tsp as a catalyst,
which is the synthesis of the two simplest amino acids starting from an extremely simple gas
mixture composed of N2, CO2, CHs and H20, the same components of the current accepted
prebiotic atmosphere model, a mildly reducing atmosphere (we note that the nitrogen source
was N2 instead of NH3 the reaction thus becoming more challenging). To complete the
prebiotic model, we irradiated the reactor vessel containing the catalyst and the gas mixture
with UV light (A=254 nm), simulating UV irradiation coming from the prebiotic sun and UV
radiation emitted by lightning. In short, we developed a photosynthetic process catalyzed by
HAp/tsp.

The major implications of this new synthetic process is that we developed an inorganic
photosynthesis that has the potential to fix molecular nitrogen to obtain amines and also
carbon, from carbon dioxide and methane, to obtain a carboxylic group attached to the
carbon backbone of the amino acid. We will discuss some more aspects of such a finding in

the next sections.

Finally, using the inorganic photosynthesis as a central pillar, we were able to integrate
some prebiotic models (photochemistry of atmospheres, volcanos, minerals as catalytic
substrates) in a unique prebiotic model. We include such a model in the last section of the

chapter to close this thesis about the hydroxyolite system.

5.2. Purpose

In this chapter we concentrate on the fourth sub-objective defined in Chapter 1. We
examine the basics of HAp as a catalyst that we use as a framework for exposing some

perspectives on prebiotic concepts based on our research detailed in Annexes V, VI and VII.

Starting from the hydroxyolite concept, we hypothesized that HAp, being a good catalyst
by itself should become a better one under extreme conditions usually observed in volcano
plume. Such a premise ended up in the development of a new catalyst that we named
permanently polarized hydroxyapatite (HAp/tsp), the result of a thermal and electrical
stimulation process of polarization. Such a catalyst presents extraordinary features as an

inorganic photosynthesis facilitator. We are going to summarize the main features of the
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catalyst in the results section. Again, all the experimental research collected in Annex V, VI
and VII is used as a pillar to develop a model, in this case, a prebiotic model that we defined

as the main objective of this chapter. Consequently, we recall sub-objective 4:

Sub-objective 4. “To develop a prebiotic model that considers hydroxyapatite as a
catalyst that might facilitate the rise of the building blocks of life that are assembled to

synthesize biopolymers in its surface”.

The rest of this chapter is organized as follows: We summarize the synthesis of polarized
hydroxyapatite catalyst in section 5.3.1. and the basics of the inorganic photosynthesis in
section 5.3.2. Furthermore, we introduce the integrative prebiotic model based on inorganic

photosynthesis in section 5.4. We end up with conclusions in section 5.5.

5.3. Results and discussion
5.3.1. Permanently polarized HAp

HAp/tsp was obtained after applying a thermally (1000 °C) and electrically (DC voltage
of 500 V; DC field of 300 kV-m!) stimulated polarization process (henceforth TSP) for 1 h.
to sintered HAp (HAp/s). HAp/s was achieved by heating HAp as prepared (HAp/ap) at
1,000 °C for 2 h in air. Previously, HAp/ap was obtained by adding (NH4)HPO4 in de-
ionized water to Ca(NOs):2 in ethanol, and applying hydrothermal conditions to the resulting

suspension for 24 h.

Analyses of the chemical and structural properties of the resulting cHAp/tsp show: i) the
disappearance of HPO4* ions from the surface layer, which are typically identified in
HAp/ap and, specially, HAp/s, ii) the appearance of OH" vacancies and, iii) the enhancement
of the crystallinity. Figure 5.1. compares the solid state 3'P NMR spectra of HAp/ap, HAp/s
and HAp/tsp.
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Figure 5.1. Solid-state *'P NMR spectra of HAp/ap, HAp/s and HAp/tsp. Reproduced from ref. [66]
with permission from John Wiley and Sons.

The main resonance peak in all samples (~2.59 ppm) corresponds to bulk phosphate
groups of HAp.!” This peak is narrower for HAp/s and HAp/tsp than for HAp/ap, which is
consistent with the increment of crystallinity mentioned above. The broad signals at
approximately [-1,0] ppm and the shoulder at [0,1] ppm in both HAp/ap and HAp/s are
usually assigned to the lone protonated surfaces of phosphate groups arising from the
disordered near surface layer.'® Indeed, HAp particles are frequently described as an ordered
crystalline core surrounded by a disordered non-apatitic surface layer.'” The shoulder at 4—
6 ppm in HAp/s has been attributed to the increment of HPO4* ions at the disordered
surface layer.?%?! However, the most amazing result is the single peak observed in HAp/tsp,
which corresponds to phosphate groups. This shows that the TSP exerts an important effect
on the surface layer. Thus, the fingerprints of the surface OH™ ions leaving from the columns
due to the TSP process are the disappearance of the surface HPO4* ions and the formation
of holes in the valence band to achieve the corresponding charge neutralization. The most
distinctive characteristics of HAp/tsp are the electrochemical properties: 1) electrochemical
activity, HAp/tsp is ~150% higher than that of HAp/ap, which proves that the polarization
treatment facilitates the diffusion of ions through the mineral matrix; ii) stability, the bulk
resistance increases by only 4% after 3 months; and iii) the electrical conductivity, the bulk
resistance of HAp/tsp (~0,67 M Q-cm?) is significantly lower than that of the HAp/ap
(~134.6 M Q-cm?), indicating that the ionic conductivity increases by three orders of
magnitude, which represents a significant improvement with respect to those achieved by

15,16,22-24

other authors applying lower polarization temperatures to samples sintered in a
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saturated water vapor atmosphere. Re-evaluation of samples that were polarized three
months before has shown that both the electrochemical and electrical properties of the
HAp/tsp remain practically unaltered, proving that the acquired polarization effects are
permanent. This represents a very important advantage with respect to previously reported
strategies since the properties of samples polarized at lower temperatures (< 800 °C) are very

similar to those of HAp/s after three months.

Thus, the requirements of the catalyst were, on one hand, a material able to transform an
energy source, as for example UV radiation, into electron/hole pairs and, on the other hand,
materials to bring the gases used as reactants into contact with the catalyst (i.e. adsorb the
gases), which was essential to conduct the reactions. Obviously, the success of the catalyst
was also based on the fact that it could avoid unfavorable synergies among the materials
when they were combined. After evaluating different options, two materials, which
correspond to those presented in this work, were selected to be part of the coating: zirconia
(through its precursor zirconyl chloride) and a phosphonic acid with chelating properties
(ATMP). The details about the roles played by each component of the catalytic system are
given throughout the whole Annex VI.

The ability to adsorb P3010>, P207* and ATMP is a remarkable characteristic of HAp/tsp.
XPS and FTIR results indicated that the adsorption of inorganic phosphates and
phosphonates onto HAp/tsp is around 1.5-2 times higher than onto HAp/s, which in turn is
about twice that of HAp/ap. A feature that we use to prepare the coating of the catalyst by
placing two layers of ATMP and one of ZrOCl2 (ZC) in the middle of them. The adsorption
capacity of phosphonates ensures an efficient contact between the HAp/tsp and the ATMP-
Z.C-ATMP three-layer coating of the HAp/tsp catalyst (Figure 5.2a). Besides, ZC and ATMP
layers have been used to adsorb the gaseous reactants, essentially N2 and COz, facilitating

their reactivity (coating preparation details in Annex VI).

Additionally, these results are very important for biomedical applications, as for example
the fabrication of HAp scaffolds with improved phosphate and phosphonate adsorption
capacity for bone regeneration. In addition, the adsorption of inorganic phosphates and
phosphonates imparts electrochemical stability and reduces the electrical resistance, opening

new possibilities to the electro-stimulation.
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Figure 5.2. Schemes describing (a) the preparation of the HAp/tsp + ATMP-ZC-ATMP catalytic
system and (b) the reaction medium used to produce AAs. (c) Representative results of the ninhydrin
test for a positive reaction before stirring (left) and after stirring (middle) and a negative reaction
(right). Reproduced from ref. [67] with permission from Royal Society of Chemistry.

5.3.2. Inorganic photosynthesis mediated by HAp/tsp

The synthesis of AAs was carried out in an inert reaction chamber under a weakly
reducing atmosphere constituted of N2 (0.33 bar), CO2 (0.33 bar), CH4 (0.33 bar) and liquid
H20, using a UV lamp directly irradiating the catalyst and gas mixture (Figure 5.2b). The
formation of primary amines adsorbed onto the solid substrate was shown by positive
ninhydrin tests through the development of purple spots inside the catalyst recovered after
the reaction (Figure 5.2¢, left). Amine compounds were well dissolved in an acetone solution
after vigorous stirring (Figure 5.2c, middle), contrasting with the uncolored solid and
solution (Figure 5.2¢, right) observed under many other assayed reaction conditions and

catalytic systems (see below).
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After 72 h at 95 °C, the synthesis of both Gly and Ala is demonstrated by the NMR spectra
displayed in Figure 5.3. The '"H NMR spectrum of the samples obtained by dissolving the
catalyst and products of the reaction (Figure 5.3a) shows the presence of the catalyst signal
corresponding to the ATMP methylene group (doublet at 3.79-3.76 ppm) and the signals
corresponding to the newly produced AAs such as methylene protons (singlet at 3.65 ppm)
of Gly and both methine (quadruplet at 3.91-3.85 ppm) and methyl (doublet at 1.54—1.52
ppm) groups of Ala. The same compounds are also observed in the solid-state '*C NMR
spectrum (Figure 5.3b), where only peaks assigned to the ATMP (54.34 and 53.00 ppm),
Gly (171.95 and 41.26 ppm) and Ala (175.25, 50.25 and 16.01 ppm) units are detected. The
3P NMR spectrum of the catalyst in dissolution (Figure 5.3¢) shows the presence of the
HAp/tsp (7.21 ppm) and ATMP (—0.03 ppm) peaks, but additional signals related to the
products coming from the decomposition of the catalyst were not detected. With respect to
CHa4 or CO2, the Gly and Ala molar yields at 95 °C after 72 h are 1.9% and 1.6%. Instead,
after 24 h at 95 °C no trace of Gly and Ala is detected by NMR. Furthermore, the formation
of AAs is unsuccessful without sustained exposure to the UV radiation, which appears to be
a fundamental issue to generate radicals (e.g. *CHs and "OH) needed for further reaction

intermediates towards the final yielding of Ala and Gly.

On the other hand, the formation of AAs on the surface of the catalyst has also been
proven by FTIR and Raman spectroscopy, which shows intense absorption bands in the
amine region of the corresponding spectra. Finally, chiral high-performance liquid
chromatography (HPLC) analyses were carried out to quantify the ratio of D- and L-Ala
adsorbed into the catalysts. As was expected, after dissolution of the catalysts after the
reaction in a 0.1 M HCI solution with 50 mM NaCl, a racemic D-Ala: L-Ala mixture was

determined.

In this section, we have introduced a new catalyst based on permanently polarized HAp
(HAp/tsp-[ATMP/ZC/ATMP]) with enhanced electrical and photochemical properties that
allows the coupling of nitrogen and carbon fixation processes. Such a catalyst family opens
an interesting field of research where simple gas mixtures that usually do not react among
themselves are combined to yield basic organic molecules, such as amino acids, one of the
main building blocks of life. More specifically, in this work we proved that Gly and Ala are
produced at atmospheric pressure through an artificial photosynthetic nitrogen and carbon

fixation reaction, starting from a weakly reducing atmosphere (N2, H20, CO2 and CH4) and
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using UV radiation as a source of energy. This reaction represents a very simple alternative

to the costly chemical and enzymatic processes used to produce commercially Gly and Ala.
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Figure 5.3. For samples obtained after the reaction (95 °C and 24 h) using a chamber pressure of 1
bar (i.e. 0.33 bar of each feeding reaction gas): (a) "H NMR spectrum of the solution obtained after
the extraction of the AAs from the catalyst by dissolving the sample in deuterated water containing
100 mM of HCI and 50 mM of NaCl; and the solid state (b) *C - and (c) *'P NMR spectra of the
catalyst with the synthesized AAs. Reproduced from ref. [67] with permission from Royal Society
of Chemistry.

It is worth noting that nitrogen fixation is an extremely relevant process from an industrial
perspective.? It is difficult to overestimate the impact of the Haber—Bosch process that
from N2 and Hz yields ammonia and furthermore results in more than 450 million tons of
fertilizers per year, using more than 1% of the global energy supply.?® Moreover, the
synthesis of ammonia from nitrogen is constantly under research and only in the last decade
have new catalysts based on ruthenium and zirconium been developed.?’” However, the
environmental impact of the Haber—Bosch process is not negligible as natural gas or coal is
used as an energy source (i.e. 1.87 tons of CO2 are released per ton of ammonia produced
and globally 245 million tons of CO2 were released by the ammonia industry in 2010,
equivalent to about 50% of the UK CO2 emissions).”® Thus, the outstanding benefits of

nitrogen fixation are shadowed by their impact on environmental contamination.
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Furthermore, the catalytic reduction of dinitrogen under mild conditions has been achieved
by using molybdenum catalysts. Shilov, in the 1980s, obtained a mixture of hydrazine and
ammonia?® and Schrock and co-workers®*®3! converted dinitrogen into ammonia with
excellent yield using protons and electrons. Very recently, Kuriyama et al.>? reported the
catalytic reduction of molecular dinitrogen into ammonia and hydrazine by using iron
complexes bearing an anionic ligand as catalysts under mild reaction conditions. However,
to our knowledge, the nitrogen fixation into amino acids using HAp/tsp was not reported

until we published our findings (Annex VI).

On the other hand, CO2 recycling is an absolute necessity for our society knowing that its
accumulation in the atmosphere is now approaching 1 Tera ton.** Significant steps have been
taken towards the utilization of COz in order to convert it into valuable chemicals (150 Mt
urea, 100 Mt methanol, 70 Mt salicylic acid, 9.7 Mt formaldehyde and 0.7 Mt formic acid
are the most produced).’*3¢ In the last few years, catalytic reactions via carbon dioxide
fixation have gained a prominent role as representative green processes with enhanced
sustainability.>”-** However, by learning from nature, photosynthesis as performed by living
organisms is the carbon fixation process par excellence. Efforts to mimic it synthetically
have been elusive through time. The development of photosynthetic processes requires
significant advances in new materials for light harvesting and the development of fast, stable,
and efficient electrocatalysts.*!*> Our contribution in this section has been in that direction.
Nevertheless, we use this finding as a starting point to our next section where we deal with

the implications of such inorganic photosynthesis in regard to prebiotic chemistry.

5.4. Perspectives. Integrative Prebiotic Model: Inorganic photosynthesis
5.4.1. Introduction

Synthesizing precursors of complex biomolecules, such as proteins and nucleic acids
without human intervention under prebiotic conditions has attracted the interest of origin of
life researchers. Until now, how and where such molecules appeared and sufficiently

concentrated to develop life still remains under debate.*** Several theories have been

13,45

considered in the last decades as originators of such molecules: extraterrestrial

47-49

meteorites,*® volcanoes as giant reactors, atmospheric gases under lightning and UV

50-52 10,11,53-55 55,57

irradiation, catalytic surfaces of minerals and hydrothermal vents. In order
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to give a new insight based on our findings in an inorganic photosynthesis, we propose a
prebiotic inorganic photosynthetic model where a gas mixture containing N2, CO2, CH4 and
H20 in the presence of a polarized HAp catalyst results in simple organic molecules (i.e.
amino acids and organic acids). Such a model combines several of the most relevant features
of the previous ones that are complemented with the enhanced catalytic properties of

HAp/tsp.>%%

Currently, the most accepted composition of early Earth atmosphere indicates that it was
weakly reducing (i.e.N2, CO2 and CH4 in much lower quantities and H20 in equilibrium with
liquid water; CHa less than 100 ppm and CHs/CO2 ~ 0,1).%63 Since 1950s, many
experiments have been performed, most of them with ammonia (NH3) as a source of
nitrogen. However, starting gas mixtures using N2 instead of NHj3 signified a bigger
challenge because usually low yields of amino acids were observed as activating the triple
bond of N2 is much more difficult. To synthesize simple organic molecules using neutral
atmospheres containing mixtures of N2, COz, (CO) and H20 required high energy sources
(i.e. electrical discharges, laser pulses, protons or soft X-ray) to obtain glycine and a-alanine
in relatively high concentrations while other amino acids were obtained in lower
concentrations.** However, Cleaves et al. (2008) improved the amino acid yield up to 2.5%
of the initial nitrogen using a N2/CO2 gas mixture under sparks, by including CaCOs,
buffering the collecting solution to maintain a pH value close to 7, and using oxidation
inhibitors such as Fe?". Furthermore, following a lower energy route, some authors tried to
obtain amino acids by irradiating the initial gases with UV light (i.e. Sagan and Khare
(1971); Becker et al. (1974); Muifioz Caro et al. (2002)), however, none of them used N2 in

the starting mixture due to the difficulty of activating the dinitrogen triple bond.4-6¢

Recently, the synthesis of HAp/tsp was reported.’” The HAp/tsp was obtained by
exposing HAp to a high temperature and difference of potential (1000 °C, 300 kV-m™)
simultaneously. HAp, after polarization, shows two outstanding features: i) enhanced
catalytic performance and ii) higher adsorption capacity of organic molecules.®®* Such
catalyst, irradiated by UV light (A=254 nm), was able to fix carbon and nitrogen through an
inorganic photosynthesis as described in the previous section. The inorganic photosynthesis
reaction yielded glycine and a racemic mixture of a-alanine at mild temperature (< 100 °C)
using a gas mixture of N2, CO2 and CH4 at 1 bar, including liquid water in the reaction

mixture.
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Environmental conditions in nature that might make feasible to obtain HAp/tsp are likely
to occur in a volcanic eruption, specifically inside of a lightning volcano plume, a
phenomenon known by volcanologists as dirty storms. Furthermore, apatitic material, such
as HAp, is found in igneous material and volcanic ash in low but significant quantities (i.e.
< 0.1%).7%7* Lightning in dirty storms is an indicator that volcanic ash is exposed to large
differences in potential and strong electric fields because high differences of potential,
similar to those needed to polarize HAp, usually end up generating an electric discharge.”-
7 Lightning in volcanos is related to the intensity of the eruption, ash plume height and the
high water content of magma. Consequently, we consider that HAp polarization should be
possible in a lightning volcano where temperatures are above 800 °C, similar to the ones
needed in the HAp polarization process to obtain HAp/tps. We take into consideration that
in the prebiotic era volcanic activity was much more intense than in present days and magma
might even have been at higher temperatures than today, facts that might facilitate the

polarization of HAp.

5.4.2. The integrative prebiotic model

Volcanism was much more intense in the Archean period than today. The prebiotic model
we propose implies that volcanic ash clouds, containing prebiotic atmospheric gases, gases
coming from the eruption and minerals such as metal oxides and HAp, were simultaneously
exposed to high temperature and strong electric fields that resulted in HAp polarization.
Additionally, intense UV radiation (i.e. coming from lightning and the prebiotic sun)
generated radicals on the surface of HAp (i.e. hydroxyl radical ‘OH and/or superoxide ‘O2")
as demonstrated in laboratory conditions. Such radicals are important intermediates of the
inorganic photosynthesis we reported and, interestingly, they are known to remain captured
in the HAp lattice’®-% for long periods (up to a year), much longer than their expected shelf

life in aqueous environments where their reactivity is extremely high.

The proposed prebiotic model of an inorganic photosynthesis is expected to explain the
synthesis of molecules such as amino acids, formaldehyde (CH20),}! precursors of sugars
and simple organic acids, among others. Among other important molecules hydrogen
cyanide (HCN) is expected to be outgassed from volcanos or synthesized by direct
atmospheric photochemistry. Therefore, HCN is known to be adsorbed on HAp in large
quantities in the form of cyanide (CN-),#>% and such adsorption on the HAp/tsp catalyst
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might facilitate the synthesis of nitrogen containing compounds as nucleobases and
nucleotides,® necessary blocks to produce RNA and DNA.% Moreover, the high
temperature inside the volcano plume favors condensation and polymerization reactions
where the removal of water molecules is necessary for the synthesis of biopolymers as
proteins.®>87 On the other hand, HCN, by exposure to ‘OH radicals contained in HAp,
decompose to CN + H under UV in order to generate HCNOH substances.®® HCN is known
to hydrolyze to formamide, a major precursor of nucleic acids that is strongly adsorbed on
HAp surface as well.?* The capacity of polarized HAp to adsorb several key prebiotic
molecules is outstanding. It is worth noting that HAp/tsp, when catalyzing the inorganic
photosynthesis in the lab was able to adsorb amino acids, large quantities of CH20 and other
organic molecules.”® The adsorption of polyphosphates, as we reported in previous works,
should facilitate the phosphorylation processes, particularly by pyrophosphate, as is known
to be formed in the volcano scenario and some authors mention it as one credible candidate
to be a prebiotic phosphorylating agent. In summary, the simultaneous ability of HAp to be
a catalyst and an adsorptive substrate facilitates both the synthesis and concentration of

monomers involved in more complex reactions.

The proposed inorganic photosynthesis model implies that HAp expulsed by a volcano
was polarized and catalyzed the fixation of nitrogen and carbon containing molecules,
adsorbing them in its surface. During the ash cloud flight, the particles underwent a
decreasing temperature gradient in contact with the upper layers of the atmosphere, cooling
down until they landed on the ground, making feasible the seeding of the earth’s crust and
sea waters with freshly synthesized building blocks of life. Such a model might give a
plausible explanation to the early findings of Markhinin and Podkletnov (1977) that found
evidence of organic matter in volcanic ash (i.e. free and combined amino acids, amino sugars
and other hetero-atomic compounds, containing also sulphur, chlorine, oxygen and
nitrogen).*® Following that argument, HAp/tsp might play a role of a catalytic substrate that
made feasible the synthesis of molecules and facilitated the assembly of monomers to form
biopolymers as well. Furthermore, we note that those molecules remaining adsorbed in such
a catalytic substrate would be ready to participate in subsequent reactions driven by, for
instance, the weathering effect. Thus, they could be selectively eluted from HAp/tsp by
aqueous solutions containing different concentrations of salts, mimicking a chromatographic

process that retains different molecules depending on their polarity and their interaction with
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the chromatographic column substrate, as happens with the known HAp substrate to separate

nucleic acids.”!

Summarizing, we propose an inorganic photosynthetic model that integrates concepts
from models based on lightning atmospheres, volcanos as giant reactors, and mineral
surfaces as catalysts in one single picture. Therefore, we postulate that the polarized HAp
catalyst is an outstanding candidate to become a key player in prebiotic chemistry that
facilitated the raising of the building blocks of life and their posterior assembly, forming

more complex biomolecules on a common catalytic substrate.

5.5. Conclusions

In this chapter, we have theorized about the role of HAp/tsp, an outstanding catalyst
obtained by means of a thermally and electrically stimulated polarization process. The new
catalyst is able to catalyze an inorganic photosynthesis, a highly desired process due to its
ability to fix nitrogen and carbon to generate organic molecules. From simple gases as
dinitrogen (79 % free of charge in atmosphere), carbon dioxide (a greenhouse gas that
society is struggling to control its increment in the atmosphere), methane (greenhouse gas
currently being burnt because it is produced in excess by the petrochemical industry) and
water we made it feasible to obtain organic matter useful for feeding. Despite the potential
impact of such a discovery, still under research to convert it into an industrial process, in this
chapter we aim to focus on the role of HAp as a potential catalytic mold of biopolymers such
as nucleic acids and their monomers that would fit in our central topic of the thesis, the
hydroxyolite concept. Consequently, we develop a scenario that integrates concepts and
perspectives around HAp as a key catalyst that allows us to contribute to prebiotic chemistry

with a model based on an inorganic photosynthesis enabled by polarized HAp.
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Figure 5.4. Figurative representation of the inorganic photosynthetic model. Volcano ash under
lightning storms polarizes HAp, a mineral catalyst able to synthesize organic molecules from mildly
reducing gas mixtures made of N,, CO,, CH4 and H,O.
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Chapter 6.

General Conclusions

The main conclusions of this thesis are summarized in this last Chapter. As we stated in
Chapter 2, the main objective is to define a theoretical framework around the hydroxyolite

concept that we split into four sub-objectives that deal with its origin, role and consequences.

6.1. Main conclusion

We conclude that hydroxyolite, a hybrid system made by the combination of a nucleic
acid biopolymer and a HAp mineral, is an extremely fruitful concept that can be studied and
interpreted from several angles. Each of them leads to specific conclusions that can be
applied to different fields of knowledge. For that reason, we developed through the thesis a
deep knowledge about the basic concepts that make it possible to understand the principles
that regulate its formation in vitro and in natural environments. Such basic knowledge
allowed us to speculate and develop concepts and perspectives about its role through the
history of life, from the abiotic synthesis of simple molecules, through the mass extinction
events and its relation with some diseases. In parallel, we have been able to prove that an
inorganic photosynthetic process facilitated by HAp/tsp is feasible, opening a door to a low
energy process to fixate nitrogen that allows a simultaneous recycling of carbon dioxide and

methane, the main promoters of the greenhouse effect.

Accordingly, the following sections detail the conclusion we obtained around the

hydroxyolite concept.

6.2. Crystallization plane

We proved that four phosphate groups belonging to the polyphosphate backbone of
nucleic acid double helix form a plane that matches with a four phosphate group plane. Such
a common shared plane, that repeats through the double helix, is the site where an HAp
crystal initiates. Therefore nucleic acids act as a template for the nucleation of HAp clusters
that permits their encapsulation and adsorption on the HAp surface. The calcium phosphate
clusters formed in the first stages of the nucleation transform into complex clusters, in which

Ca?", PO4*~ and OH™ ions occupy positions according to crystalline HAp.
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6.3. Encapsulation of DNA in aqueous solutions containing Ca?* and POs*

The biomineralization of DNA into HAp is confirmed experimentally by mixing aqueous
solution containing Ca®*, PO4*~ and OH™ ions with DNA. The existence of encapsulated
DNA inside of the HAp crystal was confirmed after the removal of superficially adsorbed
DNA by enzymatic digestion and further redissolution of the mineral that led to the release

of the entrapped DNA.

6.4. Elucidation of the dissolving mechanism of a hydroxyolite

The dissolution mechanism on the acidic dissolution of HAp and hydroxyolites was
revealed at atomic-level. An initial hydration of phosphate, enhanced by the reactivity of
hydronium ion, that further hydrogenates the phosphate ion, triggers calcium ions
detachment. The release of calcium ions occurs through a polynuclear process and involves
multiple independent centers widely distributed on the surface. The detachment of the
calcium ions is caused by electrostatic alterations induced by the HPO4>" and H2PO4* species
and not by the detachment of neighboring calcium ions. Mg?** ions included in the
hydroxyolite system are not playing a relevant role in the dissolution process. We highlight

two main consequences of unveiling such a mechanism:

a) New strategies for Ca®* fixation to fight against osteoporosis

b) Deep understanding about how hydroxyolite particles deliver nucleic acids in
the cytosol or in the cell nucleus to carry out the transfection processes. HAp is
easily redissolved in slightly acidic media and are able to carry and deliver the

encoded information without modifying it, whilst keeping it functional.

6.5. Nucleic acid protection by HAp shell

We concluded through a synergistic theoretical-empirical approach that HAp acts as a
shield for nucleic acids biopolymer, protecting their functionality from temperature-stressing
conditions and chemicals such as enzymatic degradation. Additionally, the dissolution
process releases buffering species (i.e. HPOs* and H2POx") that stabilizes the pH around the
nucleic acid contributing with additional protection against enzymatic degradation while the

hydroxyolite is dissolved.
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6.6. Surviving mass extinction events through biomineralized DNA

A hydroxyolite can be understood as an antagonist of a cell in the sense that a cell is a
finely tuned living system specialized in transmitting genetic information to the next
generation, while a hydroxyolite is a passive seed made of genetic information and a mineral
but has the potential to deliver such genetic information in a new cell. Using such a concept
we concluded HAp might protect DNA through mass extinction events, where
environmental conditions were expected to damage the delicate molecule of DNA. We use
the concept of a hydroxyolite to hypothesize how life was able to thrive on Earth through
biomineralized DNA. In such a discussion, we extend the hydroxyolite concept based on
materials chemistry to several disciplines such as chemistry, biology, biotechnology and
medicine. From our perspective, the DNA—-HAp particle has to be understood as a molecule
in its mould. HAp has the potential to be the Trojan horse that protected and helped DNA to
survive through mass extinction events. Its ability to be reused when environmental
conditions become more friendly facilitates the transfection of other cells to reintroduce such

DNA in the mainstream of life.

6.7 Prebiotic model based on inorganic photosynthesis

Based on the hydroxyolite concept where DNA is encapsulated in a HAp mold, we
focused on the HAp substrate as a catalyst that might be the facilitator of the prebiotic
synthesis of the building blocks of life. Consequently, we developed a prebiotic scenario
where HAp, known as a component of igneous rocks, was expulsed in volcanic eruptions
suffering the effects of high temperature (within 800 and 1,000 °C) and elevated differences
of potential (i.e. 500 V) under the UV light of sun and lightning in the volcano plume. Such
treatment converts HAp in an enhanced catalyst able to deliver simple molecules as building
blocks of life. The high adsorption ability of HAp allows the retention of such molecules
facilitating coupled reactions of polymerization to obtain biopolymers such as proteins and
nucleic acids. Such a model incorporates concepts from atmospheric photochemistry,
volcanos as giant reactions, minerals as catalytic surfaces that we integrate altogether in a

model based on inorganic photosynthesis.
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6.7. Permanently polarized HAp

Based on the theoretical concept that HAp might be the mold where basic molecules for
life were synthesized, we concluded that HAp should be treated with a high temperature and
high differences of potential, as happens in a volcanic storm, to simulate prebiotic conditions.
As a result, we have obtained HAp/tsp, an outstanding catalyst developed by means of a
thermally and electrically stimulated polarization process. The new catalyst is able to
catalyze important reactions but we focus in this thesis on an inorganic photosynthesis, a
highly desired process due to its ability to fix nitrogen and carbon to generate organic
molecules. Starting from simple gases as dinitrogen, carbon dioxide, methane and liquid
water, organic matter and amino acids were obtained under UV light and using mild reaction

conditions in regards of temperature (< 100 °C) and pressure (gas mixture within 1-6 bar).

6.8 Final word

All in all, we established a conceptual framework that extends its impact to Chemistry
through catalysis and a prebiotic model as well as Biology and Biotechnology as it deals
with a non-viral vector of transfection that can transport and release DNA to a new cell. It
also impacts Medicine, for its potential consequences in calcifying diseases (i.e. breast
cancer) where tumoral DNA might be encapsulated and protected by HAp, ready to migrate

and transfect distant cells.
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Modeling biominerals formed by apatites and DNA?

Abstract

Different aspects of biominerals formed by apatite and DNA have been investigated using
computer modeling tools. Firstly, the structure and stability of biominerals in which DNA
molecules are embedded into hydroxyapatite and fluoroapatite nanopores have been
examined by combining different molecular mechanics methods. After this, the early
processes in the nucleation of hydroxyapatite at a DNA template have been investigated
using molecular dynamics simulations. Results indicate that duplexes of DNA adopting a B
double helix can be encapsulated inside nanopores of hydroxyapatite without undergoing
significant distortions in the inter-strand hydrogen bonds and the intra-strand stacking. This
ability of hydroxyapatite is practically independent of the DNA sequence, which has been
attributed to the stabilizing role of the interactions between the calcium atoms of the mineral
and the phosphate groups of the biomolecule. In contrast, the fluorine atoms of fluoroapatite
induce pronounced structural distortions in the double helix when embedded in a pore of the
same dimensions, resulting in the loss of its most relevant characteristics. On the other hand,
molecular dynamics simulations have allowed us to observe the formation of calcium
phosphate clusters at the surface of the B-DNA template. Electrostatic interactions between
the phosphate groups of DNA and Ca®* have been found to essential for the formation of
stable ion complexes, which were the starting point of calcium phosphate clusters by

incorporating PO+ from the solution.

2 Published in Revilla-Lépez G., Casanovas J., Bertran O., Turon P., Puiggali J., Aleman C., Modeling
biominerals formed by apatites and DNA, Biointerphases (2013), 8, 10. Reproduced with permission of AIP
Publishing.
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Modeling biominerals formed by apatites and DNA

I.1. Background

Hydroxyapatite (HAp), a mineral with formula Caio(PO4)s(OH)2 and hexagonal symmetry,
is the most stable form of calcium phosphate at room temperature and in the pH range of 4—
12.! This mineral, which is the main component of bones and teeth, is considered as an
important biomaterial since several decades ago.”? Thus, due to both its outstanding
biological responses to the physiological environment and its very close similarity to natural
bone structure, HAp is currently applied in biomedicine. For example, it is used as a
bioactive and osteoconductive bone substitute material in clinical surgery,>* and as a system
for the delivery of antitumor agents and antibodies in the treatment of cancer.>”” Furthermore,
as HAp also has the advantage of absorbability and high binding affinity with a variety of
molecules, it has been also used as a purification platform. For example, HAp is applied for
the removal of heavy atoms from waste water,® and for the separation, extraction and

purification of proteins® and DNA. '

DNA/HAp biominerals formed by the combination of DNA with a HAp matrix can be
viewed from different perspectives. The first refers to the fact that therapeutic DNA is
encapsulated in HAp nanoparticles for its subsequent transfection into living cells (e.g. liver
cells, fibroblasts, osteoblasts and tumor cells).>7!112 Specifically, HAp nanoparticles with
embedded DNA chains can be obtained using different approaches, even though the more
popular are those based on the in situ precipitation of the inorganic salt in presence of
DNA'3!% and on the use of a HAp core that is coated using colloidal solutions to give a
multishell particle.” Nanostructured HAp has been shown to be superior for the transfection
to other gene delivery methods in terms of immunogenicity and toxicity (i.e. safety).!
Moreover, the transfection efficiency can be stabilized and enhanced by modulating
properties such as extent of DNA binding and encapsulation, particle size, and dissolution
behavior of the HAp phases.'>! The interaction between the two entities of the biomineral
has been proposed to occur because of the affinity between the calcium of HAp and the
phosphate backbone of DNA.!7-? It should be noted that this proposal makes the nucleotide

sequence of DNA unimportant, whereas its length takes major importance. Another
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perspective is the one reported by Kostetsky,?! who observed that the period of translation
along the c-axis of the HAp lattice, 3.4 A, is relatively similar to the period of the DNA
double helix. This feature combined with the fact that the phosphate groups of HAp are able
to catalyze the abiogenic synthesis of: D-ribose from ammonia, methane and water;?>3
nucleotides from nucleosides condensing agents and ammonium oxalate;** and
polynucleotides with a 3”,5’-phosphodiether bond** under conditions similar to those of
primaveral Earth, led Kostetsky to propose a model for the synthesis of DNA through the
interaction of its different elements with the lattice of HAp mineral.>> According to this
model, the DNA double helix is embedded into the crystalline network of HAp forming a
biomineral similar to that obtained by encapsulating therapeutic DNA into HAp

nanoparticles.

On the other hand, in a very recent study Gerdon and co-workers*® demonstrated the
ability of DNA to template the mineralization of calcium phosphate. These authors
developed a quartz crystal microbalance sensor for the quantification of HAp formation and
the assessment of DNA as a template molecule. The results, which were also supported by
optical density and dynamic light scattering measures, FTIR spectroscopy and scanning
electron microscopy, suggested that DNA sequesters calcium and phosphate ions, thereby
supersaturating the microenvironment and acting as a scaffold on which mineral forms.?
Moreover, small differences in DNA length, hybridization, and secondary structure were

found to provoke differences in affinity for HAp and appear to influence mineralization.

In this work we have used molecular modeling tools to investigate the structure of
DNA/HAp biominerals, in which single stranded (ss) and double stranded (ds) DNA are
embedded into HAp nanopores. We have focused our analyses on the following aspects: (i)
the smallest nanopore size required for the accommodation of ds DNA arranged in the typical
B structure?’ (ds B-DNA) during the encapsulation process; (ii) the strain induced by the
HAp crystalline field into the B-DNA structure; (iii) the importance of the chemical nature
of the inorganic part of the biomineral in the DNA, which has been investigated by
comparing DNA/HAp with the biomineral constructed by combining DNA with
fluoroapatite [Caio(PO4)sF2, abbreviated FAp], hereafter denoted DNA/FAp; (iv) the
encapsulation of ssSDNA in terms of molecular strain and relative stability with respect to ds
DNA; and (v) the stability of HAp crystals formed around the ds B-DNA core. Furthermore,
in order to contribute to a better understanding of the interaction of B-DNA with HAp at the
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atomic level, we have performed a simulation study of the nucleation and crystal growth of
HAp at the ds B-DNA matrix. More specifically, we have used Molecular Dynamic (MD)
simulations to provide detailed atomistic models for the initial stages of nucleation and
cluster formation of calcium phosphate at a B-DNA molecule. The rest of the paper has been
organized as follows. In the next section, we briefly summarize the main characteristics of
the crystal structures of natural HAp and FAp, and the chemical structures of the three B-
DNA duplexes studied in this work. After this, the strategy and computational details used
for both the encapsulation of DNA in apatites and the early processes in the nucleation of
HAp at a BDNA template are described. The results have been organized in several sub-
sections, which are devoted to the encapsulation of ds and ss DNA in both HAp and FAp,
the validation of the force-field to reproduce organic- - -inorganic interactions in biominerals,
and both the modeling and dynamics of HAp crystals growth around the ds B-DNA template.

Finally, conclusions are summarized in the last section of Annex I.

I.2. Structures of apatites and DNA

Natural HAp has a hexagonal crystal structure with space group P63/m and periods
a=b=9.42 A, and c= 6.87 A. The total number of atoms in the unit cell is 44, even though it
only contains seven symmetrically independent atoms: two calcium ions, one forming single
atomic columns parallel to the ¢ axis (Car) and the other surrounding the hexagonal channel
of hydroxyl in groups of the three calcium atoms at different heights (Can); one phosphor
and three oxygen atoms (P, O1, On and Omr) forming PO4 tetrahedral units; and the O(H) ions
disordered along ¢ about the mirror plane at z= "4. The occupancy of the OH" sites was 50%,
as necessary in a P63/m. FAp shows a very similar crystal structure with 42 atoms in the
P63/m hexagonal cell (a= b= 9.40 A, ¢ = 6.88 A).?® In this case, the OH" ions of HAp are

replaced by F-, which are located on the c-axis.

Three different ds dodecamers, which adopt a B-DNA double helix, have been examined.
The chemical structures of the three duplexes, hereafter denoted I, II and III, are
5’-CGCGAATTCGCG-3’, 5-GCGAGATCTGCG-3’ and 5’-CGCGAATTC'GCG-3’,
respectively. Sequence I is known as the Dickerson’s dodecamer? and consists in a well-
known sequence with three primary characteristic tracts: CG, AA and TT. Sequence Il is a
conventional sequence that becomes involved in different cellular processes, including

carcinogenic ones.** Finally, III involves methylation of the C5 position of cytidine base,



128 | Annex I

identified as C*.3! This methylation is known to suppress hydrolysis by EcoRI restriction
enzyme. The 3D structure of the three dodecamers was studied in solution and/or solid
state,?’32 a B-DNA arrangement being observed in all cases. On the other hand, ssDNAs

were constructed by removing one of the strands from the three selected duplexes.
L.3. Encapsulation of DNA in apatites and nucleation of HAp

Giving the hexagonal symmetry of the two investigated apatites and the molecular
dimensions of the B-DNA dodecamers, HAp and FAp models (super-cells) were constructed
considering 6x6x7 unit cells. After this, a hole was generated in the center of each super-
cell, the dimensions of such hole being defined by the ds B-DNA (i.e. steric conflicts
between the apatite atoms and the BDNA were not allowed). After several trials, we found
that a hole of 2x2x7 units cells (Figure Ann.l.la) was the minimum required to
accommodate the double helix without severe steric contacts. In order to completely avoid
unfavorable steric interactions between the apatite and the biomolecule, some additional
atoms and groups of atoms were translated at their border regions (Figure Ann.I.1b) allowing
us to maintain the electroneutrality of the super-cells. The side length of this hole is 19 A
and its angle y is 120. The resulting models (i.e. super-cells with a hole of appropriated
dimensions at the center) consist of 9,856 and 9,408 atoms for HAp and FAp, respectively.
The atomic coordinates for the ds DNAs were generated using the NAB (Nucleic Acid
Builder) program of the AMBER software,*® which constructed the double helix in the
canonical B form. In order to maintain the electrical neutrality of the system, Ca®" ions were
put at the minor groove of the double helix, as is frequently observed by X-ray diffraction.’*
36 The positions of these ions were optimized by energy minimization while the coordinates
of the rest of the atoms of the system were kept fixed. Models for encapsulated ssDNAs were
constructed by removing one of the two strands from the ds B-DNAs embedded in HAp or
FAp. In these cases, Ca?" ions were put at random positions around the backbone phosphate

groups and subsequently optimized by energy minimization.
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The simulation system used to investigate the initial stages of nucleation and cluster
formation of calcium phosphate at a B-DNA double helix consisted of the Dickerson’s
dodecamer duplex (I), which was located at the center of the simulation box, 945 Ca®* ions,
567 PO4* ions, 189 OH™ ions, and 29,560 water molecules (Figure Ann.I.1c). In order to
provide a comprehensive view of the templating role of the double helix, additional
simulations of the same system but without B-DNA were carried out. Several factors are
expected to affect the nucleation and growth of the HAp at the B-DNA, ionic concentration
being among them. We are aware that the concentration of ions in the simulation systems is
higher than in biological conditions. However, modeling much lower concentrations would
require computationally prohibitively large simulation boxes. Furthermore, increasing the
ion concentration is a practical way to accelerate the simulation of HAp nucleation and

growth 3738

Figure Ann.l.1. (a) Simplified scheme of the HAp and FAp super-cells and the hole used to
encapsulate ds B-DNA. (b) Atomistic depiction of the FAp super-cell projected onto the (001) plane
showing the atoms (blue arrows) and groups of atoms (blue arrows and circles) translated to the
border regions of the super-cell. (¢) Graphical representation of the system used to investigate the
initial stages HAp nucleation and growth at a B-DNA in aqueous solution: Dickerson’s dodecamer
double helix in the center of the simulation box, which also contains water solvent molecules and
Ca*", PO4* and OH ions.
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1.4. Methods
1.4.1. Encapsulation of DNA

In order to relax and investigate the stability of the models constructed in the previous
section, molecular mechanics calculations based on both energy minimization and MD
simulations were applied using the NAMD 2.6 program.* Initially, all the models were
minimized by applying 5x10° steps of steepest descent to relax the more important
conformational and structural tensions. Then, a MD run of 3.0 ns in the NVT ensemble
(constant number of particles, volume and temperature) at 298 K was carried out to

equilibrate the systems and eliminate small structural tensions.

After such thermal relaxation, the saved coordinates were submitted to a new energy
minimization by applying 5x103 steps of steepest descent. In both energy minimizations and
MD simulation, atoms contained in ds and ss DNAs were the only ones allowed to move
from their positions, the coordinates of the mineral being kept fixed at their crystallographic
positions in all cases. It should be emphasized that all the systems were calculated in
triplicate considering starting points that differ in the orientation of the DNA with respect to

the apatite.

The potential energy was computed using the Amber force-field.*>*' All force-field
parameters for DNA as well as the phosphate and hydroxyl groups of apatites were extracted
from Amber £f03.4? This is a variant of Amber ff99** in which charges and main chain torsion
potentials have been re-derived from quantum mechanical calculations in solution. It should
be noted that the ff03 parameters are identical to the ff99-SB** ones for nucleic acids,
phosphate and hydroxyl groups. Force-field parameters of Ca>* and F- were extracted from
the works reported by Bradbrook et al.*> and Dang,*. The geometric distortion induced by
the apatite in the secondary structure of DNA (At) has been measured as an energy penalty

in the bonding contributions using Eqn 1:

At = AEgy + AEpng + AEo, (1)

where AE,, AEy,4 and AE;,, refer to the differences in the stretching, bending and
torsional energies, respectively. It should be remarked that At exclusively refers to the
geometric stress of the double helix, the omission of non-bonding contributions in Eqn 1

allowing us to avoid masking effects associated with strong electrostatic interactions. These
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differences were calculated by subtracting the energy values associated with the relaxed
structure (i.e. the structure obtained for the DNA embedded in apatite after relaxation by
energy minimization and MD simulations) and canonical Bform of DNA (i.e. the structure
directly provided by the NAB module). It should be noted that At accounts for the structural
stress induced by the apatite atoms in DNA.

1.4.2. Validation of the force-field

The reliability of the force-field parameters used in this work to reproduce apatite---DNA
interactions in biominerals has been evaluated by comparing the interaction energies derived
from molecular mechanics and quantum mechanics calculations. A total of 22 small model
complexes containing a fragment of DNA and a fragment of apatite were taken from the
modeled biominerals. These complexes, which involved a number of atoms ranging from 53
to 98, were selected to cover the modeling of both attractive and repulsive interactions. The
interaction energies, which were estimated as the difference between the total energy of the
complex and the energies of the isolated fragments, were calculated using both the AMBER
forcefield and the B3LYP/6-31G(d)*** quantum mechanical method. The basis set
superposition error (BSSE) of the interaction energies calculated at the B3LYP/6-31G(d)
level was corrected using the counterpoise (CP) method.** All quantum mechanical

calculations were performed using the Gaussian 09 computer program.>°

1.4.3. Nucleation of HAp

MD simulations in NPT conditions (constant number of particles, temperature of 298 K
and pressure of 1 atm) were performed using the NAMD 2.6° code to investigate the process
of formation and growth of HAp round ds B-DNA molecule in a bath of water molecules.
Before the incorporation of DNA, the density of the water in the simulation box was 1.00
g/cm’ at a temperature of 298 K. The force-field parameters for DNA, phosphate and
hydroxyl groups, and Ca*" were identical to those for the encapsulation study. The water
molecules were represented using the TIP3P model.’! The initial simulation box
(92.0x91.5x108.0 A3) was equilibrated using the following strategy. Before any MD
trajectory was run, 5x10° steps of energy minimization were performed in order to relax
conformational and structural tensions. Next, different consecutive rounds of short MD runs

were performed in order to equilibrate the density, temperature, and pressure. First, solvent
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and ions were thermally relaxed by three consecutives runs, while the B-DNA was kept
frozen: 0.5 ns of NVT-MD at 500 K were used to homogeneously distribute the solvent and
ions in the box. After this, 0.5 ns of isothermal (298 K) and 0.5 ns isobaric (1 atm and 298
K) relaxation were run. Finally, all the atoms of the system were submitted to 0.15 ns of
steady heating until the target temperature was reached (298 K), 0.25 ns of NVT-MD at 298
K (thermal equilibration) followed by 0.5 ns of density relaxation (NPT-MD).

Atom pair distance cut-offs were applied at 16.0 A to compute the van der Waals
interactions. In order to avoid discontinuities in the Lennard-Jones potential, a switch
function was applied to allow a continuous decay of the energy when the atom pair distances
are larger than 14.0 A. For electrostatic interactions, we computed the nontruncated
electrostatic potential throughout Ewald Summations.>? The real space term was determined
by the van der Waals cut-off (16 A), while the reciprocal term was estimated by interpolation
of the effective charge into a charge mesh with a grid thickness of 5 points per volume unit,
i.e. Particle-Mesh Ewald (PME) method.>? Both temperature and pressure were controlled
by the weak coupling method, the Berendsen thermobarostat.>® The relaxation times used
for the coupling were 1 and 10 ps for temperature and pressure, respectively. Bond lengths
were constrained using the SHAKE algorithm>* with a numerical integration step of 1 fs.
Periodic boundary conditions were applied using the nearest image convention, and the
nonbonded pair list was updated every 1,000 steps (1 ps). The end of the density relaxation
simulation was the starting point of the 10 ns production simulations presented in this work.

The coordinates of all the production runs were saved every 500 steps (1 ps intervals).

L.5. Results and discussion
I.5.1. Embedding double stranded B-DNA in hydroxyapatite

Figure Ann.l.2a represents the structure of Dickerson’s dodecamer (sequence I) embedded
in HAp before relaxation. As it can be seen, the B-DNA occupies practically the whole pore,
indicating that its dimensions are appropriated to accommodate the double helix. Figure
Ann.I.2b depicts the double helix after complete relaxation through energy minimizations
and MD. Although interactions with HAp atoms induce some distortions in the backbone of
B-DNA, both the intra-strand stacking and the inter-strand hydrogen bonds are clearly
preserved. The influence of the sequence on the B-DNA distortion induced by the mineral

was examined by considering the double helices of II and III embedded in the same pore of
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HAp. Inspection of the relaxed structures, which are also included in Figure 1.2b, indicates
that, as observed for I, apparently the initial double helices do not undergo significant
distortions. This result is fully consistent with previous suggestions, which attributed the
binding between HAp and ds DNA to the attractive interaction between the Ca* ions of the
former and the PO4* groups of the latter.!”2° According to this feature, the role of the
nucleotide sequence is relatively unimportant and the stability of the B-DNA inside the pore

is essentially due to the dimensions of the latter.

Figure Ann.L.2. (a) Equatorial perspective of the B-DNA double helix (I) embedded in HAp
before relaxation. (b) Axial perspective of the double helix of I, II and III after relaxation.

The distortion induced by the mineral in the double helix of each of the three investigated
sequences was quantified using the parameters displayed in Table Ann.I.1, which correspond
to: (i) At, which measures energy differences of the bonding contributions (Eqn 1); (ii) the
root mean square deviation (RMSD) between the canonical double helix (i.e. the starting

structure) and the relaxed double helix; and (iii) the inter-chain distance (IC) measured with
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respect to the centers of mass of each strand. Interestingly, the At obtained for I was one
order of magnitude higher than for II and III, even though the difference between the
bonding contributions was attractive in all cases. Thus, distortion of the backbone produces
an energy penalty in the torsional energy but favorable stretching and, especially, bending
contributions, resulting in an attractive At value. However, the unfavorable torsional energy
contributions, which reflect the conformational distortions induced by the mineral in the
canonical B-DNA, are relatively small. The RMSDs ranged from 1.7 to 4.2 A, which are
relatively low considering that they were derived using all the atoms of ds DNA. Finally, the
IC showed very small distortions (i.e. ranging from —0.5 to +2.8 A) since the IC of the

starting structures varied from 19.0 to 20.3 A, depending on the sequence.

Table Ann.I.1. Stress induced by the minerals in the DNA molecules (At; in kcal/mol)

Stretching, bending and torsional contributions to the stress (AEg,, AEpn4 and AE;,,., respectively),
inter-chain distance (IC; in A) and root mean square deviations (RMSD; in A) between the initial

and the relaxed conformations of the biomolecule for different systems encapsulated in HAp and
FAp

At? AE,"° AEp,4° AE )" IC*® RMSD f
HAp---ds B-DNA
I =277 -32 -291 +46 22.8 35
II -2460 -311 -2160 +11 19.8 1.7
III -1975 -228 -1903 +156 18.7 4.2
FAp--ds B-DNA
I +698 +961 -385 +122 17.6 9.7
HAp---ss DNA
I -239 -22 -236 +19.2 - 10.3
FAp:--ss DNA
I -204 -18 -234 +48 - 111

2 Eqn (2). ® Eqn (3). ¢ Eqn (4). ¢ Eqn (5). ¢ Calculated with respect to the center of masses of each strand.  The
RMSD was calculated considering all the atoms of the duplexes.
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The overall of these results indicates that the cavity displayed in Figure Ann.I.1b allows
encapsulate B-DNA double helices without produce mineral-induced stress. Moreover, the
dimensions of the pore combined with the crucial role played by the Ca?" are appropriated
to avoid any dependence on the nucleotide sequence. Accurate definition of the cavity is
provided by the maximum distances between pairs of atoms of the mineral at the internal

diagonals of the pore, which are 30.5 and 21.1 A.
1.5.2. Embedding double stranded B-DNA in fluoroapatite

Relaxation of ds Dickerson’s dodecamer embedded in FAp led to the structure displayed in

Figure Ann.1.3a.

- Embedding in
— ) FAp pore
-
(b) gan0’

Figure Ann.1.3. Axial perspectives of (a) the double helix of I before and after relaxation in FAp
and of (b) a single strand of | before and after relaxation in FAp (top) and HAp (down).




136 | Annex I

Although the general shape of the double helix is retained after energy minimizations and
MD, it underwent geometric distortions that affected significantly both the inter-strand
hydrogen bonds and the intra-strand 7 -stacking. Thus, the RMSD calculated with respect
to the canonical B-DNA used as starting point was 9.7 A (Table Ann.I.1), this value being
significantly higher than those obtained for complexes with HAp. Moreover, the energy
penalty is repulsive, At = 698 kcal/mol, evidencing the significant geometric stress induced
by FAp in the double helix. This stress is essentially concentrated in the bond lengths, the
AEg, being not only repulsive but also significantly higher than the AE,,,; and AE;,,
contributions. Finally, it should be noted that the repulsive interactions between the FAp and
the double helix produces a significant reduction in the IC with respect to the initial value.
Thus, the distance between the centers of masses of the two strands in the canonical B-DNA
form of I was 20.0 A, decreasing to 17.6 A after relaxation inside of the FAp pore. This
contraction is in opposition with the expansion of 2.8 A observed when I was embedded in

HADp, reflecting the repulsive force exerted by fluorine atoms of FAp in the double helix.

I.5.3. Embedding single stranded DNA in apatites

As expected, ssDNA molecules encapsulated in HAp and FAp underwent drastic
conformational changes upon relaxation. Obviously, this should be attributed to the lack of
inter-strand hydrogen bonding, which facilitates the distortions induced by the interactions
with the mineral. Figure Ann.1.3b reflects such important variations for ss-I. The RMSD
obtained for the strand encapsulated in HAp and FAp after relaxation is 10.3 and 11.1 A,
respectively,

suggesting that distortions are similar in both cases. The latter is corroborated by At values
(Table Ann.I.1). Thus, the pore is large enough to minimize repulsive interactions,
independently of the composition of the mineral, through the complete conformational
reorganization of the biomolecule. The relaxed conformation displayed in Figure Ann.1.3b
should be simply considered as one of the many possible disordered conformational states
of the ss DNA molecules (i.e. the pore allows multiple disordered conformational states for
the DNA strand, as was observed during the MD simulation). Similar results were obtained

for ss-1I and ss-III (not shown).
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Figure Ann.I.4. Representation of the interaction energies calculated for inorganic---organic model
complexes using quantum mechanical calculations at the B3LYP/6-31G(d) level (AE?YY) and the
AMBER force-field (AEFFY).

1.5.4. Validation of the force-field

We are aware that the molecular mechanics calculations presented in the above sub-
sections were carried out using force-field parameters that were not explicitly designed to
investigate the inorganic---organic interactions found in biominerals. Specifically, the
parameters used to simulate the phosphate and hydroxyl groups of apatites were extracted
from Amber ff03,*' which was explicitly developed to study the dynamics of proteins and
nucleic acid in condensed phases, while those used for Ca®>" and F- were set to study the
crystallographic structure of monosaccharides** and the solvation of LiF in polarizable
water,® respectively. Before to investigate the nucleation of HAp at a B-DNA double helix,
we performed quantum mechanical calculations on model systems to demonstrate that such
force-field parameters satisfactorily reproduce inorganic- - -organic interactions. A total of 22
model complexes, each containing a fragment of HAp and a fragment of B-DNA, were taken

from the model obtained for I embedded in the mineral.

These model complexes were selected to cover a wide range of interactions, both
attractive and repulsive. The interaction between the HAp and B-DNA fragments was

calculated for all the complexes using both the force-field potential (AEFF?) and the
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B3LYP/6-31G(d) quantum mechanical method (AE?™+*), the CP procedure being applied in

the latter to correct the BSSE. The AE?M* against AEFF* values range from 11.7 to —17.1

kcal/mol and from 11.3 to —14.8 kcal/mol, respectively. Figure Ann.1.4., which represents

AEM1 against AEFF? | evidences a close agreement between the forcefield and quantum

mechanical estimates. Thus, the root mean square deviation between the interaction energies

provided by the two methodologies only amounts 1.6 kcal/mol, while the ratio AEFF¢/AEQM

and the regression coefficient R? are 0.93 and 0.950, respectively. These results demonstrate

the ability of the force-field parameters used in this work to reproduce inorganic---organic

interactions in biominerals with an accuracy better than expected.

(a) ,:-' -
" 7=108° - 141°

13.75 A
6.72 A

(b)

—

-

e

e

Figure Ann.L5. Isomorphic planes identified in (a) the double helix of B-DNA and (b) HAp.
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I.5.5. Nucleation of apatites using B-DNA

Detailed comparison of B-DNA and apatites structures allowed us to identify a plane
defined by four phosphate groups that are located at similar distances in the two systems
(Figure Ann.1.5.). Specifically, for HAp / FAp such plane is defined by u = 6.87/6.88 A (i.e.
the crystallographic parameter (c) and v=11.66/11.62 A, with an angle y of 120°; while
some variability is observed for B-DNA depending on the sequence. Thus, the average
values of the sides are u= 6.72 A and v=13.75 A, the largest variability being shown by the

angle with values ranging from 108° to 141°.

Starting from the plane identified in sequence I, HAp and FAp models were generated
from the phosphate groups located at such plane and growing the crystal through the
positional parameters displayed in Table Ann.I.2. Accordingly, the four phosphate of the
plane identified in B-DNA, as displayed in Figure Ann.I.5a, were embedded into the apatite

crystal. The latter growing process is schematized in Figure Ann.l.6a for HAp,

Figure Ann.I.6.(a) Growing process of HAp using the double helix of B-DNA as a nucleating agent.
(b) biomineral obtained such growing mechanism.
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Table Ann.L.2. Positional parameters used to construct the crystal structures of natural HAp and
FAp.

Atom X y z
Cay

HAp 2/3 1/3 0.0010
FAp 2/3 1/3 0.00144
Can

HAp -0.00657 0.24706 1/4
FAp -0.00712 0.24227 1/4

P

HAp 0.36860 0.39866 1/4
FAp 0.36895 0.39850 1/4
O

HAp 0.4850 0.3289 1/4
FAp 0.4849 0.3273 1/4
Orn

HAp 0.4649 0.5871 1/4
FAp 0.4667 0.5875 1/4
Om

HAp 0.2580 0.3435 0.0703
FAp 0.2575 0.3421 0.0705

OMH)/F

HAp 0 0 0.1979

FAp 0 0 1/4

while Figure Ann.1.6b displays the resulting structure viewed from a perspective in front of
the B-DNA. In order to make understandable the procedure used to build the models, Figure
Ann.L.6. illustrates the procedure considering a single plane of phosphates. The same
procedure was applied to build the crystal FAp model (not shown). As suggested from the
comparison displayed in Figure Ann.1.5., we corroborated that the geometric position of the
phosphate groups of ds B-DNA is suitable to grow both HAp and FAp crystals. This feature
allowed us to conclude that, from a geometric point of view, such biomolecule may act as
nucleating agent of the mineral. However, an energy analysis is also required to provide a

complete evaluation of this nucleation in the biomineral.
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Figure Ann.1.7. compares the variation of the total energy, which is clearly dominated by
the electrostatic contribution, of the two biominerals with those of the two minerals as the

size of the crystal grows (i.e. increasing thickness).

(
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-250 1

—B-DNA/HAp
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Figure Ann.L.7. Variation of the total energy (ET) against the distance from the center of masses of
B-DNA for the biomineral and mineral of (a) HAp and (b) FAp.

It should be noted that biominerals refer to the apatite crystals grown around a B-DNA
molecule, which is used as a template (i.e. B-DNA/HAp and B-DNA/FAp) while minerals
correspond to pure apatite crystals (i.e. HAp and FAp without B-DNA). Also, the size or
thickness of the crystal is represented by a cutoff distance defined with respect to the center
of masses of the phosphate groups belonging to the planes used to nucleate the crystals. The
energy profiles obtained for B-DNA/HAp and HAp, which are practically identical (Figure
Ann.l.7a), clearly reflect the lack of influence of the double helix DNA on the energy of the
system from the first steps of mineralization (i.e. mineral thickness < 10 A). The pattern for

B-DNA/FAp and FAp is fairly similar but there is an energetic mismatch between the
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biomineral and the mineral (Figure Ann.I.7b), which suggests a stronger distortion of the ds
DNA. These results are in agreement with those provided above, which evidenced that FAp
distorts more severely the double helix of B-DNA than HAp. Dynamics of the initial stages
of nucleation of apatites at B-DNA.

In order to simulate the early formation and growing of calcium phosphate clusters in the
nucleation of HAp at B-DNA double helix template, MD simulations of two systems based
on stoichiometric aqueous solutions of Ca*, PO4* and OH™ ions were carried out. In the first
system, hereafter denoted HAp/DNA, a double helix B-DNA molecule was immersed in the
stoichiometric solution described in the Methods section. The second system, hereafter
denoted HAp, no DNA was incorporated to the water box thus remaining the Ca®*, PO4*- and
OH ions. The analysis of the results was performed on the bases of a 10 ns production run
(i.e. the trajectory after equilibration of the density, temperature, and pressure; see Methods
section) in the NPT ensemble. It is worth noting that these simulations are two times larger
than those used to examine the early stages of nucleation of HAp at a collagen template
and, therefore, the clustering process is expected to occur within such time scale. Figure
Ann.1.8. compares the radial distribution functions (RDF) of Ca?"---OH~ and Ca?"--- PO4s*
pairs obtained from HAp and HAp/DNA simulations. As it can be seen, the B-DNA template
does not have any significant effect in the RDF of the Ca®*--- OH™ pair at distances smaller
than 4.5 A, even though the peaks centered at 5.45 and 6.18 A are more pronounced in the
HAp/DNA system than in the HAp ones. The latter feature indicates that the clustering is
higher in the former than in the latter. Differences are more pronounced, especially at short
distances, in the RDFs calculated for the Ca®*--- PO4* pair in HAp and HAp/DNA.. Thus, for
the HAp system the first peak appears at 4.22 A, whereas two well-defined sharp peaks
centered at 3.14 and 3.82 A are clearly identified for the HAp/DNA one. This is consistent
with the growing of embryonic clusters in the latter system. Inspection of atomistic
configurations extracted from the dynamics indicates that peaks identified for the Ca?*---
PO4> pair at distances lower than 4 A correspond to PO3 4 groups surrounded by several

(frequently 3) Ca®" atoms.
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Figure Ann.l. 8. Radial distribution functions of Ca2+--- OH and Caz+--- PO,* pairs calculated for
HAp and HAp/DNA systems. Both general and detailed views are displayed.

The nucleation of HAp at the DNA molecule is clearly corroborated in Figure Ann.1.9.,
which represents the RDF of Ca?"---PO4*, OH—-+ PO4> and PO4*

... PO4* pairs (where
PO4* corresponds to the phosphate group of DNA). As it can be seen, the Ca?"--- PO4*

profile shows a peak at 2.58 A, indicating that the PO4*groups of B-DNA are coordinated
with Ca?* forming stable ion complexes. Although the role of Ca?* in this complexes may
be initially reduced to that of a simple counterion, the peaks observed at 3.14 and 3.84 A in
the PO4* -+ PO4?> RDF can be only attributed to the nucleation of inorganic crystals at the
biomolecule template. Thus, MD simulations reflect that the phosphate groups of DNA
interact with Ca?* to form ion complexes, which subsequently coordinate with PO groups
of the solution giving place to the stabilization of calcium phosphate clusters at the template.
Electrostatic attractions between Ca?" and the phosphate groups of both the DNA and the
solution were crucial for the nucleation of the crystals at the template surface. On the other

hand, the OH™-- PO4* RDF suggests that the role of the OH™ is much less decisive in the
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formation of clusters at the B-DNA surface. Thus, although the profile shows a very broad
peak centered at 3.28 A, it is very poorly defined indicating that the OH~ anions are
incorporated only occasionally to the calcium phosphate clusters formed at the surface of the
B-DNA. Accordingly, the combination of the OH™-- PO4* and Ca?"---OH~ RDFs (Figures
Ann.L.8. and Ann.1.9., respectively) evidences that the OH™ remain essentially at the bulk
forming complexes and clusters with Ca?*. It should be remarked that the low relevance of
the OH™ anions in the formation of clusters to nucleate HAp crystal at the B-DNA surface is
fully consistent with experimental observations. Thus, Tarasevich et al.> reported that the
calcium phosphate clusters act as precursors of HAp (i.e. typically octacalcium phosphate)

do not incorporate OH~ groups.

== Ca2+--phosphate of DNA

OH-~-phosphate of DNA

= phosphate--phosphate of DNA

RDF

10 29 230 40 50 60 7.0 88 9.0. 100

— Ca2+-phosphate of DNA
OH-~phosphate of DNA
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2.0 3.0 4.0 6.0 7.0 8.0

5.0
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Figure Ann.L.9. Radial distribution functions of Ca** ---PO,* ; OH™ ---PO4* and PO4" ---PO4* pairs
calculated for HAp/DNA. Both general and detailed views are displayed.
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1.6. Conclusions

In this study, biominerals made of apatite and DNA have been modeled at the atomistic
level. The aims of the work were to provide understanding of the influence of the mineral
on the conformation of the biomolecule and to determine the possible role of the latter as
nucleating agent of the mineral. Encapsulation of the B-DNA double helix in rhombohedric
pores (y= 120°) of HAp does not induce significant structural distortions in the biomolecule.
This observation has been found to be independent of the DNA sequence, which has been
attributed to the strong stabilizing interactions between the Ca’?* atoms of HAp and the
phosphate groups of DNA. The minimum dimensions of the pore needed to encapsulate B-
DNA are defined by the maximum distances between atoms of the mineral at the internal
diagonals, which are 30.5 and 21.1 A. This result is fully consistent with experimental
investigations devoted to encapsulate DNA into HAp nanoparticles, which show a relatively
high loading capacity through their pores. The structural stability of the encapsulated double
helix is an important finding that offers new possibilities for the design of efficient
therapeutic biomedical applications. These results are particularly relevant considering
recent findings like the mechanism used by carcinogenic cells to capture HAp

nanoparticles.>®

On the other hand, the mechanism proposed for the growing of apatite crystals using the
double helix of B-DNA as nucleating agent represents an alternative to classical
encapsulation processes (i.e. loading of biomolecules at the nanopores and/or the surface).
Thus, the controlled formation of biominerals (i.e. porous nanoparticles of mineral growing
from biomolecules) combined with conventional encapsulation approaches may be used to
design therapies with higher efficacy and durability. MD simulations have been used to
investigate the initial stages of nucleation and cluster formation of calcium phosphate at a
B-DNA double helix in aqueous solution. At room temperature, calcium ions interact with
DNA phosphates to form ion complexes, but attracted by electrostatic forces, they coordinate
to PO4* and other calcium ions starting the formation of clusters. Finally, it should be
mentioned that this growing mechanism of the biomineral is compatible with the theory and

models proposed by Kostetsky?! to explain the origin of organic matter and life on the Earth.
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Annex 11

Mineralization of DNA into nanoparticles of hydroxyapatite?

Abstract

Encapsulation of DNA into hydroxyapatite (HAp) has been investigated using a rational
approach that involves computer simulation and experimental techniques. The temporal
evolution of the radial distribution functions derived from atomistic molecular dynamics
simulations of Ca?*, PO4*~ and OH™ containing aqueous solutions in the presence and
absence of B-DNA has been used to conclude that the backbone of the double helix acts as
a template for HAp growth. More specifically, results reveal the formation of calcium
phosphate clusters at the first stages of the simulations, which subsequently reorganize to
nucleate HAp. This effect is produced in the absence and, especially, presence, of DNA
indicating that the biomolecules do not inhibit but even promote mineral growth.
Furthermore, computer simulations suggest that the diffusion of the OH™ anions through the
inorganic solution is the limiting step for the nucleation of the biomineral. Nanocapsules and
crystalline nanorods of HAp containing DNA molecules inside have been prepared by
mixing solutions containing Ca** and PO+’ ions with fish sperm DNA at high pH. The
dimensions and morphology of such nanostructures have been examined by transmission
electron microscopy, while the characterization of the biomineral has been focused on the
identification of DNA inside HAp using infrared, X-ray photoelectron and UV-vis
spectroscopies, as well as gel electrophoresis. The biominerals reported in this work are
important for biomedical applications requiring the protection of DNA from aggressive

environmental conditions.

3 Published in Bertran O., del Valle L.J., Revilla-Lopez G., Chaves G., Cardus L., Casas M.T., Casanovas J.,
Turon P., Puiggali J., Aleman C., Mineralization of DNA into nanoparticles of hydroxyapatite, Dalton
Transactions (2014), 43,317 —327. Reproduced with permission of Royal Society of Chemistry.
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Mineralization of DNA into nanoparticles of hydroxyapatite

I1.1. Introduction

Hydroxyapatite (HAp), Caio(PO4)s(OH)2, is a complex mineral which is becoming
increasingly important as a candidate for use as a biomaterial. HAp is the main mineral phase
of mammalian tooth enamel and bone,' where it grows as nano-sized mineral platelets at
nucleating sites on a protein template.>* More specifically, very thin HAp platelets adopt an
ordered arrangement within and around collagen fibrils, the mineral being aligned with its
c-axis along the fibril.> HAp-collagen composites are biodegradable and good matrices for
bone cell attachment and proliferation, as well as new bone formation.* Several non-
collagenous proteins have been also associated with HAp. Specifically, the growth of the
bone is controlled by naturally evolved proteins,>’ and malfunction of these proteins may

lead to severe skeletal diseases.?

In the last few years interactions between HAp and DNA are believed to play an important
role in different fields, including the biomedical one.’!” For example, recent spectroscopic
studies showed the contribution of vibrational modes of DNA, phospholipids and protein
appears in HAp microcalcifications formed in the organism.” More recently, HAp
nanoparticles (NPs) have been used as non-viral gene carriers.!%'3 Thus, DNA-HAp NPs
complexes were found to cross cell membranes, integrating into the cell genome. In a
very recent study, Brundin et al.'* showed a specific binding affinity of HAp for DNA.
These same authors found that HAp-bound DNA is more resistant to decay and less
susceptible to degradation by serum and nucleases, which may account for the long-term

persistence of DNA in bone and tooth.'*

The direct encounter between DNA and HAp in biological systems suggests that
investigation of the interaction between these two materials and particularly, of the formation
of biominerals through the nucleation of HAp at a DNA template would be very useful for
the development of novel strategies for gene therapy. Thus, biomineralization would
facilitate DNA protection by the surrounding inorganic material. Amazingly, the number of
studies devoted to examining the interaction between HAp and DNA is still very scarce. In

an early study, Jordan et al."’ reported on DNA-calcium phosphate co-precipitation for
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transfection purposes, even though such co-precipitation was described only in a narrow

range of physico-chemical conditions. More recently, Okazaki et al.'®

investigated the effect
of DNA on the crystal growth of HAp by synthesizing the mineral in the presence of the
biomolecule. Those authors reported that DNA inhibits the HAp crystal growth, indicating
that DNA molecules are not in the HAp structure but adsorbed at the surface. Finally, in a
very recent study we used molecular modeling tools to examine the structure and stability of
biominerals in which DNA molecules are embedded into HAp nanopores.!” Results

indicated that duplexes of DNA adopting a B double helix can be encapsulated inside

nanopores of HAp without undergoing significant conformational distortions.

On the basis of these observations, in this work we investigate the encapsulation of DNA
into HAp nanoparticles using a rational design approach that combines theoretical and
experimental methodologies. Atomistic molecular dynamics (MD) simulations of B-DNA
immersed in an inorganic solution show the rapid formation of calcium phosphate clusters
at the biomolecule template. The temporal evolution of these clusters suggests the growing
of HAp around the DNA matrix. Although 50 ns trajectories only represent the initial stages
of nucleation of HAp around the DNA template, analyses support the view that the
biomolecules promote, or at least does not inhibit, mineral growth. The inorganic solutions
used for the simulations have been experimentally applied to fabricate nanocapsules and
crystalline nanorods with DNA inside. Corroboration of this experimental achievement and
characterization of the biomineral after the removal of superficially adsorbed DNA by
enzymatic digestion were carried out through transmission electron microscopy (TEM),
infrared spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS), UV-vis

spectroscopy and gel electrophoresis.

I1.2. Methods
I1.2.1. Computational methods

The simulation system consisted of the Dickerson’s dodecamer (5'-CGCGAATTCGCG-
3"), which is a well-known sequence that adopts a B-DNA double helix,!® 955 Ca?* ions, 567
PO43" ions, 189 OH™ ions, and 29,523 water molecules. In addition, simulations of a system
made of 945 Ca?' ions, 567 PO4*~ ions, 189 OH ™ ions and 29,554 water molecules were
carried out to get more insights on the role of the B-DNA template in mineral growth. MD

simulations in NPT conditions (constant number of particles, temperature of 298 K and



Mineralization of DNA into nanoparticles of hydroxyapatite | 157

pressure of 1 atm) were performed using the NAMD 2.6'° code. The potential energy was
computed using the Amber force-field.?° All force-field parameters for DNA as well as the
phosphate and hydroxyl groups were extracted from Amber ff03.2! It should be noted that
the ff03 parameters are identical to the ff99-SB?? ones for nucleic acids, phosphate and
hydroxyl groups. Force-field parameters of Ca®>" were extracted from the work reported by
Bradbrook et al.?? The ability of this set of force-field parameters to reproduce the inorganic—
organic interactions found in biominerals was recently proved.!” The density of water in the
simulation box was 1.00 g:cm™ at a temperature of 298 K. The water molecules were
represented using the TIP3P model.>* The initial simulation box (92.0 x 91.5 x 108.0 A3)
was equilibrated using the following strategy. Before any MD trajectory, 5000 steps of
energy minimization were performed to relax conformational and structural tensions. Next,
different consecutive rounds of short MD runs were performed to equilibrate the density,
temperature, and pressure. First, solvent and ions were thermally relaxed by three
consecutive runs, while the B-DNA was kept frozen: 0.5 ns of NVT-MD (volume conserved)
at 500 K were used to homogeneously distribute the solvent and ions in the box. After this,
0.5 ns of isothermal (298 K) and 0.5 ns of isobaric (1 atm and 298 K) relaxation were run.
Finally, all the atoms of the system were submitted to 0.15 ns of steady heating until the
target temperature was reached (298 K), 0.25 ns of NVT-MD at 298 K (thermal
equilibration), followed by 0.5 ns of density relaxation (NPT-MD).

Atom pair distance cut-offs were applied at 16.0 A to compute the van der Waals
interactions. In order to avoid discontinuities in the Lennard-Jones potential, a switch
function was applied to allow a continuous decay of energy when the atom pair distances
are larger than 14.0 A. For electrostatic interactions, we computed the non-truncated
electrostatic potential throughout Ewald Summations.?> The real space term was determined
by the van der Waals cut-off (16 A), while the reciprocal term was estimated by interpolation
of the effective charge into a charge mesh with a grid thickness of 5 points per volume unit,
i.e. Particle-Mesh Ewald (PME) method.?> Both temperature and pressure were controlled
by the weak coupling method, the Berendsen thermobarostat.?® The relaxation times used
for the coupling were 1 and 10 ps for temperature and pressure, respectively. Bond lengths
were constrained using the SHAKE algorithm?’ with a numerical integration step of 1 fs.
Periodic boundary conditions were applied using the nearest image convention, and the
nonbonded pair list was updated every 1,000 steps (1 ps). The end of the density relaxation

simulation was the starting point of the production simulations presented in this work, which
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were 50 and 25 ns long for the system with and without the DNA template, respectively. The

coordinates of all the production runs were saved every 1,000 steps (1 ps interval).

I1.2.2. Experimental methods
11.2.2.1. Materials

The materials used in the present work included fish sperm DNA, DNase I (bovine
pancreas, > 400 Kunitz units per mg), hexadecyltrimethylammonium bromide (CTBA),
calcium nitrate [Ca(NO3)2:4H20], diammonium hydrogen phosphate [(NH4):HPOu4],
ethylenediaminetetraacetic acid (EDTA), NH4OH, HCI, NaCl, ethanol and deionized water.
Fish sperm DNA, DNase | and CTBA were purchased from Sigma-Aldrich. Other reagents
were provided by Panreac. All chemicals were of analytical grade and were used without

further modification and purification.
11.2.2.2. Synthesis of HAp-DNA nanocrystals

0.1 g of fish sperm DNA were added to 15 mL of a 0.3 M (NH4)2HPO4 solution in de-
ionized water. The pH of such solution was previously adjusted to 10 with aqueous
ammonia. The mixture was added drop-wise (rate of 2 mL-min™') and under agitation
(400 rpm) to 25 mL of 0.3 M Ca(NOs): solution in de-ionized water and the appropriate
amount of aqueous ammonia to adjust pH to 10. Temperature was maintained at 40 °C during
the addition process. After that, the reaction mixture was stirred at 80 °C for 1.5 h and then
naturally cooled to room temperature. The resultant suspension was aged for 24 h at room
temperature. Then, the precipitate was separated by centrifugation and washed sequentially
with de-ionized water and a 60/40 v/v mixture of ethanol-water (twice). A white powder
was obtained after freeze-drying. The same protocol without the addition of fish sperm DNA

was followed to get HAp nanocrystals, which were used as a control.
11.2.2.3. Synthesis of HAp-DNA nanocapsules

0.382 g of fish sperm DNA were added to 5 mL of'a 0.5 mM Ca(NOs3):2 solution in ethanol
containing ammonia to adjust the pH to 11. Specifically, the DNA/Ca?* ratio was 0.15
g'mmol~'. The mixture was quickly added under agitation (400 rpm) to 3 mL of 0.5 mM
(NHa4)2HPOs4 solution in de-ionized water and 0.5 mg of CTAB surfactant (calculated to be
half the value of the critical micellar concentration, CMC). The mixture was maintained
under agitation at room temperature for 1 h and subsequently allowed to stand overnight at

37 °C. The precipitate was separated by centrifugation and washed sequentially with de-
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ionized water and a 60/40 v/v mixture of ethanol-water (twice). A white powder was
obtained after freeze-drying. The same protocol without the addition of fish sperm was

followed to get HAp nanocapsules, which were used as a control.
11.2.2.3. Transmission electron microscopy (TEM)

A Philips TECNAI 10 electron microscope was used and operated at 80 kV for a bright
field mode. Micrographs were taken with an SIS MegaView II digital camera. Nanocrystals
were recovered from the mother liquor by centrifugation, repeatedly washed with water and
ethanol and deposited on carbon- coated grids. Nanocapsules were directly recovered from

the highly diluted synthesis medium.
11.2.2.4. FTIR spectroscopy

Infrared absorption spectra were recorded from powder samples with a Fourier Transform
FTIR 4100 Jasco spectrometer in the 1800-800 cm™! range. A Specac model MKII Golden
Gate attenuated total reflection (ATR) equipment with a heated Diamond ATR Top-Plate

was used.
11.2.3.5. X-ray photoelectron microscopy (XPS)

XPS analyses were performed in a SPECS system equipped with a high-intensity twin-
anode X-ray source XR50 of Mg/Al (1253 eV/1487 eV) operating at 150 W, placed
perpendicular to the analyzer axis, and using a Phoibos 150 MCD-9 XP detector. The X-ray
spot size was 650 um. The pass energy was set to 25 and 0.1 eV for the survey and the
narrow scans, respectively. Charge compensation was achieved with a combination of
electron and argon ion flood guns. The energy and emission current of the electrons were 4
eV and 0.35 mA, respectively. For the argon gun, the energy and the emission current were
0 eV and 0.1 mA, respectively. The spectra were recorded with a pass energy of 25 ¢V in
0.1 eV steps at a pressure below 6 x 107° mbar. These standard conditions of charge
compensation resulted in a negative but perfectly uniform static charge. The Cls peak was
used as an internal reference with a binding energy of 284.8 eV. High-resolution XPS spectra
were acquired by Gaussian—Lorentzian curve fitting after s-shape background subtraction.

The surface composition was deter- mined using the manufacturer’s sensitivity factors.
y



160 | Annex II

11.2.3.6. UV-Vis spectroscopy

A UV-3600 (Shimadzu) UV-Vis-NIR spectrophotometer controlled by the UVProbe 2.31
software was used to record the UV-Vis spectra of HAp-DNA nanoparticles at room
temperature, in the 200400 nm range, with a bandwidth of 0.2 nm and a scan speed of 600
nm-min~'. Spectra were recorded from aqueous suspensions of 0.5 mg of HAp-DNA
nanoparticles in 1 mL of sterile milliQ water. Spectra were also acquired after dissolution of
HAp-DNA nanoparticles by the addition of 100 pL of an acid medium (100 mM HCI and
50 mM NaCl) in the cuvette. Samples were homogenized by pipetting and maintained at
room temperature for 5—-10 min before recording the spectra. The same procedure was
followed to analyze HAp-DNA nanoparticles previously digested overnight with
deoxyribonuclease which was used to eliminate the adsorbed DNA on the nanoparticle
surface. Samples were recovered after digestion by centrifugation, washed twice with
deionized water and re-suspended in 1 mL of deionized water. Spectra were recorded from
this aqueous suspension and from the dissolution attained after the addition of 100 uL of the

acid medium.
11.2.3.7 Gel electrophoresis

Five samples were prepared for analysis by agarose gel electrophoresis: HAp
nanoparticles, HAp-DNA nanoparticles before and after dissolution with EDTA and
deoxyribonuclease digested HAp-DNA nanoparticles before and after dissolution with
EDTA. This was performed by adding 5 pL. of a 250 mM solution of EDTA. In each case,
25 uL of an aqueous dispersion of the selected HAp-DNA nanoparticles (10 pg-uL™)
were mixed with an aliquot (5 pL) of 6xgel loading buffer. Subsequently, an aliquot of 15
uL was introduced in the well of a 1% agarose gel containing ethidium bromide (0.5 pg-mL™!

of gel) in 1x tris-borate-EDTA buffer (TBE).
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I1.3. Results and discussion

I1.3.1. Computational design

In an early study Okazaki et al.'® indicated that DNA inhibits the crystal growth of HAp,
which makes the formation of biominerals through the encapsulation of the biomolecule
difficult. In order to investigate this feature, the temporal evolution of stoichiometric
inorganic solutions of Ca®*, PO+~ and OH™ ions in the presence and absence of B-DNA
has been investigated using MD simulations. The former and latter systems were simulated
for 50 and 25 ns, respectively, to gain insights not only from the clustering process but also
from the mineral (or crystal) nucleation process, if it exists. Figure Ann.II.1. and Ann.I1.2.
show the distribution of Ca?*, PO4*~ and OH™ ions at selected snapshots extracted from the
simulations in the presence and absence of B-DNA, respectively.
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Figure Ann.IL1. Distribution of Ca*", POs*~ and OH™ ions around DNA double helix at selected
snapshots of the MD trajectory. The distributions of ions are displayed separately and all together.
Solvent molecules have been omitted for clarity.



162 | Annex II

As can be seen, the DNA favors the formation of embryonic clusters surrounding the
double helix from the first stages of the MD simulation (i.e. after 1 ns). These initial clusters
mainly involve Ca?>* and PO4’~ ions, the incorporation of OH™ anions being apparently very
scarce at such an earlier part of the trajectory. Snapshots recorded after 25 and 50 ns of
simulation show not only the incorporation of OH™ anions, but also a change in the
distribution of the Ca** and PO4+* clustering. This feature suggests that DNA may act as a
stable nucleating template for the formation of HAp. More specifically, the DNA double
helix may behave as a nucleating motif that initially helps to nucleate amorphous-like
calcium phosphate clusters, which subsequently tend to re-organize for transformation into

HAp.

Ca?*

Total

Figure Ann.I1L.2. Distribution of Ca*", PO,’~ and OH ions at selected snapshots of the MD trajectory
in the absence of DNA. The distributions of ions are displayed separately and all together. Solvent
molecules have been omitted for clarity.

The templating role of the biomolecule in the nucleation of HAp is clearly evidenced
when the distribution of inorganic ions is examined for the trajectory without DNA. Figure
Ann.I.2. shows extensive inorganic clusters after 1 ns, which is consistent with the
formation of multiple nucleation centers for amorphous phosphate precipitation. This
observation is consistent with nucleation from a supersaturated solution. In subsequent

stages of the trajectory, these clusters grow similarly and ions tend to re-organize, suggesting
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that the system evolves towards poly-organized HAp. This multi-nucleation behavior is fully
consistent with previous studies devoted to investigating HAp crystal growth?® and differs
from that displayed in Figure Ann.II.1., which shows the preferential nucleation around
the DNA template. Figure Ann.I1.3. compares the radial distribution functions of P---P pairs,
gp-p(r), calculated for the crystal structure of natural HAp,?® the backbone of the DNA double

helix and the PO4*~ anions in the inorganic solution with and without DNA.

Hydroxyapatite (crystal structure)
—DNA double helix
—Inorganic ions in absence of DNA
—Inorganic ions in presence of DNA

9p.p

0 2 4 6 8 10 12 14

r (A)

Figure Ann.I1.3. Radial distribution functions of P---P atom pairs for: the crystal structure of natural
HAp (grey line); the DNA double helix (blue line); the PO4*~ anions in the solution without DNA
(black line); and the PO4* anions in the solution with DNA (red line). The profiles for DNA and POy
anions were calculated using MD simulations performed in this work while the profile for natural
HAp was obtained using the crystallographic coordinates reported in ref. %.

Thus, the trajectory of the inorganic solution with DNA was used to calculate the gp-p(1)
of the DNA backbone (i.e. the double helix was preserved during the whole trajectory) and
the PO4*~ anions. The gp-p(r) for the DNA shows a broad and high peak centered at 6.45 A,
which is consistent with the dynamics and structural regularity of the biomolecule. This peak
contains the two peaks found for the HAp crystal atr = 6.2 and 6.6 A. However, as expected,
none of the four characteristic peaks of HAp at r <5.4 A appears in the profile obtained
for the biomolecule. This limitation is overcome in the gpp(r) calculated for the POs*~
containing solutions. Thus, all the peaks found at r < 6.7 A for the HAp crystal are identified
in the profile derived for the inorganic solution with DNA. Further- more, the six peaks
found for the HAp crystal in the 8-10 A interval fit within a broad peak that contains multiple

shoulders. This is consistent with an ordered enlargement of the clusters. Although
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quantitative comparison of the two profiles still reveals some discrepancies (i.e. in the gp-p(r)
derived from MD the peak at r = 4.9 A is a shoulder, the peak at r = 5.4 A is shifted by ~0.2
A, and the intensity of the peak at r = 6.7 A is low after 50 ns trajectory), the qualitative
concordance clearly indicates that DNA favors the mineral formation or even crystallization

of HAp around it.

The agreement between the profiles derived from the HAp crystal structure and the
snapshots recorded from the MD trajectory in the absence of DNA is also very remarkable,
even though the definition of the peaks in the latter is not very high. This should be attributed
not only to the length of the trajectory (i.e. 25 ns only) but also to the organization
mechanism discussed above, which is based on the simultaneous formation and growing of

multiple clusters (nucleation centers).

(a)

crystallographic structure crystallographic structure
=MD, t=1ns =MD, t=1ns
—MD, t= 10 ns —MD, t=10 ns
4 MD, t= 20 ns ,< MD, t= 20 ns
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Figure Ann.IL.4. Radial distribution functions of (a) P---Ca and (b) Ca---Ca atom pairs calculated at
different time intervals for the simulated inorganic solutions with and without DNA (left and right,
respectively). The profile obtained using the crystallographic coordinates of natural HAp (grey line)
has been included in all cases for comparison.

Inspection of Figure Ann.I1.4., which displays the radial distribution functions of Ca---Ca
and Ca---P pairs (gcaca(r) and gcap(r), respectively) obtained for the crystal structure of
natural HAp and the simulated systems, corroborates the role of DNA as a template. Thus,

the similitude of the profiles derived from the trajectories in the presence and absence of
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DNA as well as the rapid definition of such profiles (i.e. the profile remain practically
invariant after 10 ns) indicate that DNA does not inhibit the nucleation of HAp around it, as
recently suggested.'® Indeed, the correspondence between the peaks derived from
simulations and the peaks calculated using the crystallographic coordinates of HAp confirms

that, after a few ns, the inorganic clusters tend to organize into pseudo-ordered structures.

As mentioned above, Figure Ann.II.1. and Ann.II.2. suggest that the diffusion of OH™
anions through the inorganic solution and their incorporation into the calcium phosphate
clusters is the limiting step for the formation of HAp. To clarify this feature, the radial
distribution functions of Ca:--*OH” and OH™--‘OH™ pairs (gcaon(r) and goun ou(r),
respectively) for the simulated systems have been calculated (Figure Ann.IL.5.). Interestingly,
comparison of the gca-on(r) profiles derived from the simulations in the absence and
presence of DNA indicates that, apparently, the diffusion of OH™ is slower in the former than
the in the latter. Thus, the height of the peaks found at r values ranging from 4 to 7 A changes
progressively during the simulation of the inorganic solution without DNA. In contrast, the
peaks at such regions remain practically unchanged after 10 ns of MD when the bio-
molecule has been included in the simulation. The role of DNA as template is also reflected

by the peak appearing in the gca ou(r) profile after 40 ns at 3.1 A (Figure Ann.IL5.).

eryuitographic structurs crystallogaphic sireciure
=MD, t= 1

—MD, = 10 08 01

MO, t= 20 ns. ~MD, 1= 10 ns

:
> >
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z 3
e = z
> >
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Figure Ann.ILS5. Radial distribution functions of (a) Ca--*OH  and (b) OH—--OH atom pairs
calculated at different time intervals for the simulated inorganic solutions with and without DNA
(left and right, respectively). The profile obtained using the crystallographic coordinates of natural
HAp (grey line) has been included in all cases for comparison.
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This peak gives evidence that OH™ anions slowly diffuse towards the positions typically
occupied at Hap, indicating that the biomolecule promotes, or at least does not inhibit,

mineral growth. Similar features are concluded from the gon-on(r) profiles.

The diffusion of OH— during the MD simulation in the presence of DNA is clearly shown
in Figure Ann.IL.6., which represents the temporal evolution of the radial distribution
function for OH---P(DNA) pairs, gon-bna(r). The profiles calculated at different time
intervals provide information about the temporal evolution of the number and relative
position of OH™ anions located at a distance smaller than 21 A from a phosphate group
belonging to DNA. As can be seen, OH™ anions progressively incorporate to different
clusters during the whole simulation, reinforcing the hypothesis that their diffusion through

the inorganic solution is the limiting step for the growth of the mineral structure.

—MD, t=1ns
—MD, t=10 ns
MD, t= 20 ns
MD, t= 30 ns
—MD, t=40 ns
—MD, t= 50 ns

9oH-DNA

Figure Ann.II.6. Radial distribution functions of OH ---P pair, where P represents the phosphorous
atom of DNA backbone, calculated at different time intervals for the simulated inorganic solution
with DNA.

Figure Ann.Il.7a depicts a representative calcium phosphate cluster obtained at the first
stages of the simulation (<1 ns) without DNA. This formation of such simple clusters seems
to be a requisite for the growth of HAp from inorganic solutions. Figure Ann.I1.7b and I1.7¢c
show clusters involving Ca®*, PO4+* and OH™ ions from simulations without and with DNA,

respectively, which suggest the nucleation of HAp.
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Figure Ann.IL.7. (a). Representative calcium phosphate cluster obtained at the first stages of the
simulation without DNA. Representative clusters including OH ions extracted from the simulation
(b) without and (c) with DNA.

The overall observation of the results reported in this section indicates that the DNA
promotes the role of the double helix backbone as a template for the nucleation of HAp. The
embryonic calcium phosphate clusters formed at the first stages of the simulation grow and
transform into complex clusters, in which Ca?*, PO4>~ and OH™ ions occupy positions that
resemble those of crystalline HAp. This re-organization, which is largely influenced by the
incorporation of OH™ into the clusters, supports the benefit of the interaction between the
DNA and the inorganic ions for the formation of HAp. Accordingly, experimental studies
for the biomineralization of DNA into HAp have been conducted in the next section by
mixing aqueous containing Ca?*, PO4*~ and OH™ ions with DNA. Incorporation of DNA in

HAp nanocapsules and nanocrystals.

Figure Ann.I1.8. shows the morphologies of HAp samples prepared using Ca(NOs3)2,
(NH4):HPO4 and fish sperm DNA in aqueous solution and under two well differentiated
conditions based on previously established methodologies.?*3? In order to get nanocapsules
the solutions containing Ca?* and PO4>~ ions were quickly mixed at high pH, which favored
rounded morphologies. Aggregation was avoided by adding a surfactant (CTAB), highly

diluted solutions being used. DNA molecules should form micelles in solution that adsorbed
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Ca?" ions on their surface by electrostatic interaction.>? After the addition of the PO4*~

containing solution, the reaction took place forming HAp around the initial DNA micelles.

Figure Ann.IL.8. TEM micrographs showing HAp-DNA nanocapsules (a) and nanocrystals (b). Red
arrows point out capsules with a clearly distinctive contrast that suggest the incorporation of DNA
in their inner part. For comparison purposes the inset shows nanocapsules prepared under the same
experimental conditions but in absence of fish sperm DNA. Blue arrows emphasize the nanorods that
constitute the crystal aggregates.

Figure Ann.II.8a clearly shows the presence of hollow nanospheres with a diameter close
to 20 nm, which may contain the DNA molecules inside. In contrast, solid nanospheres of
similar size (inset of Fig. Ann.II.8a) were obtained when DNA was not added to any of the
initial inorganic solutions. A high concentration of DNA was employed for the preparation
of nanocrystals and, consequently, it was added to the PO4>~ solution instead of the Ca?" one
in order to avoid the formation of complexes that could limit solubility. The crystal
anisotropy and, specifically, a preferred growth along the crystallographic ¢ axis were

favored by decreasing the pH to 10.31. The phosphate solution was slowly added over the
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Ca?" solution to avoid a rapid precipitation, allowing the development of well formed
crystals from a primary nucleus. Figure Ann.II.8b shows the crystalline aggregates that were
attained under these selected conditions. Aggregates had a length close to 2 um and a
variable wideness that was found to depend on the number of constitutive nanorods, each

with a width close to 20 nm.

Different techniques (FTIR, XPS UV-vis and electrophoresis) have been applied to
demonstrate the incorporation of DNA inside the nanocapsules/nanorods. Figure Ann.II1.9.
shows the FTIR spectra of synthesized HAp with typical PO4>~ bands at 1093, 1033 and 962

cm™' and any significant signal in the 1800-800 cm™!

region. The spectra of HAp
nanocapsules prepared in the presence of DNA is significantly more complex, and multiple
bands associated with the biomolecule can be distinguished with relatively high intensity. It
should be remarked that the spectrum was recorded after removal of all superficially
adsorbed DNA by digestion with deoxyribonuclease, signals of the included DNA being
clearly detected because of the small thickness of the HAp wall. In particular, amide bands
at 1653 and 1558 cm™!, phosphate bands at 1050 cm™! and NH and methylene bands at 1480~

1300, 1220-1210 and 890-840 cm™".
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Figure Ann.IL.9. FTIR spectra of HAp nanocapsules (a), HAp-DNA nanocrystals (b) and HAp-
DNA nanocapsules (c¢). Nanocapsules prepared in presence of fish sperm DNA were previously
digested with deoxyribonuclease to eliminate adsorbed DNA. Arrows and circles point out DNA
distinctive signals and the complex phosphate region, respectively.
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In contrast, the spectrum of nanorods was less clear even before the treatment with
deoxyribonuclease. In this case, interpretation was more difficult due to the overlapping of
carbonate bands at 1440 and 870 cm™' that were a consequence of dissolved CO2 from the
atmosphere during the synthesis and a typical carbonate substitution of phosphate anions.
Furthermore, it seems that the DNA incorporated inside nanorods could not be detected by
FTIR due to presence of an opaque and thick HAp wall. Nevertheless, small signals around
1653 and 1220-1210 cm—1 could be envisaged and the phosphate band becomes broader

with respect to that observed in the HAp spectrum.
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Figure Ann.IL.10. High-resolution XPS spectra for HAp (solid circles) and HAp- DNA (open
circles) nanocapsules: P2p, Ca2p and N1s regions. HAp-DNA samples were previously submitted to
enzymatic digestion with deoxyribonuclease to eliminate the DNA adsorbed onto the surface.
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Figure Ann.II.10. depicts the characteristic XPS spectra in the P 2p, Ca 2p and N 1s
regions for HAp and HAp-DNA after the enzymatic digestion. The P 2p and Ca 2p peaks
obtained before and after deconvolution, which are practically identical for the two systems,
are in full agreement with those reported in the literature for natural HAp. The Ca 2p spectra
present a doublet with Ca 2p3.2 and Ca 2p12, which is typically found for Ca®" in inorganic
calcium—-oxygen compounds with binding energy at 347 eV and 351 eV, respectively.?® Also,
the single P 2p peak centered at 133 eV originates from the PO+~ anions of HAp
nanocrystals.?3* As was expected, the N 1s signal is completely absent in HAp. In contrast,
HAp-DNA samples digested with deoxyribonuclease to eliminate the DNA adsorbed onto
the surface of the nanoparticles show a band centered at 400 eV, which has been attributed
to the encapsulated biomolecule. UV-vis spectra, which are displayed in Figure Ann.IL.11.,
clearly demonstrate the presence of DNA molecules in both nanocapsules and nanorod
preparations since a characteristic absorption peak at 260 nm was detected in both cases.
This absorbance increases after dissolution of the sample with the acid medium, as expected
for DNA molecules encapsulated inside the HAp nanoparticles. It should be emphasized that
such an increment is very remarkable in the nanorod preparation, corroborating the shielding

effect hypothesis discussed above. Figure Ann.II.11. also shows the spectra of digested

samples.
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Figure Ann.Il.11. UV-vis absorption spectra of the aqueous solution/dispersion of HAp-DNA
nanocapsules (a) and nanocrystals (b) (with blue traces). Spectra from samples digested with
deoxyribonuclease to eliminate adsorbed DNA are indicated with red traces, whereas those
corresponding to samples dissolved with the acid medium are indicated with dashed traces.
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As expected, the absorbance at 260 nm decreases considerably after enzymatic treatment,
reaching a practically zero value for the nanorod sample. However, the significant
absorbance detected after dissolution of the sample in acid medium unambiguously

demonstrates the incorporation of DNA inside nanoparticles.

The quantification of DNA in nanoparticles was performed for the nanorod preparation
due to a greater amount of sample being available. For this purpose, the absorbance
measurement (A260) was multiplied by the well-known conversion factor of 50 pg-mL™! for
double-strand DNA) to get the total amount of DNA. Results indicate that approximately 11
pg and 33 pg of DNA are adsorbed on the surface or encapsulated inside the 1 mg of HAp
nanorods, respectively. Accordingly, an encapsulating efficiency close to 25% is derived,

considering that the DNA/HAp ratio from synthesis was 127 pg-mg".

Similar conclusions are derived from the electrophoretic pattern of HAp/DNA nanorods

that is displayed in Fig. 12. Both the DNA superficially adsorbed and that incorporated inside

the particles give rise to the high intense spot observed on lane 4.

1 2 3 4 5 6

Figure Ann.IL.12. Electrophoretic pattern of HAp-DNA nanocrystals. Lane 1: molecular weight
marker. Lane 2: Fish sperm DNA. Lane 3: HAp-DNA nanocrystals. Lane 4: HAp-DNA nanocrystals
dissolved with EDTA. Lane 5: HAp-DNA nanocrystals digested with deoxyribonuclease. Lane 6:
HAp-DNA nanocrystals digested with deoxyribonuclease and then dis- solved with EDTA. Note that
the intensity of the DNA signal in lane 4 (blue circle) is similar to the addition of the intensity of
DNA signals in lanes 3 and 6 (red circles).
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This corresponds to the particles digested with EDTA, which is capable of chelating
calcium ions. The intensity of the latter spot is clearly higher than that observed for the spot
of lane 3, which refers to the initially loaded particles (i.e. it is basically attributed to both
DNA adsorbed on the surface and DNA internally loaded but able to migrate). The
fluorescence observed in the wells of lanes 3 and 4, and even the continuous smear, reflect
the restricted mobility of DNA in the gel, which is caused by a progressive release from the
bigger particles. Lanes 5 and 6 correspond to particles in which the adsorbed DNA was
previously digested with deoxyribonuclease to eliminate this superficial DNA. A high
intense spot is observed after dissolution with EDTA (lane 6) while a low signal is detected
before dissolution (lane 5), as expected for encapsulated DNA. Finally, Figure Ann.I1.12.
points out that the intensity of the DNA spot of lane 4 results from the addition of the signals
of DNA adsorbed in the surface (lane 3) and DNA incorporated inside the particle (lane 6).

I1.4. Conclusions

Classical MD simulations of inorganic Ca?*, PO4*~ and OH™ aqueous solutions in the
presence and absence of DNA have shown that the biomolecule acts as a template for the
nucleation and growth of HAp. This templating effect of DNA is accompanied by a

change in the aggregation mechanism.

Thus, simulations show the formation of multiple calcium phosphate clusters in the
absence of DNA, which incorporate OH™ anions after some ns transforming into nucleation
centers for the formation of HAp. The simultaneous formation of multiple nucleation centers
is fully consistent with the mechanism typically found for the crystallization of inorganic
salts from their solutions. In contrast, simulations in the presence of the biomolecule reveal
that calcium phosphate clusters are formed surrounding the DNA backbone. The phosphate
groups of the biomolecule act as a very large nucleus for the growth of the HAp. As occurs
in the absence of DNA, the formation of HAp around DNA is limited by the incorporation
of OH™ anions to the cluster. In summary, MD simulations clearly indicate that DNA
promotes the templated nucleation of HAp from a Ca?*, PO4*~ and OH™ containing inorganic
solution. These conditions have been experimentally applied in the laboratory to create
nanoparticles and nanocrystals with DNA inside. Nanoparticles show a spherical shape and
a diameter of ~20 nm while nanocrystals are constituted of nanorods with a width of ~20
nm. After removal of all superficially adsorbed DNA by digestion with deoxyribonuclease,

the presence of DNA inside nanospheres and nanocrystals has been unambiguously
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determined by FTIR, XPS, UV-vis and gel electrophoresis. The biomineralization of DNA
is particularly important for biomedical applications requiring the protection of the

biomolecule from aggressive environmental conditions.
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Annex IIT
Restricted Puckering of Mineralized RNA-Like Riboses*

Abstract

The pseudorotational motions of highly hydroxylated pentafuranose sugars in the free state
and tethered to hydroxyapatite have been compared. The conformation pentafuranose ring
remains restricted at the North region of the pseudorotational wheel, which is the one
typically observed for nucleosides and nucleotides in the double helix A-RNA, when the
phosphate-bearing sugar is anchored to the mineral surface. Results indicate that the severe
restrictions imposed by the mineral are responsible of the double helix preservation when

DNA and RNA are encapsulated in crystalline nanorods.
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Annex IIT
Restricted Puckering of Mineralized RNA-Like Riboses

II1.1 Introduction

Hydroxyapatite (HAp) has been a widespread building material in nature for millions of
years."? Furthermore, since several decades ago, a number of biotechnological applications
for nucleic acids (NA) separation and chemical protection have been reported. These are
based in NA-HAp interactions at two complementary levels: HAp surface facets and NA-
templated HAp nucleation. > The HAp-induced structural stabilization of the NAs has been
suggested as a consequence of mineralization and the mechanism by which NAs are
protected from chemical degradation. Only recently, the role of NA phosphate as a HAp
crystallization promoter, an part of the mineral, has been revealed at atomic-level.>* Further,
NA flexibility is tightly bound to ribose and 2’-deoxyribose sugars conformational variability
as reported for different chemical modifications>® but little is known about its behavior when
phosphate is embedded in the HAp crystal (i.e., the latter creates a rigid inflexible wall
containing the phosphates of the biomolecules and the mineral). This rigidity can be
transferred to the rest of the NAs through changes in the flexibility of their sugars, an aspect

which is totally unknown.

Traditionally, the flexibility of pentofuranose sugars is described using the concept of
pseudorotation (Figure Ann.III.1.), which allows unequivocal determination of the exact
conformation of each five-membered ring in terms of two parameters, the phase of
pseudorotation (P) and the puckering amplitude (zx).”® Both P and 7. are defined by
endocyclic torsion angles (Figure Ann.III.2.). As canonical and non-canonical segments of

11 work

functional NA and RNA duplexes are influenced by sugar pucker conformations,
in this field has been essentially focused on the comparison of the pseudorotational
equilibrium between abasic sugars and nucleosides.”®!?72! In addition, sugars puckering is
expected influence the hydrolysis of N-glycosidic bond.?? In this work, we investigate the
relationship between the sugar conformation and HAp. In particular, we are interested in
highly hydroxylated pentafuranoses, which remain relatively unknown. As a first step,

molecular modeling tools have been used as in our previous B-DNA study? to check that A-

type RNA double helices can be encapsulated inside nanopores of crystalline HAp,
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Figure Ann.III.1. Pseudorotational wheel of pentafuranose sugars (left). The North, East, South,
and West regions are defined. Description of the conformations associated with the twist and

eale }1soM\

North area

eale jseq

South area

Ty C2-exo-C3-endo
*E: Cl-endo

3T, C3-endo-Cd-exo
E, Cd-exo

oT,: Cd-exo-O-endo
CE: O-endo

oT,: O-endo-C1-exo
E; Cl-exo

2T, C1-exo-C2-endo
?E: C2-endo

T, C2-endo-C3-exo
Ey C3-exo

4T, C3-exo-Cd-endo
4E: Cé-endo

4Ty Cd-endo-O-exo
Eg O-exo

Tg: O-exo-Cl-endo
'E: C1-endo

T, O-endo-C2-exo
E; C2-exo

envelope arrangements of the pentafuranose ring is also provided (right).

Cai10(PO4)s(OH)2 and hexagonal symmetry,”? without undergoing significant alterations
in the secondary structure. After this, the influence of the inorganic environment on the
pseudorotational movement has been investigated. For this purpose, the pseudorotational
spaces of B-D-ribofuranose (denoted 1 in Scheme III.1), a pentafuranose ring bearing four
hydroxyl groups, B-D-ribofuranose 5-phosphate (denoted 2 in Scheme Ann.III.1), in which
the hydroxyl group attached to the exocyclic methylene unit is replaced by a phosphate
group, and 2 anchored to a HAp mineral wall have been determined using density functional

theory (DFT) calculations.

Scheme Ann.III.1
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Figure Ann.IIL.2. (a) Endocyclic dihedral angles of pentafuranose sugars and expressions used to
obtain the phase of pseudorotation (P) and the puckering amplitude (z,). (b) Variation of the
endocyclic torsional angles with P (z,, was set to 39°).

II1.2. Methods

II1.2.1. Force-Field Simulations

Both energy minimization and MD simulations were applied using the NAMD 2.6
program.”* Models constructed to examine the stability of the A-RNA double helix
embedded into HAp nanopores were minimized by applying 5 x 10° steps of steepest descent
to relax the more important conformational and structural tensions. Then, a MD run of 3.0
ns in the NVT ensemble (constant number of particles, volume and temperature) at 298 K
was carried out to equilibrate the systems and eliminate small structural tensions. After such
thermal relaxation, the saved coordinates were submitted to a new energy minimization by
applying 5 x 10 steps of steepest descent. In both energy minimizations and MD simulation,
atoms contained in A-RNA were only allowed to move from their positions, the coordinates
of the mineral being kept fixed at their crystallographic positions in all cases. It should be
emphasized that all the systems were calculated in triplicate considering starting points that

differ in the orientation of the A-RNA with respect to the apatite.
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The potential energy was computed using the Amber forcefield.”® All force-field
parameters for DNA as well as the phosphate and hydroxyl groups were extracted from
Amber ff03.2° It should be noted that the ff03 parameters are identical to the ff99-SB27 ones
for nucleic acids, phosphate and hydroxyl groups. Force-field parameters of Ca?" were
extracted from the work reported by Bradbrook et al.?® The ability of this set of force-field
parameters to reproduce the inorganic---organic interactions found in biominerals was

recently proved.’

Puckering pseudorotation angles, P, and amplitudes, m, were determined following
Altona and Sundaralinga,”® (Figure Ann.III.2a), using the same reference state for P = 0.0°.
The pseudorotation space is divided into four equally sized quadrants, centered around P =
0.0°, P=90.0°, P=180.0°, and P = 270.0°, which are referred to as the North, East, South,
and West quadrants (Figure Ann.IIl.1.), respectively. Structures to explore the
pseudorotational properties were between P = 0° and P = 360° at 18° increments. Initially,
dihedral angles internal to the ring were obtained using the formula displayed in Figure
Ann.IIL.2b, o being set to 39°. In addition to the pseudorotational angle P, model sugars 1
and 2 contain several torsion angles associated with exocyclic groups for which different
conformations are possible. For each of the 20 ring dispositions generated to examine the
pseudorotation movements, different structures were constructed by varying such dihedral
angles associated with the exocyclic moieties to form stabilizing O—H:--O hydrogen bonds.
A total of 8, 14, and 6 structures were generated for each ring disposition of 1, 2, and 2
tethered to HAp, respectively. Accordingly, the number of starting structures for geometry
optimization were 20 x 8 = 160, 20 x 14 =280 and 20 x 6 = 120, respectively.

The endocyclic dihedrals 10 and 11 were constrained during geometry optimization to
ensure the pentafuranose conformation, all other parameters being freely optimized. All
quantum mechanical calculations were carried out with the Gaussian 09 program29 using
the 6-311++G(d,p)***! and 6-31G(d)*? basis sets All pseudorotational energy surfaces were
investigated at the DFT level of theory using a functional that combines the Becke’s three-
parameter hybrid functional (B3)33 with the Lee, Yang, and Parr (LYP)3* expression for the
nonlocal correlation (B3LYP).
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Figure Ann.II1.3. Equatorial and axial projections of the biomineral obtained by embedding helical
A-RNA into a HAp nanopore. Calcium is represented in green, phosphorus in orange, oxygen in red,
nitrogen in blue, and hydrogen of HAp hydroxyl groups in white (hydrogen atoms belonging to the
RNA have been omitted).

The influence of dispersion forces in the pseudorotational profile of 2 tethered to HAp was
evaluated by including single point Grimme’s empirical dispersion correction for
dispersion®737 at the B3LYP/6-31G(d) optimized geometries. To avoid an overestimation

of dispersion effects, the C6 coefficient for Ca?* was set to zero.*8

II1.3. Results and discussion

Natural hydroxyapatite (HAp) has a hexagonal crystal structure with space group P63/m
and periods a=b=9.42 A, and ¢ =6.87 A.2 The total number of atoms in the unit cell is 44,
even though it only contains seven symmetrically independent atoms: two calcium ions, one
forming single atomic columns parallel to the ¢ axis and the other surrounding the hexagonal
channel of hydroxyl in groups of the three calcium atoms at different heights; one phosphor
and three oxygen atoms (forming PO4*" tetrahedral units; and the OH™ ions disordered along
¢ about the mirror plane at z = 1/4. The occupancy of the OH™ sites was 50%, as necessary

in a P63/m.

The chemical structure of the RNA dodecamer examined in this work is
5-CGCGAAUUCGCG-3', which corresponds to the Dickerson’s dodecamer®® used in our
previous study? with DNA after replace thymine by uracile. This is a well-known sequence
with three primary characteristic tracts: CG, AA and UU. The double helix was initially
arranged in a typical A structure with pitch= 30 A, 11 bases per turn, an axial rise of 2.79 A
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and a base-pair tilt of 16.7°. Giving the hexagonal symmetry of HAp and the molecular
dimensions of the A-RNA dodecamer, HAp model (supercell) was constructed considering
6 x 6 x 7 unit cells. After this, a hole was generated in the center of the supercell, the
dimensions of such hole being defined by the A-type double helix of RNA (i.e., steric
conflicts between the apatite atoms and the A-RNA were not allowed). A hole of 2 x 2 x 7
units cells was the minimum required to accommodate the double helix without severe steric
contacts. In order to completely avoid unfavorable steric interactions between the HAp and
the biomolecule, some additional atoms and groups of atoms were translated at their border
regions allowing us to maintain the electroneutrality of the supercells. The side length of this
hole is 19 A and its angle y is 120°. The resulting model (i.e., supercell with a hole of
appropriated dimensions at the center) consists of 9,856 atoms. In order to maintain the
electrical neutrality of the system, Ca®* ions were put at the minor groove of the RNA double
helix. The positions of these ions were optimized by energy minimization while the

coordinates of the rest of the atoms of the system were kept fixed.

Relaxation of the constructed models using MD simulations evidenced that encapsulation
of the A-RNA double helix in constructed pores of HAp does not induce significant

structural distortions in the secondary structure of the biomolecule (Figure Ann.II1.3.).

The diameter of the minimum pore needed to encapsulate A-RNA, which is defined by
the shortest internal diagonal, is 21 A. Integration of A-form RNA into HAp crystals is
favored because four phosphate groups at the double helix are located at distances (i.e., ~7
and ~13) very similar to those identified for a crystallographic plane of the HAp structure
(i.e., 6.87 and 11.66 A), which results in stabilizing interactions between the Ca®>" atoms of
HAp and the phosphate groups of RNA backbone. This expected result is fully consistent
with both MD predictions and experimental observations on DNA-HAp biominerals,
especially those involving nanocrystals.>* On the other hand, the ribose rings of
encapsulated A-RNA remained between the typical C2-exo-C3-endo (°T2) and C3-endo (°E)

conformations (i.e., North region of the pseudorotational wheel).

Since RNA-HAp biominerals share the most relevant characteristics observed for DNA-
HADp, the rest of the work has focused on evaluating the influence of the mineral on the
potential energy for pseudorotation. For this purpose, in a first stage the pseudorotational
space of 1 has been scanned by constructing 20 different twist and envelope conformations,

which differ in the endocyclic torsional angles used to define P since tm was set to 39°
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(Figure Ann.II1.2.). For each of such 20 conformations, exocyclic hydroxyl groups were
considered in 8§ different dispositions, which result in structures that differ not only in the
number of intramolecular hydrogen bonds but also in the their associated interaction pattern.
All degrees of freedom other than the two endocyclic torsional angles used to preserve the
P and ., values were optimized for the 20 x 8= 160 structures at both B3LYP/ 6-31G(d) and
B3LYP/6-311+G(d,p) levels. Pseudorotational profiles for 1 were constructed considering
the energy of the most stable structure for each value of P (Figure Ann.II1.4.). Although the
profiles obtained using the two basis sets are in excellent qualitative agreement, the
flexibility of the furanose ring is considerably underestimated by the 6-31G(d) one. B3LYP/
6-311+G(d,p) calculations corroborate the flexibility typically observed for all
pentafuranose rings.'>?! In spite of this common tendency, 1 presents features that are
distinctive from less hydroxylated riboses and deoxyriboses. Three minima T2 (P = 0.5°),
2T (P = 144.7°) and “E (P = 235.4°) are clearly detected within a very narrow energy gap
(<0.5 kcal/mol), the highest energy barrier (2.1 kcal/mol) corresponding to the °E (P =93.4°).
It should be noted that some X-ray and solution structures showing a °E sugar conformation

were reported in early studies. 04!

The positions of the three minima together with very low
barriers found at the >T3 (P= 180°) and Eo (P = 270°) regions indicate that of pseudorotational
motion associated with the North (3T2) <> South (*T1) interconversion occurs through West
(“E) conformations (the different areas are defined in Figure Ann.III.1.). In contrast, for less

hydroxylayed surgars the North <> South interconversion proceeds through the East

area.!2721
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Figure Ann.I11.4. Pseudorotational energy curves calculated for 1. Profiles were obtained through
geometry optimization at the B3LYP/6-31G(d) and B3LYP/6-311+G(d,p) levels of 8 structures for
each value of P, which ranged from 0° to 360° in steps of 18°. Energy profiles were constructed using
the lowest energy structure for each value of P.
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This important difference has been essentially attributed to the stabilizing effect of

hydrogen bonds involving the hydroxyl groups attached to the C2 and C3 of 1 as well as to

the extra gauche effect associated with higher number of OCCO dihedrals.!??!
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Figure Ann.IILS5. Pseudorotational energy curves calculated for 2. Profiles obtained through
geometry optimization at the B3LYP/6-31G(d) and B3LYP/6-311+G(d,p) levels of 14 structures for
each value of P, which ranged from 0° to 360° in steps of 18°. These structures were constructed by
varying the dihedral angles associated with the exocyclic moieties to form stabilizing O—H---O
hydrogen bonds. Energy profiles were constructed using the lowest energy structure for each value
of P.

The same methodology was applied to evaluate the pseudorotational energy profile of 2,
the substitution of the C4'-hydroxyl by phosphate increasing considerably the number of
hydrogen bonding groups with respect to 1. Accordingly, the number of initial structures
constructed by varying the orientation of the exocyclic groups for each arrangement of the
pentafuranose ring increased from 8 to 14. Results obtained after optimization of such 20 X
14 = 280 initial structures at the B3LYP/6-31G(d) and B3LYP/6-311+G(d,p) levels, which

are displayed in Figure Ann.IIL5., reveal significant changes with respect to 1.

The *T2 and “E minima of 1 shift to *E (P = 18.1°) and 'E (P = 308.7°), respectively,
whereas the >T1 minimum remains (P = 145.1°). All these minima involve a hydrogen
bonding network that is reinforced with respect to that found in 1 by strong
phosphate- - -furarose interactions. Indeed each minimum presents two hydrogen bonds of
such kind, the oxygen atoms of the phosphate moiety acting as donor in one and as acceptor
in the other. Although the three minima are comprised within a relative energy gap of only
0.3 kcal/mol, they are separated by energy barriers of 3.8 (°E, P =94.5°), 3.7 (‘E, P=235.7°)
and 2.1 kcal/mol (Ez2, P = 343.2°). These energy barriers are significantly higher than those
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detected for the interconversion between the minima of 1, which has been attributed to the
repulsive steric interactions provoked by the phosphate at some pseudorotational regions
(i.e., the phosphate moiety is bulkier than the hydroxyl group of 1). On the other hand, it is
worth to mention the excellent agreement between the pseudorotational profiles calculated
with the two basis sets, which in this case is not only qualitative but also quantitative. This
result has allowed us to examine, as a next step, the influence of the biomineralization in the

pseudorotational flexibility of 2 using the smallest basis set only.

The influence of HAp mineral in the flexibility of the sugar was evaluated by considering
a complex model constructed by combining the information derived from both experiments
on crystalline nanorods of HAp containing DNA molecules inside and MD simulations
devoted to examine the templating effect of the biomacromolecule on the nucleation and
growth of crystalline HAp.*4%#! Accordingly, the phosphate moiety of compound 2 was
tethered to a mineral wall. Thus, the whole system, which involves 62 atoms, consists on a
single HAp unit cell with the phosphate moiety of 2 embedded in the (1010) facet (Figure
Ann.II1.6a). This HAp wall restricts the number of initial structures with O—H:---O hydrogen
bonds that can be constructed for each arrangement of the pentafuranose ring, which
decreases from 14 to 6, the resulting 6 x 20= 120 initial structures being optimized at the

B3LYP/6-31G(d) level.

The pseudorotational profile displayed in Figure Ann.II1.6b shows two minima, 3Tz (P =
0.6°) and 2Ts (P = 179.8°), which were identified in the curve calculated for 1 (Figure
Ann.II1.3.) as a minimum and a barrier, respectively. However, both steric and electrostatic
interactions induced by the ions of the HAp wall increase the energy gap between these two
conformations from 1.3 to 5.4 kcal/mol. Thus, although the North < South equilibrium
identified for the sugar moiety of ribufuranosyl-N-nucleosides was the 3Tz <> 2T3,7%1272! the
mineral practically vanishes the contribution of the >T3 conformation. Moreover, these two
minima are separated by barriers at the East (°E, P = 94.9°) and West (*To, P = 255.0°)
regions of 11.3 and 14.3 kcal/mol, respectively. It is worth noting that the *T> minimum is
fully consistent with the ribose conformations predicted by MD simulations for encapsulated
A-RNA.

Dispersion forces may significant influence the pseudorotational profile of the calculated
system. In order to evaluate this possibility, the previously discussed profile was refined by

including single point Grimme’s empirical correction for dispersion at the B3LYP/6-31G(d)
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optimized geometries. The resulting profile, which is included in Figure Ann.II1.6b, shows
that dispersion forces do not affect the pseudorotational flexibility of the ring tethered to
HAp. Accordingly, the overall results allow us to conclude that the pseudorotational
flexibility of the sugar is practically inexistent when the double helix is embedded into the
biomineral. Thus, the conformation pentafuranose ring remains restricted at the North region
of the pseudorotational wheel, which is the one typically observed for nucleosides and

nucleotides in the double helix A-RNA.
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Figure Ann.IIL6. (a) Side (left) and upper (right) views of the model complex used to represent the
tethering of 2 to a HAp wall (top). (b) Pseudorotational energy curves calculated for 2 tethered to a
HAp wall. Initially, the profile was obtained through geometry optimization at the B3LYP/6-31G(d)
level of six structures for each value of P, which ranged from 0° to 360° in steps of 18°. These
structures were constructed by varying the dihedral angles associated with the exocyclic moieties to
form stabilizing intramolecular hydrogen bonds. The B3LYP/6-31G(d) energy profile (blue curve)
was constructed using the lowest energy structure for each value of P. The energy profile including
dispersion curves (red curve) was obtained by including Grimme’s correction for dispersion at the
B3LYP geometries.

Figure Ann.IIl.7a represents the variation of the exocyclic dihedral angle P-O—C—-C4
with P obtained for 1, 2 and 2 tethered to a HAp wall. Comparison of the profiles obtained
for 2 in free-state and tethered to a HAp wall provides another prove of the drastic reduction

provoked by biomineralization in the conformational flexibility of the sugar. Thus, the
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exocyclic dihedral angle of 2 shows gauche+ — gauche - and gauche - — gauche+
conformational transitions at P = 180° and P = 325°, respectively. In contrast, the HAp wall
precludes such conformational transitions, the exocyclic dihedral angle keeping a gauche—
conformation during the whole pseudorotational profile. It should be noted that small
conformational movements, as the amplitude of the five membered ring, are not restricted
by the HAp wall. This is evidenced in Figure Ann.IIL.7b, which represents the variation of

Tm against P for the three calculated systems.
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Figure Ann.IIL7. Variation of the (a) exocyclic dihedral angle P-O—C—C4 and (b) z,, with P for 1
(B3LYP/6-311+G(d,p) geometries), 2 (B3LYP/6-311+G(d,p) geometries) and 2 tethered to a HAp
wall (B3LYP/6-31G(d) geometries). In all cases the profiles were derived from the geometries used
to represent the pseudorotational energy displayed in Figures Ann.I11.4., Ann.II1.5. and Ann.II1.6b.



192 | Annex III

II1.4. Conclusions

The flexibility of sugar rings of RNA and DNA used as templates for HAp crystallization
is completely eliminated by the mineral. This contributes to preserve the secondary structure
of the biomolecule and of the associated functionality. Highly hydroxylated riboses are
extra-stabilized by intramolecular hydrogen bonds, which is fully consistent with very recent

experimental observations on RNA double helices modified by extra-hydroxylation.
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Annex IV
Dissolving Hydroxyolite:
A DNA Molecule into Its Hydroxyapatite Mold®

Abstract

In spite of the clinical importance of hydroxyapatite (HAp), the mechanism that controls its
dissolution in acidic environments remains unclear. Knowledge of such a process is highly
desirable to provide better understanding of different pathologies, as for example
osteoporosis, and of the HAp potential as vehicle for gene delivery to replace damaged DNA.
In this work, the mechanism of dissolution in acid conditions of HAp nanoparticles
encapsulating double-stranded DNA has been investigated at the atomistic level using
computer simulations. For this purpose, four consecutive (multi-step) molecular dynamics
simulations, involving different temperatures and proton transfer processes, have been
carried out. Results are consistent with a polynuclear decalcification mechanism in which
proton transfer processes, from the surface to the internal regions of the particle, play a
crucial role. In addition, the DNA remains protected by the mineral mold and transferred
proton from both temperature and chemicals. These results, which indicate that
biomineralization imparts very effective protection to DNA, also have important
implications in other biomedical fields, as for example in the design of artificial bones or in

the fight against osteoporosis by promoting the fixation of Ca?* ions.

5 Published in Bertran O., Revilla-Lopez G., Casanovas J., del Valle L.J., Turon P., Puiggali J., Alemén C.,
Dissolving hydroxyolite: A DNA molecule into its hydroxyapatite mold, Chemistry - A European Journal
(2016), 22, 6631-6636. Reproduced with permission of John Wiley and Sons.






Annex IV
Dissolving Hydroxyolite:
A DNA Molecule into Its Hydroxyapatite Mold

IV.1. Introduction

Biomineralization involves the formation of inorganic materials in a biological
environment. Certain biominerals composed of calcium phosphate (microcalcifications) are
associated with pathogeneses of tissues such breast cancers, osteoarthritis, and vascular
calcifications.! Currently, demineralization of double-stranded DNA (ds-DNA) with
hydroxyapatite (HAp) is at the forefront of the emerging clinical and medical applications
(gene therapy) because of its importance in the development of controlled vehicles for gene
delivery to replace damaged DNA. In addition, clinical observations have evidenced that
bone HAp dissolution in acid environments is directly related with the pathophysiology of
cancer-associated bone pain and osteoporosis, even though their mechanisms remain poorly
understood.*> Bioactive particles made of DNA encapsulated and protected by HAp,
recently named ’hydroxyolites’ (HOIi),* exhibit good cell absorption, significant
transfection efficiency, and high biocompatibility. They are obtained by covering genetic
material with HAp.”* Dissolution of HOli is worthy of study because it is directly related to
the transfection efficiency and, additionally, it can be connected with other biological
processes because HOlis might release protected information encoded in DNA under certain
conditions.® In recent years, the formation mechanism of HAp biominerals on ds-DNA soft
templates has been investigated and characterized.'”'* Nevertheless, the molecular
mechanism that drives the particle dissolution and DNA demineralization remains widely
unknown and controversial.'>"!7 In this work we use a four-step approach based on atomistic
molecular dynamics (MD) simulations to clarify the dissolution mechanism of HOIi in acid
environments, mimicking the physiological pH variations of the intracellular fluid

encountered inside the cell cytosol and nucleus.
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IV.2. Experimental Section

The potential energy was computed using the Amber force-field.'® Force-field parameters
for hydroxyl, Cl- and PO43>* groups were extracted from Amber ff03.'° Bonding parameters
(i.e., stretching, bending, and torsion) for HPO4> and HoPOs™ were taken from Homeyer et
al., 2®whereas van der Waals parameters were extracted from Amber ff03.2! Atomic charges
for the latter two anions were developed in-house using the methodology recommended in
Amber f03.2!Force-field parameters of Ca>*, Mg?", and H3O" were extracted from the work
reported by Bradbrook et al.,2! Allner et al.,”’and Baaden et al.,”’respectively. All force-field
parameters for DNA were extracted from Amber f03.2!It should be noted that the ff03
parameters are identical to the ff99-SB%*#ones for nucleic acids, phosphate and hydroxyl
groups. The ability of this set of force-field parameters to reproduce the inorganic---organic
interactions found in biominerals was recently proved.® The density of water in the
simulation box was 1.00 g-cm™ at a temperature of 298 K. The water molecules were
represented using the TIP3P model.2All MD simulations were performed using the NAMD
2.6% code.

Once constructed, the initial model (i.e., HOli nanoparticle immersed into an acidic
solution) as described in the Results and Discussion subsection, the initial simulation box
(130 x 130 x 130 A3) was equilibrated using the following strategy. Before any of the multi-
step MD trajectories, 5,000 steps of energy minimization were performed to relax
conformational and structural tensions. Next, the system was heated and equilibrated by
different consecutive MD runs. First, solvent, H3O*, and Cl" ions were relaxed and
homogeneously distributed in the box by 0.5 ns of NVT (constant volume and temperature)
MD at 500 K, while keeping atoms belonging to HOLi (i.e., both HAp components and
encapsulated ds-DNA) fixed. After this, thermal equilibration for 0.4 ns in the constant NVT
ensemble at 298 K and a density relaxation for 0.4 ns in the constant NPT (constant pressure
and temperature) ensemble at 298 K were performed. The last snapshot of the NPT MD was
used as the starting point for the first production trajectory, MD1.

MD1 (298 K) is separated from the second production trajectory, MD2 (at 320 K), by a
transition NPT trajectory in which the temperature was slowly increased (1 K per 50 ps).
Similarly, MD?2 is separated from the third production trajectory, MD3 (at 350 K) by a
transition NPT trajectory in which the temperature was increased at a rate of 1 K per 50 ps.

No transition was needed to evolve from MD3 to the fourth production trajectory, MD4.
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MD1, MD2, MD3, and MD4 trajectories were 300, 200, 20, and 1750 ns long, respectively,
and coordinates saved every 10 (MD1 and MD4), 5 (MD2), or 2 ps (MD3) were used for
further analysis. It should be noted that transition trajectories were not considered for the

analyses displayed in this work.

In order to ensure the reproducibility of the results, two different initial systems were
considered. Accordingly, multistep MD1-MD4 trajectories were run in duplicate
considering different initial positions not only for the atoms involved in the HOIli
nanoparticle but also for the H2O, H3O" , and CI- particles in the acidic solution. Results
obtained for the two sets of multistep MD were very similar and, therefore, only the analyses
for one of them are displayed in the figures. The production runs associated with this work
involved a total of (300 + 200 + 20 + 1750) x2 ns = 4.54 ms. Atom pair distance cut-offs
were applied at 16.0 A to compute the van der Waals interactions. In order to avoid
discontinuities in the Lennard—Jones potential, a switch function was applied to allow a
continuous decay of the energy when the atom pair distances are larger than 14.0 A. For
electrostatic interactions, we computed the non-truncated electrostatic potential through
Ewald summations.?’ The real space term was determined by the van der Waals cut-off (16
A), while the reciprocal term was estimated by interpolation of the effective charge into a
charge mesh with a grid thickness of 5 points per volume unit, that is, the particle-mesh

Ewald PME) method.?®

Both temperature and pressure were controlled by the weak coupling method, the
Berendsen thermobarostat. The relaxation times used for the coupling were 1 and 10 ps for
temperature and pressure, respectively. Bond lengths were constrained using the SHAKE
algorithm®with a numerical integration step of 1 fs. Periodic boundary conditions were
applied using the nearest image convention, and the nonbonded pair list was updated every

1000 steps (1 ps).

IV.3. Construction of the molecular Model

The model for the biomineral was constructed considering the following experimental

observations: 1) carbonate and Mg?" substitution in HAp, extensively observed in living

12-14

organisms, may increase its solubility; and 2) the solubility also increases with

decreasing crystallinity.**Initially, a HAp nanoparticle of composition similar to that found
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in previous experimental studies'?> was constructed using Ca?*, Mg?*, OH-, PO4*, and CO3*
ions. For this purpose, we used one of the small aggregates obtained in a previous work!'?as
a starting point, which was spontaneously formed in neutral water from a bulk solution of
the same ions. The rest of the ions were slowly added using the following strategy: 1) a
randomly chosen ion was placed at a position randomly chosen among all those that are
within a distance d, with 5 A < d < 10 A, from any atom located at the surface of the
nanoparticle; ii) the added ion was integrated with the nanoparticle through energy
minimization. After this, the Dickerson’s dodecamer (5’-CGCGAATTCGCG-3"), which is
a well-known sequence that adopts a B-DNA double helix,*'was placed in the center of
such a nanoparticle, ions overlapping any atom of the ds-DNA being subsequently removed.
In order to maintain the electrical neutrality of the system, Ca”" ions were put at the minor
groove of the double helix, as is frequently observed by X-ray diffraction.>?3* The charge of
the whole biomineral was neutralized by removing ions from the external surface (i.e. the
final charge of the ds-DNA and the HAp nanocapsule was -20 and + 20, respectively). Next,
the HOli nanoparticle was immersed in a water box of 130 x 130 x 130 A? and the solvent
molecules overlapping any atom of the mineral were removed. Finally, 1,000 water
molecules were transformed into H3O™, which were neutralized with Cl- ions put at relatively
close sterically accessible positions, to mimic the acidic conditions. Obviously, the pH of
the medium is very low with such a high number of H3O" cations. However, it should be
noted that approaches based on much higher concentrations in simulations, relative to the
experiment, are frequently considered to allow events to occur on a shorter timescale. The
resulting mineral mold, which contained 656 Ca?*, 42 Mg?*, 112 OH-, 412 PO4>, and 14
COs? ions, was surrounded by 50,552 water molecules, 1,000 H3O", and 1,000 CI'. The total
number of explicit atoms, including ds-DNA, was 160,328.

Two independent molecular models were constructed using this strategy because the
study was performed using two sets of independent MD simulations. Although results
discussed in this work correspond to one of such sets only, similar observation were obtained

from the second set, giving consistency to their interpretation and discussion.
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IV.4. Results and Discussion

Equilibration at 298 K and 1 bar (Figure Ann.IV.1a) was performed following the MD
protocols described in the Methods section. The dissolution of the HOli was followed
through changes in the Ca®" distribution using two parameters: 1) the partial radial
distribution function of Ca?* ---Ca?" pairs, gcaca, which is not expected to detect the first
stages of dissolution process; and 2) a 1(L)-L profile, where 1(L) = 656/M(L), 656 is the
total number of Ca?" ions in the model, L is the edge of the identical cubes in which the
simulation box was divided, and M(L) is the number of cubes of edge L containing at least
one Ca”*. Accordingly, 1(L) defines the average number of Ca®>" per occupied cube of edge

L, the shape of the 1(L)-L profile being very sensitive to the migration of ions from the

initial nanoparticle to the bulk solution. The distribution of the Ca?" in equilibrated HOIi is

described in Figure Ann.IV.2.

Figure Ann. IV.1. HOIi nanoparticle: a) after equilibration; and b) after multi-step MD simulation
(last snapshot). The distribution of the ions at the surface is illustrated in the magnifications. Brown,
red, light grey, and blue balls represent P, O, H, and Ca, respectively.
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Figure IV.2. (a) Radial distribution functions of Ca**--- Ca®" pairs and (b) 1(L)-L curves calculated
for HOIli after equilibration, three consecutive runs at temperatures increasing from 298 to 350 K
(MD1-MD3), and the latter trajectories plus a run of 1.75 ms at 350 K with proton transfer (MD1-
MD4). The inset in (a) evidences the migration of the Ca*" from the HOIli surface to the solution
during MDA4.

The equilibrated HOli was the starting point of the first MD run (MD1), which
corresponded to 300 ns of NPT MD at 298 K and 1 bar pressure. After this, both the gcaca
and 1(L)-L profiles remained practically unchanged (Figure Ann.IV.S1.), evidencing that
the dissolution process did not start yet. Then, the temperature was slowly increased to 320
K, a production run of 200 ns being subsequently conducted (MD2). The gcaca profile
calculated for the last snapshot was again identical to that of the equilibrated HOIi, whereas
the 1(L)-L profile exhibited some differences (Figure Ann.IV.S2.). However, careful
analysis of the results evidenced that such variations were not due to the migration of ions
but to a change in the volume of the biomineral. Similar features were obtained when the

temperature was slowly increased from 320 to 350 K and a production run of 20 ns (MD3)
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was conducted (Figure Ann.IV.2.). Accordingly, the nanoparticle underwent small
rearrangements produced by a thermal expansion, which resulted in a variation in the
corresponding 1(L)-L curve. More specifically, the volume of the nanoparticle increased
from 86,368 A3 at 298 K to 88,436 A® (2.4 %) and 88,509 A3 (2.5 %) at 320 and 350 K,

respectively.

The solubility of HAp in acid environments is known to increase with temperature.
335However, simulations indicate that the description of the interactions at the
nanoparticle/bulk interface is not enough to promote the HOIi dissolution, independently of
the temperature. The influence of the acidic conditions was introduced in the mechanism by

considering reactions (1) [Eq. (1)] and (2) [Eq. (2)] in the next MD step:

POs* + H30" — HPO4* + H20 (1)

HPO4* + H30" — H2PO4+ H20 2)

These reactions were incorporated into the protocol considering variations in composition
at time steps At. Specifically, the following changes were considered: a PO4*- (or HPO4*)
located at the HOIli surface and a PO4* from the solution separated by less than 3 A were
replaced by HPO4* (or H2PO4) and H20, respectively. For each change, a new H;O"-CI-
pair was inserted at one of the boundaries of the simulation box to maintain the initial acidic
conditions. After several trials, the time step At was fixed at 10 ns, this value providing a
reasonable ratio between success and failures in the fulfilment of the above-mentioned
distance requirement. To avoid the overconcentration of H3O" and H2PO4 at the HOIli
surface, as well as to mimic the proton transfer process experimentally observed in HAp,
36.37every five time steps, SAt = 50 ns, the conversion of an internal PO4*- (or H2PO+") into

HPO4* (or H2PO4") was considered. For this purpose, the internal PO4* and HPO4* ions
were randomly chosen. This strategy was maintained for 1.75 ms at 350 K (MD4).

Changes in the gcaca and 1(L)-L profiles after 0.75 ms (Figure Ann.IV.S3.) evidenced
that the nanoparticle was dissolving (i.e. , 25 Ca>" migrated from the HOIi surface to the
solution). This dissolution process continued for the next 1 ms (Figure Ann.IV.2.). At the
end of MD4, the intensity of the sharp peak at = 4.1 A in the gcaca profile decreased
significantly (28 %) with respect to the equilibrated mineral, which was consistent with the

drastic reduction of 1(L) at relatively small L values. The number of Ca?* that migrated from
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the nanoparticle to the solution accounted for 144 (i.e., 22 %) after 1.75 ms (Figure
Ann.IV.1b). In addition, the proton transfer mechanism facilitated the dissolution of 7 Mg?*
(17 %), 4 OH" (4 %), 63 PO4> (16 %), 2 HPO4+*, and 1 CO3* (7 %). This demineralization
is dominated by the detachment of Ca?* from the HOli nanoparticle (i.e., decalcification),

the participation of Mg?* ions in such process being very small at this stage.

Multi-step simulations suggest a decalcification for HOIi dissolution, triggered by proton
transfer and acid—base-based reactivity of the phosphate species. These results are in good
agreement with experimental observations on the dissolution of HAp with different acids.

16380n the other hand, results reflect a polynuclear detachment of Ca®* (Figure Ann.IV.3.).

Figure Ann.IV.3. Dissolution of the HOli particle following a polynuclear mechanism. The initial
nanoparticle (i.e., starting point for MD1) is displayed. All atoms are depicted with small light grey
balls with the exception of Ca’" detached from the surface along MD4 (i.e., the simulation
considering proton transfer), which are represented by large dark grey balls. As it can be seen, Ca*"
ions detach from multiple centers widely distributed through the surface in the initial configuration.
Accordingly, the decalcification process follows a poly-nuclear mechanism rather than a
mononuclear one (i.e., detachment of Ca®" ions from a few close centers).

Although some authors suggested that this mechanism is more probable for HAp
dissolution in mild acid environments (pH within 5.0—7.2 and Ca/P molar ratios of 1.0-2.0),
$other authors reported a mononuclear mechanism driven by the formation and growth of

pits.!!

Results obtained in this work provide direct evidence that Ca®* is detached from multiple
centers widely distributed on the surface. In addition, results show that Ca** mobility

increases following the transformation of phosphates into H2POu', thus reflecting changes in
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the coordination caused by the steric and electrostatic components. The latter promotes
dissolution of the biomineral (Figure Ann.IV.S4.). After detachment, Ca?>" preferentially
coordinates with two Cl anions, but also with OH™ and CI" anions, in hydrated complexes
(Figure Ann.IV.4a and b, respectively). These interaction patterns are supported by the
partial radial distribution functions of Ca*"---Cl- (gcac1) pairs, which is displayed in Figure
Ann.IV.4c. Thus, the gcaci profile shows broad and poorly defined peaks centered at = 5.5
and = 7.0 A (marked with arrows) that corresponds to the above-mentioned complexes.
Unfortunately, the partial radial distribution function of Ca?*---OH" (gcaon) pairs does not
provide any additional information because the distance typically identified in complexes
(2.6 A in Figure Ann.IV.4b) is very close to the Ca>"---OH" in the HOli nanoparticle (Figure
Ann.IV.S5a). Similarly, no relevant information has been extracted from the partial radial
distribution function of Ca®"---H20 pairs (gcawat) because of the very large number of

solvent molecules hydrating Ca?" ions (Figure Ann.IV.S5b).
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Figure Ann.IV.4. Representative complexes formed by detached Ca®" ions: a) detached Ca*" ions
preferentially ( = 75 % cases) form hydrated complexes with two CI ions; b) hydrated complexes in
which the detached Ca?* coordinates one OH™ and one Cl are also relatively frequent (= 15 % cases).
¢) Radial distribution functions of Ca*" ---CI" pairs calculated for the last snap-shot of MD4. Arrows
indicate the distances associated to complexes displayed in (a) and (b).
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The structural stability of the ds-DNA can be assessed in Figure Ann.IV.5., which
displays the temporal evolution of the root-mean-square deviation (RMSD) with respect to
the ideal B-DNA double helix. The RMSD was calculated by considering all atoms different
from hydrogen. The ds-DNA remains mostly unaltered through the whole range of examined
temperatures. The average RMSD values calculated for MD1 (298 K), MD2 (320 K), and
MD3 (350 K) are 0.42 £ 0.06, 1.02 £ 0.03, and 1.51 = 0.01 A, respectively. The RMSD
increases slowly along MD4 as a consequence of the penetration of the protons. In spite of
this, the average RMSD for the last 500 ns of MD4 (2.03 + 0.04 A) is still very low. This
stability has been attributed to the reduction of the electrostatic strain at the biomolecule

associated to the hydrogenated phosphates at the internal regions.
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Figure Ann.IV.5. Evolution of the RMSD along the multi-step MD for the ds-DNA relative
to the canonical B-DNA. The double helix is represented by using a ribbon model for the
equilibrated system (starting point of MD1) and for the last snapshot of MD4.

HAp imparts protection against both temperature and chemicals to ds-DNA, which
despite its fragility preserves the double helix. During its dissolution, HAp totally or partially
protects DNA from physical and chemical stressing factors as well as from the aggression
of biological factors, like enzymatic degradation. The HOIli NP, which has to be understood
as a DNA molecule in its HAp mold, has important implications in many fields. For example,
these results are very useful for the development of novel strategies for gene therapy. Thus,
biomineralization would facilitate DNA protection by the surrounding inorganic materials,
while DNA transported at the surface of the mineral is attacked by endonucleases.*From

the mass extinction events perspective (see Annex V), we discuss the formation and
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resilience of HOIi particles that may have made the difference for the survival of life.®
Results from this work also suggests that HOli particles, when dissolving, can be also viewed
as nanocontainers that store and preserve DNA or RNA from changing environmental

conditions, which may have many applications in biomedicine and genetics biotechnology.

IV.5. Conclusions

This work sheds light on the atomic-level details of the acidic dissolution of HOli and
HAp. This process happens following a decalcification mechanism where Ca?>" detachment
is triggered by the initial hydration of phosphates, and it is enhanced by their further
hydrogenation resulting from hydronium reactivity. The decalcification occurs through a
polynuclear process: the escape of the calcium ions occurs through multiple independent
centers widely distributed on the surface. Thus, the detachment of the calcium ions is caused
by the important electrostatic alterations induced by the HPO4* and H2PO4™ species rather
than by the detachment of neighboring calcium ions. This result has enormous implications
for the development of therapies in which fixation of Ca®* is crucial, as for example those
related with the fight against osteoporosis. Also, results prove that HAp acts as a shield for
ds-DNA molecules, protecting their functionality from temperature-stressing conditions and
chemicals. Accordingly, HOIi particles represent a very reliable alternative to conventional
gene therapy strategies, in which genes are transported at the surface of the mineral and,

therefore, undergo the attack of enzymes.
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IV. 7. Enclosure A. Additional information
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Figure Ann.IV.S1. (a) Radial distribution functions of Ca**---Ca*" pairs and (b) p (L)-L curves
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Figure Ann.IV. S2. (a) Radial distribution functions of Ca®*---Ca*" pairs and (b) p (L)-L curves
calculated for the equilibrated hydroxyolyte and the biomineral after consecutive MD1 (300 ns at
298 K) and MD2 (200 ns at 320 K) trajectories.
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Figure Ann.IV.S3. (a) Radial distribution functions of Ca?*---Ca?" pairs and (b) p(L)-L
curves calculated for the initial biomineral and the biomineral after consecutive MD1 (300
ns at 298 K), MD2 (200 ns at 320 K), MD3 (20 ns at 350 K) and 750 ns of MD4 (350 K with
proton transfer) trajectories.
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Figure Ann.IV.S4. For a Ca’' (close to a HPO4*) before the detachment from the
hydroxyolite nanoparticle surface, representative profile displaying the difference (AQ)
between the charge at the surface of the nanoparticle and the charge at the internal region
(distance r from the Ca?"). The negative AQ at low r values indicate that the Ca®" is more
attracted by the external side of the nanoparticle than by the internal one and, therefore, it
tends to migrate. The electrostatic energy increment (calculated using a simple Coulombic
approach) required by a Ca?" ion surrounded by POs* to migrate from the surface
nanoparticle to the bulk is +15.2 €V. According to this repulsive energy penalty, the Ca**
ion remains at the surface. In contrast, the electrostatic energy required by a Ca®" ion
surrounded by HPO4* to migrate from the surface nanoparticle to the bulk is -42.7 eV.
Therefore, the gain of energy favors the spontaneous transfer of the Ca?" ion from the surface
of the nanoparticle to the bulk.
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Figure Ann.IV.S5. Radial distribution functions of (a) Ca?*---Cl- and (b) Ca®*---H20
pairs at the end of MD4.



Annex V

Hydroxyapatite with Permanent Electrical Polarization:
Preparation, Characterization, and Response against Inorganic

Adsorbates®

Abstract

Permanently polarized hydroxyapatite (HAp) particles have been prepared by applying a
constant DC of 500 V at 1000 °C for 1 h to the sintered mineral. This process causes
important chemical changes, as the formation of OH" defects (vacancies), the disappearance
of hydrogen phosphate ions at the mineral surface layer, and structural variations reflected
by the increment of the crystallinity. As a consequence, the electrochemical properties and
electrical conductivity of the polarized mineral increase noticeably compared with as-
prepared and sintered samples. Moreover, these increments remain practically unaltered
after several months. In addition, permanent polarization favors significantly the ability of
HAp to adsorb inorganic bioadsorbates in comparison with as-prepared and sintered samples.
The adsorbates cause a significant increment of the electrochemical stability and electrical
conductivity with respect to bare polarized HAp, which may have many implications for

biomedical applications of permanently polarized HAp.

¢ Published in Rivas M., del Valle LJ., Armelin E., Bertran O., Turon P., Puiggali J., Aleman C.,
Hydroxyapatite with Permanent Electrical Polarization: Preparation, Characterization and Response Against
Inorganic Adsorbates, ChemPhysChem (2018), 19, 14, 1746-1755. Reproduced with permission of John Wiley
and Sons.
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Hydroxyapatite with Permanent Electrical Polarization:
Preparation, Characterization, and Response against Inorganic

Adsorbates

V.1. Introduction

Hydroxyapatite (HAp), Ca10(PO4)s(OH)2, is the major inorganic component of biological
hard tissues such as bone and tooth.'? Synthetic HAp, which shows excellent ability to
interact with living systems, has been investigated for biomedical applications, as for

example drug and gene delivery, tissue engineering and bone repair.*”’

An important difference between amorphous calcium phosphate (ACP) and crystalline
synthetic HAp (cHAp) is the alignment of the OH" ions along the c-axis in the latter. The
crystal structure of stoichiometric cHAp, which contains no OH- defects, is monoclinic at
room temperature.®® However, the monoclinic cHAp changes to hexagonal phase at about
210 °C, which means a change from an ordered to a disordered distribution of OH" ions along
the c-axis. The hexagonal phase becomes the most stable form of cHAp in the pH range of
4-12 because of the disorder caused by the presence of vacancies and presence of Oz ions
in the columns of OH- groups.®® Although the properties of cHAp were altered by thermally
induced changes in the positions of OH" ions,'%!? the observed effects were not stable at

room temperature (i. e. the OH™ reorientation has a short relaxation time).

ACP and cHAp interact with different phosphates and a biophosphonate (BPs),'* which
is a very relevant topic in the field of biomaterials for biomedical applications. Thus,
polyphosphate, which is an orthophosphate polymer found in mammalian organisms,'
promotes mineralization and bone regeneration when adsorbed onto HAp by stabilizing
basic cell growth and differentiation.'>! On the other hand, the oxygen atom that links the
phosphate groups of pyrophosphates is replaced by a carbon atom in BPs, which results in
the inhibition of both hydrolytic and enzymatic degradations.?? The affinity of BPs towards
HAp has been associated with the formation of strong interactions between the two

species.?*?* Indeed, BPs are primary agents in the current pharmacological arsenal against
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different bone diseases (e. g. osteoporosis, Paget disease of bone and metastatic bone

malignancies).?

In the last decades, Yamashita and co-workers?¢-3°

caused polarization effects in HAp
samples by applying a constant DC electric field of 1.0-10.0 kV/cm at elevated temperature
(300— 850 °C) to samples previously sintered at 1250 °C for 2 h. Results indicated that the
polarization effects were consequence of the electrical dipoles associated with the formation
of defects inside crystal grains and of the space charge polarization originated in the grain
boundaries. The slow relaxation of such dipoles suggested that polarization was only
partially maintained (semi-permanently), even though this effect was not quantified. In
addition, the above mentioned thermally stimulated polarization process (TSP) was found to
affect some surface properties as for example the wettability and adhesion of osteoblastic

cells, which were higher onto semi-permanently polarized samples than onto non-polarized

ones.3132

In a very recent work, we used an alternative TSP strategy to prepare an
electrophotocatalyst based on permanently polarized HAp particles.’* More specifically, the
new catalyst allows fixing nitrogen from N2 and carbon from CO2 and CHa4 to obtain both
glycine and Alanine (D/L racemic mixture), the two simplest amino acids, using mild
reaction conditions. In this work we disclose the enhanced electrochemical and electrical
properties of permanently polarized cHAp comparing them with those of semi-permanently
polarized samples, obtained using previously reported strategies.?*** Furthermore, the
adsorption of phosphates and phosphonate onto permanently polarized cHAp samples has
been examined. Results reflect the significant impact of the alternative conditions used for
the TSP treatment on the adsorption process. Our findings indicate that the adhesion of
inorganic phosphates and phosphonates can be tailored by controlling the conditions used

for cHAp treatment, suggesting new applications for permanently polarized cHAp.

V.2. Methods

Materials. Ammonium phosphate dibasic [(NH4):HPOs; purity > 99.0%], ammonium
hydroxide solution 30% (NH4OH; purity: 28-30%), tetrasodium pyrophosphate (NasP207),
sodium triphosphate (NasP3O10) and aminotris(methylenephosphonic acid) (ATMP) were
purchased from Sigma-Aldrich. Calcium nitrate [Ca(NO3)2; purity > 99.0%] was purchased
from Panreac (Barcelona, Spain). Ethanol (C2HsOH; purity > 99.5%) was obtained from
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Scharlab (Barcelona, Spain). Fetal bovine serum (FBS), for contact angle measurements,

was purchased from Gibco.

Synthesis of cHAp. A simple procedure was used to prepare cHAp samples, the only
difference being the thermal post-treatment applied to the reaction mixture.** Reagent
conditions were adjusted to get a Ca/P ratio of 1.67: 15 mL of 0.5 M (NH4)2HPO4 in
deionized water (pH adjusted to 11 with an ammonia 30% w/w solution) were added
dropwise (rate of 2 mL-min') and under agitation (400 rpm) to 25 mL of 0.5 M Ca(NOs3)2
in ethanol. After that, the reaction mixture was stirred 1 h by agitation (400 rpm) at room
temperature. The resulting suspension was aged applying hydrothermal conditions (200 bar
at 150 °C for 24 h) during 24 h. The precipitate was separated by centrifugation and washed
sequentially with deionized water and a 60/40 v/v mixture of ethanol-water (twice). A white
powder was recovered after freeze-drying. cHAp obtained using this procedure have been

denoted “as prepared” samples, hereafter abbreviated cHAp/p.

Sintering and thermally stimulated polarization process. Sintered cHAp samples,
hereafter denoted cHAp/s, were prepared by heating the previously synthesized powders (i.e.
cHAp/p) at 1000 °C for 2 h in air. After this, powders were uniaxially pressed at 620 MPa
for 10 min to obtain dense discs suitable for characterization. The dimensions of these
specimens were 10 mm of diameter x 1.68 mm of thickness.

In order to get thermally stimulated polarized cHAp (cHAp/tsp), discs of sintered samples
were sandwiched between stainless steel (AISI 304) plates, heated to 1000 °C in air and,
simultaneously, polarized for 1 h under application of a constant DC voltage (V).
Subsequently, samples were cooled to room temperature, maintaining the DC voltage.
Preliminary assays were performed using V values that ranged from 250 to 2000 V, the best
results being obtained for 500 V. Accordingly, all experiments described in this work

correspond to cHAP/tsp samples polarized using V=500 V (DC field of 3 kV/cm).

X-Ray diffraction. The structure and crystallinity were studied by wide angle X-ray
diffraction (WAXD). Patterns were acquired using a Bruker D8 Advance model with CuKq
radiation (A = 0.1542 nm) and geometry of Bragg-Brentano, theta-2 theta. A one-
dimensional Lynx Eye detector was employed. Samples were run at 40 kV and 40 mA, with
a 2-theta range of 10-60, measurement steps of 0.02°, and time/step of 2-8 s. Diffraction

profiles were processed using PeakFit v4 software (Jandel Scientific Software) and the
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graphical representation performed with OriginPro v8 software (OriginLab Corporation,
USA).

The crystallinity (yc) was obtained using the following expression:3*
\%
Xe = 112/100/1300 (V.S2)

where I300 is the intensity of the (300) reflection and Vii2/300 is the intensity of the hollow

between the (112) and (300) reflections, which disappears in non-crystalline samples.

X-ray photoelectron spectroscopy (XPS). XPS analyses were performed in a SPECS
system equipped with a high-intensity twin-anode X-ray source XRS50 of Mg/Al (1,253
eV/1487 eV) operating at 150 W, placed perpendicular to the analyzer axis, and using a
Phoibos 150 MCD-9 XP detector. The X-ray spot size was 650 um. The pass energy was set
to 25 and 0.1 eV for the survey and the narrow scans, respectively. Charge compensation
was achieved with a combination of electron and argon ion flood guns. The energy and
emission current of the electrons were 4 eV and 0.35 mA, respectively. For the argon gun,
the energy and the emission current were 0 eV and 0.1 mA, respectively. The spectra were
recorded with pass energy of 25 eV in 0.1 eV steps at a pressure below 6x10~ mbar. These
standard conditions of charge compensation resulted in a negative but perfectly uniform
static charge. The C 1s peak was used as an internal reference with a binding energy of 284.8
eV. High-resolution XPS spectra were acquired by Gaussian—Lorentzian curve fitting after
s-shape background subtraction. The surface composition was determined using the

manufacturer's sensitivity factors.

FTIR spectroscopy. Infrared absorption spectra were recorded with a Fourier Transform
FTIR 4100 Jasco spectrometer in the 1800-700 cm-1 range. A Specac model MKII Golden
Gate attenuated total reflection (ATR) equipment with a heating Diamond ATR Top-Plate

was used.

Morphology. Scanning electron microscopy (SEM) studies were carried out using a
Focused Ion Beam Zeiss Neon40 microscope operating at 5 kV, equipped with an energy
dispersive X-ray (EDX) spectroscopy system. Samples were deposited on a silicon disc
mounted with silver paint on pin stubs of aluminum, and sputter-coated with a thin layer of

carbon to prevent sample charging problems.
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Nuclear Magnetic Resonance (NMR). Solid state *'P NMR spectra were acquired using a
MHz WB Avance Bruker I11-400 spectrometer, operating at a frequency of 400 MHz.
Chemical shifts were calibrated using H3POs4 (85%) as internal standard. The sample

spinning rate was 12 KHz.

Contact profilometry. The surface roughness (Rq) of the prepared HAp discs was
determined using a stylus profilometer (Veeco, Plainview, NY, USA). Imaging of the
samples was conducted using the following optimized settings: tip radius= 2.5 um; stylus

force= 1.5 mg; scan length= 1 um; speed= 1.5 nm/s.

Contact angle. Measurements were carried out using the sessile drop method at room
temperature on an OCA 15EC with SCA20 software (Data-Physics Instruments GmbH,
Filderstadt, Germany). The solvents used for these experiments were deionized water and
FBS. For contact angle (8) measurements, the sessile drop was gently put on the surface of
sample discs using a micrometric syringe with a proper metallic needle (Hamilton 500 pL).
The ellipse method was used to fit a mathematical function to the measured drop contour.
This procedure consists on approximate the drop contour to the line of an ellipse, deviations
from the true drop shape being in the range of a few percent. The ellipse method provides
accurate measure of the contact angle and holds the advantage that it is extremely fast. For

each solvent, no less than ten drops were examined.

Cyclic voltammetry (CV). The electrochemical behavior was determined by CV using an
Autolab PGSTAT302N equipped with the ECD module (Ecochimie, The Netherlands) with
a three-electrode cell under a nitrogen atmosphere (99.995% in purity) at room temperature.
A 0.1 M phosphate buffer saline solution (PBS; pH = 7.2 adjusted with NaOH) was used as
the electrolyte in the three-electrode cell. The working compartment was filled with 30 mL
of the electrolyte solution. Steel AISI 316 sheets of 1x1.5 cm? (thickness 0.1 cm) were used
as both the working and the counter electrodes, and an Ag|AgCl electrode was used as the
reference electrode which contained a KCl saturated aqueous solution (offset potential
versus the standard hydrogen electrode, E® = 0.222 V at 25 °C). All potentials given in this
work are referenced to this electrode. HAp discs prepared as described above were fixed on
the working electrode using a two-side adhesive carbon layer. The initial and final potentials
were -0.40 V, whereas a reversal potential of 0.80 V was considered. The scan rate was 50

mVy/s.
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The electroactivity, which indicates the ability to exchange charge reversibly, was
evaluated by examining the similarity between the anodic and cathodic areas of the control
voltammogram (i.e. the ratio between the reduction and oxidation charges). The
electrochemical stability (i.e. loss of electroactivity, LEA), which decreases with the
oxidation and reduction areas of consecutive control voltammograms, was determined using

the following expression:

LEA =AQ/Q”-100 (V.S3)

where AQ is the difference of voltammetric charge between the second cycle and the last
cycle and QII is the voltammetric charge corresponding to the second cycle. In this work all

values of LEA were referred to 1000 consecutive oxidation-reduction cycles.

The specific capacitance (SC; in F/g) of HAp in the electrode was calculated as:
_4Q
SC = /Vm (V.S54)

where Q is voltammetric charge, which is determined by integrating either the oxidative or
the reductive parts of the cyclic voltammogram curve, AV is the potential window and m is

the mass of polymer on the surface of the working electrode. The latter is derived from the

productivity current and polymerization charge.?

Electrochemical Impedance Spectroscopy (EIS). EIS measurements were performed
using an AUTOLAB PGSTAT302N in the 10 kHz to the 10 mHz frequency range and the
amplitude of the sinusoidal voltage was 10 mV. All experiments were carried out at room
temperature. Appropriated sized films were pressed in a disc format and were sandwiched
between two stainless steel electrodes (diameter = 1.5 cm) assembled into an isolating resin
holder.’” The cell was tightened with screws to ensure constant pressure fastening.
Films thickness was between 1.7 and 2.0 mm determined by a micrometer and the area was
about 1.766 cm?. Prior analyses, samples were previously dried by heating at 100 °C in an
oven overnight. After data collection, EIS results were then processed and fitted to an
electrical equivalent circuit (EEC). All electrochemical assays (i.e. CV and EIS) were done

in triplicate.
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Adsorption onto treated cHAp. The concentration of the adsorbate in the working
solutions was 100 mM for P207* and 200 mM for both P3O10> and ATMP, while the pH
considered in this study was 7 in all cases. The concentration of P2O7* was a half of that
used for the other two adsorbates because of limitations in the solubility of the former specie.
For the incubation, 500 uL of the working solution with the adsorbate were deposited onto
50 mg of cHAp. After overnight agitation at 25 °C, adducts were separated by centrifugation
at 6,500 rpm during 5 minutes at 4 °C. Sediments were re-suspended in distilled water. After
this process, which was repeated two times, the obtained pellets were frozen at -80 °C for 3

h and, subsequently, the humidity was removed using a lyophilizer.

V.3. Results and Discussion
V.3.1. Preparation and Characterization

HAp was prepared by adding 0.5 M (NH4)2HPO4 in de-ionized water to 0.5 M Ca(NO3)2
in ethanol, as it is detailed in Methods section.*® The resulting suspension was aged applying
hydrothermal conditions (16 bar at 150 °C) during 24 h to produce cHAp. Samples obtained
at this stage has been denoted “as prepared”, hereafter abbreviated cHAp/p. Sintered cHAp
samples, hereafter denoted cHAp/s, were prepared by heating previously synthesized
cHAp/p at 1000 °C for 2 h in air. Finally, thermally stimulated polarized cHAp (cHAp/tsp)
was achieved using discs of sintered samples (10 mm of diameter x 1.68 mm of thickness),
which were sandwiched between stainless steel (AISI 304) plates and polarized for 1 h under
application of a constant DC voltage of 500 V (DC field of 3 kV/ cm) at 1000 °C. After this,

samples were allowed to cool to room temperature, maintaining the DC voltage.

The FTIR spectra of as prepared, sintered and permanently polarized cHAp are compared
in Figure Ann.V.la. The spectra, which show characteristic vibrational modes of PO4*- at
vi = 962 cm! and v3 = 1016, 1087 cm™!, indicate that cHAp/tsp does not undergo major
changes with respect to cHAp/p and cHAp/s. Analysis of WAXD measurements of as
prepared and polarized samples were focused on peaks at 26 = 32°-34° (Figure Ann.V.1b),
which are characteristic of the (211), (112), and (300) cHAp reflections. The TSP process
results in a very important increment of the crystallinity (i. e. from 0.43 + 0.01 to 0.76 +

0.02) which has been attributed to the formation of OH" defects.
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Figure Ann.V.1. (a) FTIR spectra of as-prepared, sintered, and polarized samples. (b) X-ray
diffraction patterns of cHAp/p and cHAp/tsp. The samples were identified by the peaks at 26 = 32°-
34°.

Fujimori et al.’° reported that OH" ions scape from the HAp matrix above 800 °C, such
dehydration process resulting in the formation of vacancies and Oz ions. In addition to the
formation of a small amount of OH- defects, a monoclinic-to-hexagonal thermal phase
transition occurs upon the application of such treatment to cHAp.*’ The hexagonal phase
becomes the most stable at room temperature because of the order-disorder phase transition,

which is accounted for by the change in the position of the OH™ ions.

The chemical composition, as determined by X-ray photoelectron spectroscopy (XPS), is
consistent with the formation of thermally-induced OH" vacancies (Table Ann.V.S1): the
content of oxygen is around 2 wt.% lower for cHAp/s and cHAp/tsp than for cHAp/p.
Although the Ca/P molar ratio of cHAp/p is very close to the stoichiometric value of 1.67,
cHAp/s and cHAp/tsp exhibit a small reduction with respect to such ideal value (1.62 and
1.64, respectively), supporting the apparition of vacancies. Moreover, Figure Ann.V.2a
compares the XPS spectra in the P 2p and Ca 2p regions for cHAp/p, cHAp/s and cHAp/tsp.

The single P2p peak, which originates from PO4* anions,*'*? is centered at 132.2 €V for
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cHAp/p, experiencing a slight shift towards higher and lower energies (ABE = + 0.4 and -
1.0 eV) after sintering and TSP, respectively. The binding energies of the Ca 2p3/2 and Ca
2p1/2 peaks, which are detected at 346.1 and 349.6 eV, respectively, for cHAp/p,*!*? shift
to 346.5 and 350.0 eV for cHAp/s and to 345.1 and 348.6 eV for cHAp/tsp. These variations

are consistent with structural changes associated to phase transitions.
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Figure Ann.V.2. (a) High-resolution XP spectra for cHAp samples: P 2p and Ca 2p regions. (b)
Solid-state *'P NMR spectra of cHAp/p and cHAp/tsp.

Figure Ann.V.2b compares the solid state *'P NMR spectra of cHAp/p and cHAp/tsp, the
spectrum of cHAp/s being displayed in Figure Ann.V.S1.. The main resonance peak in all
samples (2.9 ppm) corresponds to bulk phosphate groups of HAp.*? This peak is narrower
for cHAp/s and HAp/tsp than for ¢/HAp/p, which is consistent with the increment of
crystallinity mentioned above. The broad signals at approximately [-1,0] ppm and the
shoulder at [0,1] ppm in both cHAp/p and cHAp/s are usually assigned to the lone protonated
surfaces of phosphate groups arising from the disordered near surface layer.** Indeed, cHAp
particles are frequently described as an ordered crystalline core surrounded by a disordered
non-apatitic surface layer.* The shoulder at 4-6 ppm in cHAp/s (Figure Ann.V.S1.) has
been attributed to the increment of HPO4* ions at the disordered surface layer.*647
However, the most amazing result is the single peak observed in cHAp/tsp, which
corresponds to phosphate groups. This evidences that the TSP exerts an important effect on
the surface layer. Thus, the fingerprints of the surface OH" ions leaving from the columns
due to the TSP process are the disappearance of the surface HPO4> ions and the formation

of holes in the valence band to achieve the corresponding charge neutralization.
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Figure Ann.V.3. compares the surface morphologies of cHAp/p, cHAp/s and cHAp/tsp.
Although SEM micrographs of all samples are constituted by laminar crystals and fusiform
rods, the amount of such elements increases upon the application of treatments, especially
after TSP. Thus, crystals are bigger in cHAp/tsp than in cHAp/p and cHAp/s, which is
consistent with the crystallinity changes discussed above. The surface roughness (Rq), as
determined by contact profilometry, remained practically unaltered upon the application of

thermal and TSP treatments (Table Ann.V.1).

Figure Ann.V.3. SEM micrographs of cHAp/p, c/HAp/s, and cHAp/tsp particles.

The contact angle of water (Bwarer) was ~ 4° for cHAp/p, cHAp/s and cHAp/tsp, indicating
that the three are very hydrophilic materials, as it was expected because of their surface
charge. In contrast, the contact angle of fetal bovine serum (6rss) was significantly lower on
cHAp/s and, especially, cHAp/tsp than on cHAp/p (Table Ann.V.1). This variation suggests
that the reorganization of the ions induced by the thermal and TSP treatments increases the

contribution of the polar component to the surface energy.
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Table Ann.V.1. Roughness (Rq) and contact angle of water and fetal bobine serum drops
(Bwater and Orgs) determined for cHAp/p, cHAp/s, and cHAp/tsp samples

Sample R4 (nm) Owater Orss
cHAp/p 851+ 194 3+1 81+2
cHAp/s 863 £ 158 4+1 61 £2
cHAp/tsp 882 +92 4+1 51+£2

V.3.2. Electrochemical Properties: Permanent versus Semi-permanent Polarization

Cyclic voltammograms recorded in phosphate buffer saline solution (PBS; pH 7.2) for
cHAp/p, cHAp/s and cHAp/tsp fixed on steel are compared in Figure Ann.V .4a. Although
cHAp/p exhibits higher electrochemical activity than bare steel (blank), the electroactivity
increases considerably with thermal and TSP treatments (i. e. 46 % and 150 %, respectively).
In the case of cHAp/tsp, such effect is accompanied of a significant enhancement of the
anodic current intensity at the reversal potential. Thus, results evidence that the structural
changes caused by the TSP treatment facilitate the diffusion of ions through the inorganic

matrix and, therefore, the electrochemical response upon oxidation-reduction processes.

Treatments also affect the electrochemical stability, as is shown by the loss of
electroactivity (LEA; Eqn V.S3) with the number of consecutive oxidation-reduction (redox)
cycles (Figure Ann.V.4b). The electroactivity of all samples decreases rapidly during the
first 100—150 redox cycles, experiencing a very slow reduction along the next cycles. After
1,000 cycles, the electroactivity decreased 72 %, 67 % and 60 % for cHAp/p, cHAp/s and
cHAp/tsp, respectively, evidencing that structural changes caused by the TSP process

enhances the stability of the electrochemical properties.

The behaviour followed by the specific capacitance (SC; Eqn V.S4) is fully consistent
with that of the electroactivity. Although SC was small in all cases, the ability to store charge
of cHAp/p (SC = 160 pF/g) resulted 71 % and 82 % smaller than those of cHAp/s and
cHAp/tsp (SC = 560 and 890 pF/g, respectively). Also, the variation of the specific
capacitance with the number of redox cycles (Figure Ann.V.4c) was similar to that described

above for LEA.
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Figure Ann.V.4. (a) Control voltammograms and variation of both (b) the loss of electroactivity
(LEA; Eqn S3) and (c) the specific capacitance (SC; Eqn S4) against the number of redox cycles in
PBS (pH 7.2) for cHAp/p, c/HAp/s and cHAp/tsp. The voltammogram of bare steel (blank) is
included in (a). (d—f) Comparison between the electrochemical properties of permanently polarized
cHAp/tsp and different semi-permanently polarized HAp samples: (d) control voltammograms in
PBS, (e) LEA against number of redox cycles, and (f) SC in PBS (pH 7.2). The labelling of the semi-
permanently polarized HAp samples is described in the text. (g—h) Comparison between semi-
permanently polarized and cHAp/tsp samples prepared three months before the measurements: (g)
control voltammograms and (h) SC in PBS (pH 7.2). The scan rate was 50 mV/s in all cases.

To examine the influence of the preparation conditions in the electrochemical properties,
semi-permanently polarized HAp samples were prepared following the procedure described
by Yamashita and co-workers.?®3% This can be summarized as follows: (i) HAp was

synthesized by chemical precipitation; (ii) prepared HAp was dried at 850 °C for 2 h; (iii)
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dried HAp was sintered in saturated water vapor atmosphere at 1,250 °C for 2 h; and (iv)
sintered samples were electrically polarized in a DC field of 1 kV/cm at 300 °C or 800 °C
for 1 h (hereafter HAp/1-300 or HAp/1-800, respectively) or a DC field of 10 kV/cm at 300
°C or 850 °C for 1 h (hereafter HAp/10-300 or HAp/10-850, respectively). It is worth noting
that the DC field values (1 and 10 kV/cm) and the polarization temperatures (300 and 800
°C) were selected to include the most diverse conditions employed for the preparation of

semi-permanently polarized HAp. 26-3°

The voltammograms recorded for cHAp/tsp, HAp/1-300, HAp/1-800, HAp/10-300 and
HAp/10-800 samples after 20 consecutive oxidation-reduction cycles are compared in
Figure Ann.V.4d. The electrochemical activity of cHAp/tsp is at least 20% higher than that
of the rest of the samples. Moreover, anodic and cathodic current densities at the final and
reversal potentials, respectively, are significantly higher in absolute values for cHAp/tsp than
for the other samples, reflecting a higher movement of charge during the oxidation and
reduction processes. This feature is particularly noticeable for the anodic current density (i.
e. 16.8 nA/cm? for cHAp/tsp while a value comprised between 4 and 9 pA/cm? for the other
samples). Besides, the electrochemical stability and SC are considerably higher for cHAp/tsp
than for semi-permanently polarized HAp samples (Figures Ann.V.4e and Ann.V .4f).

Results displayed in Figures Ann.V.4d—f are fully consistent with the highly crystalline
organization and regular surface structure of cHAp/tsp. Indeed, the crystallinity of HAp/1-
300, HAp/1-800, HAp/10-300 and HAp/10-800, as determined from the corresponding
WAXD patterns, was lower than 0.63 £ 0.02, while cHAp/tsp exhibited a crystallinity of
0.76 + 0.02. Moreover, the electrochemical behavior of semi-permanently polarized HAp
samples is, independently of the polarization conditions (i. e. DC field and temperature),
very similar to that displayed by cHAp/s (Figures Ann.V.4a—c), suggesting that application
of a water vapor stream during the sintering process and/or the low temperature applied
during the polarization process (< 800 °C) do not inhibit the formation of disordered near
surface layers with protonated phosphate groups. This lack of organization also affects the
preservation of the electrochemical properties induced by the polarization process. This is
reflected in Figures Ann.V.4g-h, which compare the voltammograms and SC of samples
measured three months after being prepared and polarized. During such period, all samples
were stored in the lab at room temperature under atmospheric conditions. As it can be seen,

the electrochemical activity and SC of HAp/1-300, HAp/1-800, HAp/10-300 and HAp/10-
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800 samples are very similar, suggesting that the distinctive properties induced by the
magnitude of the DC field and the polarization temperature disappears after three months
only. Indeed, the differences between such samples and cHAp/p (Figures Ann.V.4a and
Ann.V 4c) are very small, which prove that the polarization effects induced by the conditions

26-30 are not enduring over time. In contrast, the

described by Yamashita and co-workers
properties of cHAp/tsp samples remain practically unchanged after three months (e. g. the
SC decreased by 9 % only), demonstrating that temperatures higher than 800 °C are crucial

to achieve permanent polarization effects.

V.3.3. Electrical Properties: Permanent Versus Semi-Permanent Polarization

Electrochemical impedance spectroscopy (EIS) measurements were carried out to
evaluate the ionic conductivity. This technique is expected to provide relevant information
about the influence of the sintering and TSP processes in the resistivity of cHAp. Figure
Ann.V.5a compares representative and reproducible Nyquist plots obtained for cHAp/p,
cHAp/s and cHAp/tsp. In a Nyquist plot, the first semi-circular response corresponds to the
electron transfer resistance at the higher frequency range, which controls the electron transfer
kinetics of the redox probe on the electrode-solid disk interface. The diameter of the semi-
circle defines the resistance of electron transfer, usually called bulk resistance (Ryv). The
Nyquist plot recorded for cHAp/p exhibits only one dielectric relaxation time (t1), which
corresponds to a single charge transfer across the solid disk, showing that the material has a
high bulk resistance (i. e. low ionic conductivity) in the dry state. Bode plots (Figure
Ann.V.S2) show a phase angle close to 80°, which correspond to resistive materials in the
dry state. The semi-circle diameter in Nyquist plots is much smaller for cHAp/s and,
especially, for cHAp/tsp. Besides, a second time constant (12) appears due to the significant
structural modification occurred in cHAp, enabling fast charge transport across the disk. As
discussed above, cHAp/s and cHAp/tsp present higher crystallinity and bigger crystals than
cHAp/p. Therefore, the thermal treatment step promotes the growing of the crystals, while
the TSP treatment is, apparently, responsible of the definition of good pathways for charge

transportation.
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The electrical equivalent circuit (EEC) used to fit the experimental data is shown in Figure
Ann.V.5b. The EEC contains three important elements: Rbv that represents the bulk
resistance; and Qb and Qai that describes the ideal capacitances from both the cHAp thick
disk and the double layer between the metal-disk surfaces, respectively. Rs corresponds to
the electrolyte resistance, even though it was considered ~ 0 Q-cm? due to the absence of
liquid electrolyte. The CPEy is the real capacitance of the bulk disk, which accounts for the
non- uniform diffusion among the films adhered to the electrode surface. On the other hand,
CPEuai is the real capacitance of the double-layer, which in turn is typically associated to the
surface reactivity, surface heterogeneity and roughness (i. e. related to the electrode
geometry and porosity). Also, the CPE impedance, which has been expressed as Zcre =
[Q:(jo)"], represents an ideal capacitor and a pure resistor for n =1 and n = 0, respectively,

while it is associated with a diffusion process when n ~ 0.5.
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Figure Ann.V.5. (a) Nyquist plots for cHAp/p, cHAp/s, and cHAp/tsp. The inset represents the
Nyquist behavior at high frequency. (b) Electrical equivalent circuit (EEC) used to fit the
experimental data recorded for cHAp/s and cHAp/tsp: RS is the electrolyte resistance, CPE, and Ry,
are the bulk constant phase element and resistance, respectively, CPEdI is the contribution of the
double layer capacitance. (c,d) Comparison between the Rb values determined by EIS for
permanently and semi-permanently polarized HAp samples: (c¢) fresh samples and (d) samples
prepared using the same procedure that fresh samples and left in a dry environment for 3 months
before the measurements.

All impedance data displayed in Figure Ann.V.5a were fitted with the EEC showed in the
Figure Ann.V.5b, with exception of those obtained for cHAp/p. For EEC used the latter

samples does not have the capacitance response from the double layer film and corresponds
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to Rs(RbQb). The numerical evaluation of the EIS results is provided in Table Ann.V.2. The
percentage error associated with each circuit element was lower than 5 % in all cases,

reflecting the good quality of the experimental data fitting.

Table Ann.V.2. Data derived from the fitting of the experimental EIS results, recorded for
cHAp/p, cHAp/s and cHAp/tsp dry discs, to the electrical equivalent circuits (EECs).

Sample R, Qa n Qn n
(C -em?) (F-cm™2.s™!) (F-cm™2.s™1)
cHAp/pt@! 1346 M - - 8.180 x 101 0.76
cHAp/s®! 6.43 M 1.248 x 10°® 0.77 1.215 x 10°® 0.44
cHAp/tsp!® 0.67 M 4558 x 107 | 071 | 4863x10° | 055

[a] The EEC for cHAp/p is Ry(RpQp).
[b] The EEC for HAp/s and HAp/tso is displayed in Figure Ann.V.5b

The Ry obtained for cHAp/tsp is very low (6.7 x 105 Q-cm?) with respect to cHAp/s (6.4
x 106 Q-cm?), which indicates that the ionic conductivity increased by one order of
magnitude when the TSP process is applied. Moreover, the Ry of cHAp/p (134.6 x 106
Q-cm?) is two orders magnitude higher than that cHAp/s, evidencing that sintering also
promotes charge transport. Another relevant change induced by the both the sintering and
the TSP is the appearance of a second time constant (12), indicating the creation of charge
pathways inside the solid through the formation of larger crystals (Figure Ann.V.5a). This
observation is in perfect agreement with SEM, NMR and cyclic voltammetry results
discussed above. Overall, the conductive sites in cHAp/tsp seem to arise from the re-
organization of the vacancies into channels, which are formed by the dehydroxylation of the
crystals during the sintering. This re-structuration occurs during the TSP process and, as a
result, ions are able to move along the crystals. This interpretation is in good agreement with
results derived from other studies of HAp at high temperatures.*®*’ Figure Ann.V.5c¢
compares the electrical resistivity, Rb, of cHAp/tsp with those of the samples prepared
according to the protocol reported by Yamashita and co-workers?®3! (i.e. HAp/1-300,
HAp/1-800, HAp/10-300 and HAp/10-800). As it can be seen, the Ry of cHAp/tsp is the
smallest, independently of the electric field and/or temperature used to prepare semi-
permanently cHAp/tsp. Indeed, the Rb of samples prepared using the procedure described by
Yamashita and co-workers?®3! is similar to that of cHAp/s (6.4 x 106 Q-cm?). Again, these

results point out the importance of the high temperature (1,000 °C) in the electrical
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polarization step, which is necessary for the complete elimination of protons near surface

layers and for the creation of both ordered structures and charge defects.

Inspection of samples three months after their preparation and polarization before the EIS
measurements (Figure Ann.V.5d) reveals that R» remains practically unchanged for
cHAp/tsp (i.e. Rb increases 4 %), while the electrical resistivity of semi-permanently
polarized samples experiences an increment that ranges from 38% (HAp/10-800) to 69%
(HAp/1-300). Overall, observations reported in this and previous subsections confirm that

cHAp/tsp shall be described as a permanently polarized cHAp.

V.3.4. Adsorption of Pyrophosphate, Triphosphate, and Trisphosphonate

In a recent study we examined the adsorption of sodium pyrophosphate (P207*), sodium
triphosphate (P3O10°) and aminotris(methylenephosphonic acid) (ATMP), which is a
phosphonic acid with chemical formula N(CH2PO3H2)s, onto cHAp/p.!? In order to examine
how both thermal and electric treatments have affected cHAp/s and cHAp/tsp substrates, a
complete adsorption study have been conducted using the same inorganic adsorbates. The
concentration of adsorbate in the incubation solutions was 100 mM for P2O7* and 200 mM

for both P3010> and ATMP, which provided clear adsorption signals for cHAp/p at pH 7.13

The contact angle of fetal bovine serum on bare cHAp/s and cHAp/tsp decreased after
incubation, indicating that the hree inorganic adsorbates were successfully adsorbed (Figure
Ann.V.S3.). The reduction of the contact angle with the adsorbate followed the same
variation for the two cHAp substrates, P3O10° < P2O7* = ATMP, suggesting that P3O10>
provides the higher surface energy. On the other, the XPS spectra in the Na 1s region reveals
a peak centred at 1074.2 eV for cHAp/s and cHAp/tsp treated with P207* and P3010>
(Figures Ann.V.6a-b), corroborating the incorporation of these compounds. In contrast, the
content of Na 1s in non-incubated samples and samples incubated in presence of ATMP is
null (Figure Ann.V.6a). The ratios obtained using the Na 1s atomic percent compositions
indicate that the adsorption of P207* and P3O10° is ~ 2 and ~ 1.5 times respectively, higher
for cHAp/tsp than for cHAp/s (Table V.S1). A similar strategy was followed to characterize
the adsorption of ATMP, which is clearly detected through the peaks at the N 1s region
(Figure Ann.V.6¢—d). The content of N 1s in non-incubated samples and samples incubated
in presence of P207* and P3010° is < 0.40 wt.%, increasing to 3.18 and 4.08 wt.% for cHAp/s
and cHAp/tsp samples with ATMP (Table V.S1), respectively. Assuming that the amount of
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N2 adsorbed from the atmosphere is the same for incubated and non-incubated samples, the
adsorption of ATMP is ~ 1.4 times higher for cHAp/tsp than for cHAp/s. The two peaks
detected at 404.3 and 402.5 eV for the latter samples have been attributed to nitrogen atoms
of ATMP with different chemical environments (i.e. free and hydrogen bonded) Figure
Ann.V.S4. compares the FTIR spectra of cHAp/p, cHAp/s and cHAp/tsp after incubation
with P207*, P3010> and ATMP solutions at neutral pH. The P-O-P asymmetric stretching
of P3010>, which is a weak shoulder at around 890 cm™ for cHAp/ p, transforms into a well-
defined band for cHAp/s and, especially, cHAp/tsp (Figure Ann.V.S4a). This feature is fully
consistent with XPS observations, corroborating that the sintering and TSP enhance
significantly the ability of cHAp to adsorb P3O10°. Moreover, quantification through the
ratio of integrated area of the peaks at 1016 cm™ and 890 cm! indicated that the adsorption
of P3010> onto cHAp/p is 2.0 and 2.6 times lower than onto cHAp/s and cHAp/tsp,

respectively.
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Figure Ann.V.6. High-resolution X-ray photoelectron spectra in the: (a,b) Na 1s and (c,d) N 1s
regions for: a,c) cHAp/s and b,d) cHAp/tsp samples before and after incubation in P,O;* , P;01¢”,
and ATMP solutions at neutral pH.
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This feature is much less clear for P207* since the band at 890 cm™! remains undetectable
(Figure Ann.V.S4b). In this case, the only evidence of adsorption is the very weak shoulder
at 740-750 cm™! for cHAp/s and cHAp/tsp, which has been attributed to the P-O-P symmetric
stretching. The atomic percent content of Na 1s detected by XPS in cHAp samples incubated
with P3010™"is considerably higher than in those incubated with P2O7* (Table V.S1.), which
is consistent with FTIR observations. This has been attributed to the fact that phosphate
chains of increasing size adapt better their geometry to the crystallographic positions of the

ions at the cHAp surfaces.

Finally, FTIR results for the different cHAp samples incubated with ATMP (Figure
Ann.V.S4c) reveals trends similar to those observed for P3O10>. The band at 900 cm’!, which
corresponds to asymmetric vibrations of alkylphosphonic, is a shoulder for cHAp/p and a
well-defined peak for cHAp/s and, especially cHAp/tsp. This variation, which is in
agreement with XPS results, evidence that the ability to adsorb ATMP increases as follows:
cHAp/p < cHAp/s < cHAp/tsp. The adsorption of ATMP onto of cHAp/s and cHAp/tsp was
estimated to be, respectively, 2.2 and 3.0 times higher than onto cHAp/p.

V.3.5. Inorganic Adsorbates Affect the Electrochemical and Electrical Properties of
the Materials

Cyclic voltammograms recorded for cHAp/p reflect that the electrochemical activity
of untreated cHAp remain unaltered after the adsorption of P3O10°" a, P207* or ATMP
(Figure Ann.V.S5a). In contrast, electroactivity of incubated cHAp/s and cHAp/tsp
samples is ~ 40 % and ~ 60 % higher than that of the non- incubated ones (Figures Ann.7a-
b), suggesting that tested inorganic adsorbates facilitate the exchange of ions between the
mineral matrix and the PBS electrolyte solution during the oxidation and reduction processes.
However, the most striking feature refers to the variation of the electroactivity against the
number of redox cycles. Thus, the loss of electroactivity of non- incubated cHAp/s and
cHAp/tsp after 1000 redox cycles is ~ 72 % and ~ 60 %, respectively. The adsorption of
P3010°, P207* or ATMP reduces these values drastically (Figures Ann.V.7¢—d),
demonstrating that that these species provide electrochemical protection to the mineral and
improve the stability. For example, for cHAp/tsp the LEA after 1,000 cycles decreases from
~ 60 % to 21 %, 27 % or 29 % upon adsorption of P3010>, P207* or ATMP, respectively.
This effect is practically inexistent for cHAp/p (Figure Ann.V.S5b), which has been
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attributed to the fact that the amount of adsorbate onto the surface of untreated cHAp is

smaller than onto cHAp/s and cHAp/tsp, as proved in the previous subsection.

Figures Ann.V.S6 and Ann.V.S7 display the EIS plots for cHAp/s and cHAp/tsp,
respectively, after adsorption of P3O10>, P207* or ATMP, while results derived from the
fitting to the EEC displayed in Figure Ann.V.5b are listed in Table V.S2. The R» determined
for cHAp/s and cHAp/tsp samples without (bare) and with inorganic adsorbates are plotted
in Figures Ann.V.7¢ and V.7f, respectively.
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Figure Ann.V.7. (a,b) Control voltammograms and c,d) variation of the loss of electroactivity (LEA;
Eqn S3) with the number of consecutive oxidation-reduction cycles in PBS for: (a,c) cHAp/s and
(b,d) cHAp/tsp samples before and after incubation in P2O7*, P3010°>- and ATMP solutions at neutral
pH. Comparison between the Ry, values determined by EIS for: (e) cHAp/s and (f) cHAp/tsp before
and after adsorption of P207*, P3010°~ and ATMP.

The adsorption of P3010°>" and ATMP exerts a remarkable influence in the electronic

conductivity, this phenomenon being particularly remarkable for cHAp/tsp. Thus, the bulk



Hydroxyapatite with Permanent Electrical Polarization:
Preparation, Characterization, and Response against Inorganic Adsorbates | 241

resistivity of cHAp/tsp with adsorbed P3O10> and ATMP was 66.7 and 69.9 kQ-cm?,
respectively, evidencing that such adsorbates promote the electron charge mobility inside
the mineral. Structural changes obtained with the TSP treatment apparently favor the

interaction with such adsorbates, forming better charge transfer channels.

V.4. Conclusions

cHAp/tsp has been prepared utilizing a TSP process according to which a constant DC
voltage of 500 V (DC field of 300 kV-m™) is applied at 1000 °C for 1 h to cHAp/s. Analyses
of the chemical and structural properties of the resulting cHAp/tsp have been evaluated using
XPS, WAXD, solid state 3'P NMR and FTIR spectroscopy. Results evidence the
disappearance of HPOs* ions from the surface layer, which are typically identified in
cHAp/p and, specially, cHAp/s, the apparition of OH" vacancies and the enhancement of the
crystallinity. However, the most distinctive characteristics of cHAp/tsp are the
electrochemical properties (i. e. electrochemical activity and stability) and the electrical
conductivity, which are considerably higher than those achieved by other authors?¢-3
applying lower polarization temperatures to samples sintered in a saturated water vapor
atmosphere. Moreover, re-evaluation of samples that were polarized three months before has
shown that both the electrochemical and electrical properties of the cHAp/tsp remain
practically unaltered, proving that the acquired polar- ization effects are permanent. This
represents a very important advantage with respect to previously reported strategies since
the properties of samples polarized at lower temperatures (< 800 °C) are very similar to those
of cHAp/s after three months The ability to adsorb P3O10>, P207* and ATMP is another
remarkable characteristic of cHAp/tsp. XPS and FTIR results indicate that the adsorption of
inorganic phosphates and phosphonates onto cHAp/tsp is around 1.5-2 times higher than
onto cHAp/s, which in turn is about twice that of cHAp/p. These results are very important
for biomedical applications, as for example the fabrication of HAp scaffolds with improved
phosphate and phosphonate adsorption capacity for bone regeneration. In addition, the
adsorption of inorganic phosphates and phosphonates imparts electrochemical stability and

reduces the electrical resistance, opening new possibilities to the electrostimulation.
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V.6. Enclosure B. Additional Information

Table Ann.V.S1. Ca, P, O, Na and N concentration (wt %) and Ca/P molar ratios determined by
XPS of cHAP/p, cHAp/s and cHAp/tsp samples before and after incubation in presence of P,O7*,
P30105_ and ATMP.

Ca (wt.%) P (wt.%) O (wt.%)  Na (wt.%) N (wt.%) Ca/P (molar)

cHAp/p 38.76 18.09 42.86 0.00 0297 1.66
cHAp/s 39.76 19.01 40.95 0.00 0.28° 1.62
cHAp/tsp 40.12 18.95 40.53 0.00 0.40° 1.64
CHAp/s+ PO+ 39.67 22.76 31.67 5.58 0.32 1.59
CHAp/s+ B0 38.76 18.95 35.62 6.38 0.29 132
cHAp/s+ATMP 39.23 19.27 38.32 0.00 3.18° 1.48
CHAp/tsptP,0F 3954 22.56 25.64 11.91 0.35 135
cHAp/tsp+ P,O% 40.03 27.34 2258 9.84 0.21 113
cHAp/tsptATMP  39.12 24.08 32.72 0.00 4.08° 1.26

# The nitrogen found in cHAp/p. ¢cHAp/s and cHAp/tsp is due to the adsorption of N, from the atmosphere. The
nitrogen found in the cHAp/s+ATMP and cHAp/tsp+ATMP samples predominantly is due to the ATMP.

Table Ann.V.S2. Data of EIS results obtained from the electrical equivalent circuit (EEC) showed
in the Figure Ann.V5b for cHAp/s and cHAp/tsp dry discs after adsorption of P,O;*, P301o” and
ATMP.

Samples Ry Qa n Qb n
Qem?)  (Fem™’s™) (F em? s" ™)

cHAp/s + P,OS 042M  5.076 x 10™ 0.81 1.573 x 107 0.43

CHAp/s + P,0% 1LOOM  3.647x10" 073 1.309x10°  0.50

cHAp/s + ATMP 095M  2.159x10°® 0.76 1.009 x 107 0.42

- 55 -8 - 4 3
cHAp/tsp + PO, 66.7k 5.550 x 10 0.81 7.792 x 10 0.63
cHAp/tsp + P,0%" 035M  1.373x10° 0.79 3.812 x 107 0.49

cHAp/tsp - ATMP 699k  5.699 x 10° 0.73 5.204 x 107 0.48
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Annex VI

Sustainable synthesis of amino acids by catalytic fixation of

molecular dinitrogen and carbon dioxide’

Abstract

The industrial process of nitrogen fixation is complex and results in a huge economic and
environmental impact. It requires a catalyst and high temperature and pressure to induce the
rupture of the strong N-N bond and subsequent hydrogenation. On the other hand, carbon
dioxide removal from the atmosphere has become a priority objective due to the high amount
of global carbon dioxide emissions (i.e. 36,200 million tons in 2015). In this work, we fix
nitrogen from N2 and carbon from CO2 and CHs to obtain both glycine and alanine (D/L
racemic mixture), the two simplest amino acids. The synthesis, catalyzed by polarized
hydroxyapatite under UV light irradiation and conducted in an inert reaction chamber, starts
from a simple gas mixture containing N2, CO2, CH4 and H20 and uses mild reaction
conditions. At atmospheric pressure and 95 °C, the glycine and alanine molar yields with
respect to CH4 or CO2 are about 1.9% and 1.6%, respectively, but they grow to 3.4% and
2.4%, when the pressure increases to 6 bar and the temperature is maintained at 95 °C.
Besides, the minimum temperature required for the successful production of detectable
amounts of amino acids is 75 °C. Accordingly, an artificial photosynthetic process has been
developed by using an electrophotocatalyst based on hydroxyapatite thermally and
electrically stimulated and coated with zirconyl chloride and a phosphonate. The synthesis
of amino acids by direct fixation of nitrogen and carbon from gas mixtures opens new
avenues regarding the nitrogen fixation for industrial purposes and the recycling of carbon

dioxide.

7 Published in Rivas M., del Valle L.J., Turon P., Aleman C., Puiggali J., Sustainable synthesis of amino acids
by catalytic fixation of molecular dinitrogen and carbon dioxide. Green Chemistry (2018), 20, 685-693.
Reproduced with permission of Royal Society of Chemistry.
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Sustainable synthesis of amino acids by catalytic fixation of

molecular dinitrogen and carbon dioxide

VI1.1. Introduction

Nitrogen fixation is an extremely relevant process from an industrial perspective.! It is
difficult to overestimate the impact of the Haber—Bosch process that yields ammonia and
further results in more than 450 million tons of fertilizers per year, using more than 1% of
the global energy supply.? Moreover, the synthesis of ammonia from nitrogen is constantly
under research and only in the last decade new catalysts based on ruthenium and zirconium
have been developed.’ However, the environmental impact of the Haber— Bosch process is
not negligible as natural gas or coal is used as an energy source (i.e. 1.87 tons of CO2 are
released per ton of ammonia produced and globally 245 million tons of CO2 were released
by the ammonia industry in 2010, equivalent to about 50% of the UK CO2 emissions).* Thus,
the outstanding benefits of nitrogen fixation are shadowed by their impact on environmental
contamination. Furthermore, the catalytic reduction of dinitrogen under mild conditions has
been achieved by using molybdenum catalysts. Shilov, in the 1980s, obtained a mixture of
hydrazine and ammonia’ and Schrock and co-workers®’ converted dinitrogen into ammonia
with excellent yield using protons and electrons. Very recently, Kuriyama et al.® reported
the catalytic reduction of molecular dinitrogen into ammonia and hydrazine by using iron
complexes bearing an anionic ligand as catalysts under mild reaction conditions. However,
to our knowledge, the nitrogen fixation into amino acids (A As) using hydroxyapatite (HAp)

has not been reported yet.

On the other hand, COz2 recycling is an absolute necessity for our society knowing that its
accumulation in the atmosphere is now approaching 1 Tera ton.” Significant steps have been
taken towards the utilization of COz in order to convert it into valuable chemicals (150 Mt
urea, 100 Mt methanol, 70 Mt salicylic acid, 9.7 Mt formaldehyde and 0.7 Mt formic acid
are the most produced).!®!? In the last few years, catalytic reactions via carbon dioxide

fixation have gained a prominent role as representative green processes with enhanced
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sustainability.!3~'¢ However, by learning from nature, photosynthesis as performed by living
organisms is the carbon fixation process par excellence. Efforts to mimic it synthetically
have been elusive through time. The development of photosynthetic processes requires
significant advances in new materials for light harvesting and the development of fast, stable,

and efficient electrocatalysts.!”!8

In this work, we introduce a new catalyst based on permanently polarized crystalline
hydroxyapatite (p-cHAp) with enhanced electrical and photochemical properties that allows
the coupling of nitrogen and carbon fixation processes. Such a catalyst family opens an
interesting field of research where simple gas mixtures that usually do not react among
themselves are combined to yield basic organic molecules, such as AAs, one of the main
building blocks of life. More specifically, in this work we prove that glycine (Gly) and
alanine (Ala) are produced at atmospheric pressure through an artificial photosynthetic
nitrogen and carbon fixation reaction, starting from a weakly reducing atmosphere (N2, H20,
CO:z and CH4) and using UV radiation as a source of energy. This reaction represents a very
simple alternative to the costly chemical and enzymatic processes used to produce

commercially Gly and Ala.

VI1.2. Experimental methods
VI1.2.1. Preparation of polarized hydroxyapatite

The synthesis and characterization of aHAp and cHAp are described in detail in the
Enclosure B. The sintering of aHAp, cHAp, montmorillonite and mica powders was carried
out by heating them at 1000 °C for 2 h under air. After this, the samples were uniaxially
pressed at 620 MPa for 10 min. Discs of 100 mm diameter, 1.7 mm thickness and sufficient
mechanical consistence were finally obtained for all sintered materials (s-aHAp, s-cHAp, s-

Nanofil 757 and s-LM).

In order to get thermally and electrically stimulated minerals, preliminary assays were
performed with s-cHAp discs using DC voltages that ranged from 250 to 2000 V. For this
purpose, s-cHAp discs were sandwiched between stainless steel (AISI 304) plates, heated in
a furnace to 1000 °C in air and, simultaneously, polarized for 1 h under the application of a
constant DC voltage of 500 V (3 kV cm ™). Subsequently, the samples were cooled to room

temperature, maintaining the DC voltage. The best results, in terms of both the mechanical
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consistence and maximum adsorption capacity of phosphates and phosphonates, were
obtained at 500 V. After this, the discs of s-cHAp, s-aHAp, s-Nanofil 757 or s-LM were
polarized using the same procedure for 1 h under the application of a constant DC voltage
of 500 V, and the resultant polarized systems are denoted as p-aHAp, p-cHAp, p-N757 and
p-LM, respectively.

VI1.2.2. Characterization of polarized hydroxyapatite

p-cHAp samples were characterized by cyclic voltammetry (CV), wide angle X-ray
diffraction (WAXD) and FTIR spectroscopy as detailed and discussed in Enclosure B.

V1.2.3. Deposition of phosphonate and zirconyl chloride layers

3-Layered systems consisting of the successive deposition of ATMP, ZC and ATMP
layers (Phos-ZC-Phos) onto a mineral substrate (i.e. s-cHAp, s-aHAp, s-Nanofil 757 or s-
LM before and after being subjected to the thermally stimulated polarization process) were
obtained by immersion in the corresponding aqueous solutions at room temperature for 5 h.
The detailed experimental conditions are described in Enclosure B.

After different trials to evaluate the influence of the content of ZC (detailed in Enclosure
B.) all the results displayed in this work, including the main text, correspond to the ZC layer

de- posited from a 5 mM solution (unless another concentration is explicitly indicated).

VI1.2.4. Synthesis of amino acids

A high pressure stainless steel reactor was designed ad hoc and employed to perform the
synthesis of amino acids (AAs). The designed reactor, which is discussed in Enclosure B
was equipped with three independent inlet valves for N2, CH4, and CO2 and an outlet valve
to recover the gaseous reaction products. A UV lamp (GPH265T5L/4, 253.7 nm) was also
placed in the middle of the reactor to irradiate the catalyst directly, the lamp being protected
by a UV transparent quartz tube. All surfaces were coated with a thin film of a perfluorinated
polymer in order to avoid any contact between the reaction medium and the reactor surfaces,
in this way discarding other catalytic effects.

Regarding the temperature range, the reactions were performed within 75-105 °C for

reaction times between 2 and 96 h. The catalyst samples weighed approximately 150 mg and
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0.5 mL of de-ionized liquid water were initially incorporated into the reaction chamber,
except for assessing the water effect. The chamber was extensively purged with the first
selected gas in order to eliminate the initial air content (i.e. N2 or CO2). After this, in order
to reach the target pressure with the right mixture, each selected gas was introduced to
increase the reaction chamber pressure (measured at room temperature) as described in
Enclosure B. The yields of AAs were determined by using the areas of '"H NMR signals
corresponding to CH2 (Gly) and CH3 (Ala) protons, as is described in Enclosure B.

VI1.2.5. Measurements

The synthesis of AAs was routinely verified by the ninhydrin (2,2-dihydroxyindane-1,3-
dione) detection test for primary amines. On the other hand, quantitative analyses were
performed by NMR spectroscopy and X-ray photoelectron spectroscopy (XPS).
Morphological studies were performed by scanning electron microscopy (SEM). Analysis
of volatile organic compounds has been carried out by gas chromatography. The details
about the equipment and experimental conditions for such analyses are provided in the

Enclosure B.

VI1.3. Results and discussion

The catalyst design arises from the properties induced by the thermally stimulated
polarization process to cHAp (discussed below). Specifically, p-cHAp exhibits electrical and
electrochemical properties, both associated with charge transport phenomena, that remain
practically unaltered with time (i.e. p-cHAp is a permanent polarization mineral). In order
to take advantage of p-cHAp properties, other materials were necessary to complete the
whole catalytic system. Thus, the requirements of the catalyst were, on one hand, a material
able to transform an energy source, as for example UV radiation, into electron/hole pairs and,
on the other hand, materials to bring in contact the gases used as reactants with the catalyst
(i.e. adsorb the gases), which was essential to conduct the reactions. Obviously, the success
of the catalyst was also based on the fact that it could avoid unfavourable synergies among
the materials when they were combined. After evaluating different options, two materials,
which correspond to those presented in this work, were selected: zirconia and a phosphonic
acid with chelating properties. The details about the roles played by each component of the

catalytic system are given throughout the whole work.
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VIL.3.1. Synthesis of amino acids at atmospheric pressure from an

electrophotocatalyst based on polarized hydroxyapatite.

The new catalytic system, hereafter denoted as p-cHAp/Phos- ZC-Phos, is based on p-
cHAp that is, subsequently, coated with 3 layers. One of them, the intermediate coating layer,
is made of zirconyl chloride (ZC), which probably hydrolyzes into zirconia, and two of them
are made of amino tris(methylene phosphonic acid) (Phos). p-cHAp is a mineral with
electrical and electrochemical activity obtained by applying a thermally and electrically
stimulated polarization process to crystalline hydroxyapatite (cHAp). More specifically, p-
cHAp is prepared using a three-step process: (1) cHAp is obtained by adding (NH4)2HPO4
in de-ionized water to Ca(NOs)2 in ethanol, and applying hydrothermal conditions to the
resulting suspension for 24 h; (2) sintered cHAp is achieved by heating the cHAp
synthesized in step 1 at 1,000 °C for 2 h in air; and (3) p-cHAp was produced by sandwiching
discs of sintered cHAp (step 2) between stainless steel plates and polarizing for 1 h with a
constant DC field of 3 kV cm—1 at 1000 °C. The bulk resistance of p-HAp (~105 Q- cm?)
is significantly lower than that of the as- prepared HAp (~108 Q- cm?), indicating that the
ionic conductivity increases by three orders of magnitude when the thermally stimulated
polarization process is applied. Moreover, the ionic conductivity is preserved for a long time
(i.e. the bulk resistance increases by only 4% after 3 months). Similarly, the electrochemical
activity of p-HAp is ~150% higher than that of the as-prepared HAp, which evidences that
the polarization treatment facilitates the diffusion of ions through the mineral matrix. On the
other hand, the adsorption capacity of phosphonates onto p-cHAp is around four times higher
than that onto cHAp, ensuring an efficient contact between the p-cHAp and the Phos-ZC-
Phos 3-layer (Figure Ann.VI.1a). Besides, ZC and Phos layers have been used to adsorb the
gaseous reactants, essentially N2 and COyz, facilitating their reactivity. The details about the

preparation of the catalyst and its components are provided in Enclosure B.

The synthesis of AAs was carried out in an inert reaction chamber under a weakly
reducing atmosphere constituted of N2 (0.33 bar), CO2 (0.33 bar), CH4 (0.33 bar) and liquid
H20, using an UV lamp directly irradiating the catalyst and gas mixture (Figure Ann.VI.1b).
The formation of primary amines adsorbed onto the solid substrate was shown by positive
ninhydrin tests through the development of purple spots inside the catalyst recovered after
the reaction (Figure Ann.VI.1c, left). Amine compounds were well dissolved in an acetone

solution after vigorous stirring (Figure Ann.VI.1c, middle), contrasting with the uncolored
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solid and solution (Figure Ann.VI.1c, right) observed under many other assayed reaction

conditions and catalytic systems (see below).
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Figure Ann.VI.1. Schemes describing (a) the preparation of the p-cHAp/Phos-ZC-Phos catalytic
system and (b) the reaction medium used to produce AAs. The details of the reactor are provided in
Enclosure B. (c) Representative results of the ninhydrin test for a positive reaction before stirring
(left) and after stirring (middle) and a negative reaction (right).

After 72 h at 95 °C, the clean synthesis of both Gly and Ala is demonstrated by the NMR
spectra displayed in Figure Ann.VL.2. The '"H NMR spectrum of the samples obtained by
dissolving the catalyst and products of the reaction (Figure Ann.VI.2a) shows the presence
of the catalyst signal corresponding to the Phos methylene group (doublet at 3.79-3.76 ppm)
and the signals corresponding to the newly produced A As such as methylene protons (singlet
at 3.65 ppm) of Gly and both methine (quadruplet at 3.91-3.85 ppm) and methyl (doublet
at 1.54—-1.52 ppm) groups of Ala. The same compounds are also observed in the solid-state
13C NMR spectrum (Figure Ann.VI1.2b), where only peaks assigned to the Phos (54.34 and
53.00 ppm), Gly (171.95 and 41.26 ppm) and Ala (175.25, 50.25 and 16.01 ppm) units are
detected. The *'P NMR spectrum (Figure Ann.VI1.2¢) shows the presence of the p-HAp
(7.21 ppm) and Phos (—0.03 ppm) peaks, but additional signals related to the products

coming from the decomposition of the catalyst were not detected. With respect to CH4 or
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COg2, the Gly and Ala molar yields at 95 °C after 72 h are 1.9% and 1.6%, respectively (Table
Ann.VIL.1). Instead, after 24 h at 95 °C no trace of Gly and Ala is detected by NMR.
Furthermore, the formation of AAs is unsuccessful without the sustained exposure to the UV
radiation, which appears to be a fundamental issue to generate radicals (e.g. ‘CH3 and "OH)
needed for further reaction intermediates towards the final yielding of Ala and Gly.
Photoemission spectroscopy (XPS) analyses show that the amines in AAs come from the
molecular nitrogen and not from a hypothetical decomposition of the Phos. The N 1s
spectra registered for different representative samples (Figure Ann.VI1.3a) indicate that the
peak at 399.5 eV, which is ascribed to the C—N of Phos, is observed with practically the
same intensity when both negative and positive reactions (i.e. without and with sustained

exposure to UV radiation) are monitored.
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Figure Ann.V1.2. For samples obtained after the reaction (95 °C and 24 h) using a chamber pressure
of 1 bar (i.e. 0.33 bar of each feeding reaction gas): (a) '"H NMR spectrum of the solution obtained
after the extraction of the AAs from the catalyst by dissolving the sample in deuterated water
containing 100 mM of HCI and 50 mM of NaCl; and the solid state (b) "*C - and (c) >'P NMR spectra
of the catalyst with the synthesized AAs.
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However, only in the latter case bands at lower binding energies appear due to the
formation of deprotonated and protonated amino groups (401.2 and 404.5 eV,
respectively).!® Furthermore, the amount of atomic nitrogen increased from 0% to 2.75—
2.97% when the Phos-ZC-Phos 3-layer coating was added to the p-cHAp substrate. The
nitrogen percentage, after the positive reaction, was increased up to 6.2%, which

corroborates the fact that the formed A As remain adsorbed into the catalysts.

The p-cHAp/Phos-ZC-Phos catalyst exhibits a rough and relatively irregular surface
morphology (Figure Ann.VI.3b), which changed after the reaction due to the sporadic
formation of micrometric prismatic crystals with the hexagonal basal plane parallel to the
disk surface (Figure Ann.VI1.3c). Although the ninhydrin test reflects the presence of AAs
adsorbed inside the catalyst, micrographs also demonstrate the growth of AA crystals on the
surface of the catalytic system. This behavior is consistent with the capacity of
organophosphonate films for inducing the crystallization of oriented molecular sieves as
proved by the growth of stable, vertically-oriented and one dimensional aluminum phosphate
crystals.?%2! On the other hand, the formation of AAs has also been proven by FTIR
spectroscopy, which shows intense absorption bands in the amine region of the
corresponding spectra, and characteristic X-ray diffraction patterns. Finally, chiral high-
performance liquid chromatography (HPLC) analyses were carried out to quantify the ratio
of D- and L-Ala adsorbed into the catalysts. As was expected, after dissolution of the
catalysts after the reaction in a 0.1 M HCl solution with 50 mM NacCl, a racemic D-Ala : L-

Ala mixture was determined.

V1.3.2. The effect of varying the pressure and the temperature

In order to increase the rate of the reaction, the chamber pressure was increased up to 6
bar by introducing 2 bar of each feeding reaction gas, while the temperature was kept fixed
at 95 °C. After 24 h, the molar yields, expressed with respect to CH4 or CO2, are 1.9% and
1.3% for Gly and Ala, respectively (Table Ann.VI.1), which are pretty similar to those
achieved at atmospheric pressure after 72 h. Moreover, at high pressure Gly and Ala molar
yields increase to 3.4% and 2.4%, respectively, after 96 h. Amazingly, the reported molar
yields of Gly and Ala, based on the same carbonaceous species, by the action of electric

discharges on a mixture of CHa, N2, water and traces of ammonia were only 0.26% and
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0.71%, respectively, increasing to 1.55% when the sum of the 10 produced AAs was

considered.??

The effects of both the reaction time and the temperature in this catalytic process were
studied considering a chamber pressure of 6 bar. The variation of the Gly/Phos and Ala/Phos
ratios, which were determined from the areas of signals corresponding to CHz (Gly and Phos)
and CH (Ala) protons in the 'H NMR spectra, against the reaction time (from 2 to 96 h)
reflects that Gly is produced first (Figure Ann.VI.3a), while Ala is subsequently derived
from this simple AA. Thus, the Gly/Ala ratio decreases from 5.4 to 2.2, while a continuous
increase of the Gly/Phos ratio with the reaction time is nevertheless observed (i.e. from 0.8
to 4.5). On the other hand, the minimum temperature required for the successful production
of detectable amounts of Gly and Ala after 24 hours is 75 °C (Figure Ann.VI.3b). The
Ala/Phos ratio increases progressively with the reaction temperature while the Gly/Phos ratio
decreases at 105 °C due to the conversion of Gly into Ala, even though the (Gly + Ala)/Phos

ratio still increases.

VI1.3.3. Influence of changes in the catalytic system

Substitution of p-cHAp by p-aHAp, which is obtained by replacing cHAp by amorphous
hydroxyapatite (aHAp) and by applying the same thermally and electrically stimulated
polarization process, did not affect the production of AAs, even though the yield of Gly and
Ala decreases to 0.92% and 0.65%, respectively (Table VI.1). The latter has been attributed
to the partial thermal decomposition of aHAp during the sintering process, which gives rise
to the formation of a f3 -tricalcium phosphate®® causing a reduction of the electrochemical
activity with respect to the samples obtained using cHAp. Conversely, negative results were
obtained when p-cHAp was replaced by sintered s-cHAp (i.e. non-polarized), polarized
silicates or aluminosilicates (mica), proving that the HAp and its electrochemical activity

play an important role in the catalytic mechanism.

For the sake of completeness, the effectiveness of the substitution of the Phos-ZC-Phos
3-layer coating by two possible combinations of 2-layer coatings (Phos-ZC and ZC-Phos),
by Phos monolayers or by a Phos/ZC mixture was also assayed. In all cases, negative results
were obtained demonstrating the importance of the 3-layered architecture, and thus
discarding a process based on the photodecomposition of Phos. In addition, both the

capability of incorporating water molecules?® and the effective role of metal/phosphonate
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compounds as chelating ligands?> are noteworthy due to the presence of free phosphonic
acid groups. The results obtained after introducing the above-mentioned changes in the 3-

layered p-HAp catalyst are summarized in Figure Ann.V1.4.
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Figure Ann.VIL.3. (A) N Is high-resolution XPS spectra for (1) p-cHAp, (2) p-cHAp/Phos-ZC-
Phos, and (3) p-cHAp/Phos-ZC-Phos after the negative reaction (i.e. without exposure to UV
radiation) and (4) p-cHAp/Phos- ZC-Phos after the positive reaction (24 h at 95 °C). SEM
micrographs before (B) and after (C) successful reaction using the p-HAp/Phos- ZC-Phos
catalytic system (24 h at 95 °C). The reactions were performed at 1 bar. Variation of the Gly/Phos
(), Ala/Phos (0) (Gly + Ala)/Phos () and Gly/Ala (A) ratios versus (D) time for reactions
performed at 95 °C and (E) temperature for reactions performed for 24 h using the p-cHAp/
Phos-ZC-Phos catalytic system prepared as displayed in Figure Ann.VI.la. The reactions
were performed at 6 bar.
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V1.3.4. Molecular nitrogen and carbon dioxide fixation

Different experiments (Table Ann.VI.S5) have also been performed in order to determine
the reactants that are essential to obtain AAs under the defined experimental conditions (UV
radiation, 6 bar, 95 °C, and 24 h). The results indicate that N2, CH4, CO2 and H20 were all
necessary, because the removal of any of them led to negative ninhydrin tests as well as an
absence of the AA peaks in the corresponding NMR spectra (Figure Ann.V1.4.). As was
expected, the yield of AAs systematically correlates with the pressure of N2 in the reaction

chamber (Table Ann.VI.1).

Table Ann.V.1. Influence of the experimental conditions (catalyst, pressure and time) in
the molar yields of Gly and Ala expressed with respect to CH4 or CO2. The weight of AA
per surface area of the catalyst is also displayed.

Experimental Yield

conditions
Mineral P (bar) Time Gly Ala
p-cHAp 1° 24 h - -
p-cHAp 1° 72 h 1.9% (6.7 mg-cm™) 1.6% (3.3 mg-cm™)
p-cHAp 6° 24 h 1.9 % (6.6 mg-cm?) 1.3% (2.7 mg-cm)
p-cHAp 6° 72 h 3.4 % (11.9 mg-cm?) 2.4% (5.0 mg-cm)
p-aHAp 6° 72 h 0.9 % (3.2 mg-cm?) 0.7% (1.3 mg-cm)
p-cHAp 54 24h 1.5 % (5.3 mg-cm?) 0.9% (1.9 mg-cm™)
p-cHAp 7° 24 h 2.4 % (8.3 mg-cm?) 1.6% (3.3 mg-cm™)

*Temperature was kept fixed at 95 °C in all cases. "Pno= 0.33 bar; Pcpg = 0.33 bar; Pcoz = 0.33 bar. *Pna= 2
bar; PCH4 =2 bar; Pcoz =2 bar. dPNz =1 bar; PCH4 =2 bar; Pcoz =2 bar. ePNz =3 bar; PCH4 =2 bar; Pcoz =2
bar.

These observations support the idea that the nitrogen source for the AAs is N2 and not
Phos. Furthermore, the experiments performed without incorporating the coating to the
catalyst failed to produce AAs (Table Ann.VI.SS5), whilst XPS measurements evidenced that
N2 was adsorbed by the Phos layers of the coating (Table Ann.V1.S3). Altogether, these
results support that the catalyst coating facilitates both the adsorption and further reactivity
of N2. This point is particularly relevant since most of the reported AA syntheses are based
on ammoniacal solutions as the nitrogen source. It is well known that N2 is fixed by means
of some specific bacteria by the action of enzymes that have metal-sulfide active sites.?¢
Numerous efforts have been made to develop metal-based catalysts to coordinate and

activate N2 through the formation of metal—-dinitrogen complexes with limited success.?’ The
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splitting of the N—N bond in bridging dinitrogen complexes was first achieved by Cummins,
who showed how three-coordinate molybdenum amido-complexes react with dinitrogen at
—35 °C to yield an unstable dinitrogen bridging complex that, subsequently, breaks down
into two molecules of the nitride-complex.”® Although some additional progress has been
made in this area, the fixation of atmospheric N2 remains a challenge because of the limited
reactivity and the harsh conditions required to convert dinitrogen into useful nitrogen-
containing organic compounds. The p-cHAp/Phos-ZC-Phos catalyst overcomes such
drawbacks rendering nitrogen containing com- pounds under relatively mild reaction

conditions.

Regarding carbon fixation, experiments performed without CHs in the initial mixture
failed to produce AAs and, therefore, prove its role as a carbon source for the methyl group
of Ala and for the methylene group of Gly (i.e. it again discards a synthetic route based on
the decomposition of Phos). On the other hand, the carboxylic groups of the two AAs would
appear to come from CO2. The transformation of CO2 into organic moieties under UV
irradiation, mimicking photosynthesis, represents a very interesting approach for the
minimization of CO2 emissions and for developing sustainable industrial processes. Thus,
the catalytic process reported in this work fulfils the very ambitious goals of artificial
photosynthesis: to use earth-abundant and inexpensive materials converting them into highly
appreciated organic compounds (i.e. AAs) of industrial and environmental significance.
Although zirconium phosphonates are able to adsorb CO2,> HAp has shown a noticeable
capacity to incorporate carbonate and hydrogen carbonate from atmospheric CO2 when
dissolved in water?*3? facilitating the formation of carboxylic groups. In this work, XPS
experiments prove that both the p-cHAp substrate and the ZC layer are responsible for the

COz adsorption onto the catalyst, while Phos layers do not contribute.

Finally, water also displays a fundamental role in the synthesis of AAs (Figure Ann.VI1.4.).
In fact, water molecules do not appear as an element source of AAs, but they have a
significant influence on the mechanism contributing to the formation of *OH radicals and
dissolving COz. Furthermore, hydration of Phos layers is also expected to play a major role

in ionic mobility through such Phos layers.?!
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Figure Ann.VI.4. Summary of the results obtained using different experimental conditions: green
and red boxes refer to the successful and unsuccessful production of AAs, respectively. The details
about the 16 different experimental conditions are provided in the Enclosure B.

VI1.2.5. Mechanism

Similar syntheses of AAs (mainly Gly and Ala) have been demonstrated when
ammoniacal solutions saturated with methane were exposed to near-UV irradiation ( 1 <405
nm) and even natural sunlight in the presence of the catalyst platinized TiO2 powder.3>*3 The
total yield of AAs after 72 h of irradiation with a xenon lamp was 472 nmol and after 312 h
of exposure to sunlight was 2,140 nmol, which represented a very low conversion (molar
yield: <0.01%).3? The reaction mechanism proposed in this case was based on the
electron/hole (e”/h") pair produced when TiO2 was irradiated with light having a higher
energy of its band gap. However, the results were negative when CO2 was employed as a
carbon source instead of CHa4. The present work reveals an alternative way by obtaining

organic nitrogen from molecular nitrogen instead of ammonia.

Our first hypothesis for the reaction mechanism of the processes presented in this work
is the occurrence of water-splitting photocatalysis on the surface of p-cHAp, in a way that
resembles the one on TiO: electrodes earlier reported by Fujishima and Honda.?* Thus, the
reaction is not successful without water, which is consistent with the fact that water plays an
important role in the mechanism. The hydroxyl radical ((OH) photoproduction on those
mineral surfaces is a well-known process that can be described as follows.? The photon

energy is adsorbed and electrons are excited to the conduction band, leaving holes in the
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valence band (h"). These electron—hole pairs travel to the surface of the substrate to
participate in water splitting. Thus, the transfer of electrons from water molecules to valence
band holes forms ‘OH (eqn (1)), whereas in the corresponding reductive reaction the transfer

of electrons to O2 molecules forms superoxide radical anions (‘O%).

H20 +h* — *OH + H (VL1)

Because of the electrical properties of p-cHAp, we have hypothesized a similar process
for the water photolysis on this mineral, regardless of the possible variations in the intermedi-
ate stages of the photooxidation and photoreduction reactions. It is worth noting that p-cHAp
presents vacancies that originate from the transformation of hydrogen phosphate into
phosphate during the thermally stimulated polarization process, as proved by NMR
experiments. Therefore, its catalytic role should be comparable to that of activated TiO2

surfaces.

Furthermore, Nishikawa’® demonstrated that, after heat treatment, HAp becomes electro-
conductive by UV irradiation, leading to the formation of stable but very reactive ‘0% by
altering its own PO4>~ groups. These features together with the electrochemical activity of
p-cHAp, in combination with the Phos-ZC-Phos layers could produce an electrochemical
capacitor,’” explaining the electrophotocatalytic activation of the p-cHAp/Phos-ZC-Phos
system. Accordingly, the mobility of 0?7, which may produce "OH in an aqueous
environment, H" and vacancies could be the driving forces of this electrochemical
mechanism. The high electrochemical activity of p-cHAp in comparison with the as-
prepared and sintered cHAp is proved in Figure Ann.V.5., which presents the voltammetric
charge per surface unit (Q) against the number of consecutive oxidation—reduction cycles.
As can be seen, Q is significantly higher for p-HAp than for the two non-polarized samples,

such a difference increasing with the number of redox processes.

As the hydroxyl radicals are very oxidative in nature, we suggest several possible reaction
steps that could lead to the production of carbonaceous intermediates required for the

production of Gly and Ala:
CH4 + *OH — ‘CHs + H20 (V1.2)

“CHs + "OH — :CHz + H20 (V1.3)
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On the other hand, the one electron reduction of COz2 into its radical anion, *COz, is
proposed as a net electron transfer process possible at the interface between p-cHAp and

Phos-ZC-Phos:

CO2+ e — "COx (V1.4)

Although this process is expected to be disfavored, because of both the thermodynamic
stability of COz and the energy required for a stereochemical change in the geometry from a
linear to a bent configuration, it has frequently been observed on HAp surfaces.?*-° This step
is consistent with the analysis of volatile compounds, which revealed the formation of small
amounts of aldehydes. Thus, around 600 ug-m™> of acetaldehyde and 90 pg-m™ of
formaldehyde were detected after 16 h of reaction at 95 °C.
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Figure Ann.VLS. Variation of the electroactivity (voltammetric charge stored for reversible
exchange in a redox cycle) of the as-prepared cHAp, sintered cHAp and p-HAp. In all cases,
electroactivity measurements are expressed as voltammetric charge per surface unit (Q).

Besides, a number of mechanisms have been reported to explain the electrochemical
transformation of N2 into NH3 through different steps that involve the N—N cleavage and the
N protonation onto the catalyst surface.*® Within this context, such a transformation could
follow associative or dissociative mechanisms. In the associative mechanism, N2 molecules
adsorbed onto the catalysts are protonated sequentially without breaking the N-N bond until

the first NH3 molecule is produced, as occurs in the reaction of N2-fixing by enzymes;*
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while in the dissociative mechanism, the N2 molecules dissociate immediately and nitrogen
radicals are protonated as they are in the Haber—Bosch process.*? After this the resulting NH3
may be easily oxidized by *OH to form "NH2.*! Then, Gly may be produced in the successive
free-radical reactions involving ‘NHz, *CO2" and ‘CH3 and the intermediate species. Finally,
the transformation of Gly into Ala is possibly due to the -H-(C*H) electrochemical removal

and subsequent reaction with "CHs.

V1.4. Conclusions

In summary, AAs are produced by using a new process based on electrophotosynthesis
which uses a simple gas mixture. The process is able to fix nitrogen and carbon dioxide into
organic species under mild reaction conditions, becoming an efficient and environmentally
friendly synthesis. The newly developed electrophotocatalyst enhances the catalytic
properties of cHAp to the extent that artificial photosynthesis is achieved, thus opening a

new era in the treatment of contaminated atmospheres and nitrogen fixation research.
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VI1. Enclosure B

VI.C.1. Materials and Methods
VI.C.1.1. Materials

Diammonium hydrogen phosphate [(NH4)2HPO4; purity > 99.0%], ammonium hydroxide
solution 30% (NH4OH; purity: 28-30% w/w), calcium nitrate (Ca(NOs3)2, zirconyl chloride
(ZC: ZrOClz-8H20), amino tris(methylene phosphonic acid (ATMP), 2,2-dihydroxyindane-
1,3-dione (ninhydrin), Glycine (aminoacetic acid), L-Alanine ((S)-2-aminopropionic acid)
and D-Alananine ((R)-2-aminopropionic acid) were purchased from Sigma-Aldrich. Pristine
sodium montmorillonite (Nanofil 757, N757), denoted silicate in the main text, was
purchased from Siid-Chemie (Germany) and layered mica (LM), denoted aluminosilicate,
from Agar Scientific.

N2, CH4 and COz2 gases with a purity of > 99.995% were purchased from Messer. Solvents
(ethanol and acetone) were purchased from Scharlab. All experiments were performed with

milli-Q water.
VI.C.1.2. Synthesis of amorphous (aHAp) and crystalline hydroxyapatite (cHAp)

15 mL of 0.5 M (NH4)2HPO4 in de-ionized water (pH adjusted to 11 with an ammonium
hydroxide 30 w/w-% solution) were added drop-wise (rate of 2 mL-min') and under
agitation (400 rpm) to 25 mL of 0.5 M Ca(NO3)2 in ethanol. After that, the reaction mixture
was stirred 1 h by agitation (400 rpm) at room temperature. The suspension was aged for 24
h at 37 °C to achieve aHAP, whereas a hydrothermal treatment (200 bar at 150 °C for 24 h)
was subsequently applied to obtain cHAp. The precipitates were separated by centrifugation
and washed sequentially with milli-Q water and a 60/40 v/v mixture of ethanol-water (twice).

A white powder with the theoretical Ca/P ratio of 1.67 was recovered after freeze-drying.

VI.C.1.3. Sintering process

aHAp, cHAp, and montmorillonite and mica powders were sintered by firstly heating
them in a laboratory furnace (Carbolite ELF11/6B/301) at 1000 °C during 2 h at an air
atmosphere and finally uniaxially pressed at 620 MPa for 10 min. Discs of 10 mm of
diameter, 1.7 mm of thickness and sufficient mechanical consistence (s-aHAp, s-cHAp, s-
Nanofil 757 and s-LM) were finally obtained.

VI.C.1.4. Thermally and electrically stimulated polarization process



276 | Annex VI

In order to get thermally and electrically stimulated minerals, discs of s-cHAp, s-aHAp,
s-Nanofil 757 or s-LM were sandwiched between stainless steel (AISI 304) plates, heated
in the furnace to 1000 °C in air and, simultaneously, polarized for 1 h under application of a
constant DC voltage of 500 V. Subsequently, samples were cooled to room temperature,
maintaining the DC voltage, the resultant polarized systems being denoted p-aHAp, p-cHAp,
p-N757 and p-LM, respectively. These conditions were defined from preliminary assays
with s-cHAp discs using DC voltages that ranged from 250 to 2000 V. The best results, in
terms of both mechanical consistence and maximum adsorption capacity of phosphates and

phosphonates (not shown), were obtained at 500 V.

VI.C.1.5. Characterization of polarized hydroxyapatite (p-cHAp)

The electrochemical behavior was determined by cyclic voltammetry (CV) using an
Autolab PGSTAT302N equipped with the ECD module (Ecochimie, The Netherlands) with
a three-electrode cell under a nitrogen atmosphere (99.995% in purity) at room temperature.
A 0.1 M phosphate buffer saline solution (PBS; pH = 7.2 adjusted with NaOH) was used as
the electrolyte in the three-electrode cell. The working compartment was filled with 30 mL
of the electrolyte solution. Steel AISI 316 sheets of 1x1.5 cm? (thickness 0.1 cm) were used
as both the working and the counter electrodes, and an Ag|AgCl electrode was used as the
reference electrode which contained a KCl saturated aqueous solution (offset potential
versus the standard hydrogen electrode, E° = 0.222 V at 25 °C). All potentials given in this
report are referenced to this electrode. Polarized HAp (p-HAp) discs, prepared as described
above, were fixed on the working electrode using a two-side adhesive carbon layer. The
initial and final potentials were -0.40 V, whereas a reversal potential of 0.80 V was
considered. The scan rate was 50 mV/s. The crystallinity and structure was studied by wide
angle X-ray diffraction (WAXD). Patterns were acquired using a Bruker D8 Advance model
with Cu K, radiation (A = 0.1542 nm) and geometry of Bragg-Brentano, theta-2 theta. A
one-dimensional Lynx Eye detector was employed. Samples were run at 40 kV and 40 mA,
with a 2-theta range of 10-60, measurement steps of 0.02°, and time/step of 2-8 s. Diffraction
profiles were processed using PeakFit v4 software (Jandel Scientific Software) and the
graphical representation performed with OriginPro v8 software (OriginLab Corporation,
USA). The crystallite size (L), in the direction perpendicular to the (211) planes, was derived
from X-ray diffraction profiles considering the (211) peak width and line broadening

measurement using the Scherrer equation:®!
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0.94

L=t (VLD.1)
COS

where A is the wavelength (CuKy), £ 1is the full width at half maximum height of the (211)
peak, @is the diffraction angle and 0.9 is a shape factor.

The crystallinity () was obtained using the following expression:S2

v
Ze =1—71112/ 300 (VLD.2)
300

where 300 is the intensity of the (300) reflection and V112300 is the intensity of the hollow

between the (112) and (300) reflections, which disappears in non-crystalline samples.

Cyclic voltammograms recorded in PBS for cHAp as prepared, sintered and polarized
are compared in Figure Ann.VI.S1a. The electrochemical activity of as prepared cHAp is
higher than that of steel AISI 316, which was used as a control. However, the electrochemical
activity, which indicates the ability to exchange charge reversibly, increases considerably
upon application of sintering and thermally and electrically stimulated polarization
treatments (i.e. 41% and 159%, respectively). In the case of p-cHAp, such effect is
accompanied by a significant enhancement of the anodic current intensity at the reversal
potential. This behavior has been attributed to the structural changes caused by the thermally
and electrically stimulated polarization treatment, which facilitates the diffusion of ions
through the inorganic matrix and, therefore, the electrochemical response upon oxidation-
reduction processes. These structural changes are reflected in Table Ann.VI.S1. The y. of p-
cHAp and as prepared cHAp are 0.77+0.03 and 0.41+0.02, respectively, while the crystallite
size of p-cHAp is around 40% larger than that of as prepared cHAp. The variation of y. and
L has been related with the formation of OH™ defects.

On the other hand, cyclic voltammograms of polarized samples obtained using p-cHAp
and p-aHAp are compared in Figure Ann.VL.S1b. As can be seen, the electrochemical
activity of p-aHAp is very noteworthy, even though lower than that of p-cHAp. This
reduction has been attributed to partial decomposition suffered by aHAp during the sintering
process, which led to the formation of [B-tricalcium phosphate (B-TCP: B-Ca3(POa)2).
Thermal decomposition of aHAp at temperatures close to 1,000 °C has also been reported

by different authors.5354
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VI.C.1.6. Deposition of phosphonate and zirconyl chloride layers

A 3-layered system consisting in the successive deposition of ATMP, ZC and ATMP layers
(Phos-ZC-Phos) onto a mineral substrate (i.e. s-cHAp, s-aHAp, s-Nanofil 757 or s-LM
before and after being submitted to the thermally stimulated polarization process) was
obtained by immersion in the corresponding aqueous solutions at room temperature for 5 h.
Concentrations of ATMP solutions to obtain the first and third ATMP layers were 5 mM and
1.25 mM, respectively, whereas the concentration of ZC was varied from 1 mM to 10 mM.
After each immersion the samples were dried at 37 °C for 3 h. For the sake of completeness,

2-layered and 1-layered systems (i.e. Phos-ZC, ZC-Phos, Phos and ZC) were also considered.

VI.C.1.7. Synthesis of amino acids

A high pressure stainless steel reactor was designed ad hoc and employed to perform the
synthesis of amino acids (AAs). The designed reactor, which is schematized in Figure
Ann.VL.S1, was dotted with a manometer, an electric heater with a thermocouple and an
external temperature controller. The reactor was also characterized by an inert reaction
chamber coated with a perfluorinated polymer (120 mL) where both the catalyst and water
were incorporated. The reactor was equipped with three independent inlet valves for N2, CHa,
CO2 and an outlet valve to recover the gaseous reaction products. A UV lamp
(GPH265T5L/4, 253.7 nm) was also placed in the middle of the reactor to irradiate the
catalyst directly, the lamp being protected by a UV transparent quartz tube. All surfaces were
coated with a thin film of a perfluorinated polymer in order to avoid any contact between the

reaction medium and the reactor surfaces, in this way discarding other catalyst effects.

Regarding temperature range, the reactions were performed within 75-105 °C for reaction
times ranging from 2 to 96 h. Catalyst samples weighed approximately 150 mg and 0.5 mL
of de-ionized liquid water were initially incorporated into the reaction chamber, except for
assessing the water effect. The chamber was extensively purged with the first selected gas
in order to eliminate the initial air content. Each selected gas was introduced to increase the
reaction chamber pressure (measured at room temperature) to the target pressure (i.e. 1 or 6

bar).

As mentioned in the previous sub-section, the concentration of ZC was varied from 1 mM

to 10 mM for the preparation of Phos-ZC-Phos trilayer. However, the influence of the
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content of ZC on the yield of Gly and Ala is very small. This is shown in Figure Ann.VI.S2,
which displays the variation of the Gly/Phos and Ala/Phos ratios using p-cHAp/Phos-ZC-
Phos catalytic systems in which the ZC layer was deposited from concentrations ranging
from 1 to 10 mM. According to these results, all the results displayed in this work, including
the main text, correspond to ZC layer deposited from a 5 mM solution (unless another

concentration is explicitly indicated).

VI.C.2. Measurements

Synthesis of AAs was routinely verified by the ninhydrin (2,2-dihydroxyindane-1,3-
dione) detection test for primary amines. To this end 0.5 mg of the solid recovered after
reaction was immersed in a tube containing 0.2 w/v-% solution of ninhydrin in acetone and
subsequently heated to 75 °C in an oven. The development of purple coloured solutions
indicated the formation of the 2-(1,3-dioxoindan-2-yl)iminoindane-1,3-dione chromophore.
No yellow-orange coloured solutions were observed characteristic of the Schiff base

generated by reaction with secondary amines.

"H NMR spectra were acquired with a Bruker Avance I1I-400 spectrometer operating at
frequencies of 400.1 MHz, 100.6, and 161.9 for 'H, '3C and 3'P, respectively. Chemical
shifts were calibrated using tetramethylsilane as an internal standard. In order to remove the
AAs from the catalyst, samples were dissolved in deuterated water containing 100 mM of

HCI and 50 mM of NaCl.

"H NMR spectra were analyzed for samples recovered after reaction times ranging from
2 to 96 h to detect the Gly/Phos and Ala/Phos ratios through the areas of signals
corresponding to CHz protons at 3.65 ppm (Gly) and 3.79-3.76 ppm (Phos) and the CHj3
protons at 1.54-1.52 ppm (Ala).

Gly/Phos = (3 % A3.65) / A3.79-376 (VLD.1)
Ala/Phos = (2 % A154-152) / A3.79-376 (VL.D.2)
Gly/Ala= (1.5 x A365) / A1.54-152 (VL.D.3)

X-ray photoelectron spectroscopy (XPS) analyses were performed in a SPECS system
equipped with a high-intensity twin-anode X-ray source XR50 of Mg/Al (1253 eV/1487 eV)
operating at 150 W, placed perpendicular to the analyzer axis, and using a Phoibos 150
MCD-9 XP detector. The X-ray spot size was 650 um. The pass energy was set to 25 and
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0.1 eV for the survey and the narrow scans, respectively. Charge compensation was achieved
with a combination of electron and argon ion flood guns. The energy and emission current
of the electrons were 4 eV and 0.35 mA, respectively. For the argon gun, the energy and the
emission current were 0 eV and 0.1 mA, respectively. The spectra were recorded at a
pressure below 6x10 mbar. These standard conditions of charge compensation resulted in
a negative but perfectly uniform static charge. The Cls peak was used as an internal
reference with a binding energy of 284.8 eV. High-resolution XPS spectra were acquired by
the Gaussian—Lorentzian curve fitting after s-shape background subtraction. The surface

composition was determined using the manufacturer's sensitivity factors.

Scanning electron microscopy (SEM) studies were carried out using a Focused lon Beam
Zeiss Neon40 microscope operating at 5 kV, equipped with an energy dispersive X-ray
(EDX) spectroscopy system. Samples were deposited on a silicon disc mounted with silver
paint on pin stubs of aluminum, and sputter-coated with a thin layer of carbon to prevent

sample charging problems.

Infrared absorption spectra were recorded with a Fourier Transform FTIR 4100 Jasco
spectrometer in the 1800-700 cm™!' range. A Specac model MKII Golden Gate attenuated
total reflection (ATR) equipment with a heating Diamond ATR Top-Plate was used.

X-ray powder diffraction patterns were recorded in the beamline BL11-NCD at ALBA
synchrotron (Cerdanyola del Vallés, Barcelona, Spain) using a wavelength of 0.100 nm and
an WAXS LX255-HS detector from Rayonix, which was calibrated with diffractions of

standard of a Cr203 sample.

The separation of the synthesized AAs was performed by HPLC on a Agilent serie 1200
chromatograph using a Chirobiotic T (250 x 4.6 mm) column with a particle size of 5 pm.
The mobile phase consisted of methanol:water (60:40 v/v) mixture. The flow rate was set at
1 mL/min and the volume of injected samples was 20 uL. The column temperature was
maintained at 25°C. Chromatograms were recorded at three wavelengths (205.4, 210.4 and
215.4 nm), but 210.4 nm was used for quantification purposes. Retention times of each AA
were identified by comparing with the corresponding standard: 5.168 min (L-Ala), 5.781
min (Gly) and 7.463 min (D-Ala). Injected samples were obtained by extracting the AA
from the catalyst after reaction (10 mg) using a mixture of 1 mL of methanol:water (60:40

v/v) by shaking during 5 min. After 30 min of sedimentation, the supernantant was filtered
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using a PTFE 0.2 pm filter and finally, 20 pL of such a filtrate were injected into the HPLC

equipment.
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Figure Ann.VL.S1. Control cyclic voltammograms comparing the electrochemical activity of: (A)
cHAp as prepared, sintered (s-cHAp) and polarized (p-cHAp); and (B) p-aHAp and p-cHAp.
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Figure Ann.VLS2. Details of the reactor designed to synthesize AAs.
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Figure Ann.VLS3. FTIR spectra of cHAp as prepared, sintered (s-cHAp) and polarized (p-cHAp).
The region comprised between 950 and 1200 cm™ displays typical PO4* bands. The spectra of cHAp,
s-cHAp and p-cHAp show characteristic vibrational modes of PO4> at vi= 962 cm™ and vs= 1016,
1087 cm™.
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Figure Ann.VIL.S4. FTIR spectra of cHAp as prepared, sintered (s-cHAp) and polarized (p-cHAp).
incubated in presence of triphosphate (200 mM) at pH 7. The red arrow indicates the position of the
band used to identify the adsorption of triphosphate (PolyP). The weak shoulder identified around
890 cm™ for cHAp, which corresponds to the P-O—P asymmetric stretching, transforms into a well-
defined adsorption band for s-cHAp and, especially, p-cHAp. This feature reflects that the
application of thermal and thermally and electrically stimulated polarization processes enhance
significantly the ability of cHAp to adsorb polyphosphates. Based on the FTIR spectra presented in
Figures Ann.VI.S3. and Ann.VIL.S4., the ability of cHAp samples to adsorb triphosphate was
estimated using the ratio of integrated area of the peak at 1016 cm™ (belonging to the mineral) and
the integrated area of the peak at 890 cm™ (belonging to polyP). Results indicated that the adsorption
of polyP onto cHAp was 2.0 and 2.6 times lower than onto s-cHAp and p-cHAp, respectively. These
results prove that properties of p-cHAp are clearly unique with respect to cHAp and s-cHAp.
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Figure Ann.VLS5. Solid state *'P NMR spectra of cHAp as prepared (in blue), sintered (s-cHAp;
in red) and polarized (p-cHAp; in black). The main resonance peak, present in cHAp, s-cHAp and

p-cHAp, at 2.9 ppm corresponds to bulk phosphate groups POZ* of hydroxyapatites.” Note that,

compared to cHAp, the band width of s-cHAp and, particularly, p-cHAp samples are narrower, which
is consistent with the higher crystallinity of the substrate (Crystallinity (%): cHAp= 42.67; s-
cHAp=64.70; p-cHAp=75.50). The broad signals at approximately [-1, O] ppm and a shoulder at
[0,1] ppm, present in cHAp and s-cHAp, were usually assigned to the protonated surfaces phosphate
groups arising from the disordered near surface layer.%® Indeed, hydroxyapatite particles are typically
described as an ordered hydroxyapatite core surrounded by a disordered non-apatitic surface layer.>
The shoulder at 4-6 ppm, which is present in s-cHAp, is also due to the surface HPO,* ions, when
its amount in the surface layer is greater than a certain threshold.%'® This increase in surface of HPO4>
ions in s-cHAp is caused by the more disordered surface layer due to the thermal process applied in
s-cHAp particle treatment. The more unusual part is the only peak of typical bulk phosphate groups
PO4* of hydroxyapatites present in p-cHAp. p-cHAp particles treatment consists of applying a
constant DC electric field of 500 V, heating simultaneously at 1000 °C for 2 h. This thermally and
electrically stimulated polarization process was found to exert different effects on the hydroxyapatite
surface properties.>!! The hydroxyapatite surface undergoes variations due to changes in the position
of OH ™ ions.3'"> Accordingly, the fingerprint of the surface OH™ ions leaving from the columns due
to the thermally and electrically stimulated polarization process in p-cHAp is the disappearance of
the surface HPO4* ions and the formation of holes in the valence band (h*) for charge neutralization.
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Figure Ann.VL.S6. Variation of Gly/Phos (0), Ala/Phos (o), (Gly+Ala)/Phos (#) and Gly/Ala (A)
ratios for reactions performed at 95 °C, 24 h and using the p-cHAp/Phos-ZC-Phos system versus the
concentration of ZC solutions used to prepare the central ZC layer (see Figure Ann.VI.1a).
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Figure Ann.VL.S7. Zr 3d high resolution XPS spectra for (a) p-cHAp, (b) p-cHAp/Phos-ZC-Phos,
and (c) p-cHAp/Phos-ZC-Phos after negative reaction (i.e. without exposure to UV radiation) and
(d) p-cHAp/Phos-ZC-Phos after positive reaction (24 h at 95 °C). The Zr signals appeared as a
resolved spin doublet at binding energies of 182.6 and 185.0 eV, which correspond to the 3d5/2 and
3d3/2, respectively.®® The measured Zr content was in the 1.26-1.29% interval for all samples having
the Phos-ZC-Phos trilayer prepared using a 5 mM ZC solution, this percentage being independent of
the progress of the reaction.
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Figure Ann.VL.S8. (a) FTIR spectra of the sample after reaction for 24 h at 95 °C. Insets compare
the 1800-1200 cm™' region for the above sample (b) after and (c) before reaction, (d) an unsuccessful
reaction because of the lack of sustained exposure of the system to the UV radiation, and (e) a mixture
of Gly and Ala (2:1 weight ratio). Despite the low sensitivity of the technique, the successfully
formed AAs are identified by the broad and low-intensity bands at the 1600-1400 cm™ region. It is
worth noting that this region is completely flat in the spectra of samples before reaction and also for
samples coming from a negative ninhydrin test (e.g. spectrum (c) for samples without UV radiation).
On the contrary, AAs such as Gly and Ala have the most intense absorptions in this region (b).
Obviously, FTIR spectra showed in all samples the characteristic peaks of HAp and specifically the
three intense bands at 1093, 1033 and 962 cm™ associated with the characteristic vibrational modes

of PO .
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a)

b)

c)

Figure Ann.VL.S9. X-ray diffraction patterns corresponding to (a) p-cHAp and the p-cHAp/Phos-
ZC-Phos system (b) before and (c) after successful reaction for 24 h at 95 °C. Gray crosses in b)
point out the characteristic X-ray diffraction reflections of the catalytic system, which disappear after
reaction, while red crosses in ¢) point out new reflections that can be observed after successful
reaction. Circled symbols indicate the reflections that changed more drastically during reaction.
Deposition of the 3-layer onto p-cHAp did not cause a significant changes in the X-ray diffraction
pattern (a) and (b), whereas remarkable changes can be observed after chemical reaction (b) and (c).
These correspond to the disappearance of some reflections (i.e. 0.648, 0.406, 0.321 and 0.282 nm)
and the appearance /intensification of some reflections (i.e. 0.391, 0.282, 0.184 and 0.146 nm). It is
clear that reaction gave rise to a slight transformation of the previous structure as reflected by the
development of new crystals (Figure Ann.V1.3d). However, characteristic peaks of Ala and Gly were
not clearly detected due to overlapping with reflections of catalysts, the development of different
crystalline structures for the adsorbed AA, and the low amount of formed crystals.
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Figure Ann.VL.S10. '"H-NMR spectra of samples obtained after reaction (95 °C and 24 h) using a
chamber pressure of 6 bar (i.e. 2 bar of each feeding reaction gas). The spectrum corresponds to the
solution obtained after extract the AAs from the catalyst by dissolving the sample in deuterated water
containing 100 mM of HCI and 50 mM of NaCl. Peaks for Gly and Ala are practically identical to
those displayed in Figure Ann. V1.2 (i.e. using a chamber pressure of 1 bar — 0.33 bar of each feeding
reaction gas).
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Figure Ann.VLS11. Representative HPLC chromatogram (A=210.4 nm) of a sample extracted from
the catalyst after reaction shows the separation of Gly (5.781 min), L-Ala (5.168 min) and D-Ala
(7.463 min). A racemic D-Ala:L-Ala mixture was obtained.
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Table Ann.VLS1. Structural parameters of cHAp, aHAp as prepared and after applying the
thermally and electrically stimulated polarization treatment: crystallinity (y.) and length of the

crystallites (L).

Sample 2 (%) L (nm)
As prepared cHAp 0.41£0.02 61+2
p-cHAp 0.77+0.03 4243
As prepared aHAp 0.09+0.01 10+1
p-aHAp 0.69+0.03 5243

Table Ann.VL.S2. Atomic percent composition (Ca, P, O, C, N and Zr) of p-cHAP, p-cHAP/Phos-
ZC-Phos, p-cHAP/Phos-ZC-Phos after negative reaction (i.e. without exposure to UV radiation), and
p-cHAp/Phos-ZC-Phos after positive reaction (24 h at 95 °C). Reactions were performed at 6 atm.

Ca P (0] C N Zr
p-cHAp 38.35 17.78 41.96 1.20 0.70 0.01
p-cHAp/Phos-ZC-Phos 34.79 16.21 42.46 1.73 3.12 1.69
p-cHAp/Phos-ZC-Phos 25.43 11.86 44.78 5.45 10.72 1.76
(after negative reaction)®
p-cHAp/Phos-ZC-Phos 22.87 10.46 44.69 7.87 12.43 1.68

(after positive reaction)®

# Without exposure to UV radiation. ® 24 h at 95 °C.
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Table Ann.VL.S3. Atomic percent composition (Ca, P, O, C, N and Zr) of p-cHAp, p-cHAp/Phos
and HAp/ZC before and after remain in a N> atmosphere. As it can be seen, the percentage of N
increases considerably when N; is in contact with p-cHAp (71% of increment) and, especially, p-
cHAp/Phos (261% of increment) indicating that the p-cHAp substrate and the ATMP layers are the
catalyst components associated with the first step of the N» fixation (i.e. adsorption of the gas from
the atmosphere). Besides, the increment of the percentage of N for p-cHAp/ZC (62%) is similar to
that obtained for p-cHAp, indicating that the role of the ZC layer in the N, adsorption is null.
Experiments were performed according to this protocol: i) heating of the sample until 400 °C with
an Ar flux during 30 min; ii) cooling down to 90 °C; and ii) generation of a N> atmosphere applying
a nitrogen flux of 5 mL/min diluted in an Ar flux of 45 mL/min during 30 min.

Ca P (0] C N Zr
p-cHAp 38.35 17.78 41.96 1.20 0.70 0.01
p-cHAp + N, atmosphere 38.70 17.81 41.05 1.22 1.20 0.02
p-cHAp/ZC 38.45 18.02 40.04 1.17 0.56 1.76
p-cHAp/ZC + N, atmosphere 37.15 17.07 41.8 1.25 0.91 1.82
p-cHAp/Phos 37.45 17.23 41.27 1.18 2.86 0.01

p-cHAp/Phos + N, atmosphere 35.90 16.46 36.04 1.24 10.35 0.01

Table VI.S4. Atomic percent composition (Ca, P, O, C, N and Zr) of p-cHAp, p-cHAp/Phos and
HAp/ZC before and after remain in a CO, atmosphere. As it can be seen, the percentages of C and O
increase considerably when CO; is in contact with p-cHAp (39% and 1.9% of increment,
respectively) and, especially, p-cHAp/ZC (332% and 22% of increment, respectively) indicating that
the p-cHAp substrate and the ZC layer are the catalyst components associated with the first step of
the CO, fixation (i.e. adsorption of the gas from the atmosphere). Experiments were performed
according to this protocol: 1) heating of the sample until 400 °C with an Ar flux during 30 min; ii)
cooling down to 90 °C; and ii) generation of a CO- atmosphere applying a nitrogen flux of 5 mL/min
diluted in an Ar flux of 45 mL/min during 30 min.

Ca P (0) C N Zr
p-cHAp 38.35 17.78 41.96 1.20 0.70 0.01
p-cHAp + CO; atmosphere 37.45 17.45 42.77 1.67 0.65 0.01
p-cHAp/ZC 38.45 18.02 40.04 1.17 0.56 1.76
p-cHAp/ZC + CO, atmosphere 30.00 13.61 49.05 5.05 0.62 1.67
p-cHAp/Phos 37.45 17.23 41.27 1.18 2.86 0.01

p-cHAp/Phos + CO; atmosphere 37.35 17.40 40.56 1.69 2.98 0.02
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Table Ann.VIL.S5. Summary of experiments and results attained for the synthesis of AAs.?

Set  Conditions® Ninhidrine  Observations
test

1 p-cHAp/Phos-ZC-Phos + Gly and Ala signals in NMR spectra.

N,, CH4, CO,, H,O / UV Increasing AAs/Phos ratio with reaction time.
Increasing AAs/Phos ratio with reaction T.
Increasing AA/Phos ratio with Zr content.

2 p-cHAp/Phos-ZC-Phos - UV radiation is fundamental.
N, CHs, CO», H,O

3 cHAp/Phos-ZC-Phos - Polarization of HAp is fundamental.
N3, CHy4, CO,, H,O / UV

4 p-aHAp/Phos-ZC-Phos + The crystalline structure of HAp is not
N, CH4, CO,, H,O / UV fundamental for reaction.

5 p-N757/Phos-ZC-Phos - The type of polarized support is important.
N,, CH4, CO,, H,O / UV Silicates do not work.

6 p-LM/Phos-ZC-Phos - The type of polarized support is important. Mica
N», CH4, CO,, H,O / UV does not work.

7 p-cHAp/Phos-ZC - The trilayered system is fundamental. When
N, CH4, CO,, H,O / UV missing one Phos layer does not work

8 p-cHAp/ZC-Phos - The p-HAp/Phos interphase is fundamental.
N, CHs, CO,, H,O / UV

9 p-cHAp/Phos - The trilayered system is fundamental.
N, CHy, CO,, H,O / UV

10 p-cHAp/ZC - The trilayered system is fundamental.
N, CHy4, CO,, H,O / UV

11 Phos - AAs cannot be derived from a simple decom-
N,, CH4, CO,, H,O / UV position of Phos.

12 Phos-Zr - AAs cannot be derived from a simple
Nz, CHs, CO,, HO / UV decomposition of Phos using ZC as catalyst.

13 p-cHAp/Phos-ZC-Phos - Substrate is able to fix molecular nitrogen. N, is
CHs, CO», H,O/ UV essential as a nitrogen source.c

14 p-cHA