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ABSTRACT

Pires Figueiredo, M. Iron-based Layered Double Hydroxides aiming biomaterials:
structure, composition, and polymer composites. 2021. 300 p. PhD Thesis - Graduate

Program in Chemistry. Instituto de Quimica, Universidade de Sio Paulo.

Layered Double Hydroxides (LDHs) are considered promising materials to compose
pharmaceutical formulations and medical devices mainly by their capacity to act as
carriers for anionic bioactive species. LDHs are mostly composed by Mg>* and Zn>* as
divalent cations and A3* (exogenous) as trivalent cation. The substitution of aluminium
by an endogenous metal, such as Fe3", is of great interest for the development of even
more promising LDHs for acting as biomaterials. However, the Fe3* incorporation into
the LDH structure has led to impure materials, also the intercalation of organic anions
into these materials has been challenging. In this regard, the present work deals with
two main aims: 1) to improve the applicability of Fe3*-LDH materials by the
comprehension of their structure, composition, and properties; and 2) to develop
advanced polymeric medical devices, such as implantable surgical membranes and
therapeutic wound dressings, based on pure Fe3*-LDH phases.

Concerning aim number 1), in the first part of the thesis it was investigated the effect of
Fe3* in the formation of LDH phase and the limit of aluminium substitution by iron
allowing the isolation of pure LDH phases also capable to intercalate bioactive species.
First, two series of Mg.FeyAl..y)(OH)s-Cl and Zn,FeyAl(y)(OH)s-Cl LDHs, intercalated
with chloride anions, with y equal to o, 0.25, 0.50, 0.75, or 1 were studied. Then, all
pristine LDH-CI materials were submitted to ion-exchange of Cl" by anions derived from
the non-steroidal anti-inflammatory drug naproxen (NAP), a model organic compound.
Lastly, LDH materials with nominal layer compositions Mg.Fe,Al(y)(OH)s and
Zn,Fe,Al(..y)(OH)e, with y equal to o, 0.25, 0.5, 0.75, or 1, aiming carriers for bioactive
species were also prepared by the coprecipitation (one-pot) method in the presence of
abietate anions (ABI), derived from abietic acid, a natural product that presents several

biological properties (i.e. bactericidal, fungicidal, anti-inflammatory).



Along each series of materials, phase purity was evaluated using several analytical
techniques combined with a crystal-chemical and geometrical reasoning that allowed
the comparison between the composition of the bulk samples (considering the possible
contribution of amorphous phases other than LDH) and the composition of the
respective crystalline LDH phases. In general, phase purity was achieved for y values
lower or equal to 0.5, which corresponds to half of the A3* content substituted by Fe3*.
Compositions considered pure and able to intercalate NAP or ABI organic anions in
satisfactory amounts (i.e. the weight of the organic anion representing more than 25 %
of the weight of the hybrid organic-inorganic LDH) were selected to compose polymeric
devices according to the aim number 2) of this thesis, i.e. Mg,Fe,sAlos(OH)s and
Zn.FeosAlos(OH)s layer compositions intercalated with Cl, NAP, or ABI anions.
Approaches for the modulation of the release rate of the bioactive species intercalated
into LDHs were explored and in vitro cytotoxicity assays were performed as a function
of the composition of the materials. Polymeric membranes were prepared by different
methods: electrospinning or casting. LDHs showed promising as components of the
medical devices providing advantages from the mechanical, pharmacological, and

biological points of view in comparison to the polymer-drug systems.

The results presented in this thesis, which include detailed structural analyses, the
synthesis of several Fe3*-LDH materials able to intercalated bioactive species, as well as
the development of promising polymeric membranes containing Fe3*-LDHs, are

expected to advance even more the applicability of LDH as biomaterials.

Keywords: iron(Ill), proper compositional determination, bioactive species,
intercalation compounds, polymeric membranes, in vitro drug release, in vitro

biocompatibility



RESUMO

Pires Figueiredo, M. Hidroxidos Duplos Lamelares a base de Ferro como
biomateriais: estrutura, composicao e compositos poliméricos. 2021. 300 p. Tese
(Doutorado) - Programa de Po6s-Graduagio em Quimica. Instituto de Quimica,

Universidade de Sao Paulo.

Hidréxidos Duplos Lamelares (HDLs) sdo considerados materiais promissores para
comporem formulagdes farmacéuticas e dispositivos biomédicos, destacando-se pela
possibilidade de atuarem como carregadores de espécies bioativas aniénicas. HDLs sdo
compostos em sua maioria pelos cations divalentes Mg>* e Zn** e pelo cation trivalente
AB* (exdgeno). A substituigdo do cation Al3* por um metal enddgeno, tal como o Fe3*, é
de grande interesse para o desenvolvimento de HDLs ainda mais adequados para
atuagdo como biomateriais. Contudo, as tentativas de incorporag¢do do Fe3* na estrutura
do HDL tém conduzido a formacdo de materiais impuros, bem com a intercalagdo de
dnions organicos nesses materiais tem se mostrado desafiadora. Nesse sentido, o
presente trabalho tem como objetivos principais: 1) aumentar a aplicabilidade dos Fe3*-
HDLs através da compreensdo da estrutura, da composicdo, e de propriedades desses
materiais e 2) desenvolver dispositivos biomédicos poliméricos avancados baseados em

Fe3*-HDLs, tais como membranas cirurgicas implantaveis e curativos dérmicos.

Com relagdo ao objetivo 1), na primeira parte desta tese foi estudado o efeito dos cations
Fe3* na formagdo dos HDLs e na obtencdo de fases puras contendo a maior quantidade
possivel de cations AB3* substituidos por Fe3* e capazes de intercalar espécies bioativas.
Primeiramente, foram sintetizadas e estudadas duas séries de HDLs de composigdo
nominal Mg.Fe,Al..y)(OH)s-Cl e Zn,FeyAl(y)(OH)s-Cl, intercalados com anions cloreto,
com valores de y iguais a o; 0,25; 0,50; 0,75 ou 1. Posteriormente, os HDLs-Cl foram
submetidos a reacdo de troca i6nica dos anions Cl" por dnions derivados do anti-
inflamatério ndo esteroidal naproxeno (NAP), um farmaco modelo. Por fim, HDLs de
composi¢do nominal lamelar Mg,FeyAl(-y)(OH)s e Zn,FeyAl.y)(OH)s, com y igual a o;
0,25; 0,5, 0,75 ou 1, visando intercalar espécies bioativas também foram produzidos pelo

método da coprecipitagdo na presenca de dnions abietato (ABI), derivados do &cido



abiético, um produto natural que apresenta diversas propriedades biologicas (i.e.

bactericida, fungicida, anti-inflamatoria).

A pureza de fase de cada série de materiais foi avaliada por diversas técnicas analiticas
combinadas com um raciocinio quimico-cristalino e geométrico que permitiu a
comparagdo entre a composicio das amostras como um todo (considerando a
contribui¢cdo de fases amorfas diferentes da HDL) e a composi¢do das respectivas fases
cristalinas de HDL. Em geral, pureza de fase foi alcangada para valores de y menores ou
igual a o,5, correspondendo a substituicio de metade do conteudo de Al3* por Fe3*.
Composi¢oes consideradas puras e capazes de intercalar quantidades satisfatérias de
anions NAP ou ABI (i.e. massa do anion organico representando mais de 25 % da massa
do HDL hibrido organico-inorganico) foram selecionadas para compor os dispositivos
poliméricos segundo o objetivo 2) desta tese, i.e. materiais de composicdo lamelar
Mg.FeosAlos(OH)s and Zn,Fe,sAlos(OH)e intercalados com anions Cl;, NAP ou ABIL
Foram explorados mecanismos de modulagdo da taxa de liberagdo das espécies bioativas,
bem como foram realizados testes de citotoxicidade em fun¢do da composi¢do dos
HDLs. Membranas foram produzidas por diferentes métodos: eletrofiagdo ou casting.
Os LDHs mostraram-se promissores para compor formulagées poliméricas biomédicas
proporcionando vantagens do ponto de vista mecdnico, farmacologico e bioldgico em

comparagdo aos sistemas formados apenas por polimero-farmaco.

Espera-se que os resultados apresentados nesta tese, que incluem profunda analise
estrutural, a sintese de diversas composi¢des de Fe3*-HDLs capazes de intercalar
espécies bioativas anionicas, bem como o desenvolvimento de membranas poliméricas
promissoras baseadas em Fe3*-HDLs, avancem ainda mais a aplicabilidade dos HDLs

como biomateriais.

Palavras-chave: ferro(Ill), correta determina¢do composicional, compostos de
intercalacdo, espécies bioativas, membranas poliméricas, liberacdao de farmacos in vitro,

bicompatibilidade in vitro
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1. Introduction

Searching for more effective therapies to treat human diseases and improve life
expectancy and quality is a constant effort in our society, implying in the discovery of
more effective drugs and formulations and the development of materials able to
compensate the loss of functions of body structures and improve the healing process,

such as bone[1,2] and muscles constructs[3], and skin wound dressings[4,5], respectively.

New drugs have been commonly discovery through screening species from nature.
Although more advanced techniques have been applied, such as those based on genomic
and genetic approaches, the process resulting in the commercialization of new and more
effective drugs still takes more than one decade and costs millions of dollars.[6] In this
way, existing drugs may be re-profiled, optimizing time and costs. Re-profile can be done
by far-reaching examination of a drug action at the molecular level aiming to better
identify mechanisms of actions and causes of side effects.[7] As a consequence, drugs
application can be expanded to other diseases and drug derivatives may be synthesized.
In the same direction, drug delivery systems, also called drug carriers, have been
developed to improve the efficacy of marketplace drugs.[8] Drug carriers interact with
bioactive species in a manner that propitiate therapeutic benefits, as for instance, the
control of the release rate, the destination of the drug to a specific site of action (targeted
delivery), the improvement of biological and physicochemical properties, and the
decrease in side effects.[8,9] Examples of commercialized drug -carriers are

liposomes[10], polymeric micelles[11], and magnetic nanoparticles[12].

Adequate chemical structures to act as drug carriers, body recovery assistants, or
substitute materials of body constituents are considered biomaterials, defined as “a
substance that has been engineered to take form, which, alone or as a part of a complex
system, is used to direct, by control of interactions with components of living systems, the
course of any therapeutic or diagnostic procedure”.[13] Biomaterials may be of different
natures[14], from inorganic to organic, or a combination of both in an intimate contact
at nanometer and molecular level, resulting in hybrid organic-inorganic materials. Two
or more inorganic or organic materials with different physical and chemical properties

may also be combined, whose contact dimension comprises a larger scale (from nano to
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macro), originating composites with improved properties in comparison with the
individual constituents. Specifically regarding to materials to assist damaged body
organs or tissues, synthetic and natural polymers and their composites play a central

role and are widely studied.[15,16]

To be in contact with living systems, biomaterials are expected to present
biocompatibility, which can be referred as “..the ability of a biomaterial to perform its
desired function with respect to a medical therapy, without eliciting any undesirable local
or systemic effects in the recipient or beneficiary of that therapy, but generating the most
appropriate beneficial cellular or tissue response in that specific situation, and optimizing
the clinically relevant performance of that therapy.”[17] Biocompatibility may be accessed
through in vitro, ex-vivo or in vivo tests.[18,19] In all cases, the statement of the
biocompatibility of a material is dependent of the local of application, the doses, and
time. Considering the high complexity of living systems, diverse in vitro and in vivo tests

may be combined.

Layered double hydroxides (LDHs) comprise interesting naturally obtained and also
easily synthesized inorganic materials that present diverse compositions and properties,
thus finding application in several fields, such as health[20,21], catalysis[22,23],
electrochemical sensors[24], energy[25] and environment related domains[26]. Especial
attention has been directed to their medical uses since many compositions are
promising for application as biomaterials. LDHs can intercalate anionic bioactive
species, originating organic-inorganic hybrid materials. This class of materials has been
extensively studied not only as drug carriers[27], but also for application as vectors for
gene therapy[28], for therapeutic coupled to diagnosis purposes (theragnostic)[29], and
tissues engineering[30]. LDH/polymer composites have also been studied for the

development of even more effective biomaterials.[31]

LDHs studied for biological applications usually contain AB* cations (Al-LDHs) in
their compositions. Although no toxic effects have been related to Al-LDHs and their
biocompatibility have been attested through different in vitro and in vivo tests,[32-35]
the substitution of aluminum by endogenous metals, such as Fe3*, is interesting to avoid
still poorly investigated possible long-term and dose-dependent toxic effects and may

generate new and even more promising materials.



30

In the next sections, structure, compositions, properties and bioapplications of
LDHs, and more specifically LDHs composed by iron, are discussed, as well as promising
bioactive species to compose LDH biomaterials. Furthermore, promising polymers and
techniques to prepare polymeric membranes containing LDHs will be presented aiming

medical devices.

1.1. Layered Double Hydroxides (LDHs)

1.1.1. LDHs structure and composition

As shown in Figure 1.1A, LDH structure is formed by basic octahedral units
containing M?* or M3* metallic cations in the center, hexacoordinated by hydroxyl
anions, and hydrated anions (A™), and presents general formula [M*(.)M3*(OH),](A™
)xn*zH>0.[36] The condensation of the octahedrons originates layers (Figure 1.1B - top
view) presenting a residual positive charge compensated by the anions present between
the layers (Figure 1.1C - frontal view). LDH layers can stack one on another with two
different symmetries: rhombohedral or hexagonal.[36] Hydrotalcite and pyroaurite
minerals, with formulae [Mg;Al(OH)s](CO5*>)054H.O and [MgsFe(OH)s](CO5>
)os*4.5H-0O, respectively, crystallize in 3R rhombohedral symmetry (Figure 1.1B and
1.1C). The unity cell parameter a is equal to b, and ¢ parameter equal to 3d, with d
representing the basal spacing, i.e. equivalent to the thickness of one layer plus the
interlayer spacing. The mineral syogrenite, a polytype of pyroaurite, presents another
symmetry, 2H hexagonal, where a parameter is equal to b, but ¢ parameter equal to 2d.

3R symmetry is commonly observed for synthetic LDHs.[37]
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Figure 1.1.(A) LDHs constituents: basic octahedral structures and hydrated anions, (B) LDH layer (top
view), and (C) LDH structure (frontal view) corresponding to the 3R polytype.

Di- and trivalent cations able to compose LDH layers are restricted by their ionic
radii, that is observed to be close to the one of the Mg** (0.72 A in a 6-coordinated
site).[38] This condition is satisfied by several metallic cations, such as Zn>*, Fe?*, Fe3*,
AB*, Co?t, Co3*, Niz*, Ni3*, Mn?*, and Mn3*. The x value, the amount of the trivalent cation
in the layer, is another adjustable parameter and a source of diversity in the LDH
structure. By changing x, the charge density in the layers can be modulated and,
therefore, the anions amount and arrangement between the layers.[36] For minerals, x
is usually equal to o0.25 (M?*/M3* molar ratio equal to 3), while for synthetic LDHs it is
observed to be 0.2 < x < 0.33, in general, which means M?*/M3* molar ratios between 4
and 2. Values of x out of this range may conduct to M(OH), and M(OH); into separated
phases.[39] Additionally, when x is lower than 0.33, Pauling's rule restricts the occupancy
of adjacent metallic sites by trivalent cations, conducting to a cation-ordered idealized
structure.[40] Since the a (equal to b) cell parameter is dependent of both M?* and M3*
ionic radii, it can indicate if the incorporation of the cations is in agreement with the
nominal value of x. Finally, LDH may experience guest-host interaction, where the
interlayer reservoir may accommodate from simple small inorganic anions (such as Cl,
NO;, or CO;*) to macrostructures such as the deoxyribonucleic acid (DNA)
macromolecule or plasmids[41-43]. LDH is generally abbreviated by M?*RM3*-A, where

R is the molar ratio between the di- and trivalent cations.
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1.1.2. LDH synthetic methods: coprecipitation and ion-exchange

Several synthetic methods have been applied for the preparation of LDH, such as
coprecipitation[44], ion-exchange[45], reconstruction[46], sol-gel[47], and the urea
method([48]. Post-synthesis (aging) treatments, such as hydrothermal[49] and
microwave[s0] radiation, are also employed to improve LDHs properties, such as
crystallinity and particles size.[39] In general, LDHs synthesis in the laboratory and in
an industrial scale is easy and economically practicable, since these materials are usually
prepared in an aqueous medium, at room or mild temperature values, at atmospheric
pressure, and applying not expensive reagents, as in the case when prepared by the
coprecipitation method, the most applied synthetic route for the preparation of simple
inorganic or organic-inorganic hybrid LDHs. It consists of mixing an Arrhenius base,
such as NaOH or KOH, and an aqueous solution containing M?* and M3* cations in the
desired molar ratio. In water, some metallic cations can form (oxy)hydroxide
complexes.[39] By increasing the pH of the medium, cations charge is balanced by
increasing the number of negatively charged ligand coordinated to the metallic center
until the coprecipitation and condensation, or solids conversion, into LDH.[39] The pH
value of precipitation is dictated by the solubility product of the related M(OH). and
M(OH); hydroxides. Thus, the pH value must be higher enough to propitiate the
coprecipitation of both M?** and M3* cations.[36] The coprecipitation reaction at
constant pH leads to well structurally organized LDHs. In this modality of the
coprecipitation method, as soon as the salt’s solution is added into the aqueous medium
compartment containing the anions to be intercalated, previously dissolved or coming
from de counter anions of the Mn(A™), and Mn(A™); salts, the base solution is
concomitantly added to keep the pH value constant. When it is desired the intercalation
of anions other than carbonate and products with high purity, an inert atmosphere is
recommended to avoid atmospheric CO, dissolution in the alkaline reaction medium.
Figure 1.2A shows the schematic representation of the semi-automatized system
applied in studies presented in this thesis for the preparation of LDHs by coprecipitation
reaction at constant pH and heating in some cases, in which an automatic titrator is

coupled to the system and the addition rate of the salt’s solution is manually adjusted.
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Figure 1.2. Schematic representation of the apparatus applied for the synthesis of LDH.

The synthesis of LDHs intercalated with anions that compete with hydroxide ions by
the coprecipitation with the cations may hinder the application of the coprecipitation
method.[39] Moreover, the intercalation of organic anions into LDH may not occur by
applying the coprecipitation reaction.[51,52] In such cases, anions such as phosphate and
oxalate have to be intercalated by ion-exchange reaction into previously prepared

LDHs.[39] The order of intercalation preference of the main inorganic anions is given

by[53]:

CO;* > HPO4* > HAsO,* > CrO4* > SO,* > M0oO,* > OH > F > CI' > Br > NOy

Therefore, the intercalation preference of anions to originate precursors LDHs to
participate of ion-exchange reactions is the inverse, in which NOjs", Br", and Cl" are easily
deintercalated. Figure 1.2B shows the synthetic apparatus applied in this thesis for ion
-exchange reaction consisting of suspending LDH particles in a solution containing the
anions to be intercalated, under stirring, room temperature or under heating, and inert

atmosphere if desired to avoid carbonate contamination.

1.1.3. LDHs as biomaterials

LDH composed by Mg>* or Zn** as divalent cations and A" as trivalent cations are

being investigated to act as biomaterials. LDH containing Mg** and AB* intercalated
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with COs* anions is applied as the antiacid Talcid®, patented by Bayer AG.[54] More
than a basic material able to neutralize gastric acids, LDH is demonstrated to accelerate
gastric ulcer healing[55], having a role in the expression of Epidermal Growth Factor,
that stimulate cell growth and differentiation, and its receptors in normal and ulcerated
gastric mucosa of rats[56], interesting characteristics to be explored in terms of tissue
healing. In this way, simple inorganic LDHs only or combined with polymers, may act
as biofunctional bone substitutes.[57,58] Their nanoscale 3D organized structure is able
to support cells, to release cell growth factors, and to act as a scaffold for bone growth.
The combination of the inorganic matrix with polymers can mimic bones, conferring
gains in mechanical strength and remodeling facilities. The combination of inorganic
matrices, such as LDH and hydroxyapatite, originates advanced materials able to induce

the formation of high-quality bone.[30]

Besides the described bioactivity of LDHs, essentially related to the presence of
metallic cations, the intercalation of anionic drugs allows the development of diverse
pharmaceutical formulations and medical devices. The intercalation of many bioactive
species into LDH has being studied, such as: non-steroidal anti-inflammatories[s9],
amino acids[60], vitamins[61], anticarcinogenic drugs[62], antibodies[63], and
deoxyribonucleic acid segments[41,43]. LDHs have shown, in general, a great
intercalation yield, being possible to reach more than 99 %.[64] Moreover, it is expected
to prolong the release rate of the guest species and may protect it from light, heat, or
chemical degradation.[20] Simply as a passive drug carrier, LDH is already promising.
Additionally, research involving targeted therapies, specifically for cancer therapies, is
in development.[65] A simple advantage of an intrinsic characteristic of LDH against
cancerous cells consists in its faster particles degradations and release of intercalated
species in the more acidic media of extracellular tumor cells compared to healthy
tissues.[66] Another strategies consist in functionalize LDH structure with an external
chemical entity able to interact with tumor microenvironment or in hybridizing the

surface with magnetic particles to guide them towards the tumor.[65]

The in vitro biocompatibility of LDHs has being studied concerning cell cytotoxicity
and viability,[67] hemolysis,[33] lipid peroxidation,[68] and with the generation of

reactive species of oxygen[67], among other tests. Cytotoxicity tests may be classified
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according to the type of measurements performed, such as changes in color and
luminescence intensity, for instance. The colorimetric Methyl Thiazolyl Tetrazolium
(MMT) assay, based on mitochondrial dehydrogenase activity measurement, is
frequently applied for the evaluation of LDHs cytototoxicity[68-72]. MTT method is
based on the action of mitochondrial dehydrogenase in the cytochrome b and c sites. By
cleaving the tetrazole ring and reducing the MTT, the yellow color is substituted by
purple, from crystalline and insoluble in water formazan. Formed crystals are dissolved
in organic solvents, such as dimethylsulfoxide, quantified, and their amount is
proportional to surviving cells and metabolic activity. Although the number of works
concerning the evaluation of the in vivo performance of LDH is still lower compared to
in vitro assays, different tests have been applied, for instance, intravenous|3s] or
subcutaneous and intramuscular implantation[73]. It is interesting to note that, LDHs
studies aiming at biomaterials are mostly composed by Mg>* or Zn?* divalent cations and
by AB* divalent cation, exogenous. Although in vitro and in vivo studies have not, in
general, indicated possible toxicity of Al-LDHs, there is a lack of studies about aluminum
effect considering long-term treatments and dose. Furthermore, A3* cations absorption
has been associated with neurotoxicity and general tissue accumulation[74-76]. In this
way, its partial or complete substitution by endogenous metals, such as iron, is desired
to originate biomaterials composed only by essential metals and able to be completely

metabolized.[77]

1.1.4. Iron-based LDHs as biomaterials

Although much less studied than Al-LDHs, MggrFe and ZnrFe LDHs have been
reported for catalysis[78,79], agriculture[80], energy conversion/storage[81,82], as
adsorbents for environmental remediation in its layered phases or as oxides after
calcination[83-93], and more rarely for organic anions loading and delivery[g4]. Iron-
based LDHs (Fe3*-LDHs) are difficult to characterize due to their quite low crystallinity
and the presence of crystalline and/or amorphous impurities. X-ray diffraction patterns
of Fe3* containing LDH clearly indicate a lower structural organization with broad and
less intense peaks compared to AB* containing LDHs[93,95]. Moreover, Fe-K radiation

fluorescence under Cu-K alpha X-ray radiation affects the X-ray diffraction pattern
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baseline[96], ascending by increasing 26 degrees, and leads to an important decrease in
the signal to noise ratio making phases identification challenging. Appendix A shows
results of a search in Web of Science[g7] database for the evaluation of synthetic
parameters usually applied for the preparation of MgrFe and ZnrFe LDHs and evaluation
of the formed products. The search was made applying the entering sentence “M Fe
Layered Double Hydroxides”, with M equal to Mg?* or Zn?*, for all years until 19®* May
2021. Synthetic methods were restricted to coprecipitation and ion-exchange. Papers that
did not specify the molar ratio between the cations, pH value of synthesis, XRD quality is
too low precluding proper phases attribution, or suppress XRD pattern (or showed XRD
results for small 20 range) were excluded. Additionally, synthesis starting from Fe2*
species with further oxidation to Fe3* were also excluded. Table A.1 (Appendix A)
compiles 49 works and 122 materials. The following information was extracted from these
works: expected LDH composition (nominal M?*/M3* molar ratio, M nature, and
intercalated anion), synthetic method, pH, post-synthesis treatment, obtained
crystallographic phase(s) (LDH, LDH and side phase(s), or side phase(s) only) assigned
by the authors and/or by our criteria and expertise. Some of these works are commented
on below. Base on the materials analyzed in Table A.1, Figure 1.3 shows the percentage
of the materials concerning MgrFe and ZngrFe-LDHs, as well as the percentage of the
materials in which LDH and /or side phase(s) or only LDH phase was identified by XRD
for each of them. Most of the works are related to MgrFe-LDHs and the formation of side
phases are observed for both Mg and Zn compositions, although much more common in
Zn materials. Phase segregation also tends to occur when increasing the value of the
M2*/Fe3* molar ratios, combined with the application of thermal treatment. Such
conditions conduct to the appearance of XRD peaks not attributed to the corresponding
LDH materials and frequently, for Zn-LDHs, peaks related to Zn(OH), and ZnO
species[84,85,88,98-108]. For instance, Morimoto et al.[109] investigated the effect of
different aging temperature values (25, 50, 75, 100, 125, and 150 °C ) on the formation of
hematite in MggrFe-Cl (R = 2, 3, and 4) samples and observed that hematite formation is
favored as higher the iron content and higher the temperature; this fact was explained by

the decrease of LDH dehydroxylation temperature with the increase in the iron amount.
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Figure 1.3. Percentage of materials in which LDH and /or side phase(s) (in red) or only LDH phase (in
green) was identified by XRD for the MgrFe- (in blue) and ZnrFe-LDHs (in orange), according to Table
A.1 - Appendix A.

Concerning Fe-LDHs as biomaterials, most of the works are related to inorganic
phases, intercalated with simple anions such as NO5', CI, or CO5*". For instance, inorganic
MgrFe LDHs were evaluated as phosphates binders for oral administration[110], for
enzyme adsorption[98], or also as osteogenesis enhancers by covering Ti plates[i],
bone[99], and orthopedic implants[112] with LDH. The preparation of organic-inorganic
hybrid Fe-LDH seems not to be simple. For instance, L-ascorbate intercalation into the
Mg;Fe LDH was possible by the reconstruction method but not by
coprecipitation[51,94,113]. Ding et al.[52] studied the intercalation of ibuprofenate anions
into Zn;Al, Mg;Al, and MgsFe LDHs by coprecipitation reaction and showed that
superficial anions absorption occurred preferentially over intercalation for the iron-based
LDH. The incorporation of phenylalanine into the Zn;Fe LDH by different synthetic
methods (coprecipitation, ion-exchange, and reconstruction) was reported by Seftel et
al.[106] However, XRD data do not endorse the formation of the LDH phase for all
compositions and also indicated the presence of Fe,O; as an impurity for the LDH
intercalated with nitrate, applied as starting phase for anions exchange reaction. These
studies show the difficulty to intercalate organic anions into Fe3* containing LDH by the
most common coprecipitation method. Even for the simplest materials containing
inorganic anions between the layers, it is difficult to obtain pure LDH phases in the
presence of iron and to verify the crystallographic phase purity due to their low structural
organization. Although still dealing with phase impurity, more recent studies have shown
positive results concerning Fe-LDHs as host biomaterials. Both MggrFe and ZngrFe LDH,
with different R values, were studied by Balcomb et al.[100] aiming their application as

nonviral gene delivery vehicles and their performances were compared to the
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compositions containing AB* cations. Samples based on iron presented impurities,
evidenced by XRD data. However, DNA binding was successful for all LDH samples, thus
able to protect the macromolecule from degradation by nucleases in comparison with
unbound DNA. DNA-LDH systems were able to efficiently deliver DNA into mammalian
cells. Furthermore, all samples showed low cytotoxicity (cell viability higher than 8o %),
human embryonic kidney 293 cells viability was over 100 %, and higher values were
observed for Fe-containing LDH than for AlI-LDHs. A device for co-delivery of ligand
(adenosine) and ligation activator (leachate Mg?* cations) was prepared based on the
Mg,Fe LDH composition[i14]. Phase’s purity could not be analyzed by XRD, since the
diffractograms only showed a restricted region concerning possible basal planes of LDH,
and related characterization techniques were not sufficient to prove materials purity. In
vitro culture cells data showed that the nanohybrid promoted osteogenic differentiation
of stem cells. Furthermore, it presented healing abilities when injected into the tibial
bone of rats.

The partial substitution of Al3* by Fe3* cations may be an alternative to reduce
aluminum amount in the LDH but also to achieve better structure organization as a
benefit. A progressive insertion of Fe3* into LDH compositions may also be an interesting
strategy to determine the optimum substitution degree aiming pure phases, minimal
structural organization to assist materials characterization and structure/composition
determination. These are important features to be considered allowing the development
of advanced biomaterials. In this way, Pires Figueiredo et al. published a previous work
concerning the synthesis and characterization of LDHs composed by Mg** or Zn** as
divalent cations and Fe3* and AB* in the same proportion as trivalent cations, and
intercalated with chloride anions, named Mg,Fe,sAl,5-Cl and Zn,Fe,sAl,5-Cl
compositions[115]. Naproxen was intercalated by ion-exchange in an appreciable amount
in both materials, whose weight percentage (wt %) of NAP was equal to 35 and 29 % for
the Mg and Zn-LDH, respectively. Drug release was kept for around 4 days in phosphate
buffer solution. Moreover, it was attested the pristine LDHs-Cl biocompatibility through
intramuscular implants in rats. Interestingly, the in vivo study also showed that Fe3*
modulates the formation of collagen during the tissue regeneration process. Type-I
collagen was predominant in the presence of both Mg,Fe,;Al,5-Cl and Zn,Fe, sAl,5-Cl
materials, differently from the results obtained for the Mg,Al-Cl and Zn.Al-Cl LDH
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materials, in which collagen formation was guided by the divalent cation nature and a
predominance of type-III collagen was observed for the Zn,Al matrix[116]. These results
directed our efforts for the understanding of iron-based LDH structure and composition

to advance the application of such promising materials.

1.1.5. Guest species for intercalation into LDHs
1.1.5.1. Naproxenate anions

Non-steroidal anti-inflammatory drugs (NSAIDs) are formed by a heterogeneous
group of compounds containing one or more aromatic rings bonded to an acid group.
They are weak acids that act mainly in inflamed tissues and bond significantly to plasma
albumin.[117] NSAIDs comprise the most studied class of drugs for intercalation into
LDH drug carriers.[59] Prolonged uses of NSAIDs are associated with several side effects,
mainly related to the gastrointestinal tract, such as ulcerative stomatitis, esophagitis,
ulcerations, among many others.[118] LDH’s antiacid property, where hydroxide ions
from the layers are responsible for acids neutralization buffering action[ng], and the
possibility to promote a modified drug release offer advantages to compose oral
formulations of NSAIDs, expecting to decrease the side effects described above. It is also
demonstrated that LDH basicity favors permeation of NSAIDs through gastrointestinal
mucosa[59]. Literature pertaining to LDHs aiming a controlled release of NSAIDs
indicates that the release rate may vary from hours to days, depending on LDH
composition, morphology, particle size, and particle aggregation state. Also, LDH can
intercalate the anionic form of NSAIDs, which presents greater solubility. Moreover,
LDH may load an amount of drug per volume unit that is higher than its solubility,
releasing it in concentration rates along time that are under saturation. In this way, it is
said that LDH may overcome the low solubility of NSAIDs in aqueous medium when
intercalated into LDH, improving the viability of oral administration, allowing the

dissolution and absorption of the active principles in the body.[59]

Naproxen, (S)-(+)-6-methoxy-a-methyl-2-naphtalenacetic acid, consists of a

naphthalene aromatic moiety containing a propionate and a carboxylic side groups[i20],
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as shown in Figure 1.4. Literature counts with several works concerning the
intercalation of naproxenate anions (NAP), deprotonated naproxen, into MgrAl and
ZnrAL LDHs[121-130] and just two works concerning the NAP intercalation into iron-
based LDHs. The work of del Arco et al[131] reports NAP intercalation into the
Mg,Fe,.Aloo LDH, with a low amount of iron. Higher iron amounts were applied for the
preparation of the Mg,Fe,sAlos-NAP and Zn,Fe,sAl,s-NAP LDHs, in our previous
work.[115] Therefore, NAP is applied in this thesis as a model drug, but still carrying

innovation concerning its intercalation into iron-enriched LDHs.
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Figure 1.4. Chemical structure of naproxen.

Topical administration of NSAIDs can be seen as an alternative to overcome
gastrointestinal side effects arising from the oral administration route. Local
administration may leads to an increase in the local concentration of the drug in
subjacent tissues, which can also reaches the bloodstream, performing a systemic
action.[132] Transdermal release of naproxen and its sodic form has being studied in
formulations in form of gel[133], polymeric film[134,135], polymeric nanoparticle[136],
and microemulsion[137]. LDHs intercalated with NAP may compose topical
formulations, such as therapeutic dressings, being possible to propitiate a NAP modified

release and to improve physical properties of polymers and gels.[31,138]

1.1.5.2. Abietate anions

Rosin, also called colophony, is mainly obtained from pines and is a source of several
substances primarily used for plant protection. Rosin is composed by 9o - 95 % of
monocarboxylic acids diterpenoids with general formula C,yH.,COOH, mainly tricyclic
carbon skeletons, such as abietic acid (HABI), whose chemical structure is shown in
Figure 1.5, and neutral compounds.[139] Rosin, isolated components and its derivatives
find many uses in cosmetics and dermatologic formulations. They present bactericidal,

fungicidal, antiulcer, cardiovascular, and anti-inflammatory activities.[140] [141]
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Bactericidal property of HABI and derivatives have been proved against common
bacteria, such as Escherichia coli and Pseudomonas aeruginosa, and also Staphylococcus

aureus strains and its methicillin-resistant biofilms. [142,143]

HO o]

Figure 1.5. Chemical structure of abietic acid.

HABI was investigated for anticancer therapy as an antimetastatic adjuvant agent to
act with the anticarcinogenic drug taxol. Studies carried in vivo, on mice, showed that
HABI was able to reduce metastases in the lung by about 92.8 %, through inhibition of
melanoma cells migration, invasion and mobility. Also, it improved the taxol
activity.[144] Another paper reported the role of HABI on wound healing.[145] Briefly,
wound healing involves a sequence of overlapped well-coordinated steps: (1) hemostasis,
(2) inflammation, (3) proliferation, and (4) remodeling.[146] HABI enhanced in vitro
angiogenesis, an important process occurring in early phases of wound healing,

consisting of new blood vessel formation, and accelerated in vivo wound healing in mice.

As discussed above, LDHs can propitiate a series of advantages to the guest species
via intercalation. Poor solubility of non-ionized HABI in water (1.2 x 10> mol L™ at 20
°C)[147] can be overcame by intercalating deprotonated HABI (ABI) into LDH.
Moreover, the combination of ABI and LDH properties can originate enhanced
formulations for diverse diseases and the hybrid can also compose interesting topical

formulations aiming to assist wound healing, such as solid dressings.

The interaction between LDH and ABI, addressed in this thesis, is a new issue and
only two works could be found in the literature: a study concerning the development of
a nickel catalyst based on NirAl-LDH for rosin hydrogenation;[148] and the application
of colloidal suspensions of calcined MgrAl LDHs to remove HABI/ABI from solution
through superficial adsorption. The latter work takes advantage of memory effect, in

which LDH structure is rebuilt from oxides obtained from LDH calcination in the
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presence of the anion to be intercalated (however ABI intercalation into LDH was not

proved or discussed)[149].

1.1.6. LDH-polymer composites

The combination of polymers and LDH particles forming nanocomposites dates from
the 2000’s and aims to improve mechanical, thermal, and optical properties of
polymers.[150-153] In the pharmaceutical field, primary studies were related to the oral
administration route. Although LDHs tends to promote a sustained drug release in pH
medium close to the physiologic values, when in contact with acidic medium, such as of
the stomach, the inorganic matrix is rapidly dissolved, accelerating the release rate of
the intercalated species. Enteric coating is a technique in which capsules surface is
covered by a polymeric layer protecting them from dissolution in the stomach, directing
the active ingredient to be preferentially absorbed in the intestine.[154] For instance, Li
et al.[155] prepared Mg,Al LDH particles intercalated with the NSAID fenbufen coated
with Eugragit® (copolymer of methacrylic acid and methyl methacrylate) and it was
verified the inhibition of the drug release due to the interaction of carboxylic groups of
the polymer with the LDH surface. Still in the direction to turn LDHs into even more
interesting therapeutic vehicles, M. Mahkam et al.[156] showed that the nanocomposite
consisting of the Zn,Al LDH and alginate entrapping insulin propitiate a slower drug

release in comparison to the LDH in the absence of alginate.

In the breakthrough of administration routes other than the oral, LDH-polymer
composites are studied for topical ocular applications[i57], as a suspension, and for skin
applications, in the form of cream[158], gels[159], or membranes[160], aiming a
controlled release of bioactive species. As discussed in the section 1.1.3, LDHs as
biomaterials, LDH-polymer composites also find application in tissues engineering field,
being studied as bone substitutes and more recently as dressings aiming wound
healing[161]. As wound dressings, the polymer acts as more than a physical barrier to the
wound, as a mechanism for exudates removal, or as a support for LDH particles[162]; it
may also impose diffusional barriers to drug release, assisting drug release modulation
and participating of wound healing process, improving cells adhesion and migration. On

its turn, LDH can propitiate a controlled release of species that can promote a faster and
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painless wound healing process, such as anti-inflammatories[59,121] and
bactericidal[163-165] agents. Moreover, the LDH structure may experience a M>* and M3*
cations leaching process, especially in acid media such as the skin (pH value range 4-
7[166]), and such cations are involved in collagen neogenesis, verified thought in vivo

model[73,115], as discussed above, thus playing a role in tissue regeneration process.

1.1.6.1. Preparation of polymer/LDH membranes

1.1.6.1.1. Electrospinning and electrospraying methods

The application of a high voltage electrostatic field charging the surface of a polymer
solution leading to the ejection of the liquid jet through a spinneret dates from centuries
ago.[167] During the liquid ejection, the solvent evaporates giving rise to an
electrosprayed or electrospun polymer, depending on operation conditions such as the
tension and the distance between the spinneret and the collector, the polymer molar
mass and concentration, the vapor pressure of the applied solvent, the solution viscosity,
etc. When a strong electric field is established between the metallic needle and a
conductive collector, the droplet exiting the needle takes the shape of the so-called
Taylor cone from which a charged jet is propelled.[168] During its flight travel in the air,
the charged jet is subjected to whipping movements while the solvent evaporates.
Thereby the jet elongates and solidifies. A dry fibber with an average diameter ranging
from tens of nm to few of microns is deposited on the collector in the form of a
nonwoven mat. The first patent describing the electrospinning operation was deposited
in 1934.[169] However, it started being described in more detail from 2000s, since the
physics of the process started to be better understood. When a suspension is submitted
to a similar setup to electrospinning, dispersed particles from fine droplets are collected
and the process is called electrospraying.[170] Figure 1.6 illustrates both electrospinning

and electrospraying procedures.
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Figure 1.6. Schematic representation of electrospinning and electrospraying procedures.

Electrospun membranes find applications in diverse areas, such as the food industry
and agriculture[171], electrochemistry for energy storage[172], and medicinal devices
development. In this last field, wound healing purpose has to be highlighted[173] because
electrospun nanofibrous mats mimic the extracellular matrix components and enable
cells growth and differentiation. Fibers possess a high surface area/volume ratio and high
porosity, able to create nutrient gradients.[170] Thus, polymer matrix by itself is promising
to be applied as wound dressings or implantable devices, supporting damaged tissues and
improving tissue regeneration.

Polymeric membranes containing LDH particles may originate promising
multifunctional composites, combining healing properties of both electrospun fibers and
LDH, and also the ability of LDH to sustain the release of intercalated bioactive species.
In literature, electrospun-LDH interaction occurs via the introduction of particles inside
polymeric fibers. This design is obtained by suspending LDH in the polymer solution
which is further electrospun.[174] However, such approach frequently leads to the
formation of beads, turning fibers less homogeneous. Bead occurrence tends to increase
with the increase in LDH percentage in the composites. For instance, Valarezo et al.[174]
obtained homogeneous fibers containing the Zn,Al LDH intercalated with amoxicillin
when LDH percentage in the membrane was equal to 3 wt%. However, the formation of
beads was observed for membranes with 5 and 7 wt% of LDH. In the same work,

amoxicillin in vitro release was also studied for the membrane presenting 3 % wt of LDH,
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and was observed to be slow, extending for more than 20 days. Since aiming the
production of homogenous fibers, bead formation limits the amount of LDH in the
composites. Furthermore, as shown in the work of Gao et al.[175], fiber diameter tends to
increase as the LDH amount increases. Yang et al.[176] prepared poly(lactic-co-glycolic
acid) electrospun membranes containing 5 wt% of Mg;Al LDH intercalated with
flurbiprofen acetyl. Heterogeneous fibers diameter was observed. Additionally, less than
40 % of the drug was released after 5 days. A slow release of diclofenac from
poly(caprolactone) electrospun fibers containing Mg;Al LDH particles was also observed
in the work of Tammaro et al.[177], where after 240 days only 50 % of the drug was
released.

Although electrospun membranes containing LDH drug carriers inside the fibers
have shown to sustain the release of the guest species for a long time, a desired
characteristic for pharmaceutical formulations, the technology involved in the
development of advanced drug delivery devices may count on mechanisms to modulate
the drug release rate, adjusting the formulation characteristics according to the
application, e.g. drug chemical structure and physical-chemical properties, disease type
and treatment. The combination of polymer electrospinning and LDH electrospraying
techniques may offer a greater variety of designs aiming for such fine control of the

polymeric device’s specifications, as shown in this thesis.

1.1.6.1.2. Solvent casting method

Solvent evaporation[178,179], also called casting method, is a cheap and simple
technique for polymeric membranes preparation and is an alternative to more complex
methods, such as electrospinning or extrusion, for instance, inclusive when such cited
methods are not viable. By casting, the polymer is solubilized in a suitable solvent or
mixture of solvents. After solubilization, the polymer solution is spread on a substrate
then submitted to evaporation under ambient or controlled pressure, humidity, and
temperature conditions. Polymer precipitates as a consequence of the evaporation of the
solvent, forming the polymeric membrane. Figure 1.7 shows a schematic representation

of the casting method for the preparation of a simple polymeric membrane.
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Figure 1.7. Schematic representation of the preparation of a polymeric membrane by the casting method.

The casting method also allows polymer chains impregnation with chemical entities
that can be previously solubilized and added to the polymer solution or be solubilized
in the polymer solution. Similarly, composite membranes can be prepared by

suspending insoluble particles in the polymer solution.

The casting method is being employed for the preparation of LDH-polymer
composites membranes aiming different applications, such as exchange membrane fuel
cells[180,181], for removal of contaminants[182], and as biomedical devices for controlled

release of drugs[183].

1.1.6.2. Polymers used in biomedical devices

1.1.6.2.1. Poly(lactic acid)

Poly(lactic acid) (PLA), 2-hydroxy propionic acid, is a polyester formed by the
condensation of lactic acid units, whose chemical structure is presented in Figure 1.8.
Besides being non-toxic and biocompatible, it is biodegraded in physiologic conditions
through hydrolysis of ester bond backbone to products that are easily excreted by
kidneys.[184] PLA is synthesized from renewable and abundant resources, such as corn
starch, potato, or sugar cane.[185] Since biobased and biodegradable, PLA is defined as
an eco-friendly polymer. PLA production spends from 25 to 55 % less energy compared
to polymers obtained from petroleum. Moreover, PLA is thermoplastic and presents
physical properties (e.g. thermal, mechanical, and optical) comparable to other
commercial polymers, such as polystyrene, poly(ethylene terephthalate), and
polypropylene. Thus, it is a promising substitute to petrol-based polymer in plasticulture

and packing industry.[184,186]
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Figure 1.8. Chemical structure of PLA.

Although PLA is approved by the Food and Drug Administration (FDA) with
respect to more intimate contact with biological fluids, medical applications of PLA were
initially limited due to processing issues. High molar weight polymer is now possible
and PLA can be submitted to diverse techniques, such as injection, extrusion, blow

molding, thermoforming, and electrospinning.[185]

PLA may compose diverse biomedical devices, such as implantable membranes and
dressings aiming drug delivery[187] and absorbable sutures[188], arising special
attention for the development of biomaterials for tissue and organ engineering. In this
way, PLA composites grafting bone implants are found to stimulate bone integration
and promote hard tissue regrowth.[186] PLA polymer devices may hold species such as
bio-signaling and growth factors to enhanced cell adhesion and proliferation, promoting

wound healing.

1.1.6.2.2. PEBAX®2533 member of the poly(ether)-block-poly(amide)
family

PEBA comprises a wide family of synthetic thermoplastic elastomer block
copolymers formed by polyether (PE) that confer elasticity, called soft portions, and by
polyamide (PA) units that confer rigidity to the chains, called hard segments. PEBA
attracts attention due to its unique mechanical performance and also due to the
possibility to modulate polymer properties by changing the compositions of the PE and
PA units and the proportions among them.[189] PEBAX'MED are compositions
indicated to medical applications. Some characteristics that make PEBAX'MED
promising to medical applications include the ease with which it can be sterilized, being
resistant to detergents, bleach and anti-infective agents, high selectivity and

permeability, and long-term stability.[190] PEBAX 2533 applied in this work is composed
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of 80 wt % poly(tetramethylene oxide) and 20 wt % poly(amide)-12, as PE and PA

portions, respectively (Figure 1.9).
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Figure 1.9. Chemical structure of PEBAX®2533.

PEBAX" is already applied for the production of catheters[191,192] and angioplasty
balloons[193]. However, in literature, studies involving PEBAX" are mostly focused on
gases separation. Zhang et al.[194] studied the performance of PEBAX 2533, PEBAX"3533,
and PEBAX 4033 membranes containing tween 20 for separation of CO, and N, gases,
prepared by solvent casting method. Nafisi et al.[195] prepared a membrane composed
by a dual layer PEBAX 2533 obtained by casting method and zeolitic imidazolate metal-
organic framework (MOF) as filler for CO, capturing. Ardestani et al.[196] fabricated
PEBA nanocomposites, with PEBA composed by poly(amide)s and polyethylene oxide
portions, by dip-coating a ceramic support by PEBA solution for purposes of separation
of CO, and N, gases. Thanakkasaranee et al.[197] prepared PEBAX'MH165 films with
temperature-dependent permeation, also by casting method. Besides gas separation,
PEBA membranes have being studied for solvent sorption[198] and bio-ethanol
recovery[199] by applying MOV / PEBAX 2533 membrane. Other studies concern the
improvement of PEBAX" properties, such as the work of Shirole et al.[200], in which it
were developed shape memory composites prepared sandwiching electrospun
poly(vinyl alcohol) fibers with PEBAX’-6333, and the work of Oliveira et al.[201], in which
silver nanoparticles were immobilized into PEBAX 2533 membranes prepared by casting

method, conferring a bactericidal property for the composite.

To the best of our knowledge, despite the studies presented in this thesis, no works

could be found concerning PEBA and LDH composites.
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2. Aims and organization

2.1. Aims of the thesis

The main aims of this thesis are to study the incorporation of Fe3* cations into LDH
structure and develop Fe3*-LDHs and their polymer composites to act as biomaterials.

More specifically:

(1) to obtain LDHs composed by as higher as possible amount of Fe3* cations;

(2) to study the influence of Fe3* in structural and compositional properties of LDHs;

(3) to evaluate possible impurities from the Fe3*-LDHs synthesis and properly
determining the composition of the samples;

(4) to study the intercalation of different anionic bioactive species into the Fe3*-
LDHs by coprecipitation method and ion-exchange reaction;

(5) to develop polymer/Fe3*-LDHs composites aiming multifunctional therapeutic

membranes such as implantable devices or dressings.

2.2. Organization of the thesis

The results presented in this thesis are divided into two main parts, consisting of a
total of seven chapters, whose resumed content is displayed in Figure 2.1. The first part
comprises Chapters 3, 4, and 5, concerning systematic studies to investigate the
progressive incorporation of Fe3* cations into LDH and its effect on the structure,
composition, and properties of the materials. In Chapter 3, both Mg.FeyAl..y)-Cl and
Zn,FeyAl(..y)-Cl series of LDHs, with y equal to o, 0.25, 0.5, 0.75, or 1, are investigated. The
M2*/M3* molar ratio (R) equal to 2 was chosen since it allows a high iron content and,
consequently, a higher charge density in LDHs layers, conducting to high drug loading
capacity. Chloride anions were chosen due to their intrinsic biocompatibility[202] and
the possibility to compose LDHs-Cl acting as biomaterials[73,115]. Synthetic parameters
were adjusted aiming to achieve both optimal purity and crystallinity. Iron incorporation
and the evaluation of phase purity are central aims explored in Chapter 3. Materials were
characterized by X-ray diffraction (XRD), infrared (FTIR) and Raman spectroscopies,
thermal, and elemental analysis which, in practice, are the usual and basic

characterization techniques applied to determine LDH’s structure and composition in
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literature. Complementary techniques including full-profile refinements of XRD data,
geometrical reasoning of LDH structures and pair distribution function (PDF) analysis of
X-ray total scattering data are presented as auxiliary techniques to better understand
materials structure and to avoid misleading concerning their compositions. The
formation of continuous solid solutions for both series is investigated. Chapters 4 and 5
explore the two most applied techniques for preparation of hybrid organic-inorganic
LDHys, i.e. ion-exchange and coprecipitation, as well as the influence of the presence of
iron in the preparation of the materials by both synthetic methods. More specifically,
Chapter 4 is related to the capacity of the Mg,FeyAlny)-Cl and Zn,FeyAlny)-Cl pristine
LDHs to participate in ion-exchange replacement of ClI" by NAP anions. The NAP/ M3*
molar ratio and the temperature of ion-exchange were also investigated. Moreover, the
submission of pristine LDHs to ion-exchange may provide additional information and
confirm structural and compositional hypothesis made in Chapter 3. In its turn, in
Chapter 5 it is showed for the first time the capacity of LDH to intercalate ABI anions.
Both series of LDHs, with Mg,FeyAl(..y) and Zn,FeyAl(.y) layer compositions, intercalated
with ABI anions were prepared by the coprecipitation (one-pot) method. The same basic
characterization techniques applied in Chapter 3 are used for the evaluation of LDH-ABI
and LDH-NAP materials, in some cases including similar studies concerning iron-
incorporation and a proper materials composition determination by geometric reasoning
of the LDH structure. ABI and NAP were primarily considered as model anions. However,
they are also considered promising guest bioactive species, as discussed above. The final
purpose of these three studies consists in the preparation of single Fe3*-based LDH
phases, containing as higher as possible Fe3* instead of AI3* cations, aiming more
adequate LDHs compositions for application as biomaterials, in general, and the

preparation Fe3*-LDH/polymer composites, subject of the second part of this thesis.
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After careful analysis of the Fe3*-LDH compositions, based on purity and capacity
for ABI and NAP anions intercalation, the intermediate layer compositions
Mg.Feo5Alo5 and Zn.Fe,sAlo5 were selected for further application as components of
LDH-polymer composite membranes, in the second part of the results and discussions
section. Chapter 6 presents membranes composed by poly(L,D lactide) (PLA), aiming
topical or implantable devices, elaborated from the combination of electrospinning
and electrospraying processes, showing interesting properties coming from the
presence of both nanofibers and microparticles components. Two kinds of membranes
having different structures and made of PLA electrospun nanofibers and drug-loaded
LDH electrosprayed microparticles were elaborated in order to modulate the kinetics
of drug release, in vitro assessed, while avoiding the use of any hydrophilic adjuvant.
Multilayer membranes with LDH particles sandwiched between PLA fibrous layers of
various thicknesses were studied and compared to membranes in which the LDH
particles were entrapped in the fibrous PLA mesh. PLA was chosen as polymer due to
its biocompatibility, good mechanical properties, and performance for fibers
formation. The Mg,Fe,sAlos-NAP LDH was the chosen solid component. To compare
the effect of the organic anions regarding the interaction between LDHs particles and
fibers, similar membranes were prepared with the Mg.Fe,;Alos-Cl LDH precursor.
Chapter 7 is concerned with the development of polymer-LDH composites prepared
by casting method, based on the PEBAX 2533 (PEBA) polymer and Mg,Fe,;Al,s-NAP
or Zn,FeosAlos-NAP LDHs, aiming multifunctional therapeutic wound dressings. For
comparison, pristine PEBA membrane and the membranes containing only NaNAP
(not intercalated into LDH) or pristine Mg,Feo sAlo5-Cl or Zn,Fe, sAl,5-Cl LDHs were
also prepared. Membranes were structurally characterized by XRD, vibrational FT-IR
spectroscopy, thermal analysis, vertical mechanical resistance, and static water contact
angle. In vitro drug release profile and in vitro cytotoxicity were assessed. Finally,
Chapter 8 presents for the first time the in vitro ABI release profile from the LDH,
Mg.Feo sAlos-ABI composition. Previously, it was determined the NaABI solubility in
the same medium and conditions (solution type and temperature) applied for the drug
release experiments. The Mg,Fe,sAlos-ABI LDH was applied for the preparation of an
LDH-polymer composite based on the same PEBA polymer and prepared by the same

method applied in Chapter 7, aiming wound dressings. PEBA membrane containing
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NaABI was also prepared and studied for comparison. Membranes were structurally
characterized by similar methods employed in Chapter 7. Finally, Chapter g9 compiles
elemental analysis (metals and carbon percentage) of the M,Fe, sAlo5-A LDHs (with A
= CI, NAP, or ABI) presented in this thesis and applied in its second part and the
associated deviations, important to validate compositional inferences made along with

the thesis and also to approximate the production of these materials to the large scale.
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3. Abstract and data presentation

3.1. Abstract

As discussed in the introduction section, LDH and related composites have attracted
much attention for biomedical applications and the development of LDH drug carriers
composed of endogenous metals, such as Fe3*, is of great interest. However, most of the
studies reported so far on iron-containing LDH, mainly focusing on the applications,
suffer from insufficient data and limited understanding of the synthesis, the
composition, and the structure of these materials. The studies presented in this chapter
involve the synthesis of Mg.,FeyAlny)-Cl and Zn,FeyAlu.y)-Cl LDH materials with the
molar ratio between the di and trivalent cations (R) equal to 2 and o < y <1, and the use
of complementary spectroscopic, microscopic, thermal and scattering techniques for the
evaluation of their compositional and structural properties. By combining crystal-
chemical reasoning and pair distribution function (PDF) analysis, it was possible to
differentiate between contributions from crystalline and amorphous components. For
Mg-series, when the iron content exceeds that of aluminium (y > 0.5), the compositions
were found to slightly deviate from that expected with an increase in the value of R
tending to 3. For Zn-series, more heterogeneous samples were obtained. Iron
incorporation in the crystalline LDH component was observed up to y equal to o0.75
(nominal value), then an amorphous product was observed for y equal to 1. For y > 0.5
the presence of the amorphous 2-line ferrihydrite was clearly demonstrated by PDF
analysis and it is the major phase for y = 1. Although never reported so far, the
precipitation of ferrihydrite for the ZngrFe-based LDHs is not surprising given the
synthesis conditions applied, with a pH value of 7.5. As well as providing a reliable
approach to the characterization of Fe3*-LDHs, this study also gives useful elements for
better understanding and interpreting the results reported in the literature regarding
these phases. Results shown in this chapter are published as an article in the Journal of
Alloys and Compounds, 886 (2021) 16184, Copyright Elsevier (please, see

https://doi.org/10.1016/j.jallcom.2021.16184 and the original abstract in Appendix B).
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3.2. Materials and Methods

3.2.1. Reagents

Magnesium chloride hexahydrate (MgCl,-6H,O) (99 %), zinc chloride (ZnCL) (= 99
%), aluminum chloride hexahydrate (AlCl;-6H.O) (99 %), ferric chloride hexahydrate
(FeCl;-6H,0) (98 %), sodium hydroxide (NaOH) (= 98 %), D-sorbitol (> 98 %), and
absolute ethanol were acquired from Sigma-Aldrich. Deionized water was obtained from a

Millipore water purification system.

3.2.2. Synthesis of the Mg.Fe,Al(..y)-Cl and Zn.FeyAl(y.,)-Cl series

Samples were prepared by the coprecipitation method and labelled according to the
starting molar ratios used for the synthesis i.e. M,FeyAl(..y)-Cl in which M is either Mg>*
or Zn** with a M?*/(AB + Fe3*) molar ratio that is equal to 2 and y corresponding to the
substitution molar ratio of AB* for Fe3*. Preliminary tests were performed on
Mg.Fe,5Alo5-Cl nominal composition to adjust the following synthetic parameters
based on the work of Sun et al[203]: salts solution concentration (0.05 and 0.1 mol L),
temperature (room temperature or 50 °C) and stirring method (magnetic at 400 rpm
or mechanical stirring at goo rpm). A Fisatom plate model 752A was employed for the
magnetic stirring and a Fisatom homogenizer model 713D for the mechanical stirring.
The pH value was set to 10.5 by the addition of 0.2 mol L*NaOH solution. The analyses
carried out for these tests are presented and discussed in Appendix B. Optimal
conditions for the synthesis of the Mg.Fe,;Alos-Cl LDH in terms of crystallinity and
apparent homogeneity were obtained for a salt solution concentration of 0.05 mol L7,
a mechanical stirring at goo rpm, and a temperature of 50°C. These conditions were
then applied to all members of Mg series. They were also applied for Zn series except
for the temperature, since heating may lead to the formation of ZnO/Zn(OH), as often
reported in the literature[84,85,88,98-108], and the pH set to 7.5 (see Appendix B:

Figure B.4 and discussions).

In more details, around 190 mL of 0.05 mol L chloride salts solution containing the
metal cations in appropriate molar amounts to obtain the iron content (y value) o, 0.25,

0.5, 0.75, or 1 were added into a reactor vessel prefilled with 200 mL of deionized water
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under nitrogen flow at an addition rate of 0.4 mL min?, while the pH value was
controlled by the simultaneous addition of a 0.2 mol L™ NaOH solution. Following the
completion of the addition of the salt solution (for around 8 hours), the precipitate was
left in the solution for one hour at the same temperature and stirring condition, and was
then recovered by filtration under reduced pressure, washed with deionized water
followed with absolute ethanol and finally dried at room temperature under reduced

pressure in a desiccator.

3.2.3. Characterization

X-ray diffractometry (XRD) analysis for the synthesis conditions optimization tests
were performed using a D8 Discover Bruker with a LYNXEYE XE-T detector, using
CuKo/ Ko, radiation (1.5406/1.5444 A) source in Bragg Brentano 0-0 geometry, scan
range 1.5 - 70° (20) and scan step of 0.05° / 8 s. The subsequent XRD measurements for
the characterization of Mg.FeyAl(..y)-Cl and Zn,FeyAl(..y)-Cl series were performed on a
Philips X'Pert pro diffractometer equipped with a X'celerator 1D detector (2.122° active
length), using CuKo,/ Ko, source in Bragg Brentano 0-8 geometry. XRD patterns were

scanned through steps of 0.016°(20) from 5 to 90°(26).

The lattice parameters for both series were refined using the Le Bail[204] whole
powder XRD pattern decomposition method with FullProf suite package[205] and
assuming R-3m space group as usually reported for LDH[206]. To properly reproduce
XRD peak profile and reach good fits, it was necessary to consider microstructural effects
in particular anisotropic size effects related to the platelet morphology of LDH particles.
Peak broadening coming from anisotropic size effect was modelled with linear
combinations of spherical harmonics[207] as implemented in FullProf which then
allowed the calculation of the volume-averaged apparent size of the coherent domains
along each reciprocal lattice vector. Dimensions according to the 110 (Luo) and ool (Loor)
directions are of particular interest being related to the coherence lengths within LDH
hydroxide layers and along the stacking direction, respectively. LaBs NIST standard was
used to correct for instrumental broadening.

The atomic Pair Distribution Functions (PDF) were obtained from X-ray total

scattering data collected on a PANalytical Empyrean diffractometer equipped with a
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solid state GaliPIX3D detector, a focusing X-ray multilayer mirror, and an Ag
anticathode (Ko = 0.5594214 A, Ko = 0.5638120 A). Powder samples were mounted in
glass capillaries of 0.7 mm diameter. An empty capillary of the same type was measured
in the same way for background subtraction. Data were recorded over the range 1 < 26 <
145°, which corresponds to an accessible maximum value for the scattering vector Q max
of 21.4 A, Data merging, background subtraction, and Koz stripping were done using
HighScore Plus software, provided by PANalytical Corporation. It was also used to
generate a corrected and normalized total scattering structure functions S(Q) and finally
the PDF or G(r) were calculated from the Fourier transforms of the reduced structure
functions truncated at 21 A-". The bulk chemical composition of the materials was used

for the normalization of S(Q).

Direct observations of LDH particles from samples involved in optimization tests
were obtained by scanning electron microscopy (SEM) using a FE-SEM Jeol JSM 7401F
equipment; samples were prepared by simple powder deposition onto double sided
adhesive copper tape. A Jeol JSM 6610LV equipment was used for imaging Mg.Fe,Al(.y)-

Cl and Zn,FeyAl..y)-Cl sample series after gold sputter coating.

Thermogravimetric analysis coupled to mass spectrometry (TGA-MS) was performed
on a Netzsch thermoanalyser model TGA/DSC 490 PC Luxx coupled to an Aéolos 403 C
mass spectrometer, using alumina crucibles with a heating rate of 10 °C min™ from room
temperature until 1000 °C, under a synthetic air flow of 50 mL min?, and applying around

10 mg of sample.

Quantitative analyses of Mg, Zn, Fe, and Al were performed by inductively coupled
plasma optical emission spectroscopy (ICP-OES) in a Spectro Analytical equipment,
Arcos model, at the Central Analitica of Instituto de Quimica (Universidade de Sdo Paulo
- USP). Sampling was executed in duplicate. Approximately 10 mg of solid sample was
dissolved with 2 mL of boiling concentrated HNO; until complete dissolution.
Translucent solutions were transferred to 100 mL volumetric flasks and the volume was

adjusted with deionized water.
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Fourier transform infrared (FT-IR) spectra of powdered samples were recorded on a
Bruker spectrophotometer, model Alpha, in attenuated total reflectance (ATR) mode
with a resolution of 4 cm™ and 512 scans in the 4000-400 cm™ range.

Raman spectra were recorded at -100 °C in a Renishaw inVia spectrometer coupled
with a Leica optical microscope (REo4) with a CCD detector, using a diode laser at 785
nm (Renishaw HPNIR785), a laser potency of 5 mW (1 % of the maximum beam potency)
and quintuple accumulation. Low temperature was applied to limit materials
luminescence and samples decomposition. Component analysis of vibrational spectra of
LDH samples was performed using OriginPro’g software by applying the Voigt function,
product of Gaussian and Lorentzian functions, on baseline discounted curves.[208] The
minimum number of component bands was considered for the fitting process, carried
out until the obtention of reproducible results with R-Squared (R? or the coefficient of
determination) values greater than 0.99s.

Particle hydrodynamic size distribution of LDH samples involved in optimization
tests were measured in a Malvern Zetasizer Nano ZS equipment through dynamic light
scattering (DLS). A fifth of a 5 mL Eppendorf tube was filled with the LDH slurry just
after the washing procedure plus 4 mL of deionized water. The suspension was
submitted to ultrasound bath (Limp-Sonic Ciencor equipment, model LS-3D-3/X) for 2
h. Then, it was added o.5 mL of a 0.1 mol L sorbitol aqueous solution and the

suspensions were submitted to the ultrasound bath for two more hours.

3.3. Results

3.3.1. Initial inspection of Mg.FeyAl)-Cl and Zn.FeyAl.y)-Cl
compositional series

XRD patterns of Mg,FeyAlqy)-Cl and Zn,FeyAl(..y)-Cl samples are showed in Figures
3.1 and 3.2, respectively, and they are typical of LDH materials.[39] Bragg peaks were
indexed considering a hexagonal cell with R-3m space group, usually reported for
powdered LDH by reference to Quintinite and Hydrotalcite crystal minerals[37].
Actually, the relatively low crystallinity of the samples does not allow us to consider
another crystal system such as a monoclinic cell as reported elsewhere[209]. It may be

recalled that in R-3m space group, the position of the (003) peaks are related to the
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interlamellar distance while the (110) peak is related to the distance between adjacent

metal cations thus on their ionic radii within the hydroxide layers, and it follows that a

= 2Xduo and ¢ = 3xdoos.
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Figure 3.1. (A) XRD patterns of Mg.FeyAluy)-Cl samples. (B) Magnification in the 58 - 64° (208) range; the
dotted line shows the shift of the (110) peak to the left as y increases.

For both series, the signal to noise ratio decreases significantly between the first
composition (y = 0) and the followings, which indicates a decrease of the crystallinity as
soon as iron is introduced in LDH layers. Mg-series appears to consist of pure LDH single
phases in the whole composition range. The broadening of the Bragg peaks along the
series can be related to a progressive loss of structural order and/or a decrease of the
coherent domain size. For Zn series, the last composition (y =1) is practically amorphous
with only two broad peaks observed on the XRD pattern centered at ca. 35.0° and 61.2°
(20) attributed to amorphous 2-line (2 main lines visualized in XRD) ferrihydrite (FH)
as will be demonstrated below in the second part of this study [210-212]. For

Zn,Fe, ;sAlo..5-Cl sample, one can note the presence of additional low intense peaks

identified with an asterisk in Figure 3.2 and attributed to the presence of Zn(OH), and
ZnO phases.[213,214]
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Figure 3.2. (A) XRD patterns of the Zn.FeyAlu.y)-Cl samples; (*) indicates the presence of Zn(OH). and
ZnO phases. (B) Magnification in the 58 - 64 (20) range; the dotted line shows the shift of the (110) peak
to the left as y increases.

The gradual shift of the (110) peaks towards lower angles for both series (Figures 3.1B
and 3.2B) is consistent with the gradual incorporation of Fe3* into the hydroxide layers
by substitution of A3*, with the ionic radii of Fe3* and A3* in six-fold coordination being
0.645 and 0.535 A[38], respectively. On the other hand, for M*/(A3*+Fe3*) molar ratio
being constant and close to 2, the charge density of the layers does not change, therefore

the interlayer content is not expected to vary and neither is the (003) peak position.

The chemical compositions of the samples are given in Table 3.1. Mg, Zn, Al, and Fe
elements were quantified by ICP-OES analysis and the analytical error for this analysis
is considered to be + 2 %. For Mg series, the M2*/M3* molar ratios (R) obtained are very
close to the value of 2 applied during the synthesis. The amounts of water were deduced
from TGA analysis, as discussed further. On the other hand, for Zn series, except for
Zn,Al-Cl and Zn,Fe, ,5Alo5-Cl samples, the chemical compositions of the bulk differ
more compared to those expected and the differences are more related to the value of R

than to the value of y. It may also be noted that for Zn,Fe-Cl sample the experimental



63

molar ratio obtained, i.e. R =1.16, is not consistent with the formation of LDH hydroxide

layers.
Table 3.1. Bulk chemical composition of the synthesized samples.
MZ+ MZ+ Fe3+ M2+
Sample i - y = ————— =
A3+ Fe3+ Fe3+ 4+ Al3+ Fe3* + A3+ % H,O©
(2.00)@
Mg.Al-Cl 1.2
2.04®
(2.67) (8.00) (0.25) (2.00)
Mngeo.25A10.75-Cl 12.8
2.71 8.25 0.25 2.04
(4.00) (4.00) (0.50) (2.06)
Mngeo.sAlo.s'Cl 12.4
4.23 4.01 0.48 2.06
(8.00) (2.67) (0.75) (2.00)
Mngeo.75Alo.25-Cl 13.4
8.27 2.64 0.76 2.00
(2.00)
Mg.Fe-Cl 13.1
1.96
(2.00)
ZnAl-Cl 9.5
1.96
(2.67) (8.00) (0.25) (2.00)
Zn.Feo.25Al0.5-Cl 1.1
2.59 8.74 0.23 2.00
(4.00) (4.00) (0.50) (2.00)
9.7
Zn.FeosAlos-Cl 3.53 3.47 0.50 175
(8.00) (2.67) (0.75) (2.00)
anFeo,75Alo,25'Cl -
7.99 2.51 0.76 1.01
(2.00)
Zn.Fe-Cl -——-
1.16

(a) Nominal molar ratios between the cations according to the reagents stoichiometry; (b)
experimental molar ratios between the cations determined by ICP; (c¢) water amount (m/m)
released in TGA mass loss event(s) related to dehydration.

The unit-cell parameters a and ¢ for both sample series given in Table 3.2 were

accurately determined by full-profile refinement of the XRD patterns by the Le Bail

method for the M.FeyAl.y)-Cl materials, whose results are shown in Appendix B

(Figures B.5 and B.6). A linear variation of a cell parameter as a function of the amount
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of iron (y) experimentally measured is observed for both series as shown in Figure 3.3
which may indicate the existence of a continuous solid solution in the whole domain for
Mg series and up to y = 0.75 for Zn series. The slopes of the linear regression curves being
quite similar, the incorporation of iron into Mg,Al and Zn,Al LDH layers is indicated to
proceed in the same way. This result may seem surprising in the case of Zn series given
the differences in chemical compositions observed between nominal and experimental
values (Table 3.1), unless it is considered that the crystallised components have a

chemical composition different from the bulk and close to that expected.

Table 3.2. a and c lattice parameters of the hexagonal unit-cell (R-3m) obtained by Le Bail refinement of
powder X-ray diffraction data, as well as the basal spacing d.

Sample a(A) c(A) d(A)
Mg.Al-Cl 3.04572(8) 23.0085(6) 7.669
Mg.Feo..sAlo.75-Cl 3.05724(9) 23.194(2) 7.731
Mg.Feo sAlos-Cl 3.0716(1) 23.283(2) 7.761
Mg.Feo;5Al0.25-Cl 3.0884(1) 23.478(2) 7.826
Mg.Fe-Cl 3.1052(2) 23.611(4) 7.870
Zn,Al-Cl 3.07104(3) 23.1769(4) 7.725
Zn:Feo5Al075-Cl 3.07933(5) 23.2021(5) 7.734
Zn:FeosAlos-Cl 3.09740(3) 23.4670(7) 7.822
Zn.Feo75Al0.25-Cl 3.11485(4) 23.5409(5) 7.847
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Figure 3.3. Variation of the lattice parameter a along Mg.FeyAlq-y)-Cl and Zn.FeyAlq-y)-Cl compositional
series as a function of the amount of iron (y) experimentally measured.

The variation of the structural and physicochemical properties along both series was
also investigated by IR/Raman spectroscopies and thermogravimetric analysis. Figures
3.4 and 3.5 show the FT-IR spectra of Mg,FeyAluy)-Cl and Zn,FeyAlqy)-Cl samples,
respectively, in the 4000-400 cm™ range. Several differences are pointed out between the
two series concerning the O-H stretching region in the FT-IR spectra between 3750 and
2700 cm™, characterized by a very broad band ascribed to the overlap of bands related
to the stretching of O-H of the layers and of the water molecules that can be intercalated
(surrounding the hydroxylated layer and the confined anion[215]) and/or in the
interparticle region. The spectra of Mg,Al-Cl and Mg.Fe-Cl samples reveal main broad
bands located at about 3397 and 3387 cm™, respectively, i.e. a shift of 10 cm™ in low energy
direction is observed when the lighter AI3* is replaced for Fe3* (Figure 3.4). The spectral
behavior of the Zn-series in the O-H stretching vibration is distinct in relation to the
magnesium series (Figure 3.5) showing a shift of the broad bands to high energy when

Fe3* amount increase in the samples.
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The band assigned to the bending mode of water is visualized at around 1635 cm™.

The band at 1360 cm™ is related to the antisymmetric stretching of co-intercalated

carbonate anion (CO;5>), present as a contaminant.[215] In comparison to the other

materials, the spectrum of Zn.Fe-Cl sample, whose LDH phase formation was not

confirmed by XRD, shows the band attributed to O-H stretching at 3380 cm™and the

appearance of the band at 1088 cm™ and 1049 cm™ that can be attributed to the Zn-OH

twisting and bending modes of the zinc hydrixide[214], respectively, and the bands at

2976 cm™and 1468 cm™, that may also be assigned to the zinc oxyde[216] (Figure 3.5).

The bands at 1468 and 1049 cm™ are also present in the spectrum of the Zn,Fe, ;5Alo.25-Cl

sample, which impurities were also verified by XRD.
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Figure 3.5. FT-IR spectra of Zn.FeyAlu.y)-Cl samples.

Figure 3.6 shows the Raman spectra of Mg.FeyAlny)-Cl and Zn,FeyAl(.y)-Cl samples
in the 1100 - 200 cm™ range. Spectra of all samples from 1100 to around 600 cm™ are very
similar and present broad bands related to vibrational modes of hydroxyl groups and
water molecules.[217] The band at 1064 cm?, present in the spectra of all Mg-LDH
samples and with lower relative intensity in the spectra of the Zn,Fe,.s;Al5-Cl and
Zn,Fe, ;5Alo.25-Cl samples, can be associated with the symmetric stretching of the CO5*

contaminant anions.
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Figure 3.6. Raman spectra of Mg.FeyAlu.y)-Cl (left) and Zn.FeyAluy)-Cl samples (right).

Figure 3.7 shows the low frequency region of the FT-IR (1000 - 500 cm™) and Raman
(600 - 200 cm™) spectra of Mg,Fe,Al(..,)-Cl samples, whose bands are attributed to M-
OH vibration (rotatory) and M-OH translation (lattice) modes, as reported by Frost and
coworkers.[218-220] The band component analysis of the IR spectrum of Mg,Al-Cl
sample shows bands at 550 and 772 cm™ (Figure 3.7A) that can be assigned to hydroxide
translation modes mainly influenced by the AB* cations (along with the corresponding
deformation mode observed around 940 cm™) while the band at 610 cm™ is mainly
influenced by the Mg>* cations. Along the Mg series, a gradual shift to lower frequency
region is observed for the band assigned to M3*-OH from 772 cm™ for y = o to 677 cm™
for y = 1, which is consistent with the replacement of A3* for Fe3* cations due to the
increase of the atomic mass of the trivalent cation. The two bands observed at 668 and
864 cm™ can be attributed to the v, and v. modes of interlayer CO;* anion,
respectively[221]. This indicates a contamination by carbonate anions, better evidenced

by the presence of the band at 1360 cm™ characteristic of v; mode (Figures 3.4. and 3.5).
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This contamination often takes place during the washing procedure and it is attributed
to atmospheric CO, solubilization in water.[37] The Raman spectrum of Mg,Al-Cl in
Figure 3.7B shows a well-defined band at 558 cm™ assigned to the Al-O-Al translation
mode and its progressive downshift along Mg series corroborates XRD data, i.e. the
aluminum substitution for the heavier Fe3* ion within LDH hydroxide layers. The other

bands at 506, 464, 390 and 318 cm™ are related to both Mg/Al-OH translations.[218-220]
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Figure 3.7. (A) FT-IR and (B) Raman spectra of the Mg,FeyAl(.y)-Cl samples.

Similarly, the band component analysis of the FT-IR spectrum of Zn,Al-Cl in Figure
3.8A shows bands at 545 and 741 cm™ assigned to hydroxide translation modes and
mainly influenced by the trivalent cation, while the band at 593 cm™ is attributed to Zn-
OH translation mode.[222] Due to the proximity of frequency values of these bands and

also due to the appearance of impurities upon iron incorporation, the interpretation of
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changes along Zn series is not straightforward. The FT-IR spectrum recorded for the
sample with composition y = 1 can be interpreted by only considering the presence of
ZnO/ Zn(OH), and FH phases. Indeed, the bands at 564 and 685 cm™ are common to
both Zn-based impurities and ferrihydrite, respectively, while the bands at 848 and 882
cm™ can be attributed to solely ZnO/ Zn(OH), phases.[212,214,223,224] The presence of
ZnO/Zn(OH), impurities is further confirmed at higher frequencies (Figure 3.5). The
interpretation of the Raman spectra for Zn-series is not simple either (Figure 3.8B). The
shoulder observed at 557 cm™ for Zn,Al-Cl sample can be tentatively attributed to Al-
OH translation mode, by similarity with Mg-series, since it is observed a redshift as the

iron content increases. For the sample with composition y =1, the band observed at 370

cm™ may be attributed to FH.[225]
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Figure 3.8. (A) FT-IR and (B) Raman spectra of the Zn,FeyAiuy)-Cl samples.
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Focusing on the influence of the M>*/3* cations nature in the MO-H stretching,
properties such the ones displayed in Table 3.3 should be considered to explain the
observed trends in LDH series: (i) atomic molar mass (MM)[226], (ii) effective ionic radii
(r)[38], (iii)) acidity constant of their aqua-complexes (pKa)[227,228], (iv)
electronegativity (xm)[229] of the cations, and (v) the solubility product constant (pKsp)
of the corresponding M™(OH), hydroxides and the FeEOOH phase[230].

Table 3.3. Properties of metallic cations, their aqua-complexes and related hydroxides.

Mg Zn** A+ Fe3* (high spin)
MM (g mol™) 24.31 65.41 26.98 55.84
r (A)? 0.720 0.740 0.535 0.645
pKa 11.2 9.0 5.0 2.2[228]
Xm® 1.234 1.336 1.513 1.556
PKsp 1.5 16.2 32.3 38.8

a) for hexacoordinated cations and b) Pauling electronegativity scale.

Based on Equation 3.1, with the progressive increase in the reduced mass (p) because
the increase in y value (iron) is twice heavier than aluminum), the wavenumber ()

related to the M-O stretching decreases, as visualized for both series (Figures 3.7 and

3.8).

_ K-0)
RS e (3.1)

The force bond constant (kv-0)) is dependent on the cation position in the periodic
table (i.e. representative or transition metals, molar mass and electronegativity) and
their valences (that is the same for Al and Fe in this work).[231] The bond weakening is
expected with the increase in the M-O distance by increasing y value. On the other hand,
the Fe-O bond is favored compared to the Al-O bond. In fact, the pKi of M3* aqua-
complexes is lower for Fe compared to Al, even with the first possessing lower charge to
effective ionic radii relation (Z/r), as can be seen in Figure 3.9. Consequently, the lower
pK. is related to the lower solubility product constant (Ks,) of FeOOH (frequently
expressed as Fe(OH); for simplification) compared to Al(OH); (Table 3.3). The plot of
pKa values of aqua-complexes[227,228] for different di and trivalent metals (Figure 3.9)

that can composed the LDH structure also reveals two tendencies. Clearly, the transition
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metal cations experience a stronger interaction with oxygen than the representative
metal cations, making MO-H bond weaker and the bond vibrations less energetic, as
observed for the Mg-series. Accordingly, Fe3* has a higher covalent index (ymr)
compared to aluminum, which also strengthens the Fe-O bond.[232] Therefore, both M-
O length and M-O bond strength affect k-o) value but in opposite directions. In the
case of Mg-series, this work suggests that the contribution of reduced mass (p) is the
main factor responsible for changes in the M-OH stretching energy when samples are
iron enriched, which consequently affects the MO-H stretching (stronger M-OH bonds

promote weaker MO-H linkages).
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Figure 3.9. Acidity variation of aqua-complexes (expressed by pKa) as a function of the Z/r relation,
where Z is the cation electric charge and r is the ionic radii.

The present hypothesis is supported by the literature for related materials. For
instance, for different M(OH). brucite-like structured hydroxides having cations with
the same electric charge (but with different masses, ionic radii values, and M>*-OH bond
covalence contributions), the increase in the M-O distance and the M mass leads to the

decrease in O-H stretching energy and such effect is shown to be more pronounced for
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transition metals.[233,234] The same tendency is observed for other layered minerals,
such as oxyhydroxide MOOH (M = Fe or Al)[235] and clay minerals[236]. The opposite
behavior observed for the Zn-series in the 3800 - 3000 cm™ spectral range (Figure 3.5)
indicate that other factors, beyond the metal atomic mass, are operating, such as the
establishment (or not) of water molecule interactions by H-bonding of diverse strength
in particular sites (internal or external LDH surfaces, for instance) and with distinct
species such as the intercalated anion, the hydroxylated layers or with other water
molecules in the interlayer region or in the inter-particles region. Hence, the scenario is
multifaceted. The shift of the broad bands to high energy when Fe3* amount increases
in the Zn-series cannot be assigned to the higher atomic mass of iron compared to
aluminum. Furthermore, the presence of phases as Zn(OH). and ZnO for sample with
the composition y = 0.75 and ferrihydrite for y = 1 makes the interpretation of shifts in

the vibrational bands unpractical.

The thermal behavior of the materials is examined here by coupling
thermogravimetric analysis with evolved gas analysis using a mass spectrometer and
data are discussed in details considering already reported works[36,237,238]. Figures
3.10 and 3.11 show the TGA-DTG and MS curves for the Mg,FeyAlny)-Cl materials,
respectively. Samples present a similar thermal decomposition profile in which three
main mass loss events are well visualized by TGA and DTG curves. It was possible to
distinguish between interparticle and interlayer water molecules (m/z = 18). The release
of weakly bonded interparticle water molecules is observed up to ca. 140 °C for all
samples of Mg series leading to a peak minimum on the DTG curves located at 100 °C.
The release of intercalated water occurred at higher temperature and depended on the
iron content with a DTG peak minimum located at about 200 °C for y = 0 which gradually
moves to lower temperature as the amount of iron increases to reach a temperature of
150 °C for y = 1. Since these phases have similar water contents (Table 3.1) and
interlamellar distance (Table 3.2), this can only be explained by a weakening of the
hydrogen-bonded network in the interlayer space upon iron incorporation. This result
is consistent with IR data (Figure 3.4) showing a blueshift of the vibrational band at
about 3390 cm™ as the iron content increases for Mg-series indicating a weakening of

MO-H---OH. linkages. For iron rich compositions i.e. y = 0.75 and 1, the effect of the
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increment of a heavier M3* ion is more pronounced than the mentioned H-bonding
influence, shifting the broad band to low energy region. DTG peak minimum related to
the decomposition of LDH hydroxide layers (dehydroxylation event) is also lowered as
the iron content increases from approximately 350 °C for y = o to 290 °C for y = 1. It is
interesting to note that a decrease of the dehydroxylation temperature of the same
magnitude (AT~ -60°C ) was also reported for Mg;Fe,Aly)-CO; samples[239]. This
decrease of the dehydroxylation temperature can also be attributed to a decrease of the
strength of hydrogen bonds in the interlayer space. In the 200-450 °C temperature range
and for all samples of Mg-series, MS analysis indicates the release of a fragment m/z =
44 attributed to carbonate species probably adsorbed for those released at low

temperature and intercalated for those detected at higher temperature[240].
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Figure 3.10. TGA and DTG curves of the Mg.FeyAlqy)-Cl samples. DTG curves were smoothed applying
the Netzsch Proteus’ software.
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Figure 3.11. MS curves of the Mg.FeyAluy)-Cl samples. Curves were smoothed applying the Netzsch
Proteus” software.

Figures 3.12 and 3.13 show the TGA-DTG and MS curves for the Zn,FeyAl(.y)-Cl
materials, respectively. Zn,Fe-Cl sample is out of the tendencies observed for the Zn-
series. DTG curve shows a first mass loss event from room temperature to 280 °C, related
to the release of adsorbed water molecules, as observed to LDH, and probably to the
material decomposition that presents another DTG event from 280 to 348 °C. Such
thermal behavior is in agreement with the formation of ferrihydrite phase, that presents
DTA peaks in the ranges 150-200 °C and 300-350 °C[241]. The first one, from room
temperature to around 270 °C, is accompanied by the release of water molecules and
CO.. On the other hand, the second event occurs from 270 to 350 °C and is accompanied
only by the release of CO,. Differently from the Mg,Fe;Al(..y)-Cl series, in general for the
Zn,FeyAl(.y)-Cl materials the loss of adsorbed and intercalated water molecules is shown
as only one event. As expect, Zn-LDH materials present smaller thermal stability in
comparison with Mg-LDH, as already reported[53,115,242]. Compared to the Mg,FeyAl(.-
y)-Cl samples, for the Zn-series, in general, the removal of interlayer water starts at low

temperature around 100 °C overlapping with the end of the removal of interparticle
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weakly bonded water molecules. For the dehydroxylation process, a shift to low
temperature of almost the same amplitude (AT~ -55°C) is observed from 255 °C fory = o
to 200 °C for y = 0.75 (setting aside composition y = 1). CO, release is also detected
between 150 and 400 °C but in lower amounts compared to Mg-series and no signal was

measured for Zn,Al-Cl sample.
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Figure 3.12. TGA and DTG curves of the Zn.FeyAly)-Cl samples. DTG curves were smoothed applying
the Netzsch Proteus® software.
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Figure 3.13. MS curves of the Zn.FeyAlu.y)-Cl samples. Curves were smoothed applying the Netzsch
Proteus” software.

For both series, it is observed the decrease in LDH thermal stability according to the
increase in iron amount. Matrix dehydroxylation initiates at 240 and 210 °C for the
Mg.Al-Cl and Mg,Fe-Cl materials, respectively, and at 200 and 140 °C for the Zn,Al-Cl
and Zn,Fe, ;5Alo.5-Cl materials, respectively. Residual mass increases progressively from
Zn,Al-Cl to Zn.Fe-Cl samples, expected when A" is replaced for the heavier Fe3* and
considering that anions nature and quantity and hydration degree does not significantly
change. The same behavior was not verified for the Mg-LDH, which residual TGA masses
changed just slightly. Mg-materials were prepared at pH 10.5 what promoted a higher
carbonate amount in the samples compared to the Zn-series. Furthermore, the first
series had a higher hydration level than de zinc-materials (Table 3.1). Additionally,
although the dehydrochlorination process can be indirectly inferred by the loss masses
around 450-750 °C, the fragment m/z = 36 was not detectable. The thermal analysis of
similar intermediate Mg,Fe,;Al,5-Cl and Zn.Fe, sAlo s-Cl materials as the ones presented
here was performed in the same equipment and analysis conditions but using a macro
crucible where it was used ten times higher mass of sample in comparison to this work,

the mass signal for HCl was better visualized, reinforcing the equipment limitation[115].
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3.3.2. Further insights about the structural incorporation of Fe3* in
LDH layers

For Mg series that from preliminary analysis seems to consist of pure phases, the
linear trend obtained for the variation of the cell parameter a as a function of y was
further investigated based on geometrical reasoning. Indeed, it is possible to calculate
the substitution ratio of divalent x and trivalent y cations in LDH from the a lattice
parameter and vice versa, whichever is known with more confidence, and this can be
used as a “sanity test” to validate the formation of solid solution in addition to the
application of Vegard’s rule[243] (Figure 3.3). The geometrical relationships in the
octahedral layers of LDH were recently reviewed by Richardson[244,245] providing
improved values for the effective radius of the O atom of the hydroxyl ion and a better
understanding of the deformation of the metal-oxygen octahedra in the main layer.
Thus, it was possible to calculate the theoretical variation of the cell parameter a for Mg

series using Equation 3.2:
a= 2 sin% (rMg?* + rOH"™) — ZSin% (rMg?t — (1 — y)rABY —yrFe3")x  (3.2)

where x is the fraction of divalent cations, y is the fraction of trivalent ions (i.e. Fe3*
amount varying from o to 1 in our case), a is the O-M-O bond angle within octahedra
set to 97.41° for Mg-based LDH and rOH- is the effective radius of the O atom of the
hydroxyl ions of 1.365 A. The values used for the ionic radii of cations r are those
tabulated by Shannon[38] (Table 3.3). The cell parameters a are the ones presented in
Table 3.2.

This theoretical variation is compared to experimental data in Figure 3.14. The solid
lines represent the theoretical variation of the a parameter obtained from Equation 3.2
against x for the different values of y. The top line corresponds to y =1, the lines below
are at y interval of 0.25 and the last one at the bottom corresponding to y = o. The filled
squares correspond to the experimental values of the cell parameter a obtained from
XRD data refinement each associated with the experimental values of x and y
determined from chemical analysis, and are compared to open circles giving the
expected values of the cell parameter a obtained by application of Equation 3.2. It is

important to point that the application of Equation 3.2 for Zn-LDHs presents
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limitations, as discussed by Richardson et al.[244] As can be seen in Figure B.7
(Appendix B), where the same graph as the one shown in Figure 3.14 was built for the
Zn-series, even applying the a value suggested by a most recent paper[245], theoretical

a lattice parameter values are too discrepant in comparison to the experimental ones.
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Figure 3.14. Crossed-analysis of XRD and chemical analysis data for the Mg, xFeyAly)-Cl series:
theoretical variation of the lattice parameter a as a function of the composition of LDH layers in terms
of x and y (solid lines); experimental (filled squares) and expected (open circles) values of the cell
parameters a for each experimental composition.

This crossed analysis of data can reveal composition and/or cell parameter deviations
from expected values for an ideal solid solution. As can be seen, the experimental values
for both a and (x, y) gradually deviate from the expected positions for y > o.5. It is
interesting to note that a similar deviation was observed for Mg;Fe,Al(..)-CO; series.[239]
Since the cell parameters were obtained from refined Bragg peak positions, the present
deviations can only be attributed to compositional errors, i.e. a composition of LDH
crystals slightly different from the bulk powder for iron rich samples. Furthermore, since
XRD data of Mg,FeyAl(.y)-Cl series do not show the presence of a crystallized impurity,
amorphous second phases must be responsible for this deviation. These compositional
inconsistencies can be on the value of x or y, therefore related to Mg**/M3* or Fe3*/Al>*
molar ratios, respectively. Thus, in the case of Mg.Fe,.;5Alo.25-Cl sample, the composition

difference between LDH phase and the bulk would be either on x with a value of 0.30
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instead of 0.33 as indicated by the arrow, or on y with a value of 0.83 instead of 0.75 as
shown by the dotted line. For Mg.Fe-Cl sample, the difference can only be related to the
value of x with a value of 0.25 instead of 0.34 leading to a Mg**/M3* ratio of 3 instead of

2, in which the missing quantity of iron would still be present but in an amorphous form.

From Figure 3.3, considering that y is constantly increased by ca. 0.25, since y and a
show linear relation, thus it is expected a constant increase in a. If the M>*/M3* molar
ratio (R) is constant for all samples, then the approach of plotting a as a function of y
can be considered sufficient for a proper verification and estimation of the LDH
composition. However, a second inspection considering x instead of y showed useful and
considerable deviations were observed. The linearity observed in Figure 3.3 and the
pronounced deviations observed in Figure 3.14 could intuitively indicate a
contradiction. However, as discussed above, a cell parameter depends on both x and y
values, in which the visualized increase in a according to the increase in y value can also
be related to a smaller y value related to the crystalline LDH component together with
a decrease in x, thus increasing the contribution of the larger ionic radii of the Mg>*
cations (0.72 A), and such effect was camouflaged in Figure 3.3. Thus, the approaches

shown in Figures 3.3 and 3.14 can be seen as complementary.

Microstructural information can also be extracted from the full profile analysis of the
XRD patterns. In the present case, although stacking faults may be present, the sample
contribution to the peak widths was assumed to be fully described by size-broadening
effects. Using the spherical harmonic model, the coherence lengths along the [0ol] and
[110] directions could be obtained (Table 3.4), reflecting the extent of the structural
order along the stacking direction (L.) and in the plane of the hydroxide layers (Lxy)
respectively. The formation of nanocrystals is observed with dimensions ranging from
of 80 - 339 A. The size and shape anisotropy varies with the amount of iron and the
trends are different for the two series. Differences occur from the first compositions y =
0. Mg,Al-Cl nanocrystals are anisotropic in shape with Lyy/L; around 1.4 consistent with
a plate-like morphology typical of LDH crystals whereas Zn,Al-Cl displays more
isotropic coherent domains with Ly/L, around 1.0 and of smaller size. Then, for
Mg.FeyAl.y)-Cl series, the introduction of iron leads immediately to a decrease of the

structural coherence lengths with a value of L, halved and then no longer changes while
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in-plane dimension Lyy slightly re- increases. The occurrence of stacking faults, visible
in the line shape of the okl peaks in the mid -20 region of the XRD patterns (Figures 3.1
and 3.2), can explain the decrease of L, dimension. On the other hand, for Zn,FeyAl(.y)-
Cl series, the structural coherence is somehow improved upon iron incorporation. The
greater increase is observed for Ly, in-plane dimension, increasing shape anisotropy

Lyxy/Lz around 1.7 for y = 0.75.

Table 3.4. Coherence lengths (A) of crystalline domains for Mg and Zn series as determined from the
modelling of XRD peak broadening by spherical harmonic functions: L. and Lxy are the coherence
lengths in the [ool] and [u10] directions, respectively, also assimilated to the out-of-plane and in-plane
dimensions of LDH platelets

MngeyAl(l-y) - Cl

y o 0.25 0.5 0.75 1
L, (A) 198 81 8o 115 96
Ly (A) 270 175 187 209 221

ZIn.FeyAlny)-Cl

y o 0.25 0.5 0.75 1
L. (A) 19 115 150 198 -
Ly (A) 120 133 278 339 -

SEM analyses of the Mg- and Zn-series are given in Figures 3.15 and 3.16,
respectively, showing micrometric sized platelets entangled each other typical of LDH
morphology. It should be noted that LDH particles observed by SEM are often
polycrystalline secondary particles[246], as is likely the case here, resulting from the
aggregation/coalescence of the primary nanoparticles as measured from peak shape
analysis of XRD data. Nevertheless, the effects described above on the primary
nanoparticles for increasing amount of iron reproduce on these secondary assemblies
with a net decrease of the particle size for Mg series while maintaining the plate-like
morphology whereas for Zn series it is the reverse (except for Zn,FeCl sample), i.e. a net

increase of the crystallinity with platelets becoming better defined.
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Figure 3.15. Scanning electron micrographs of Mg.FeyAl.y)-Cl samples.
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Figure 3.16. Scanning electron micrographs of Zn.FeyAl.y)-Cl samples.

To link the different results together, in particular XRD data results with the bulk
analysis, and better explain the deviation observed for y compositions above o.5 for both
series, it was performed X-ray total scattering measurements to investigate the pair
distribution function (PDF). As shown by Proffen et al.[247], the PDF analysis is an
interesting method to investigate systems where crystalline and amorphous structural
phases co-exist. In this method, high energy X-ray source and wide-angular range
detection are employed, thus a wide range of reciprocal space are probed, that is why

such method is frequently called total scattering experiments. Experimental pair



84

distribution function (G(r)) corresponds to the truncated Fourier transform of a

function related to the total scattering structure.[248]

Figures 3.17 and 3.18 show the pair distribution functions G(r) for both series for r
values up to 200 and 50 A, respectively. For all samples, it is observed a falloff in the pair
correlations intensities around 50 A (Figure 3.17), then there remain peaks weaker in
intensity and visible up to 200 A. Such a falloff in the PDF intensity by increasing r is usually
attributed to the finite size of the coherent domains. Therefore, it comes that the
samples count with contributions of small crystalline domains of 50 A in size. This result
is consistent with a description of LDH particles formed by nanosized subdomains
randomly oriented inside the particles, as discussed above. It also follows that the
crystallized components characterized above by XRD and having domain sizes between

80 and 340 A do not represent the majority size of the samples.
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Figure 3.17. Experimental pair distribution function (PDF) for r values up to 200 A for: (A) Mg.FeyAl.y)-
Cl series with y= 0, 0.5, and 1; (B) Zn.FeyAlqy)-Cl series with y= o, 0.5, 0.75, and 1.
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Figure 3.8. Experimental pair distribution function (PDF) also known as G(r) for r values below 50 A for:
(A) Mg.FeyAl.y)-Cl series with y= 0, 0.5, and 1; (B) Zn.FeyAlu.y)-Cl series with y= o, 0.5, 0.75, and 1.

The peaks for r values below the interlayer distance can be easily assigned to
distances within the hydroxide layers. In Figure 3.19, P, results from a single atomic pair
(i.e. M-OH in the first nearest neighbor shell) while P, results from the contribution of
different atomic pairs although dominated by the M---M atomic pair between the first
nearest neighbor cations. For Mg series, a gradual evolution of P, and P, at low r PDF
peaks is observed in Figure 3.19A. For y = o, P, displays a shoulder attributed to Al-OH
distances which disappear as A3*ions are replaced by Fe3*; Fe-OH distances being closer
to Mg-OH distances, P, peak width decreases. The increase of the number of Fe-OH
pairs also leads to an increase of the intensity of P,. Concomitantly and as expected, the
position of P, which is related to the sum of the ionic radii of M cations is shifted to
higher distances and can be compared to the parameter a of the rhombohedral cell
obtained from Bragg peaks position (Table 3.2). While similar values are obtained for y
= o0 and o.5, different values are observed for MgFe,-Cl sample with a maximum
measured at 3.09 A for P, PDF peak and a value of 3.1 A for the cell parameter a. This

indicates that the crystalline component as measured by XRD is not the only phase
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contributing to the signal measured by PDF. This result is consistent with chemical/XRD
data crossed analysis by Richardson’s method given above and suggesting the probable
presence of an amorphous phase for y > 0.5. For Mg,Fe-Cl sample, it is also noticed the
presence of an additional peak on the PDF at 3.45 A, which could be attributed to the
presence of iron hydroxide species as shown below. On the other hand, changes are
more difficult to be observed for Zn series due to the presence of FH, which occurs
probably from y = 0.5 and is the major phase for y =1 (Figure 3.19B). FH is a nano Fe>*
oxide material widely present in nature which structure has not been clearly established
yet[249]. PDF data profile measured for the Zn.Fe-Cl sample is very similar to the PDF
PDF data reported for 2-line FH by Tang et al.[250]. In FH, iron is both tetrahedrally and
octahedrally coordinated; the first peak in the PDF at around 2.0 A is attributed to Fe-O
pairs while the peaks at around 3.03 A and 3.40 A are mainly ascribed to Fe-Fe
correlations between adjacent FeOs octahedra linked in edge-sharing and corner-
sharing configurations respectively. To the best of our knowledge, this is the first time

that FH impurity is so clearly identified in iron containing LDH.
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Figure 3.19. Expanded view of PDFs in the range 1-4 A for (A) Mg,FeyAl(y-Cl series with y = 0, 0.5, and 1
and (B) Zn.FeyAluy)-Cl series with y = 0, 0.5, 0.75, and 1. The black dotted lines are anchored to the
composition y = 0. The blue dotted lines indicate the PDF peaks of 2-line FH. On the left of each Figures,
it is given the Gaussian fit of P, peak for the composition samples y = o.
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Discussion

Iron-containing LDH phases have recently attracted a lot of interest in several
application fields in particular the medical one[21,217]. However, most of the studies
reported so far suffer from insufficient data concerning the conditions of formation and
the determination of the fine chemical composition of Fe-LDH which can hinder the
development of applications. Mention should be made to the studies carried out by
Rosoz et al.[239,251] who examined in detail the composition, structure, solubility, and
thermodynamic properties of [MgsFeyAlny)(OH)s](COs)o.52.5H.O hydrotalcite -
pyroaurite materials with Mg?* /(AB* + Fe3*) molar ratio equal to 3. The other studies
are mainly focused on applications and the chemical analysis of the materials is often
not provided. In the case of ZngrFe phases, the results appear very disparate. The studies
mostly concern compositions with Zn/Fe molar ratios close to 3 and show poorly
crystalline materials[g99,101] often containing impurities not always identified but
recognized by us as ZnO and/or ferrihydrite[85,100,105-107,252]. Furthermore, the lack
of comparative analysis of the bulk and crystalline components clearly leads to

inconsistencies in the chemical compositions provided.[253]

The present study aims to develop iron-rich LDH phases, i.e. with a R value equal to
2. The gradual incorporation of iron into Mg,Al-Cl and Zn,Al-Cl LDH in substitution of
aluminum was examined in detail considering both compositional and structural
aspects. First, preliminary characterization using conventional techniques including
powder X-ray diffraction, IR and Raman spectroscopies, ICP elemental analysis, and
TGA analyses clearly shows two different behaviors. A complete series of Mg,FeyAl(.y)-
Cl LDH compositions could be synthesized between the Al and Fe end members and
such results suggested that this series may represent a continuous solid solution. On the
other hand, for Zn,FeyAl(.y)-Cl compounds, iron incorporation was observed only up to
y = 0.75 (nominal value) with the presence of Zn(OH),/ZnO impurities for y > 0.5 and

the bulk chemical compositions are different from those expected.

From these preliminary results, it was clear that further thorough examination was
required from both compositional and structural point of views to better understand the

differences between Mg.FeyAl(..y)-Cl and Zn.FeyAl(..y)-Cl series. For Mg series, the crystal-
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chemical plausibility of the solid solution was checked as proposed by
Richardson.[244,245] By combining XRD and chemical analysis data sets, it was possible
to show that for y > 0.5 the composition of LDH crystalline phase deviates from that
expected by only replacing Al by Fe and is different from that of the bulk. Chemical
analysis of the bulk for Mg,Fe-Cl sample indicates a value of R equal to 2, nearly equal
to the synthesis conditions, while geometrical reasoning applied on the crystalline
component gives a value of 3, thus indicating the presence of an iron rich, amorphous
and undetected, second phase. Interestingly, similar data treatment performed for
[MgsFeyAl-y)(OH)s](CO5)0.5-2.5H,O hydrotalcite-pyroaurite data in Rosoz’s et al. work

also reveals a deviation from ideality for y > 0.6 due to an increase of the R value.

In the case of Zn series, for y values higher than o.5, the presence of 2-line ferrihydrite
was demonstrated by PDF analysis. Although it has never been indicated as a probable
secondary phase in the synthesis of Fe-LDH so far, its occurrence is not surprising.
Indeed, 2-line FH is reported to be instantaneously formed from the Fe3* ion
hydrolysis[241,254]. Considering the solubility product of the isolated metallic
hydroxides (Fe3* < AB* < Zn*>* < Mg?**),[230] Fe3*-oxyhydroxide phases are easily
precipitated. Furthermore, although thermodynamically unstable due to its low
structural organization, 2-line FH transformation is inhibited in the presence of Zn
cations[255]. FH can even act as a precursor for the formation of zinc hydroxides phases
[256-258] and subsequent transformation into ZnO [259-261]. Finally, FH shows a
solubility minimum at pH 7-8 which is consistent with the pH applied here for the
synthesis of the Zn-series, i.e. 7.5. It has been established for LDH phases composed of
only one type of divalent and trivalent cations that their stability are higher compared
to single hydroxide phases, and also that Al-containing LDH phase formation is more
spontaneous than Fe-LDH.[239,262] However, these trends may not necessarily apply to
the preparation of multi metallic LDH with more than one type of divalent/trivalent
cations. As shown here for Zn,FeyAl(.y) composition, at pH 7.5, when the iron content
exceeds the aluminum content (y > 0.5), the precipitation of iron in FH form is found to
prevail, preventing the formation of LDH layer. Comparatively, Mg series was prepared
at pH 10.5 for which FH solubility is higher[254]. Therefore, it would be expected that

the increase in synthetic pH could be an alternative for preparing the Zn,Fe-Cl
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composition. However, by slightly increasing the pH to 8.5, Zn(OH)./ZnO phases are
formed as shown by XRD (see Appendix B, Figure B.4).

3.4. Conclusions

This study provided useful elements for better understanding and interpreting the
results reported in the literature regarding iron-containing LDH phases. It was recalled
that for a complete compositional and structural characterization of LDH, it is essential
to differentiate the bulk to the crystalline component to identify possible contributions
from amorphous components. In this sense, as shown here, PDF technique can be useful
to link these different contributions together. It was shown that Mg,Fe,Al(.y)-Cl solids
with y < 0.5 can be obtained as pure phases with fine control of their compositions, as

requested for pharmaceutical formulations.
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Chapter 4: Synthesis and characterization of
Mg,Fe,Al(.y)-NAP and Zn,Fe,Al(.;)-NAP LDHs:
influence of Fe3* content in intercalating NAP anions
by ion-exchange reaction




o1

4. Abstract and data presentation

4.6. Abstract

In this chapter it is evaluated the effect of iron(III) in the intercalation of a model
drug, naproxenate (NAP) anions, into two series of LDHs by ion-exchange reaction: from
precursors with nominal Mg,Fe,Al)-Cl and Zn,Fe;Al..,)-Cl compositions, with
nominal y values ranging from o to 1. Such study is also expected to provide additional
information concerning the structure, compositions, and properties of the LDH pristine
phases studied in Chapter 3. NAP intercalation into all LDH compositions was attested
by X-ray diffractometry. The variation of the a cell parameters in relation to both
experimental y and x indicates the exchange of chloride ion for NAP as a quite topotactic
process for the Mg-LDH series. However, the composition of the layers changed after
ion-exchange reaction for the Zn-LDH system. Although iron-enriched LDH samples
were able to intercalate appreciable amounts of NAP, for instance with NAP
representing 26.80 and 26.27 % of the mass of the bulk samples for the Mg,Fe and
Zn,Fe, sAl, 5 layer composition, respectively, the drug percentage tended to decrease,
surpassing the expected decrease considering the increase in LDH molar mass by
increasing y. Such behaviour could be related to the decrease in the charge density of
the layers due to deviations of the experimental metals content in comparison to the
nominal x and y values. Particularly for Zn-series, the decrease in NAP percentage could
also be correlated to the increase in the coherent domain's lengths of LDH-CI particles
and to the presence of impurities such as Zn(OH), and ZnO, and ferrihydrite identified
for y above 0.5 (see Chapter 3) . For the Mg-series, more severe conditions, such as NAP
excess and heating, were necessary to propitiate NAP intercalation into LDH from 50 %
(include) of Al substituted by Fe. This study contributes to shed light on the observed
difficulty to prepare hybrid organic-inorganic iron-based LDH and points out ion-
exchange as a feasible method for the intercalation of organic species as NAP, mainly for

magnesium-LDH phases comprising intralayer iron(III) cation.
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4.7. Materials and methods

4.7.1. Reagents

Products were used as received. Magnesium chloride hexahydrate (MgCl.-6H.O) (99
%), zinc chloride (ZnCl,) (= 98 %), aluminum chloride hexahydrate (AlCl;-6H.O) (99 %),
ferric chloride hexahydrate (FeCl;-6H,O) (98 %), sodium hydroxide (NaOH) (= 98 %),
and sodium naproxenate (NaNAP) (NaC,,H;;05) (= 98 %) were purchased from Sigma-

Aldrich. Absolute ethanol was purchased from Synth.

4.7.2. Preparation of Mg.FeyAl(..y) and Zn.FeyAl..y) LDHs intercalated
with NAP

Drug intercalation into LDHs was performed by ion-exchange reaction employing
the Mgux(FeyAlay))x-Cl and Zng-v(FeyAluy)x-Cl LDHs (subject of Chapter 3), with
nominal x value equal to 2 y values equal to o, 0.25, 0.50, 0.75, and 1.0. For each pristine
LDH, after post-synthesis aging, the remaining slurry was divided into two portions. Half
was isolated and characterized and the other half was submitted to washing procedure
by centrifugation with 4 cycles of 3 min each at 10000 rpm to remove excess of Cl" ions.
For the preparation of approximately o.5 g of LDHs loading NAP, respective washed
precursors were resuspended in 20 mL of an aqueous solution of NaNAP primarily in a
NAP /(Fe3* + Al3*) molar ratio equal to 1 for all compositions and kept under stirring at
room temperature for 24 h. The NAP/(Fe3* + Al3*) molar ratios equal to 2 and 3 and room
temperature were also applied for the Mg,Fe,sAlos composition, and equal to 3 and
heating at 8o °C were applied for the Mg,FeosAl,s, Mg.Feo;5Alb.5 and Mg,Fe
compositions. The suspensions were kept under N, atmosphere and vigorous stirring at
the respective temperatures. Solids were washed with deionized water followed by
washing with absolute ethanol as long as filtration under reduced pressure was
performed. Solids were dried at room temperature in a desiccator. Materials were
generally abbreviated by M,FeyAl(..y)-NAP and more specifically by M,FeyAl..y)-nNAP_H,
where M is equal to Mg or Zn, n is equal to the NAP/(Fe3* + AB*) molar ratio employed

for ion-exchange procedure and H indicates when applied heating.
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4.7.3. Characterization

X-ray diffraction (XRD) patterns of powdered Mg,FeosAlos-INAP, Mg,Fe, Al .s-
2NAP, e Mg,Fe, sAlos-3NAP LDHs were obtained on a Rigaku MiniFlex equipment, using
Cu anode (1.518 A), scan range 1.5-70°(20), and scan step of 0.015° (28) / 2s. All other XRD
patterns for powdered LDH were obtained on a Philips X-Pert Pro, using CuKo/ Ko
radiation (1.5406/1.5444 A), scan range 1.5-70°(20), and scan step of 0.02°(20)/3s.

Mass spectrometry coupled to thermogravimetric analyses (TGA-MS) were recorded
on a Netzsch thermoanalyser model TGA/DSC 490 PC Luxx coupled to an Aéolos 403 C
mass spectrometer, using alumina crucible and heating rate of 10 °C/min under synthetic

air flow of 50 mL min, and applying around 10 mg of sample.

Fourier transform infrared (FT-IR) spectra of powdered samples were recorded in the
4000-400 cm™ range on a Bruker spectrophotometer, model alpha by ATR with

acquisition step of 4 cm™ and 512 scans.

Fourier transform Raman (FT-Raman) spectra were recorded in a FT-Raman Bruker
FRS-100/S spectrometer using 1064 nm exciting radiation (Nd:YAG laser Coherent
Compass 1064-500 N), a Ge detector, laser power of 100 mW, acquisition step of 4 cm™

and 2048 scans.

ICP emission spectroscopy (ICP-AES) analysis of Mg, Zn, Fe and Al were performed
in duplicate on an equipment Spectro Analytical Instruments at the Central Analitica of

Instituto de Quimica (Universidade de Sdo Paulo - USP).

Elemental analysis of carbon, hydrogen and nitrogen were recorded on an equipment
Perkin Elmer - CHN 2400 at the Central Analitica of the Instituto de Quimica
(Universidade de Sdo Paulo - USP).

4.7.4. Density functional theory calculations

Computational calculations of the vibrational spectra of Naproxenate anion (in
vacuum) were performed using density functional theory (DFT) implemented in

Gaussianog. Geometry optimization, IR and Raman shifts were computed using BLYP/6-
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311**G++. The wavelength values were adjusted by applying the correction factor equal

to 0.9679.

4.8. Results and discussions

Peaks related to LDH were indexed considering the polytype 3Ri, commonly
observed for synthetic materials. XRD pattern of the Mg,FeyAl(..;y)-nNAP_H samples and
of NaNAP are present in Figure 4.1. Interplanar distances, d(hkl), 26 peak positions and
correspondent Miller indexes are compiled in Table 4.1. XRD of the NaNAP salt reveals
a mixing hydration levels of the salt[120] and no peaks related to the NAP superficial
precipitation were observed in the LDH samples. For the Mg,Al-INAP sample, (003)
plane and many (ool) harmonics peaks are visualized. Average basal spacing calculated
from the (003), (006), (009) (0012), and (0018) peaks is equal to 22.95 A. By increasing
the iron amount, (003) and (006) peaks are progressively displaced toward higher 26
values, consequently indicating a decrease in the interlayer distance, and the structural
organization of the LDHs decreases. Peaks related to the pristine Mg,Al-Cl phase, whose
position do not change by changing iron amount, are also present and are indicated as
(003)c1 and (006)c1. The visualization of the (113) peak at the same position compared to
the pristine phase (see Chapter 3, Figure 3.1), dependent of the c cell parameter and
expected to be displaced toward low angle region with the intercalation of the bulkier
anion, is another indication of the presence of the residual phase, as frequently

observed.[121,122,131].
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Figure 4.1. X-ray diffraction patterns of Mg.FeyAluy)-nNAP_H LDHs and the NaNAP salt.

Table 4.1. LDH phases indexation: interplanar distances dki), 20 peak positions and correspondent

Miller indexes considering Mg.FeyAlwy)-nNAP_H LDHs presenting the polytype 3R1.

Mg.FeyAluy)-nNAP_H samples Miller

y=o,n=1 Yy =0.25,n =1 vy=0.5,n=3H | y=o0.75,n=3,H y=1,n=3,H Index
20 |[d@A) | 20 |d@A) 20 d@A) | =20 d (A) 20 d(A) (hkl)
3.41 25.87 4.01 21.99 -—- -—- 4.26 20.70 -—-- -—- (003
8.49 10.40 9.03 9.79 9.36 9.44 9.39 9.40 9.68 9.13 (006

(009)/

11.72 7.54 11.43 7.73 11.73 7.53 11.48 7.70 11.45 7.72

(003)al

14.98 5.01 15.00 5.90 - - - -—-- -—-- -—- (0012)
20.72 4.28 -—- - - - -——- -——- -——- - 0018)

23.63 3.76 22.80 3.90 22.95 3.87 23.10 3.85 22.83 3.89 (006)c
34.73 2.58 34.51 2.60 34.49 2.60 34.38 2.61 34.26 2.61 (012)
39.10 2.30 39.12 2.30 39.00 2.31 38.92 2.31 38.34 2,35 (015)
46.68 1.94 46.51 1.95 46.59 1.95 46.14 1.96 4618 1.96 (018)
60.78 1.52 60.45 153 60.20 1.54 59.78 1.55 59.41 155 (110)
62.25 1.49 61.65 1.50 61.52 1.51 61.17 1.51 60.56 1.53 (13)
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Table 4.2 presents the a and c cell parameters for the LDH-NAP materials. The a cell
parameters were calculated as 2 times the interplanar distance related to the refined
position of the (uo) diffraction peaks (2xdwo)) (see Appendix C, Figure C.1, for
refinement results), while ¢ parameters were calculated as 3 times the average basal

spacing calculated as shown in Equation 4.1.

Z?: id i 1
f(n) = +0(3)) - (d(003) + 2d(ooe) + -t nd(oo(3n))) (4.1)

Table 4.2. a and c cell parameters and basal space d obtained from powder X-ray diffraction data.

Sample a(A) c(A)
Mg.Al-INAP 3.04 68.84
Mg.Feo.25Alo75-INAP 3.06 66.27
Mg.FeosAlos-3NAP_H 3.07 62.22
Mg.Feo75Alo.25-3NAP_H 3.09 62.61

Mg.Fe-3NAP_H 3.11 62.13
Zn.Al-INAP 3.05 66.91
Zn,Feo25Alo.75-1INAP 3.06 67.10
Zn.FeosAlos-1INAP 3.07 67.13
Zn:Feo75Al0.25-INAP 3.11 67.99
Zn,Fe-INAP | -—- 69.81

X-ray patterns of Zn,FeyAl(.y)-NAP samples are presented in Figure 4.2. In general,
Zn-NAP LDHs show a greater structural organization in comparison to the Mg-series,
resulting in more intense and narrow peaks. Interplanar distances, dky), 20 peak
positions and correspondent Miller indexes are compiled in Table 4.3. The displacement
of the (ool) peaks toward low angles (28) region in comparison with the precursor LDHs-
Cl was also observed, endorsing NAP intercalation. Differently from the Mg,FeyAl.y)-
nNAP_H LDHs, the basal spacing is not progressively decreased by increasing iron
amount. For the Zn,Al-1INAP sample, basal spacing calculated considering the (003),
(006), (009), (0012), and (0018) harmonic peaks is equal to 22.30 A. From the Zn,Al-1INAP
to the Zn,Fe,;5Alo5-INAP samples, the same observations made for the Mg-series
indicating the pristine LDH-CI phases are also valid for the Zn-series. Moreover, with
the increase of iron amount in the LDHs compositions, the diffractograms become more

like the respective ones for the chloride phases, the intensity of the (ool) planes related
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to the hybrid phase progressively decreases, which may indicate a reduction in ion-
exchange yield of CI by NAP ions. As observed for the precursor Zn.Feo;5Alo..5-Cl
sample, ZnO side phase is also present for the Zn,Fe,,sAl,.5-INAP sample, better
visualized by the zoom in the region of interest shown in Figure 4.3. The XRD profile of
the Zn,Fe-1INAP sample presents harmonic peaks that could be assigned to the (003),
(006), and (009) peaks of the LDH-NAP, and also peaks attributed to the side ZnO
phase. The characterization of the Zn,Fe-Cl precursor indicated that LDH is not formed,
either crystalline or amorphous. Instead, it is formed an amorphous ferrihydrite (2 main
lines observed in XRD) (see Chapter 3, Figure 3.2) suspected to guide the formation of
zinc phases (ZnO and Zn(OH),). As discussed in Chapter 3, the pristine Zn-LDH
materials were prepared at pH equal to 7.5 in which ferrihydrite presents lower
solubility. Pristine LDHs were suspended in NAP solutions in the pH range 8.5 - 8.7,
where ferrihydrite solubility is higher. Thus, it is proposed that ferrihydrite
solubilization have allowed the Fe3* reprecipitation as a ZnrFe LDH intercalated with
NAP. Ion-exchange time (24 h) may have also propitiated side phases organization, as

better visualized plotting together the XRD of the Zn,Fe-Cl and Zn,Fe-NAP samples
(Figure 4.4).
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Figure 4.2. X-ray diffraction patterns of the Zn.FeyAlu.y)-1INAP LDH samples.
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Table 4.3. LDH phases indexation: interplanar distances d(ki), 20 peak positions, and correspondent
Miller indexes considering Zn.FeyAluy)-1INAP LDHs presenting the polytype 3Ru.

Zn.FeyAl(1y)-NAP samples

Miller Index
y=o y=o0.25 y=o05 y=0.75 y=1

20 d (A) 20 d (A) 20 d (A) 20 d (A) 20 d(A) (hkl)
3.88 | 22.75 | 3.88 | 22.75 | 3.96 | 22.27 | 3.96 | 22.27 | 3.80 | 22.25 (003)
8.06 | 10.96 | 8.06 | 10.96 | 7.97 | 11.08 7.91 11.31 7.56 | 11.69 (006)
m82 | 7.48 | n.82 | 748 | w73 | 7.53 11.48 770 | .32 | 7.81 | (009)/(003)c
1583 | 559 | 1583 | 559 | 1583 | 559 | 1558 | 5.68 | ---- (o012)
20.09 | 4.41 | 2009 | 4.41 | 20.01 | 443 | 1934 | 4,58 | --—-- - (0015)
2335 | 3.81 | 2335 | 3.81 | 23.66 | 23.26 | 3.82 23.01 | ---— - (006)a
2385 | 373 | 2385 | 3.73 | -— | - (0018)
28.03 | 318 | 28.03 | 318 | 27.94 | 3.9 - - - -—-- (0021)
33.96 | 2.64 | 33.96 | 2.64 | 33.79 | 2.65 | 33.54 | 2.67 - -—-- (101)
34.63 | 2.59 | 34.63 | 2.59 | 34.46 | 2.60 34.21 2.62 - - (012)
3722 | 2.41 | 3130 | 2.41 | 37.05 | 2.42 | 36.80 | 2.43 - -—-- (104)
36.14 | 2.48 | 39.06 | 230 | 38.97 | 2.31 38.64 | 233 -—-- -—-- (o15)
46.66 | 1.94 | 46.58 | 195 | 4633 | 1.96 45.99 .97 -——- -—- (018)
52.84 | 173 | 52.68 | 174 | 52.42 | 174 52.01 1.76 ———- -——- (1010)
5610 | 1.64 | 55.93 | 1.64 | 55.85 | 1.64 55.27 1.66 -—-- -—-- (o111)
60.53 | 153 | 60.27 | 153 | 59.95 | 154 59.36 1.56 - -—-- (110)
61.61 | 1.50 | 6137 | 151 | 6120 | 151 60.70 1.52 - -—-- (13)
65.46 | 142 | 6538 | 143 | 6513 | 1.43 64.54 | 144 - -—-- (u6)
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Figure 4.4. X-ray diffraction pattern of the Zn.Fe-Cl (presented in Chapter 3) and Zn.Fe-NAP samples.

Differently from the Zn-series, whose no NAP excess was needed to be employed
being possible to visualize LDH-NAP phases formation by XRD, by increasing Fe3*
amount excess of NAP and heating were employed for iron enriched Mg-LDHs. Starting
from the Mg.Al layer composition, NAP / M3* molar ratio was kept equal to 1 along the
preparation of the materials by increasing the degree of substitution of Al3* by Fe3*

cation. As can be seen in Figure 4.5, for the Mg,Fe, sAl, 5 layer composition, only peaks
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related to the pristine LDH can be visualized by adding no excess of NAP or excess of 2.
By adding a NAP / M3* molar ratio equal to 3, a peak start being visualized below 10 °
(20) and close to the (003) peak related to the LDH-CI pristine phase, indicating a
possible (006) peak related to the LDH-NAP phase, indicated as (006)nap. Keeping the
same conditions plus applying heating at 8o °C, the exchange of Cl- by NAP anions was
confirmed and such conditions were applied for the preparation of the Mg.Feo ;5Alo.25-

3NAP_H and Mg.Fe-3NAP_H samples.
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2 M’ Ny ‘W‘WW il gnpnt i
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=
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Figure 4.5. X-ray diffraction patterns of Mg.Feo sAlos-INAP, Mg.Feo sAlos-2NAP, and Mg.FeosAlos-3NAP
samples. Baseline was subtracted using Fityk software.

Table 4.4 shows the chemical analysis results for the LDH-NAP materials. The
M2*/M3* and Fe3*/A3* molar ratios of bulk materials are close to the nominal values for
all samples, mainly the R values for the Mg-series, with exception of the Zn,Fe-1INAP
sample, whose Zn>*/Fe3* molar ratio is equal to 1.08, similarly to the value observed for
the Zn,Fe-Cl pristine sample (1.16). Only small variations are founded when compared

to the elemental analysis for the pristine LDH (see Chapter 3, Table 3.1).
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Table 4.4. Chemical composition for the LDH-NAP materials.

= R=
Sample Mz+/Al*  M2+/Fe3+ Y %C % NAP % H,O9
Fe3t/(Fe3++Al3+) Mz+/(Fe3++Al3+)
(2.00)?
Mg,Al-1INAP 27.23 37.30 6.0
2.03Y
(2.67) (8.00) (0.25) (2.00)
Mg.Fe,.;Al, ,5-1INAP 18.35 25.04 6.2
2.78 8.31 0.27 2.08
(4.00) (4.00) (0.50) (2.00)
Mg.Fe,;Al,s-3NAP_H 20.16 27.11 3.7
4.21 4.08 0.51 2.07
(8.00) (2.67) (0.75) (2.00)
Mg.Fe, ;sAlo..5-3NAP_H 22.97 31.35 39
8.32 2.65 0.76 2.01
(2.00)
Mg.Fe-3NAP_H 19.64 26.80 3.9
1.93
(2.00)
Zn,Al-INAP 35.29 9.5
1.95 25.86
(2.67) (8.00) (0.25) (2.00)
ZIn,Fe,,5Al, - INAP 23.66 32.29 8.8
2.67 8.92 0.23 2.05
(4.00) (4.00) (0.50) (2.00)
Zn,Fe, ;Al, s-1INAP 19.25 26.27 8.1
3.64 3.53 0.51 179
(8.00) (2.67) (0.75) (2.00)
ZIn,Fe,;;Al, .- INAP 8.25 11.26 6.2
7.92 2.56 0.76 1.93
(2.00)
Zn,Fe-1INAP 9.45 12.89 5.2
1.08

a) expected values according with the molar ratio of the reagents, b) experimental values and ¢) water
amount (m/m) obtained by TGA experiments.

In Chapter 3 it was attempted for possible mistakes in the determination of the LDH
composition from analysis concerning the bulk samples only, such as the metals
elemental analysis, whose results are frequently extrapolated as representing the
compositions of crystallized LDHs phases identified by XRD. Recapitulating, detailed
characterization of pristine LDH-CI materials applied as precursors phases in Chapter
3 indicated that, in general, the molar ratios between the cations for the crystalline LDH
phases differ from that of the bulk samples for iron-enriched samples. It was also
showed that for Mg.FeyAl(.y)-Cl materials with y = o, 0.25, and 0.5 the molar ratios of
metals for the crystalline phases represent the values for the bulk samples, endorsing

phases purity. For the Mg.Fe, ;sAlo.5-Cl and Mg,Fe-Cl samples, however, x value of
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crystalline phases showed to be lower than 0.33. For Zn,FeyAl(.y)-Cl materials, more
pronounced deviations were observed.

Figure 4.6 shows the plot of a cell parameters as a function of experimental y
(obtained from elemental analysis results shown in Table 4.4) for the Zn and Mg series
of hybrid materials. Herein, the results concerning the LDH-NAP materials are
compared to the LDH-CI pristine phases (data present in Chapter 3: Table 3.2, Figure
3.3) to evaluate possible changes in the composition of sample’s crystalline components
after the ion-exchange procedure. For the Mg materials (Figure 4.6A), curves are
practically overlapped, indicating a possible maintenance of the M>*/M3* content along
the exchange of Cl anions by NAP. The points for the Zn,FeyAl.y)-INAP materials
(Figure 4.6B) are shifted down, indicating transformations in the LDH layers along the
exchange of Cl" anions by NAP that can be explained by the decrease in the Zn>* content
in the case of the Zn,Al-INAP sample, considering its higher ionic radii (0.88 A[263])
compared to A3 (0.675 A[263]), or in both Zn>* and Fe3* (0.785 A[263]) contents for the

other samples. Moreover, a loss in the linear tendency is observed.
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Figure 4.6. a cell parameter as a function of experimental y.
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For the Mg,FeyAly)-nNAP_H series, a lattice parameters values were also plotted
according to x values and compared to the results for pristine LDHs, as presented in
Figure 4.7, where full lines represent theoretical values calculated as in Chapter 3 (see
Figure 3.14). M,FeyAlu.y)-Cl and M,FeyAl.;)-nNAP_H data are represented by red
triangles and blue squares, respectively. Points before and after ion-exchange reaction
are in general overlapped, endorsing that the exchange of Cl" by NAP comprises, in fact,

a topotactic process.
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Figure 4.7. Crossed-analysis of XRD and chemical analysis data for the Mg.FeyAlny)-Cl and Mg.FeyAlq.y)-

nNAP_H series: theoretical variation of the lattice parameter a as a function of the composition of LDH

layers in terms of x and y (solid lines); filled squares and triangles represent experimental values for the
LDH-Cl and LDH-NAP samples, respectively.

The shift of the point concerning the Mg,Fe, ,sAlo.75-NAP sample from the tendency
can primarily be a result of the variation in both y or x values, where y can be equal to
0.36 instead of 0.25 or x can be closer than 0.30 instead of 0.33. The second hypothesis
is the more reasonable, since the decrease in charge density may explain the decrease in
NAP % in comparison to the Mg,Al-NAP sample. NAP was intercalated in a high amount
into the Mg.Al-NAP LDH, representing 37.90 % of the mass of the hybrid material. By
substituting 25 % of the Al content by Fe, Mg,Fe, ;Alo,5-NAP sample, NAP percentage
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downs to 25.04 wt %. It is important to point that, considering the gradual increase of y
by 0.25 from the starting Mg,Al-1INAP and Zn,Al-INAP compositions, if the same molar
amount of intercalated NAP is kept constant, neglecting variations in dehydration
degrees, it would be expected a decrease in NAP percentage lower than about 2 and 1%,
respectively, due to the increase in the molar mass of the LDHs. Additionally, for the
further Mg- and Zn-compositions of the series, such decrease is even lower, since how
higher the molar mass of the LDHs, lower is the difference caused in their molar mass
by the substitution of Al for Fe. Therefore, decreases in NAP percentage higher than the
values provided above can be attributed to the ion-exchange efficiency decrease and/or
to the presence of impurities not able to encapsulate NAP. For the Mg,Fe, sAl,s-3NAP_H
sample, x value is close to 0.33 and layer composition matches with the expected, even
so the employment of temperature and excess of NAP was necessary to observe the
hybrid phase formation. Since the molar ratio between the di- and trivalent cations are
comparable to those of the Mg,Al-NAP sample, it is possible to infer that the
substitution of A3* by Fe3* in the LDH structure in some way hinders NAP intercalation.
For the Mg,Fe-3NAP_H sample, the decrease in intercalated NAP percentage (26.80
wt%) can be related to the x value lower than 0.33 (closer to 0.25), indicating a decrease
in the charge density of the layers. Differently from the Mg-series, the composition of
the layers for the Zn-series changes after the submission of pristine phases to ion-
exchange reaction. NAP percentages progressively decreased from the Zn,AI-NAP (35.29
wt %) to the Zn,Fe,;5Alo25-NAP (11.26 wt %) sample, which can be attributed to the
increase in side phases with the increase in y. The tendency of reduction of ion-exchange
efficacy may also be related to the increase in the 2D (Ly) and width (L;) coherent
lengths of LDH-CI crystals according with the increase in iron amount (see Chapter 3,
Table 3.4). The higher the area of LDH layers and higher the number of pilled layers per
coherent domain, the more hindered is the ion-exchange process. A reduction in both
Lxy and Lz parameters is observed from the Mg,Al-Cl to the Mg.,Fe,.,5Alo.5-Cl samples,
what would be expected to positively affect in exchange efficacy. However, from this
composition, the lengths increase again as the iron content increases. In Chapter 3, the
lengths of the coherent domains (Table 3.4) were also compared to the SEM results for
the LDHs-Cl (Figure 3.15) that revealed micrometric sized platelets entangled each

other, typical of LDH morphology. Such difference, from cents of angstroms to
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micrometers indicates, as reported[246], that LDH particles observed by SEM are often
polycrystalline secondary particles, resulting from the aggregation/coalescence of the
primary nanoparticles as measured from peak shape analysis of XRD data. In some way,
the presence of iron in the LDH structure may also affect the aggregation state of the
particles, hindering the ion-exchange process. Due to the complexity of the LDH-NAP
samples and the number of variables that may influence the ion-exchange process (i.e.
the precise compositions on LDH layers and consequent charge density, the presence of
crystalline and/or amorphous impurities, the size of the coherent domains and
secondary polycrystalline particles) interpretations of the ion-exchange phenomena

given here are only attempts and further studies are necessary.
Next, the thermal decomposition of the NaNAP and LDH-NAP samples is studied.

TGA-DSC and DTG-MS curves of NaNAP are shown in Figure 4.8. It was observed
six mass loss events. The first event is an endothermic process occurring from 25 to 110
°C and is related to the release of adsorbed water molecules (m/z = 18). Thermal
decomposition starts at 250 °C undergoing two events, with maximum signals at 400
and 470 °C, respectively, that are accompanied by the release of H,O and CO, (m/z =
18), followed by three exothermic events above 700 °C, related to the formation of

sodium species, with the release of CO..
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Figure 4.8. TGA-DSC (A) and DTG-MS (B) curves for the NaNAP salt.
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The detailed weight loss events obtained by thermal analysis for the NaNAP sample

is presented in Table 4.5.

Table 4.5. Thermal analysis data of naproxen sodium sample.

Temperature
Sample Mass (%) Events
Range (°C)
RT - 10 9.9 Dehydration
250 — 440 39.7 .
Decomposition
NaNAP 440 - 500 6.2
500 - 820 12.8
Sodium species
820 - 840 6.6
formation
840 - 1000 5.6

According to the mass loss percentages on burn of naproxen sodium, it is suggested
the formation of the Na.CO; phase as final product. The Scheme 4.1 shows the chemical

equations for the NaNAP decomposition and experimental and calculated released

masses.
Dehydration (RT-125°C) - wt.% weight loss exp. =9.9 %
C14H1303Na e 1.5H,0 -1.5H,0 > C14H1305Na 4 of weight loss calc.=9.9 %
Decomposition (125 - 1000 °C). wt.% residue weight exp. =19.2 %
2 C14Hy305Na + 320, -13H,0,-27CO, > NazC03 \\t o residue weight calc. =22.2 %

Scheme 4.1. Chemical decomposition of NaNAP.

TGA-DSC and DTG-MS curves for the Mg,FeyAly)-nNAP_H samples are shown in
Figures 4.9 and 4.10, respectively. Similar to the LDH-Cl samples (Chapter 3), the first
mass loss event (endothermic) is related to the release of superficially adsorbed water
molecules (m/z = 18 MS fragment). The second mass loss event corresponds to the
release of hydrated water and also to a small amount of CO, (m/z = 44 MS fragment) for
the samples containing Fe3*, corresponding to the release of adsorbed CO5**
contaminant. Following events (exothermic) are a combination of LDH dehydroxylation
and NAP decomposition, followed by the concomitant release of H,O and CO..
Although no chloride release was verified (with m/z residues equal to 35 or 36) due to

mass detector limitation, a small mass release occurs for all materials at high
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temperatures and are not related to H.O nor CO,, thus being attributed to the

dehydrochlorination process.

100 —— Mg,Al-INAP

o
S 80 —— Mg,Feg 5pAly 50-3NAP_H
S 60l —— Mg,Fe-3NAP_H

a0 |

100 200 300 400 500 600 700 800 900 1000
Temperature / °C

Figure 4.9. TGA and DSC curves of the Mg.FeyAln.y)-NAP samples.
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Figure 4.10. DTG and MS curves of the Mg.FeyAlu-y)-NAP samples.

TGA-DSC and DTG-MS curves for the Zn,FeyAl(.y)-1INAP series are shown in Figures
4.11 and 4.12, respectively. Differently from the Mg-LDHs, the two dehydration events

overlap and NAP degradation occurs in more restricted temperature ranges.
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Figure 4.11. TGA and DSC curves of the Zn.FeyAluy)-NAP samples.
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Figure 4.12. DTG and MS curves of the Zn.FeyAly)-NAP samples.

In more detail, Figure 4.13A shows that the starting temperatures (T) related to NAP
decomposition overlapped to LDH dehydroxylation decreases according with the
increase in y amount for both series of materials, following a linear correlation. The drug
intercalated into the Zn.Al LDH experiences an increase in its thermal stability of about
20 °C with relation to the starting NAP decompositions temperature compared to
NaNAP salt (250 °C - Figure 4.8). On the other hand, NAP decomposition starts at
around 220 °C when intercalated into the Mg,Al LDH. Such different thermal behaviour
according with the divalent cations was also observed in a previous work[us] for the
Mg.FeosAlos-3NAP_H and Zn,Fe, sAlos-NAP LDHs, similar materials to the presented in
this thesis, whose NAP starting decomposition temperature was around 165 °C and 220
°C, respectively. Additionally, NAP thermal decomposition when intercalated into LDH
is a more complex process with more than 2 steps. In agreement with elemental carbon
analysis, TGA residues percentages (res) (Figure 4.13B) increases from Mg,Al-1INAP to

Mg.Fe,.5Alo75-1INAP sample, indicating a decrease in the amount of NAP in the samples.
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By applying NAP excess and temperature in the ion-exchange procedure along iron
enrichment in the series, a decrease in the residue percentage is observed for the
Mg.FeosAlos-3NAP_H sample. By keeping the same ion-exchange conditions and
increasing y, a progressive increase in the amount of residues is verified. For the Zn-
series, from Zn,Al-1INAP to Zn,Fe, ;5Alo..s-1INAP the progressive increase in TGA residues

agrees with the decrease in NAP encapsulation.
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Figure 4.13. Starting temperatures of (A) NAP decomposition and LDH dehydroxylation and (B) TGA
residues.

FT-IR and Raman spectra for the NaNAP and LDH-NAP samples were considered in

this chapter mainly to evaluate the integrity of the organic anion after intercalation into

LDH.

The attribution of Raman and IR vibrational modes was assisted by computational
calculations. Raman spectra of calculated and experimental NaNAP (Figures 4.14) show
a good concordance between data, indicating reliability in applying the calculated data
to assignment the vibrations modes. FT-Raman spectra of the Mg.FeyAl..y)-nNAP_H

samples (Figure 4.15) are similar. The band at 558 cm™ for the Mg,Al-1INAP sample,
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related to the M3*-O-M3* stretching[219,221], is present at the same position observed for
the pristine Mg,Al-Cl (see Chapter 3, Figure 3.7B) and experienced a progressive shift
toward lower wavenumber region according to the increase in y. All other bands are
related to NAP[264]. Considerable band shifts are not verified compared to the
experimental NaNAP spectra. Table 4.6 shows the calculated and experimental
wavenumbers for NaNAP and M.FeyAl..y)-nNAP_H samples, as well as the tentative

attribution considering the main groups of NAP[264].
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Figure 4.14. Raman spectra of calculated and experimental NaNAP.



114

Mg,Fe-3NAP_H |
= MgZFeO.754;°\|0.125-3N4:AP_%
c P P
-
=
o] Mngeo.sAlo.g'BNAP—Hi
-~ L I |
= g g
8 Mngeo.zsAlo.ivs'lNAP :
Feb) ; . ' .
—
-
MAIINAP 475" s
- Y 750 L
16313 148 \ 524
IR L L L L I
1800 1600 1400 1200 1000 800 600 400
-1
Wavenumber / cm
Figure 4.15. FT-Raman spectra of the Mg.FeyAlqy)-nNAP_H samples.
Table 4.6. Calculated and experimental Raman vibrational wavenumbers (in cm™).
Calc. Exp.
Mg.FeyAlo.y) nNAP_H Zn.FeyAluy)-1INAP Tentative attribution®
NaNAP» NaNAP
1633 1632 1631 1631 vas C-C
w CH,, 8 C-H
1488 1486 1484 1484
(naphthalene ring)
1416 1416 1415 1415 v C-C
8 88 86 86 W CH v EC
1382 1 1 1
> > > > (naphthalene ring)
8 C-H (naphthalene
1172 170 175 175
ring), w CHj3
976 959 959 959 y C-H
759 749 750 749 y C-H (naphthalene ring)
522 524 524 524 B C-C (naphthalene ring)

a) Selected values in cm™ obtained by the functional/basis set BLYP/6-311**G++; b) Main groups involved
in the vibration; v = stretching, vas = antisymmetric stretching, § = bending, w = wagging, B = bending in

plane, and y = bending out of plane.
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FT-Raman spectra of the Zn.FeyAl.,)-NAP (Figure 4.16) are very similar from Zn,Al-
NAP to Zn,Feo;sAlo.5s-NAP samples. For the Zn,Fe-NAP sample, the spectrum is less
resolved and present intense fluorescence, however the most intense bands attributed
to NAP can be identified. Moreover, bands positions are practically the same compared
to the Mg-samples (Table 4.6). The incorporation of iron is also indicated by the
progressive shift of the band related to the M3*-O-M3* stretching, at 557 cm™ for the
Zn,Al-NAP sample (same position observed for the Zn,Al-Cl sample; see Chapter 3,

Figure 3.8B), toward lower wavenumber.

| Zn,Fe-INAP

Zn,Fe, Al .- INAP

anﬁ:?o,sAlo,s'lNAP

anF?o§.25A|0.75'1NAP

Intensity / arbit. unit

1386  ZnAINAP

524

1800 1600 1400 1200 1000 800 600 400 200
Wavenumber / cm™

Figure 4.16. Raman spectra of the Zn.FeyAluy)-1INAP samples.

The FT-IR spectra of calculated NaNAP and experimental NaNAP are present in
Figures 4.17. The differences in spectra shape between the calculated and experimental
IR data can be attributed to the contour conditions regard for the calculations, where it
is considered a single molecule under vacuum. However, bands positions are quite

similar.
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Figure 4.17. FT-IR spectra of calculated and experimental NaNAP.

The FT-IR spectra of Mg,FeyAl(..;y)-nNAP_H samples (Figure 4.18) are very similar.
No changes in bands positions are verified with the increase of y. Table 4.7 presents the
calculated and experimental wavenumbers for NaNAP and M.,Fe,Al.y)-nNAP_H
samples, as well as the tentative attribution considering the main groups of NAP[264].
FT-IR spectra were slightly sensitive to the intercalation process of NAP whereas four
bands were shifted. Among them are the band at 1558 cm™ in NaNAP shifted to 1542 cm”
'in LDH-NAP, assigned to the antisymmetric stretching of the C-C bonds, and the band
at 1273 cm™ (NaNAP) that was shifted to 1267 cm™ and is related to the symmetric
stretching of the carboxylate group COO". The other ones are the band at 1250 cm™
(NaNAP) shifted to 1233 cm™ (LDH-NAP) regarding the C-H bending in plane of the
naphthalene ring and the band at 1210 cm™ (NaNAP) shifted to 1215 cm™ assigned to the
C-H bending. Those shifts are an indicative of the interaction of the negative group of
the molecule with the positive LDH layers, as well as, the intermolecular interaction of

NAP in the arrangement of the anion between the layers.
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Figure 4.18. FT-IR spectra of the Mg.FeyAla.y)-NAP samples.

Table 4.7. Calculated and experimental vibrational IR wavenumbers.

Calc. Exp.
Mg.FeyAlu.y)-nNAP_H  Zn.FeyAlu.y)-1INAP Tentative attribution®
NaNAP? NaNAP
1606 1606 1604 1606 vas COO7, v C-C
1558 1558 1542 1539
Vas C-C
1504 1504 1504 1504
1382 1389 1389 1390 w CH3
1369 1365 1361 1361 v C-C (naphthalene ring)
1253 1273 1267 1266 vs (COO")
1240 1250 1233 1230 B C-H (naphthalene ring)
1220 1210 1215 1215 8 C-H
1016 1029 1028 1028 v CH;-O
820 8u 815 816 y C-H out of phase, § CH3

a) Selected values in cm™ obtained by the functional/basis set BLYP/6-3u1**G++; b) Main groups involved
in the vibration; v = stretching, vas = antisymmetric stretching, vs = symmetric stretching, § = bending, w
= wagging, B = bending in plane, and y = bending out of plane.
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The FT-IR spectra of Zn,Fe(y)Al,-NAP LDHs are present in Figure 4.19. FT-IR
spectra are very similar for all material, differing only in the intensity of the whole
spectra, considerably lower for the Zn,Fe,sAlo.5-NAP and Zn,Fe-NAP materials, that
presented the lower NAP %. Moreover, bands positions are close to the observed for the

Mg-samples (Table 4.7).

| Zn Fe-INAP

Zniz'??o.mAlo.zs'ElNAP
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1800 1600 1400 1200 1000 800 600 400
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Figure 4.19. FT-IR spectra of the Zn.FeyAly)-NAP samples.

The presence of the vibrational modes related to the naphthalene ring, as well as its
substituents in FT-Raman and FT-IR indicates the preservation of the NAP structure

after the intercalation into Al3* and Fe3*-based LDHs.
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4.9. Considerations about NAP incorporation into Fe3*-LDHs

Literature counts with some studies concerning the intercalation of NAP into LDH.
Most of these works are related to the NAP intercalation into MgrAl-LDHs
[121,122,126,127,130,131] while only one paper could be found concerning the ZnrAl-NAP
LDH composition [123]. These works indicate coprecipitation and ion-exchange reaction
as the commonly applied methods for the preparation of LDH-NAP hybrids. Also, some
of them demonstrate a difficulty in obtaining pure LDH-NAP crystallographic phases,
which means a mono phase consisting of LDH intercalated only with NAP (Figure
4-20A) or co-intercalated with NAP and the competing anions coming from the salts of
the cations applied to form LDH structure or already present in the pristine LDH
(Figure 4.20B), when the hybrid materials are prepared by the coprecipitation method
or ion-exchange reaction, respectively. On the other hand, crystallographic impurities
can be interpreted as phases other than LDH-NAP, which can be represented by non
LDH or LDH phases intercalated only with NAP competing anions (Figure 4.20C),
coming from the salts source of the cations for the LDH structure formation or
consisting of the pristine LDH applied in the ion-exchange procedure, i.e. as a mixture

of the structures shown in Figures 4.20A and/or 4.20B, and 4.20C.

i C
(4) (B) (_)l—> LDH layers
e ele B o
° &“ A’ S 2% 0°
VeV | ®
° '4 ° " ° '4 - '4 - = competing anions

1l w=NAP

Figure 4.20. Schematic representation of LDH intercalated with NAP anions (A), both competing
anions and NAP (B), and only competing anions (C).

As observed in this chapter, the formation of a mixture of LDH phases is also
frequently noticed in the literature. For instance, in the work of Wei et al. [122] the
Mg.Al-NAP LDH was prepared by ion-exchange starting from the Mg,Al-NO; material,
where the nitrate anions are more susceptible to participate in anion-exchange reactions

compared to other inorganic anions, such as, for instance, chloride or carbonate [53].
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Then, the XRD pattern of the Mg,Al-NAP material clearly presented the (113) peak as in
this thesis. Thus, the final sample actually contained the pristine phase, indicating that
not all NO;™ could be exchanged by NAP [122]. The presence of the pristine LDH phase
after the isolation of the Mg,Feo,Alo.o-NAP material (nominal formula), prepared by ion-
exchange reaction for 7 days and starting from the LDH-CI, was also observed in the
work of Del-Arco et al. [131] The peak attributed to the (00o9) harmonic plane for the
LDH-NAP phase, whose intensity is drastically higher than the intensity of (006) plane,
matches with the (003) peak related to the precursor phase. Moreover, a high intensity
peak and not attributed to any phase is present and matches with the (006) harmonic
peak related to the pristine LDH. The (113) plane is also observed at the same position
compared to the XRD pattern of the precursor, endorsing the limitation in performing
a complete ion-exchange reaction. The difficulty in isolating pure crystallographic LDH
intercalated with NAP anions can be a consequence of the synthetic method performed
for the drug intercalation. By ion-exchange reaction, the LDH structure is formed
previously and then the anionic exchange takes place, maintaining the layer’s structure
minimally, which explains the presence of two types of particles: one containing Cl- and
the other containing NAP anions. However, in the work of Del Arco et al. [131], the LDH
with the same composition prepared by coprecipitation reaction, whose layers are
formed in the presence of the organic anions, showed by XRD indications of the
presence of more than one type of particles. Therefore, it seems that there is a particular

difficulty in stabilizing the LDH-NAP phase.

Considering the NAP dimensions (11.00 x 6.50 x 5.00 A), as shown in Figure 4.21, and
the interlayer space equal to the basal space minus the thickness of the hydrated LDH
layers as around 4.8 A[265], for all LDH-NAP materials it is possible to propose a bilayer
disposition of NAP between the LDH’s layers, as previously proposed.[115,121,127] Figure
4.22 presents an estimation of the disposition of intercalated NAP (chloride anions were

omitted) for the Mg,Al-INAP sample.
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6.50 A

11.00 A

Figure 4.21. Dimensions of NAP structure obtained from Discovery Studio Visualizer software.

Figure 4.22. Estimation of the disposition of intercalated NAP for the Mg.Al-1NAP sample (chloride
anions were not represented).

For the Mg-series, from Mg,Al-INAP to Mg,Fe-3NAP_H sample it is observed the
progressive decrease in the c cell parameter from 68.84 to 62.13 A, respectively (Table
4.2). Such tendency may be related to the decrease in the hydration percentage along

the series (Table 4.4), from 6.0 to 3.9 wt%. However, it is important to consider the
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difficulties in distinguish the different TGA events (i.e. dehydration, NAP thermal
decompositions, dehydroxylation) conferring limitations to the estimation of the
hydration percentage. Moreover, an increase in the amount of interparticle water, for
instance, would contribute to the increase in the general hydration percentage, however
not a variation in the interlayer space. Considering a constant layer charge density, for
instance for the Mg,Al-INAP, Mg,Fe, .;Al,5-1INAP, and Mg,Fe, sAl, 5-INAP samples, the
substitution of AB* by Fe3* cations may conduct to the increase of the a cell parameter,
expanding the layer’s length and deconcentrating the positive charge, allowing the
decrease in the B angle (see Figure 4.22). Comparatively, Mg.Fe-3NAP_H sample
presented a smaller charge density (thus lower  angle) due to x lower than 0.33. Also,
the decrease of intercalated NAP anions in the compositions can mean less LDH-CI
crystallites performing ion-exchange or also the increase in the amount of co-
intercalated Cl™ anions, which also leads to the decrease in the basal space. For the Zn-
series, no tendency is observed in the ¢ cell parameters (Table 4.2), whose values
fluctuate around 67.87 A (average). The presence of impurities, deviations from the
expected compositions together with lack of precise materials compositions do not allow

further data interpretation.

4.10. Conclusions

This chapter presented a detailed study concerning the effect of Fe3* cations amount
(y) in the ion-exchange capacity of a series of Mg,Fe,Al.y)-Cl and Zn,FeyAl(.y)-Cl LDHs.
XRD analysis indicated NAP intercalation for all samples, despite the presence of
residual pristine phases. By increasing y, NAP excess (NAP / (Fe3* + A3*) equal to 3 and
heating were necessary to attest the formation of crystalline Mg,FeyAl.y)-NAP LDHs, for
y equal or greater than 0.5. No NAP excess was necessary for the Zn-series, although the
relative intensity of the peaks related to the pristine phases progressively increased by
increasing y. The plot of the a cell parameter versus y and x shows that the exchange of
Cl" by NAP is characterized by a practically topotatic process for the Mg-LDHs. On the
other hand, layer compositions considerably change after ion-exchange for the Zn-
series. Mg,Al-INAP and Zn,Al-1INAP samples were able to encapsulate an appreciable

amount of the drug, with NAP representing 37.30 and 35.29 wt % of the samples mass,
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respectively. Although NAP % decreased with the increase in y, iron-enriched samples
were still able to considerably encapsulate NAP, for instance 26.80 and 26.27 NAP %
were verified for the Mg,Fe-3NAP_H and Zn,Fe,;Al, 5-INAP samples, respectively. For
the Mg-series, such tendency could be attributed to the increase in the M?*/M3* molar
ratio, resulting in a lower charge density, but also intrinsically due to Fe3*. For the Zn-
series, besides variations in the layer compositions related to the nominal values, more
variables can be pointed as responsible for the decrease in NAP %, such as the increase
in the lengths of the coherent domains and the presence of impurities (verified for the
iron enriched Zn,Fe, ,5-Alo75-INAP and Zn,Fe-1INAP samples). The linear decrease of the
dehydroxylation, NAP decomposition and dehydrochlorination temperatures with the
increase in y reinforces the maintenance of iron into the samples. Vibrational FT-IR and
Raman bands related to intercalated NAP were attributed based on the calculated
NaNAP spectrum. Experimental FT-IR and Raman spectra of NaNAP were also record
for validation of the computational calculations. For all samples, NAP integrity after
intercalation was attested. lon-exchange reaction can be, in fact, useful for the
intercalation of organic anions into Fe3*-based LDHs. The maintenance of LDH layer
composition after the ion-exchange procedure offers an advantage for Mg Fe-LDHs to

be applied as drug carriers in comparison to Zn Fe-LDHs.
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Chapter 5: Synthesis and characterization of
Mg.Fe,Al(.y)-ABI and Zn,Fe;Al(.y)-ABI LDHs: the role
of Fe3* in ABI anions intercalation by the
coprecipitation method

M (OH

Abietate anion
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5. Abstract and data presentation

5.1. Abstract

In general, this chapter is concerned with the investigation of the capacity of Fe3*-
LDHs to intercalate organic anions by the coprecipitation (one-pot) method. More
specifically, there is also the interest in developing Fe3*-LDH host carriers for natural
bioactive species. Due to their multiple biological properties, the natural diterpenoid
abietic acid was evaluated to comprise organic-inorganic hybrid systems; its anion (ABI)
was for the first time intercalated into the LDH structure. Two series of LDH systems
with M,Fe,Al.,)-ABI nominal compositions (M = Mg or Zn**; y = 0, 0.25, 0.5, 0.75, Or 1)
were prepared by the coprecipitation method. Abietic acid and isolated sodium abietate
(NaABI) were also studied for comparison. The progressive substitution of Al3* for Fe3*
into the LDH layers produced non-pure LDH-ABI phases, containing either LDH-CI for
the Mg-series, or also amorphous phases for the Zn-series. Crystallographic pure hybrid
Mg-LDH materials were observed for a substitution ratio of up to half of the A3* content
(y < 0.5), associated with a satisfactory amount of intercalated ABI, representing from
48.57% to 41.14% of the mass of the Mg,Al-ABI and Mg,Fe,;Al,s-ABI samples,
respectively. Scarcely reported, such Fe3* cation substitution was scrutinized to better
understand the integrity of the host structure when intercalated with organic species as
well as to address possibilities of biological applications of these hybrid LDH phases.
More specifically, pure LDH-ABI assemblies may inspire the design of high technological

pharmaceutical formulations.

5.2. Materials and methods

5.2.1. Reagents

Magnesium chloride hexahydrate (MgCl,-6H.O, purity = 99 %), aluminium chloride
hexahydrate (AICL-6H.O, 99 %), zinc chloride (Zn.Cl, = 98 %), iron(III) chloride
hexahydrate (FeCl;-6H,O) (= 98%), sodium hydroxide (NaOH) (= 98 %), and abietic acid
(HABI) (C50H300.3) (= 75 %) were purchased from Sigma-Aldrich. Absolute ethanol was

purchased from Synth. All products were used as received.
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5.2.2. Synthesis of the LDHs intercalated with ABI

LDH materials were prepared directly from HABI reagent. Initially, HABI was
deprotonated by dropwise addition of a 0.2 mol L* NaOH solution under stirring until
complete dissolution due to deprotonation. LDH with expected layer compositions
M.Fe;Al(.y), with M = Mg or Zn and y values equal to o, 0.25, 0.5, 0.75, or 1, were prepared
by the coprecipitation method. Hence, a 0.05 mol L solution with appropriate amounts
of MgCL-6H20 (or ZnCl,) and AICl-6H20 (and/or FeCl3-6H20) was added
concomitantly with a 0.2 mol L* NaOH solution into the abietate anions (ABI) solution,
containing no excess of ABI in relation to M3* amount; to keep the pH value constant
and equal to 10.5 or 7.5 along the synthesis of Mg-LDH or Zn-LDH materials,
respectively, the NaOH solution was added to the ABI solution. ABI solution was
submitted to a mechanical stirring at goo rpm, kept at room temperature and under a
dynamic N, atmosphere. After the metal solution addition, the materials dispersions
were aged at room temperature for 24 h under nitrogen gas. The solids were isolated by
filtration under reduced pressure, washed with deionized water followed by washing

with absolute ethanol, and dried at room temperature in a desiccator.

5.2.3. Sodium abietate preparation

Starting from while-yellowish HABI solid, sodium abietate salt (NaABI) was prepared
by the dropwise slow addition of a stoichiometric amount of a 0.1 mol L NaOH solution
(about 1 drop / 3 s) under vigorous stirring. The NaABI solution was filtrated in a glass
Biichner funnel for removal of non-dissolved solids, frozen and lyophilized for 24 h at
200 mbar and - 50 °C in a Thermo Savant ModulyoD equipment. After lyophilization,
the also white-yellowish solid was transferred to a glass Biichner funnel and washed with
cold water followed by cold absolute ethanol. The remaining slurry was frozen and

lyophilized at the same conditions described above.

5.2.4. Characterization

X-ray diffraction patterns (XRD) of powdered LDH were recorded on a Philips X-Pert
Pro equipment, using CuKo,/Ka, radiation (1.5406/1.5444 A), scan range 1.5-70°(20) and
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scan step of 0.02°(20)/3s. XRD pattern of powdered NaABI salt was obtained on a Rigaku
MiniFlex equipment using CuKa radiation (1.5406 A), Ni filter, scan range 1.5-70°(26) and
scan step of 0.02°(26)/3s. Single or double XRD peaks deconvolution was performed

using the FullProf Studio program version 2.0.

Mass coupled thermal analyses (TGA-MS) were recorded on a Netzsch
thermoanalyser model TGA/DSC 490 PC Luxx coupled to an Aéolos 403 C mass
spectrometer, using alumina crucible, and applying a constant heating rate of 10°C/min,
under synthetic air flow of 50 mL/min, in the 35-1000°C range, and applying around 10

mg of sample.

Fourier transform infrared (FT-IR) spectra of powdered samples were recorded in the
4000-400 cm™ range on a Bruker spectrophotometer, model alpha by attenuation total
reflectance (ATR) mode, with acquisition step of 4 cm™ and 512 scans.

Fourier transform Raman (Raman) spectra were recorded in a FT-Raman Bruker FRS-
100/S spectrometer using 1064 nm exciting radiation (Nd:YAG laser Coherent Compass
1064-500 N), a Ge detector, laser power of 100 mW, acquisition step of 4 cm™and 2048
scans.

Inductively coupled plasma atomic emission spectroscopy (ICP-AES) analysis of Mg,
Zn, Fe, and Al were performed on Spectro Analytical Instrument. Elemental analysis of
carbon, hydrogen and nitrogen were recorded on Perkin Elmer - CHN 240. Both analyses
were obtained at the Central Analitica of the Instituto de Quimica (Universidade de Sdo
Paulo - USP).

High Performance Liquid Chromatograph (HPLC) analysis of HABI was performed
at the Central Analitica of the Instituto de Quimica (Universidade de Sdo Paulo - USP)
and carried on a Shimadzu equipment with a CBM-20A controller, LC-20AD pumps, SPD-
20A detector, CTO-20A heater and a SIL 20 AC autoinjector. It was used a Spelco Ascentis
C-18 column (250 x 4.6 mm - 5 um), at 35°C and a solvents flux of 1.0 mL min™. Solvent A
was composed of aqueous solution containing o0.05 wt% of formic acid. Solvent B was
composed of methanol solution containing 0.05 wt% formic acid. It was applied a mixture
of solvents A and B at specified times as follows (time - B%): o min - 50%, 5 min - 50%,

40 min - 100%, 45 min — 100%, 50 min - 50%.
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Mass spectrometry (MS) of HABI was performed at the Central Analitica of the
Instituto de Quimica (Universidade de Sdo Paulo - USP) in an Amazon Speed ETD Bruker
equipment, with nebulizer at 27 psi, a dry gas flux of 12 L min, 325°C and 4500 V of
voltage.

BC nuclear magnetic resonance (NMR) spectra was recorded in a 300 Bruker
spectrometer operating at 75.47 MHz for 3C spin resonance and using magic angle
spinning (MAS) condition at 10 kHz with a 4 mm diameter size zirconia rotor. 3C spectra
were obtained by proton enhanced cross-polarization method (CP, contact time of 1 ms,
recycling time of 5 s) and referenced to the carbonyl of glycine calibrated at 176.03 ppm.
To get a proper signal to noise ratio, over 1,000 CPMAS scans were accumulated for both
NaABI and Mg.AI-ABI (ABI). Component analysis of 3C spectra of NaABI was performed
using OriginPro® 9 software, applying Voigt function on baseline discounted curves. It
was considered the minimum number of component bands as possible in the fitting
process and results with R-Squared values greater than 0.998.

Mechanic stirring was performed using a Fisatom homogenizer model 713D.

5.2.5. Density functional theory calculations

Computational calculations of the vibrational spectra of HABI and NaABI anion (in
vacuum) were perform using density functional theory (DFT) implemented in
Gaussianog. Geometry optimization, IR/Raman shifts were computed using BLYP/6-

311**G++. The wavelength values were adjusted by applying the correction factor equal

to 0.973.

5.3. Results and discussion

As described in the experimental section, the synthesis of LDHs intercalated with
ABI were performed by direct deprotonation of HABI reagent applied with no further
purification. Appendix D contains the characterization of HABI reagent (Figures D.1 -
D.17), whose results combined with the LDH characterization presented and discussed
below indicate that HABI reagent impurities are not intercalated into LDH and are

removed by materials washing and isolation processes.
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XRD patterns of Mg.FeyAlny)-ABI and NaABI salt, and Zn.FeyAl..y) and NaABI salt
are shown in Figure 5.1 and 5.2, respectively. NaABI salt diffractogram presents a well-
defined peak at 4.23 ° (20) and two broader peaks at 15.23 and 29.10 ° (26). The NaABI
diffraction pattern suggests a layered structure in which the isopropyl associated with
diterpene backbone is defined as an alkyl chain while the carboxylic group is
hydrophilic. Such dual presence in a same molecule leads to a hydrophilic and
hydrophobic balance, thus forming double layer arrangement according to the medium.
Such bilayer is structurally well organized as observed by the sharp peak at low 26 value,
while larger peaks are occurring from the intra alkyl chain organization and repetition.
Peaks related to the salt are not visualized in the XRD pattern of the LDH, thus
indicating that ABI intercalation prevails to the superficial adsorption. For both
Mg.FeyAl(.y) and Zn,FeyAl(.y) series it is clear the decrease in the structural organization
of the materials with the increase in iron amount. The Zn,Fe-ABI sample consisted of a
material with a high degree of amorphization and probably a mixture with amorphous

side phase(s).
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For the aluminium enriched samples, the high intense peak below 5 ° (20) makes

difficult the analysis of the other less intense peaks. Therefore, Figures 5.3 and 5.4

presents the XRD patterns fragmented by regions, privileging the visualization of each

peaks set. Miller index hkl were attributed to each peak considering the common

arrangement of LDH as the 3R1 polytype. The peaks’ position (20), the correspondent

interplanar distances (dnw-values), and the related Miller indexes for the Mg,FeyAl(.y)-

ABI and Zn,FeyAl(.y)-ABI series are compiled in Tables 5.1 and 5.2, respectively.
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Figure 5.4. XRD patterns of the Zn.FeyAlq.y)-ABI samples fragmented by regions. A and B: (ool) planes
region, C: (o1l) planes region, and D: (ul) planes regions. (*) indicates amorphous component’s
contribution.

Table 5.1. Interplanar distances (dru-values), 26 peak positions and correspondent Miller indexes

considering Mg.FeyAluy)-ABI LDH phases presenting the polytype 3R1

Miller
y=o y=o0.25 y=0.50 y=o0.75 y=10 Index
20 d(A) 20 d(A) 20 d(A) 20 d(A) 20 d(A) (hkl)
3.55 | 24.83 | 3.67 | 24.04 | 3.92 | 22.50 -—-- -—-- -—-- -—-- (003)
-—-- -—- -—-- - - - 1.69 | 7.56 1.33 7.80 (003)al
7.25 1218 7.46 11.83 8.52 | 1037 | 9.05 9.76 -—-- -—-- (006)
-—-- - -—-- - -—-- - 2227 | 9.99 | 22.47 3.95 (006)cl
10.96 | 8.06 11.21 7.88 | 12.81 | 6.90 - -—-- - -—-- (009)
14.52 | 6.09 | 14.57 | 6.07 -—-- - -—-- -—-- -—-- -—-- (0012)
18.57 | 4.910 | 1819 | 4.87 - - - - - - (oo15)
21.85 | 4.06 | 2210 | 4.02 | 22.29 | 3.98 - -—-- - -—-- (0018)
-—-- -—- -—-- - -—-- - - -—-- - -—-- (101)
3585 | 2.57 | 3494 | 257 | 3493 | 257 | 3425 | 261 | 3419 | 262 (012)
-—-- -—- -—-- - -—-- - 3873 | 232 | 38.53 2.33 (o15)
-—- -—- -—-- - -—-- - 45.82 | 1.98 | 45.93 1.97 (018)
60.82 1.52 60.64 1.53 60.47 1.53 59.99 1.54 59.55 1.55 (110)
-—-- -—- -—-- - -—-- -— | 60.92 | 152 | 60.57 1.53 (u3)
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Table 5.2. Interplanar distances (dn-values), 20 peak positions and correspondent Miller indexes
considering Zn.FeyAlu.y)-ABI LDH phases presenting the polytype 3R1.

Miller

y=o0 y=0.25 y=0.50 y=0.75 y=1.0 Index

20 d(A) 20 d(A) 20 d(A) 20 d(A) 20 d(A) (hkl)
335 | 26.38 - ———- - ———- 280 | 3149 | 272 32.43 (003)
-—-- -—- -—-- - - - - -—-- 5.66 15.60 (006)

11.74 7.53 .73 754 | 159 | 7.62 | 1.78 7.51 - - (003)a

23.46 3.79 23.36 3.80 23.09 3.85 23.27 3.82 ——-- e (006)ci
3475 | 258 | 34.62 2.51 | 34.40 | 2.60 | 3437 | 2.61 - -—-- (012)
39.43 | 228 | 39.20 | 230 | 38.67 2.31 39.93 2.31 - - (o15)
46.92 | 1.93 | 46.67 | 1.94 | 4654 | 195 | 46.47 | 105 - -—-- (018)
60.54 | 144 | 60.24 | 153 60.01 | 154 | 59.97 | 154 - -—-- (10)
61.71 150 | 61.46 1.51 61.19 1.51 60.02 | 1.52 - -—-- (113)

In Figure 5.3A, it is observed (003) peaks with corresponding dni values equal to
25.37, 25.01, and 23.78 A for the Mg,Al-ABI, Mg.,Fe,sAl,-s-ABI, and Mg.Fe, sAlos-ABI
samples, respectively, indicating the intercalation of the bulk ABI anion. Figure 5.3B
shows five harmonics of the (003) peaks for the Mg,Al-ABI and Mg.Fe,.,sAlo75-ABI
samples, indicating an elevated structural organization when Al3* cations are present in
higher amounts than iron(II) in the LDH composition. Though the (003) peak could
not be visualized due to the lower structural organization of iron-enriched
Mg.Feo ;sAlo..5-ABI composition, the (006) and (009) harmonic peaks indicate ABI
intercalation. For the Mg,Fe-ABI sample, peaks at (28) 11.08 and 22.71 ° present
corresponding interplanar distances values equal to 7.97 and 3.91 A respectively, in
agreement with the (003) and (006) peaks observed for LDH intercalated with ClI-
anions[u15]. Figure 5.3C shows, for the Mg,FeosAlo5-ABI and Mg,Fe-ABI samples,
peaks at very similar positions and satisfying the -h + k +1 = 3n condition, thus indicating
that samples present similar stacking pattern arranging in a typical rhombohedral
symmetry. The incorporation of Fe3* into LDH conducted to the displacement of 110
peaks, corresponding to the X-ray diffraction occurring only in atoms of the layers, to

smaller angles region, due to the higher ionic radius [38] of Fe3* (0.645 A) in comparison
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to AB* (0.535 A) cations (Figure 5.3D). For the Mg,AI-ABI, Mg.Fe,.sAl,-s-ABI, and
Mg.Fe, sAlos-ABI samples, the absence of the 113 peaks, dependent of ¢ cell parameter
and normally displaced to small angle when bulky anions are intercalated in contrast
with smaller inorganic anions, indicates the formation of a single LDH phase with
crystallographic purity. Increasing the iron amount in the compositions, the 113 peaks
presence indicates a mixture of phases. The intercalation of Cl- anions instead of ABI

seems to prevail for the Mg,Fe-ABI sample.

From Zn,Al-ABI to Zn,Fe-ABI samples, the 003 peaks are displaced towards smaller
angles region, with doo; value ranging from 26.38 to 33.67 A, respectively, an opposite
tendency in comparison with the Mg-series. A mixture of phases is verified by the
presence of the (003) and (006) peaks corresponding to the LDH phases intercalated
with CI" anions (Figure 5.4B) and of the (113) peaks (Figure 5.4D and 5.4E). The no
peaks were also displaced to small angles region with the increase in iron amount,
indicating the Fe3* ion incorporation into LDH layers. Differently from the Mg,FeyAl(..y)-
ABI samples, despite the ABI intercalation, a mixture of phases is observed for all
samples. For the Zn,Fe-ABI sample, although not observed the narrow peaks at (20) 4.23
degrees corresponding to NaABI, a broad peak is observed at (28) 15.23 degrees.
Contributions of amorphous phases are indicated by (*) symbol. Figure 5.4C shows very
well defined o1l peaks at similar positions for all samples, with exception of the Zn.Fe-

ABI sample, less structurally organized.

Table 5.3 presents the a and c cell parameters for the LDH-ABI materials. The a cell
parameters were calculated as 2 times the interplanar distance related to the refined
position of the (110) diffraction peaks (2xdwo)) (see Appendix D, Figure D18, for peaks
refinement results), while the ¢ parameters were calculated as 3 times the average basal

spacing calculated by the Equation 5.1.

Z?: id i 1
f(n) = %0(3)) = ~(d(o03) t 2d(006) + *** + nd(00(3n))) (5.)
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Table 5.3. a and ¢ cell parameters obtained from powder X-ray diffraction data.

Sample a(A) c(A)

Mg.Al-ABI 3.043 73.32
Mg.Feo.25Alo.75- ABI 3.052 72.06
Mg.FeosAlo.s- ABI 3.061 65.88
Mg.Feo ;sAlo.25- ABI 3.082 58.56
Mg.Fe- ABI 3.008 | -----
Zn.Al- ABI 3.056 79.14
Zn,Feo.2s5Alo.75-ABI 3.068 | -----

Zn,FeosAlo5- ABI 3.080 | --—--

Zn.Feo75Al0.25-ABI 3.082 94.47

Zn,Fe-ABI | -—-- 95.45

Chemical analysis results are shown in Table 5.4. For the Mg-series, the Mg/ (Fe3*
+ AB*) molar ratio is higher than 2 for the Mg,Al-ABI and Mg,Fe,.5Alo.,5-ABI samples,
however for the other samples the molar ratios among cations are very close to the
nominal values. ABI was encapsulated in appreciable amount even for the most iron-
enriched sample, whose preferential (or co-intercalation) of Cl- anions was verified by
XRD analysis, representing 48.57 wt % (m/m) of ABI in the LDH system for the Mg,Al-
ABI sample and 41.14 w % for the Mg,Fe, sAlo50-ABI material. However, a progressive
decrease in the amount of ABI is verified from increasing of the iron amount, surpassing
the expected decrease in organic mass percentage, since AB* cation is being substituted
for Fe3* which elevates the molar mass of the LDH. For the Zn-series, Fe3*/AlI3* molar
ratios are close to the nominal values. However, the Zn>* / (Fe3* + Al3*) molar ratios are
lower than 2. Considering that a M**/M3* ratio lower than 2 is not plausible because
three octahedra containing ABB* would be adjacent and repel each other [266], the
presence of amorphous impurities is indicated for all materials of the Zn-series.
Curiously, Zn,Fe-ABI material presented the higher ABI percentage (45.19 wt%) among
the Zn,FeyAl(.y)-ABI samples. The precipitation of NaABI salt on particles surface could

have contributed to the higher level of organic species.
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Table 5.4. Chemical composition, molar ratios, and mass/mass percentages for the Mg.FeyAly)-ABI and
Zn.FeyAl(.y)-ABI series.

y= R=
Samples M/Al M/Fe wt% C wt% ABI % H,O
Fe3t/(Fe3++Al3+) M /(Fe + Al)
(2.00)
Mg.Al-ABI 38.67 48.57 4.8
2.23Y)
(2.67) (8.00) (0.25) (2.00)
Mg.Fe,.;Al;,5-ABI 36.78 46.20 7.4
2.71 8.25 0.25 2.36
(4.00) (4.00) (0.50) (2.00)
Mg.Fe,;Al, 5s-ABI 32.75 4114 8.2
4.23 4.06 0.51 2.07
(8.00) (2.67) (0.75) (2.00)
Mg.Fe,.;sAl;..5-ABI 26.34 33.08 6.3
7.98 2.65 0.75 1.99
(2.00)
Mg.Fe-ABI 17.45 21.92 1.5
1.96
(2.00)
Zn,Al-ABI 34.49 43.32 6.6
1.66
(2.67) (8.00) (0.25) (2.00)
Zn ,Fe;,sAl, ,5-ABI 30.35 38.12 8.9
2.26 7.83 0.22 1.75
(4.00) (4.00) (0.50) (2.00)
Zn.Fe,;Al,5-ABI 33.00 41.45 6.4
3.13 3.29 0.49 1.60
(8.00) (2.67) (0.75) (2.00)
In.Fe;;sAl;.5-ABI 27.17 34.13 9.0
4.30 1.44 0.75 1.08
(2.00)
Zn ,Fe-ABI 35.98 45.19 5.8
1.26

a) expected values according with the molar ratio of the reagents, b) experimental values, and c¢) water
amount (m/m) obtained by TGA experiments.

Figure 5.5 shows the plot of the a cell parameters, calculated as 2xd(uo) from (110)

refined XRD peak positions, versus the experimental amount of iron (y) for the Mg- and

Zn-series (with exception of the Zn.Fe-ABI sample). A satisfactory linear correlation is

observed for the Mg-series. For the Zn-series, iron was incorporated in a lower extension

compared to the Mg,Fe,Al(.y)-ABI materials. Non incorporated iron into LDH probably

originates amorphous iron phases, in agreement with the elemental analysis of the bulk

samples.
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Figure 5.5. Plot of the calculated a cell parameter as a function of the experimental y value for the
Mg.FeyAlay)-ABI and Zn.FeyAln.y)-ABI series.

Figure D.19 (Appendix D) shows the refined (see refinement results in Figure D.18)
and calculated a cell parameter plotted as a function of x. Unfortunately, it was not
possible to apply the same geometrical reasoning for the LDH-ABI series as performed
for the LDHs in Chapters 3 and 4. Experimental points for the Mg.Al-ABI, Mg.Fe, »5Alo.5-
ABI, and Mg.Fe,sAlo5-ABI samples are clearly way lower than the experimental ones.
However, for the Mg,Fe,sAl,.5-ABI and Mg,Fe-ABI samples, which consist of the
mixture of LDH-ABI and LDH-CI phases, theoretical and experimental points coincide.
Clearly, there is a limitation in the estimation of the 110-peak position, not only by the
low structural organization of the LDH-ABI LDHs but also by the influence of the 13-
peak, shifted towards a small angle when ABI is intercalated in comparison to chloride
anions, in the 110-peak position. For Mg.Feo ;sAlo..5-ABI and Mg.Fe-ABI samples, the 110

peaks observed are the majority due to the LDH-CI phase.
Next, the thermal degradation of the NaABI and LDH-ABI samples is studied.

TGA-DTG and DSC-MS curves of Mg,FeyAl(.y)-ABI samples are shown in Figures 5.6
and 5.7, respectively. The endothermic dehydration event, accompanied by the release
of adsorbed and/or intercalated water molecules (see MS curves, m/z = 18), occurs from
room temperature to 160°C and to 170°C for the Mg,Al-ABI and Mg.Fe,.,sAlo.75-ABI LDH,
respectively. For the Mg,Al-ABI sample, the dehydroxylation and ABI decomposition
combined exothermic processes, occur in two steps in the temperature ranges 160 - 470

and 470 - 600°C, and are accompanied by the release of water (m/z = 18) and CO, (m/z
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= 44) molecules. For the Mg,Fe,,sAl,;5-ABI LDH sample, these events take place in three
steps in the temperature ranges 170 - 325, 325 - 420 and 420 - 600°C. For the LDH with
Fe/Al molar ratio equal and higher than 1 the release of adsorbed and intercalated water
molecules occurs at higher temperatures. ABI decomposition and dehydroxylation of
the matrices resulted in exothermic events described by three mass loss events for the

Mg.Fe, sAlos-ABI sample, in the temperature range 180 - 310, 310 - 420 and 420 - 600°C.

For the Mg,Fe, ;5Alo..5-ABI and Mg,Fe-ABI samples, three decomposition events can
also be seen. Prolonged mass loss for these two samples can be related to
dehydrochlorination due to the presence of LDH-CI phase, verified by XRD. Residues
percentages are much higher for the iron-enriched Mg,Fe, ;sAlo..5-ABI and Mg,Fe-ABI
samples, indicating lower amounts of ABI, as verified by elemental analysis. Intercalated
ABI thermal stability increased for the most iron-enriched samples; however, was similar
compared to the NaABI salt (Figure 5.8), whose ABI decomposition started around

170°C.
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Figure 5.6. TGA (top) and DTG (bottom) curves for the Mg.FeyAln.y)-ABI samples.
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Figure 5.8. TGA-DSC (top) and DTG-MS (bottom) curves for the NaABI salt.

TGA-DTG and DSC-MS curves for the Zn,Fe,Al.-ABI samples are shown in Figures
5.9 and s5.10, respectively. Dehydration endothermic event occurs from room
temperature until 170°C for the Zn,Fe-ABI sample and 160°C for the other materials.
Differently from the Mg-LDH materials, ABI decomposition (exothermic) occurred in a
shorter temperature range and just one main mass low loss event is visualized (see MS
curves, m/z = 44) and was slightly shifted to smaller temperature values from Zn,Al-ABI
to Zn.Fe-ABI samples. Matrix dehydroxylation and ABI thermal decomposition
combined processes occurred until 500 - 550°C for all samples. Focusing on the thermal
behaviour of the Zn.Fe-ABI sample, TGA curve presents two abrupt loss mass at around
240 and 360°C, clearly visualized in the DSC curve and not observed for the other
samples. This sample differed from the behaviour of the others in the complementary
characterization technics probably due to the presence of amorphous impurities. No
tendency was observed among the calcination residues percentages and amount of

intercalated ABI amount once M>*/M3* ratios differ considerably among the samples.
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As in Chapter 4, FT-IR and FT-Raman spectra for the NaABI and LDH-ABI samples
were considered in this chapter mainly to evaluate the integrity of the organic anion

after intercalation into LDH.

It is verified a great agreement between calculated and experimental Raman spectra
of NaABI (Figure s5.u1), indicating reliability in applying the calculated data to

assignment the vibrations modes.
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2 }
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Figure 5.11. Raman spectra of calculated and experimental NaABI.

Raman spectra of the Mg.FeyAl.y)-ABI and Zn.FeyAlny)-ABI samples are present in
Figures 5.12 and 5.13, respectively. The main vibrational modes contributing to the most
intense bands of the spectra are assigned according to the simulated NaABI spectrum,
in agreement with the literature.[267] The band at 1650 cm™ (experimental) is attributed
to the conjugated C=C stretching. The bands from 1463 to 886 cm™ are mainly related to
the C-C stretching and vibrational models of the CH, CH,, and CH; groups. The band at
765 cm™ is assigned to the COO™ bending. M-OH translation in the LDH layers are

assigned to the bands in the 500-600 cm™ range [218].
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Table 5.5 shows the calculated and experimental Raman wavenumbers for NaABI
and M,FeyAl(..y)-ABI samples, as well as the tentative attribution considering the main
groups of ABI. For the best of our knowledge, it is the first time that sodium abietate

vibrational FT-IR bands are assigned.

Table 5.5. Calculated and experimental vibrational Raman wavenumbers (in cm™).

Calc. Exp.

NaABIY  NaABI Mg.FeyAlG.y)-ABI In.Fe,Aly)-INAP  Tentative attribution®

1655 1650 1650 1650 v C=C
1464 1463 1470 1470
1451 1445 1443 1443 8 CH;, 8 CH.
1437 1434 1434 1434
8 CH., CH;, CH,
1307 1307 1305 1305
v C-C
1199 1202 1204 1202
8 CH., CH;, CH,
181 183 183 183
v C-C, tw CH.
926 926 925 925
879 886 886 886 8 CH., CH; and CH
756 765 765 765 8 COO, 8 CH, and CH;
695 715 715 715 8 C-C, § CH. and CH;

a) Selected values in cm™ obtained by the functional/basis set BLYP/6-311**G++; b) Main groups
involved in the vibration; v = stretching, § = bending, and tw = twisting.
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Calculated and experimental IR spectra of NaABI are present in Figure s5.14.
Experimental bands are broader compared to the calculated ones. Bands positions and

general spectrum share are quite similar among these samples.
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Figure 5.14. FT-IR spectra of calculated and experimental NaABI.

FT-IR spectra of the Mg- and Zn-series are shown in Figures 5.15 and 5.16,
respectively, and are very similar to the NaABI spectrum. No considerable bands shifts
are observed among the samples. The main vibrational modes contributing to the most
intense bands of the spectra are assigned according to the simulated NaABI spectrum
and the literature.[268] Besides C-H bending modes (CH, CH. groups) in the
diterpenoid ring and CHj; substituted group, asymmetric and symmetric stretching of
the COO- group are related to the bands at 1541 and 1328 cm™ (experimental NaABI),
respectively. Table 5.6 shows the calculated and experimental IR wavenumbers for
NaABI and M,FeyAl(..y)-ABI samples, as well as the tentative attribution considering the

main groups of ABI.
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Figure 5.16. FT-IR spectra of the Zn.FeyAly)-ABI samples.
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Table 5.6. Vibrational FT-IR calculated and experimental wavenumbers.

Calc. Exp.
Mg.FeyAl.y)-ABI Zn,FeyAl.y)-ABI Tentative attribution®
NaABI? NaABI
1532 1541 1532 1522 vas COO"
1464 1464 1464 1460 6 CH., § CH;
1383 1383 1389 1389
v C-C, 8§ CH2, § CH and CH;
1355 1355 1356 1356
1321 1328 1331 1331 vs COO, tw CH., v C-C, § CH;
185 1199 198 1202 tw CH,, v C-C, 8§ CH, CH2 and
1144 155 1155 156 CH;
892 899 87 v C-C, § CH, CH., CH;,
879 884 88 8 CH, CH; and CH;

a) Selected values in cm™ obtained by the functional/basis set BLYP/6-311**G++; b) Main groups
involved in the vibration; v = stretching, vas = antisymmetric stretching, vs = symmetric stretching, and §
= bending, and tw = twisting.

To validate the integrity of the molecular backbone after intercalation, 3C-NMR
spectrum of Mg,Al-ABI sample was compared to the spectrum of the NaABI salt (Figure
5.17). The resonance peaks were assigned according to Landucci et al.[269] and Nong et
al. [268], and some peaks were decomposed for better indexation. It is observed that

both Mg,Al-ABI and NaABI spectra are quite superimposed.
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Figure 5.17. Solid state 3C-NMR spectra of Mg.Al-ABI sample and NaABI salt.

Chemical shifts related to the unsaturations, terpene ring, and carboxylate group
together with spectroscopic vibrational data, Raman and IR, that present bands related
to the deprotonated carboxylate group, the terpene ring and ring substituents, indicate
that the molecule is deprotonated into the LDH structure while keeping its integrity

after intercalation.
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5.4. Considerations about Fe3* incorporation ABI intercalation into
LDH

Materials composed by Mg?* as divalent cations and containing a high degree of A3*
substitution for Fe3* were able to form pure crystallographic phases (Mg.Al-ABI,
Mg,Feo..sAlo75-ABI, and Mg.Fe,sAlos-ABI samples). Even showing evidences of the
formation of a mixture of phases, that is LDH-Cl and LDH-ABI, the Mg,Fe; ;sAlo..5-ABI
and Mg.Fe-ABI samples were able to encapsulate a high ABI amount. Iron incorporation
into LDH was indicated considering the XRD data. No phases other than LDH were
verified by the applied characterization techniques. On the other hand, for all Zn,FeyAl.
y)-ABI samples a mixture of crystalline LDH-Cl and LDH-ABI phases were formed.
Besides, amorphous impurities were considered to be present, from by XRD data, and
since the Zn>*/M3* molar ratios were considerably lower than 2. For the Zn,Fe-ABI
sample, even presenting a low crystallinity, the XRD profile, the general thermal
behaviour, and the vibrational analyses pointed to the formation of the LDH phase. 3C-
NMR and vibrational FT-Raman and FT-IR analyses indicated the integrity of ABI after

intercalation.

From ABI dimensions (6.86 x 8.42 x 1.01 A), obtained with ChemDraw Ultra 12.0,
from minimized structure energy, and considering the interlayer distance as equal to
the basal space minus the layer thickness (4.8 A)[265], a bilayer disposition between the
layers can be proposed, as exemplified in Figure 5.18 for the Mg,Al-ABI sample. As for
the Mg.FeyAly)-nNAP_H LDHs (Chapter 4: discussions in the item 4.9), it was also
observed the decrease in the c cell parameter according to the increase in y for the
Mg.FeyAl(.y)-ABI samples (Table 5.3) which could not be related to dehydration degree
of the materials and can be a consequence of the incorporation on Fe3* into LDH

structure, as previously discussed.
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Figure 5.18. Schematic representation of the LDH structure containing ABI anions in the interlayer
region distributed as a bilayer.

5.5. Conclusions

This chapter described the intercalation of an organic anion (ABI) into several Fe3*-
LDHs and by one-pot method. It was presented a detailed structural description of the
materials. Through XRD analyses, it was possible to analyse different aspects such as
LDH formation, crystallographic phase purity, and structural evolutions when
increasing the amount of Fe3* cations within the intra-sheet compositions. In general,
all materials were able to load a satisfactory amount of ABI (representing from 22 to 49
wt % of the hybrid mass). This study may inspire future works not only in medicinal

field but in different research areas.
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Selected Compositions for Application in the Part II of the Thesis

From the results presented in Chapters 3, 4, and 5, one composition of each
M,Fe,Al(.y)-A series (with M equal to Mg?* or Zn>* and A equal to CI, NAP, or ABI,
with exception of the Zn-LDH-ABI system) was selected as components of the
polymeric devices approached in the second part of this thesis. The substitution of
AB* by Fe3* resulting in pure or crystallographic pure materials, and whose the
nominal composition could be translated to the LDH phase, was limited to half of
the aluminium content. Although the geometric reasoning could not be performed
for the Zn,Fe,Aln,)Cl LDHs, the Zn,FeosAlo5-Cl composition presented
crystallographic purity and no indication of the formation of crystalline nor
amorphous side phases. The Mg,Fe,sAlo5-Cl sample was proven that the
composition of the bulk sample represents the one of the crystalline LDH
component and that this phase is the unique precipitated. The exchange process was
considered practically topotatic for the Mg,Fe,sAl,s composition, thus the
Mg.Fe, sAlos-3NAP_H material was selected fort application in the further studies.
Small variation in the compositions of the crystalline LDH phase was observed after
ion-exchange procedure compared to the pristine phase for the Zn,Fe,sAl,s-NAP
and no side phases could be identified; thus, this phase was also selected. Differently
from the Mg.FeyAlny)-ABI series, for the Zn,FeyAl(..y)-ABI series the composition of
the bulk samples differed from the nominal values and no material was selected.
The Mg,Fe,5Alo5-ABI composition was also selected due to the absence of LDH-CI

competitive phase.
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Chapter 6: Development of 3D Multi-Layered
Electrospun Membranes Embedding Mg,Fe,sAl,; LDH
particles for Drug Storage and Release Modulation
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6. Abstract and data presentation

6.7. Abstract

In this chapter it is presented the design of PLA membranes containing Mg.Fe, sAlos
iron-based LDH particles intercalated with NAP anions aiming multifunctional
dressings. Membranes were engineered to overcome the incompatibility between
hydrophilic drugs and hydrophobic polymers observed to hinder drug release
modulation and a long-term release achievement. Pristine LDH with composition
Mg.Fe,5Alo5-Cl was also employed to study the effect of NAP in the interaction between
LDH particles and polymer. Nanofibrous membranes were prepared by the combination
of electrospun PLA and electrosprayed LDH as alternated layers (approach A) and also
by both technics performed at the same time (approach B). In approach A, by varying
the thickness of the PLA fibrous layers, it was possible to easily modulate the drug
release rate. Half of the drug content was released after 1, 4, and 17 days for the
membranes containing the thinnest, the intermediate and the thicker PLA layers,
respectively, and after 56 hours for the membrane prepared by the approach B. Naproxen
release was kept for 18 days for the thinnest membrane, 59 days for the membrane
prepared by the approach B, and 66 days for the thicker membranes. Results shown in
this chapter are published as an article in the European Polymer Journal, 131 (15) (2020)

109675, Copyright Elsevier (please, see https://doi.org/10.1016/j.eurpolymj.2020.109675

and the original abstract in Appendix E).

6.8. Materials and methods

6.8.1. Reagents

Poly(D,L-lactide) (PLA) (MW 180 kDa, L=95%, NatureWorks 7000D). N,N-
dimethylformamide (DMF) (= 99.8%), dichloromethane (DCM) (= 99.8%), magnesium
chloride hexahydrate (MgClL-6H.O) (99 %), aluminum chloride hexahydrate
(AlCL;-6H,0) (99 %), ferric chloride hexahydrate (FeCl;-6H,O) (98 %), sodium chloride
(NaCl) (99.5 %), sodium hydroxide (NaOH), and sodium naproxenate (NaNAP)
(NaC4H50;) with purity > 98 %, were purchased from Sigma-Aldrich. Absolute ethanol

was purchased from Carlo Erba. All products were used as received.
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6.8.2. LDH preparation

Mg.Feo5Alo5-Cl and Mg,FeosAlos-3NAP_H LDH phases were prepared exactly as
described in sections 3.2.1 (Chapter 3) and 4.2.1 (Chapter 4), with exception that solids
were then dried by freeze drying instead of in desiccator. Freeze-drying application was
important to avoid particles coalescence, an important characteristic to be considered

for further LDH-polymer composites preparation.

6.8.3. Preparation of suspensions and solution

6.8.3.1. Preparation of LDH suspension to be electrosprayed

The LDH suspension used to prepare the LDH-PLA membranes has been optimized
for efficient electrospraying of the smallest aggregates (see Appendix E, Figures E.1 -
E.3 and discussions). LDH-ethanol suspensions (1 % wt) were previously submitted to
ultrasonication (Branson Digital Sonifier equipment) at 40 % amplitude for 30 min (2

seconds on / 2 seconds off) just before the electrospraying procedure.

6.8.3.2. Preparation of PLA solution to be electrospun

A 10 % wt PLA solution was prepared by dissolving the beads in a mixture of DCM
and DMF in a weight ratio equal to 3 : 2 overnight under slow stirring with a magnetic

stirring bar.

6.8.4. Preparation of the composite membranes

Two approaches are proposed for the preparation of composite membranes (Figure
6.1.). The approach A consists in the fabrication of multi-layered membranes by
alternating electrospinning PLA fibers and electrospraying LDHs particles. In approach
B LDHs electrosprayed particles are regularly dispersed in the PLA electrospun fibrous
scaffold.
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Figure 6.1. Preparation of the composite membranes in the case of a) approach A with variable and
adjustable thickness of the PLA fibrous layers and b) approach B with simultaneous PLA electrospinning
and LDH electrospraying.

6.8.4.1. Electrospun PLA and electrosprayed LDH: building up a
delivery membrane (Approach A)

Electrospinning and electrospraying experiments were conducted with a home-made
setup previously described[270] and allowing the deposition on a drum collector
rotating at 125 rpm. All solutions or suspensions were electrospun or electrosprayed at a
temperature T = 22 +/-1°C and a relative humidity RH = 40 +/- 5%. Working distance

between needle and collector was equal to 16 cm for all samples.

In approach A, the membranes contain 7 layers made from the deposition of 4 PLA
electrospun fibers taking in sandwich 3 LDHs electrosprayed particles (Figure 6.1A).
Three different PLA layer thicknesses were prepared by changing the production time
of the electrospun layers. Applied voltages, flow rates, and production times are given in
Table 6.1. Membranes containing electrosprayed Mg.Fe, sAl,s-NAP particles are called
NAP-Athin, NAP-Amed, and NAP-Awmick and the membranes with electrosprayed
Mg.Feo 5Alo5-Cl are called Cl-Athin, Cl-Amed, and Cl-Athick. To compare the samples, the

total electrospraying time was the same for each membrane and equal to 78 minutes.
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Table 6.1. Applied parameters for preparation of the membranes.

Voltage on  Voltage on Production
Flow rates
Approach Method the needle the collector Time
(mL.h?)
(kV) (kV) (min)
Athin, Amed,  Electrospraying 25 0 6 3 layers
Athick Layers 2, 4, 6 26 min/layer
A Electrospinning 16 -5 2.8 4 layers
thin
Layers1y, 3, 5,7 15 min/layer
A Electrospinning 16 -5 2.8 4 layers
med
Layersy,3,5,7 22 min/layer
Electrospinning 16 -5 2.8 4 layers
Athick
Layersy,3,5,7 30 min/layer
Electrospinning 16 2.8
B
Electrospraying 28 o} 6 78 in

6.8.4.2. Simultaneous PLA electrospinning and LDH electrospraying
(Approach B)

In approach B (Figure 6.1B, Table 6.1), the membranes were prepared by
simultaneous deposition of electrospun PLA and electrosprayed LDH aiming to contain
the same total amount of LDH as applied in approaches A (total electrospraying time
equal to 78 min). Samples were abbreviated as Cl-B and NAP-B, indicating the
application of B approach and LDHs particles containing ClI- and NAP anions,

respectively.

6.8.4.3. Pristine PLA membrane

As a control, the pristine PLA membrane was electrospun for 2 hours. Therefore, it
contained the same polymer amount as in the membranes prepared according to

approach Athick.



161

6.8.5. NAP release tests

Naproxen release experiments were conducted in triplicate from 3 ¢m x 10 cm
membranes. The membranes were accommodated into closed glass flasks containing 70
mL of saline aqueous solution (0.9 % wt NaCl) and the pH value was equal to 5.55 + 0.01.
The release media was magnetically stirred at 130 rpm and the assays were performed in
a climatized room at 22 °C. At specified times, 3 mL of saline solution were collected and
replaced with an equivalent amount of dissolution medium. NAP concentration was
determined by UV-visible absorption spectrophotometry at a maximum absorption
(Amax) equal to 230 nm. After the first released NAP aliquot measured, accumulative NAP
weight (mN4?;) released was corrected through the Equation 6.1, where Ci is the NAP
concentration (mL L) in such a time i, considering the removed aliquots (3 mL) for
measurement in anterior times k and then replaced by the same volume of saline

solution to maintain the volume of the flasks equal to 70 mL.

mN4P; = 0.07C; + 0.003 Yk=i"1¢, (6.1)

6.8.6. Characterization

X-ray diffraction (XRD) patterns of powdered LDHs were obtained on a Bruker D8
Advance A25 equipment with variable slits mode, using Cu anode (A = 1.518 A), scan

range 1.5-70°(20) and scan step of 0.02° (20) / s.

Fourier transform infrared (FT-IR) spectra of powdered LDHs samples and of the
composites were recorded in the 4000-400 cm™ range on a Bruker spectrophotometer,
model o, by attenuation total reflection (ATR) mode with acquisition step of 4 cm™ and

512 scans.

Fourier transform Raman (FT-Raman) spectra of the LDHs were recorded in na
FTRaman Bruker FRS-100/S spectrometer using 1064 nm exciting radiation (Nd:YAG
laser Coherent Compass 1064-500 N), a Ge detector, laser power of 100 mW, acquisition

step of 4 cm™, and 2048 scans.

Chemical elemental analyses of carbon, hydrogen, and nitrogen were recorded on

Perkin Elmer-CHN 2400.
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Inductively coupled plasma atomic emission spectroscopy (ICP-OES) analyses of

metals were performed in duplicate on Spectro Analytical Instrument.

Images by scanning electron microscopy (SEM) of the membranes were obtained in
a VEGA3SEM equipment using samples deposited on a copper tape and coated with gold
using a Q150RS Quorum equipment. The LDHs micrographs were obtained in a XL30
FEG Philips equipment depositing the powders in a copper tape and covering samples

with carbon.

Mechanical tensile measurements were performed with a TA Instruments Discovery
HR-3 hybrid rheometer at room temperature and applying a velocity of 50 um s™. The
normal force sensor of the rheometer was used to record the tensile force. Samples were
analysed in quintuplicate and were prepared cutting 3 x 1.5 cm rectangles. The
mechanical tests were carried out at room temperature (T = 21 + 2°C) and humidity (RH

= 50 + 20%) without environmental control.

Thermal analyses (TGA) were recorded on TA instrument, Q5000 model, using
platinum crucible and a heating rate of 10 °C min™, from room temperature to 1000 °C,

under synthetic air flow of 25 mL min™

Membranes thicknesses were determined using a Schut digital micrometre. Six

measurements in different points were performed in samples with 3 cm x10 cm area.

Contact angle measurements were performed with static deionized water drop on

the membranes using a DSA 25 tensiometer.

Absorbance in the ultraviolet-visible region was measured on a Shimadzu UV-2600

spectrometer.

6.9. Results and Discussions

6.9.1. Mg.Fe,;Alo5-Cl and Mg.Fe,sAlos-3NAP_H LDHs characterization

The characterization of LDHs intercalated with ClI- anions or NAP is shown in
Appendix E (see Figures E.4- E.g, Table E.1, and discussions). XRD, TGA, elemental
analysis (ICP-OES and CHN), and vibrational (FT-IR and Raman) spectroscopies
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indicate no discrepancies in comparison to the characterization of the first batch of
Mg.FeosAlo5-Cl and Mg,Fe,sAlos-3NAP_H materials presented in Chapters 3 and 4,

respectively.

6.9.2. 3D Composite membranes prepared by PLA electrospinning
and LDH electrospraying

Membrane’s micrographs are presented in Figure 6.2. Regarding the multi-layered
membranes obtained from approach A, some LDHs particles are exposed on the surface
of the membranes containing the thinnest PLA layers (Cl-Awin and NAP-Atin).
Increasing the PLA thickness, fewer particles are visualized on Cl-Amed and NAP-Aned
surfaces and no particles are observed for the Cl-Atick and NAP-Awick samples. The
surface aspects of the Cl-Amick and NAP-Awmick samples are similar to the one of the
pristine PLA membrane, indicating that 30 min of PLA electrospinning is enough to
completely cover the last layers containing LDHs particles. Less particles aggregation is
observed for the membranes prepared from approach B by simultaneous PLA
electrospinning and LDH electrospraying (Cl-B and NAP-B samples) compared to the
distribution of on the surface of the thinnest membranes and the aspect of the surfaces
of the last deposited LDH layers (L), abbreviated by Cl-Ashickl. and NAP-AmickL samples.
Indeed, in the approach A, a large number of particles is electrospun at the same time,
favouring the formation of aggregates on the mat, as was seen when electrospraying on
a flat collector (see Figure E.1, Appendix E) whereas in approach B, only few particles
are electrosprayed before new fibers land on the mat and hide them, hindering the

formation of aggregates.
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Figure 6.2. SEM micrographs of pristine PLA membrane and PLA membranes containing Mg.FeosAlos
LDHs intercalated with Cl- and NAP anions, prepared by alternating 4 electrospun PLA layers with 3
electrosprayed LDH layers (Approach A) with different PLA thickness (Awmin — electrospinning of each

layer performed for 15 min, Amed- 22 min and Awick — 30 min) and prepared by both electrospinning and

electrospraying at the same time (Approach B). Samples were analyzed applying BSE detector, 5 kV and
work distance around 10 mm.
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Figures 6.3 and 6.4 show the FT-IR spectra of the membranes containing LDH-CI
and LDH-NAP particles, respectively. All bands observed for the pristine PLA (Figure
6.5) are present in the spectra related to the composites, whose assignment was made
as follows.[271] The bands at 2994 and 2945 cm™ are attributed to the antisymmetric and
symmetric stretching of the -CHj; group, respectively. The band at 1751 cm™ is assigned
to the stretching of the -C=0 group. Antisymmetric -CH; bending frequency is observed
at 1452 cm™, while the corresponding symmetrical mode appears at 1361 cm™. The bands
at 1261, 1184, 1129, 1084, and 1043 cm™ are related to vibrational modes of the C-O-C group.
Finally, the band at 867 cm™ is related to the stretching of the O-CH-CHj; portion and
the band at 753 cm™ to the wagging of the a-CHj; group. For the membranes whose SEM
images show higher levels of exposed particles, the bands at 3430 cm™, in the spectra for
Cl-AwicklL and CI-B, and at 3433 cm?, for the NAP-Amickl and NAP-B samples,
respectively, are attributed to the stretching of the -OH group presented in the LDH
layers and in intercalated and adsorbed water molecules. Bands below 700 cm?,
attributed to the metal-OH stretching, are also present in the spectra of the AtnickL and
B samples. Additionally, for the NAP-Amic«L sample, the bands at 1547 and 926 cm™ are

assigned to vibration modes of NAP the anions.[115]
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Figure 6.3. FT-IR spectra of membranes containing LDH-CI particles.
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Figure 6.4. FT-IR spectra of membranes containing LDH-NAP particles.
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Figure 6.5. FT-IR spectra of pristine PLA. The region between 700 - 400 cm-1 is highlighted and
shows the absence of bands.

Table 6.2 presents the membranes thickness. A non-significant difference was
observed for the membranes prepared by the same approach, differing by the presence

of LDH-Cl or LDH-NAP particles, indicating a similarity in particles disposition during
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electrospraying method, independent of the nature of the LDH. In agreement with the
architecture of the membranes, according with the consecutive increase in PLA layers
thickness from Ahin to Amick, it was observed the corresponding increase in thickness,
from 61 + 24 pm for Cl-Ahin and 53 + 21 pm for NAP-A¢hin to 116 + 14 pm for Cl-Athick and
120 *+ 16 pm for NAP-Amick, respectively. Comparing the membranes prepared by the B
approach (78 min of PLA deposition) with the ones prepared by Amed approach, in which
the PLA fibbers content is slightly higher (88 min of PLA deposition as compared to 78
min for B), a decrease in thickness is observed for Cl-B and NAP-B samples. It may
indicate a better particles-PLA fibers accommodation when electrospinning and

electrospraying are performed at the same time.

Table 6.2. Membranes average thickness, static water contact angle and mechanical properties obtained
by tensile tests for PLA membrane and PLA_LDH composites.

Membranes Contact Yield Stress at Strain at Young
Yield stress
Sample Thickness Angle strain break break modulus
(um) ©) b @) | (Mpa) (%) (MPa)
PLA 148 £ 22 128.6 £ 5.1 1.82 £ 0.20 2.75 + 0.21 2.92 + 0.37 69.7 £ 1.0 98.5+ 4.9
Cl-Athin 61+ 24 120.9 * 4.8 1.53 + 0.10 3.35 £ 0.30 2.06 + 0.16 82.1+3.6 74.0 £ 6.2
Cl-Amed 102 * 22 121.5 + 4.9 1.46 + 0.19 2.85 +0.61 2.47 £ 0.19 81.5+5.6 81.9 £ 7.1
Cl-Athick 16 + 14 123.8 £ 5.0 2.12 + 0.13 2.98 £ 0.31 3.95 + 0.18 99.9 3.2 109.0 + 6.2
Cl-B 86 + 26 121.3 + 4.9 1.46 £ 0.23 2.75 + 0.92 2.77 £ 0.27 79.0 + 6.4 76 £13
Cl-AmicklL | —-—---- 1214 4.9 | == | e | e | e | e
NAP-Ahin 53 21 125.5 + 5.0 0.68 £ 0.44 2.60+0.78 | 1.41+0.96 42.2+ 4.8 39+29
NAP-Amed 9219 127.4 £ 5.1 1.83 * 0.07 4.60 £0.51 | 2.41+0.97 99.9 £ 2.4 84.9+2.0
NAP-Athick 120 +16 123.8 £ 5.0 2.04 * 0.15 2.65+0.68 | 3.56 *0.10 51.9 * 1.8 963+ 5.4
NAP-B 99 *33 124.5 * 5.0 1.73 = 0.08 3.05+0.10 | 2.46+0.07 80.7 2.7 84.2+12
NAP-AwiaL | - 1273+51 | - | mmemeem | mmmmeeem | e [ e

Table 6.2 presents mechanical properties (Young modulus, yield stress and strain,
and stress and strain at break) of the membranes obtained by tensile measurements.
Stress-strain curves can also be seen in Figure 6.6. Yield stress and yield strain are the
limit point on the stress versus strain curves in which the elastic behavior is visualized.
Above this point, membranes deform inelastically until reaching the rupture point.
Young modulus values represent the angular coefficient of the stress versus strain curve

in the elastic region. For membranes containing both LDH-Cl or LDH-NAP particles,
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Young modulus progressively increased with the increase in the PLA thickness from Ahin
to Atick. Membranes prepared by the approach B presented a rheological performance
comparable to the performance of the membranes with intermediate PLA thickness

(Amed) .
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Figure 6.6. Examples of representative stress-strain curves of pristine PLA and composite membranes.

Static water contact angles (SCA) for the pristine PLA and LDH-PLA membranes, as
well as for the last LDH electrosprayed layer of the Aick samples (Cl-Aickl. and NAP-
AunickL) are compiled in Table 6.2 (see also Figure 6.7). Comparing the SCA value of the
pristine electrospun PLA (128.6 ° + 5.1 °) with the values for the CI-LDH-PLA samples, it
is observed a decrease in the hydrophobicity to 123.8° + 5.0 ° for the Cl-Aick sample and
a more pronounced decrease for the other ClI-LDH-PLA samples. When LDH-NAP
particles are present in the composites, the decrease in hydrophobicity compared to the
pristine electrospun PLA membrane is less pronounced, showing the property of NAP

anions in conferring higher hydrophobicity to the LDHs.
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Figure 6.7. Examples of water static contact angle pictures for pristine PLA and devices.

Technological medical devices, such as multifunctional dressings, require a detailed
understanding of the structure of the materials to tune materials properties and explain
their behaviour once applied. LDHs were previously fully characterized and a high drug
load was verified. Physicochemical properties of the nanofiber membranes were
investigated. The interaction degree among PLA nanofibers and LDH particles
responded to the applied approach and resulted in mechanical properties
improvements. The different membranes presented a particular superficial morphology,
in which modifications in the thickness of the polymeric diffusional barrier are expected

to affect the drug release profile, as discussed below.

6.9.3. Kinetic of NAP release: effect of the morphology of the
membranes

Released drug amount was calculated from the calibration curve shown in Figure
E.10. Initial release, highlighted in Figure 6.8, shows that after 5 min more than 5 % of
NAP was quantified and probably LDHs particles present in the membrane’s surface
were responsible for the initial release, with exception of the NAP-Amick sample, whose
initial drug release was delayed for about 2 hours. Later release profile, better visualized
in Figure 6.9, shows a considerable release rate difference among the samples. Half of
NAP amount was released after 24, 56, 96, and 408 h (17 days) of experiment for the
NAP-Athin, NAP-B, NAP-Amed, and NAP-Awmick composites, respectively. The release rate
can be correlated with the degree of LDHs particles exposure to the saline solution

media. Moreover, to reach the LDH particles inside the structure, the aqueous media
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has to penetrate through the PLA layers, which are hydrophobic. From Athin to Athick, the
thickness of the PLA layer increases, increasing the penetration time inside the
membrane and slowing the drug release. Naproxen was released over 18 days for the
NAP-Ain sample and for longer time for the other samples: 59 days for the membrane
prepared by the approach B and 66 days for both NAP-Amed and NAP-Auick, after which

it reached a plateau.
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Figure 6.8. Drug release profile: naproxen release percentage as a function of time, in semi-log scale, for
the different composites.
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Figure 6.9. Drug release profile: naproxen release percentage as a function of time, in linear scale, for
the different composites.
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Naproxen kinetic release mechanisms from the different membranes were studied
by the application of the Power Law Ritger-Peppas model (also called Power Law
model)[272] (Equations 6.2) (with M; equal to the drug amount released after a time t
and M« equal to the drug amount at the equilibrium state) which is currently used to
describe the drug release process from matrices in general and polymeric systems.
Figure 6.10 presents the curves of the model as well as the obtained kinetic parameters
(constant K and release exponent n) and linear correlation coefficients (R?). Drug release
from all devices was well fitted by the Power Law model, with R* values greater than
0.98. The low n values obtained for NAP-Athin, NAP-Amed, and NAP-B membranes
(respectively 0.28, 0.23, and 0.26), smaller than 0.45, suggest a Fickian type release with
a dominant diffusion process.[272-274] In the case of NAP-Anick membranes, n is much
larger and equal to 0.59, characterizing an anomalous transport. It must be mentioned
that such model gives only an overall behavior of the membrane rendering difficult an
exact description of the drug release mechanisms and especially the lag-time observed
for the NAP-Aick membranes. LDH alone are well-known for their Fickian diffusion
release behavior which is based on ion-exchange process.[275,276] However, in the case
of this study, the multilayer structure of the membranes induces a complex sequential
flow through the PLA nanofibrous layers and then, through the internal LDH layers
being the reservoirs of the drug. Considering the architecture of the NAP-Aick
membranes, it is possible to propose that initially the release medium permeates the
pores of the PLA hydrophobic mesh of the external layer. Then, after this first step, the
exchange of NAP by Cl" saturating the LDH layers allows the release of the drug through
the porous layer of PLA towards the external medium. The drug release delay was not
evidenced for all other membranes because some LDH particles were immediately
exposed to the release medium as shown in Figure 6.8 for the membranes containing
the thinnest PLA layers (i.e. NAP-Athin, NAP-Amed, and NAP-B).

M¢

Mo = Kt" (62)
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Figure 6.10. Experimental points and Power Law (solid lines) of Naproxen release percentage as a
function of time for the different composites in log-log scale.

To better understand the dissimilarity among the dissolution profiles for the
membranes prepared by the different approaches, the “difference factor” (f1) and the
“similarity factor” (f;), described by Equations 6.3 and 6.4, respectively, were
calculated and are indicated by the Agéncia Nacional de Vigildncia Sanitdria (The
Brazilian Health Regulatory Agency)[277] and by the FDA[278] to compare tested and
reference formulations. Where, N is the number of dissolution time points and R; and
T; are the dissolution values (percentages in our case) for the reference and the tested
system at a time t, respectively. The factor values are shown in Table 6.3. Dissolutions
profiles are considered equivalents if f; is between o and 15 and if f, is between 50 and
100, as observed among the NAP-Ayeqa and NAP-B membranes, while all other

membranes show a different profile, compared two by two.
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Table 6.3. “Difference” (f) and “similarity” (f,) factors calculated for the composites compared two by

Rt NAP-Athin NAP-Amed tW;I)AP-B NAP-B NAP-B
Tt NAP-Amed NAP-Acthick NAP-Athin NAP-Amed NAP-Ahick
f1 28.4 44.7 27.7 10.0 49.5

f2 33-2 321 39-9 60.4 27.7

6.10. Conclusions

The development of 3D multi-layered electrospun membranes containing drug
loaded iron-based LDHs particles was achieved with the aim of forming multifunctional
dressings by different approaches. In approach A, a faster, an intermediate, and a slower
NAP release were observed for the thin, medium, and thick PLA layer thickness,
respectively. Therefore, drug release could be modulated by simply varying one
preparation parameter. Compared to the membranes prepared by the approach A,
approach B involved only one step preparation and the membrane presented an
intermediate NAP release profile. The developed membranes fulfilled important
characteristics expected for a technological drug delivery device, since drug delivery
composites prepared were able to modulate and keep NAP release for more than two
months. Besides, membranes architecture can inspire the development of even more
interesting and functional devices based on electrospinning and electrospraying

technics.
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7. Abstract and data presentation

=.1. Abstract

In this chapter it is presented the development of multifunctional therapeutic
membranes based on a PEBA high-performance block copolymer scaffold and LDHs
biomaterials, aiming their uses as wound dressings. Two LDH layer compositions were
employed containing Mg>* or Zn?**, Fe3* and AB* cations, intercalated with chloride
anions, abbreviated as Mg-Cl or Zn-Cl, or intercalated with NAP, abbreviated as Mg-
NAP or Zn-NAP. Membranes were structurally and physically characterized, and the in
vitro drug release kinetics and biocompatibility were assessed. PEBA loading NaNAP
salt particles was also prepared for comparison. Intercalated NAP anions improved
LDH-polymer interaction resulting in membranes with greater mechanical
performance compared to the pristine polymer membrane or to the membranes
containing the LDHs-Cl. Drug release (in saline solution) was sustained for at least 8 h
for all samples and release kinetics could be modulated: a slower, an intermediate, and
a faster NAP release were observed from membranes containing Zn-NAP, NaNAP, and
Mg-NAP particles, respectively. In general, cell viability was higher in the presence of
Mg-LDH and the membranes presented improved biocompatibility in comparison with
the powdered samples. PEBA containing Mg-NAP sample stood out among all
membranes in all the evaluated aspects, thus being considered a great candidate for
application as multifunctional therapeutic dressings. Results shown in this chapter are
published as an article in the Pharmaceutics Journal, 12 (1) (2020) 12111130 (please, see

https://doi.org/10.3390/pharmaceuticsi2iiizo and the original abstract in Appendix
F).

=.2. Materials and methods

7.2.1. Reagents

PEBAX"2533 (PEBA) containing 80 % of poly(tetramethylene oxide) and 20 % of
poly(amide 12) portions was obtained from Arkema Inc., France. Magnesium chloride

hexahydrate (MgCl,-6H,O) (99 %), aluminum chloride hexahydrate (AlCl;-6H.O) (99
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%), iron(IIT) chloride hexahydrate (FeCl;-6H,O) (98 %), sodium hydroxide (NaOH) (=
98 %), sodium naproxenate (NaNAP) (NaC,,H;05) (= 98 %), thiazolyl blue tetrazolium
bromide (MTT) (98 %) and fetal bovine serum (PBS) (cod. F2442) were purchased from
Sigma-Aldrich. Sodium chloride (NaCl) (99 %) was purchased from iga analitica and 2-
propanol PA was purchased from Synth. DMEM High Glucose (4500 mg L glucose, L-
glutamine, sodium bicarbonate, and without sodium pyruvate) was purchased from
Microtech”. Solution containing 1% amphotericin/streptomycin/penicillin solution was
purchased from EuroClone’. Normal Human Dermal Fibroblasts (NHDF) juvenile
foreskin (cod. C-12300) were purchased from Promocell”. All products were used as

received.

7.2.2. Synthesis of Mg.Fe,sAlo 5 and Zn.Fe,sAlos LDHs intercalated
with CI" or NAP anions

Mg.Feo5Alo5-Cl, Zn,Feo5Alo5-Cl, Zn,Feo 5Alo 5-INAP, and Mg,Fe,sAlos-3NAP_H LDH
phases were prepared as described in sections 3.2.1 (Chapter 3) and 4.2.1 (Chapter 4)
and are abbreviated by Mg-Cl, Zn-Cl, Mg-NAP, and Zn-NAP, respectively. Solids

washing and drying procedures were the same applied in Chapter 6.

7.2.3. Preparation of pristine PEBA and PEBA composite membranes

Composites were designed to have a LDH percentage as higher as possible but
maintaining visual homogeneity and resistance to handling. As shown in Table 7.1,
membranes containing NAP, as sodium salt, or loaded into LDH were prepared as
reported[279], aiming to have approximately the same drug amount (about 4 wt %). For
each layer composition, it was applied the same weight percentage for pristine and

hybrid LDH to favor comparison.



178

Table 7.1. Weight percentages of LDH and NAP in the membranes.

Components of the LDH wt % NAP wt %
membranes
NaNAP | - 4
Mg-Cl o | -
Mg-NAP 10 4
Zn-Cl 3 | -
Zn-NAP 13 4

7.2.4. Preparation of pristine PEBA membrane

PEBA membrane was prepared by casting method, dissolving polymer beads in 2-
propanol in a 3 wt % concentration under stirring at 8o °C for 2 hours. Polymer solution
was transferred to a Teflon sample holder with a cylindrical internal cavity with 2 cm of
diameter and 0.7 cm of height. Solvent evaporation was performed in a fume hood for

at least 8 h.

7.2.5. Preparation of PEBA membranes impregnated with the NaNAP
salt

First of all, it was performed the polymer dissolution as described above. Then, the
amount of NaNAP necessary to obtain the NAP percentage mentioned in Table 7.1 was
dispersed in the polymer solution under stirring. Solvent evaporation was carried out as

applied for the PEBA membrane. Sample was abbreviated as PEBA_NaNAP.

7.2.6. Preparation of PEBA membranes containing LDHs particles

LDHs were previously treated to improve suspensions stability and homogeneity of
particles distribution. The respective amounts of LDHs to reach the same drug
percentage encapsulated in the composites, shown in Table 7.1, were suspended in 5 mL
of 2-propanol. Suspensions were submitted to Ultra-Turrax” disperser at 7000 rpm for 5
min. Solids were isolated through centrifugation at 10000 rpm for 3 min, resuspended in
the 3 wt % PEBA solution and manually homogenized. Suspensions were transferred to

Teflon plates and the solvent evaporation was carried out as previously described.
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Samples were abbreviated as PEBA_LDH or more specifically, according to the
composition of the LDH, as follows: PEBA_Mg-Cl, PEBA_Mg-NAP, PEBA_Zn-Cl, and
PEBA_Zn-NAP. Figure 7.1 presents a schematic representation of PEBA membranes

preparation.

et PEBA_NaNAP 2 cm,
**" | [Homogenization
’:Sa ! |and transference
o 1 | to Teflon plate

PEfo beads | py;csolution [R— : PEBA

[ . in 2-propanol )1, PEB_A :| Transference to
LDH (80° C, 2h) :_-Sﬂlut“m. ! |_Teflon plate Casting
Pten LDH suspension \ ! [ (fume hood for 8 h)

Dispersive treatment S ! I — P 2
ﬁ in Ultra-Turrax® Centrifugation : LDH : :lilfln:gag;:f]:f::]“;
+ (7000 rpm, 5 min) (10000 rpm, 3 min)/ | pellet |

2-propanol L _ _ _y | toTeflon plate

Figure 7.1. Schematic representation of PEBA membrane and composites preparation processes.

7.2.7. In vitro NAP release assays

Naproxen release experiments were conducted in quintuplicates using 2 cm diameter
circular membranes. Membranes were directly accommodated in Franz’s cells with no
additional membrane since it is intended to mimic wound. Franz receptor chambers
were filled with 6.4 mL of saline solution (0.9 wt % NaCl), pH value equal to 7.22 +/-
o0.01, simulating human plasma. The release media was constantly homogenized with
stir-bar. At predefined times, 0.8 mL of the media was collected and immediately
replenished with fresh saline medium. NAP concentration was determined by
UV-visible absorption spectrophotometry at a maximum absorption (Amax) equal to 230
nm. Quantification was made using a calibration curve (R? = 0.999) build with minimal
and maximal NaNAP solutions concentration equal to 0.971 and 2.200 ppm, respectively.
After the first released NAP aliquot removal, accumulative NAP weight released at each
time was corrected taking in account the NAP amount present in each subsequent
aliquot removed for the measurements. Metals were quantified at the end of the assay

by ICP-OES.
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7.2.8. Biocompatibility evaluation: MTT assay

In vitro biocompatibility of the membranes was assessed by MTT test in 96-well
plates (Cellstar 96 Well Culture Plate, Greiner Bio-One). Membranes were cut as circles
with the correspondent well’s area (0.32 cm?). For comparison, the biocompatibility of
the equivalent amount of LDH and NaNAP samples in powder present in the composites
(Table 7.1) were also evaluated, as well as pristine PEBA membrane. NHDF were seeded
onto membranes in well plates (0.35-105 cell/well in 200 pL/well) and incubated for 24 h
at 37 °C in a humidified atmosphere containing 5% CO, (CO, Incubator, PBI
International, Milano, I). Powdered samples were added after cell confluence and then,
the same MTT procedure was applied for all the samples. Briefly, medium was removed
after 24 h of treatment, cells were washed with PBS (10 % v/v, 200 pL/well), exposed to
50 L MTT solution (2.5 mg ml™ solubilized in DMEM w/o red phenol) diluted in 100 pL
of DMEM (w/o red Phenol), and incubated for 3 h at 37 °C. Next, the MTT reagent was
removed and 100 pL of DMSO were added in each well to lyse cells. Finally, the
absorbance was read at 570 nm with 69o nm as wavelength reference using a ELISA plate
reader (Imark Absorbance Reader, Biorad, Milan, Italy). Cell viability was calculated as
the percentage ratio between the absorbance of each sample and the absorbance of

controls (cell substrates in growth medium).

7.2.9. Characterization

Carbon percentage was determined on a Perkin Elmer-CHN 2400 equipment at the

Central Analitica of Instituto de Quimica of the Universidade de Sdo Paulo (USP).

Inductively coupled plasma atomic emission spectroscopy (ICP-AES) analysis was
applied for metals quantification in synthesized LDHs, in a Spectro Analytical
Instrument at the Central Analitica of Instituto de Quimica of USP. The quantification
of metal cations from the release media after in vitro drug release assay was performed
in a Perkin-Elmer optima 8300 instrument at the Centro de Instrumentacién Cientifica

of UGR.

X-ray diffraction (XRD) patterns were obtained on a Rigaku Ultima Plus equipment,

with Bragg-Brentan geometry and graphite crystal monochromator, using Cu-Ka
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radiation (1.5406 A), 30 kV, 15 mA, Ni filter, scan range 1.5-70°(20) and scan step of
0.05°(20)/2s.

Average particles size determination was conducted in 2-propanol through low angle

laser light scattering in a Mastersize 200 Malvern equipment.

Differential scanning calorimetry (DSC) was carried out at the Central Analitica of
Instituto de Quimica of USP using a TA instruments — Q10 equipment under 50 mL min
' N, flow, a heating/cooling rate of (+) 10 °C/min, using alumina hermetic and close
crucible. Samples were first equilibrated at -70 °C and then submitted to a heating cycle
until 100 °C (to erase information coming from the preparation procedure), a cooling

cycle until -70 °C and a second heating cycle until 100 °C.

Mass spectrometry coupled to thermogravimetric analyses (TGA-MS) were recorded
on a Netzsch thermoanalyser model TGA/DSC 490 PC Luxx coupled to an Aéolos 403 C
mass spectrometer, using alumina crucible and heating rate of 10 °C min™ under

synthetic air flow of 50 mL min™.

Fourier transform infrared (FT-IR) spectra were recorded in the 4000-400 cm™ range
on a Bruker spectrophotometer, model alpha by ATR with acquisition step of 4 cm™ and

512 scans.

Images by optic microscopy were registered in an Optic microscope Oleman DN-

107T.

Images from scanning electron microscopy (SEM) were obtained at the Central
Analitica of Instituto de Quimica of USP in an FE-SEM Jeol JSM 7401F (FREG) equipment
applying membranes deposited on a copper tape covered with gold. Energy-dispersive

X-ray spectroscopy (EDS) spectra from membrane’s surface were also obtained.

Dynamo-mechanical analysis (DMA) were performed at the Central Analitica of
Instituto de Quimica of USP on a DMA Q800 TA instruments equipment. Each PEBA
membrane was cut into 5 rectangles with 3 x 0.5 cm and the analysis were performed at

70 °C.
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Membranes thicknesses was determined using a Mitutoyo analogical micrometer.
Five measurements in different points were performed in 2 c¢m diameter circular

membranes.

Static water contact angle measurements were performed in triplicate with static

deionized water drop on the membranes using a SEO portable equipment.

Absorbance in the ultraviolet-visible region was measured on a Perkin Elmer

Lambda 25 spectrophotometer.

NAP release experiments were conducted on a BioScientific Inc Franz diffusion cells

system (FDC40020FF, Phoenix, AZ, USA) with contact area equal to 0.63 cm?.

7.3. Results

7.3.1. Samples Characterization

Table 7.2 presents the chemical composition of the LDHs. The molar ratios between
the metals are close to the expected values according to the salt’s concentration in the
mother solution. Appreciable amount of carbon is verified for both Mg-NAP and Zn-

NAP LDHs, corresponding to 36.35 and 26.64 % of the materials mass, respectively.

Table 7.2. Elemental chemical composition of M.FeosAlos-Cl and MaFeosAlos-3NAP_H LDHs (M = Mg**
or Zn*).

Sample M/Al M/Fe Fe/Al M/ (Fe+Al) wt % C wt % NAP

Mg-Cl 4.32 4.09 1.06 2.10 -—-- —
Mg-NAP 4.29 4.10 1.05 2.10 26.64 36.35
Zn-Cl 3.53 3.47 1.02 175 ---- N
Zn-NAP 3.64  3.53 1.03 179 19.41 26.48

Figure 7.2 presents surface aspects of the polymeric samples in different scales.
Samples are disposed in the columns. In line A, showing macroscopic images, it is
possible to verify that membranes are visually homogeneous. Pristine PEBA is
translucent while PEBA_NaNAP is cloudy. Membranes turn opaque and acquire an

orange color when LDH particles are present.
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In line B (optical microscopy images), Teflon-plates surface originates the wrinkles
clearly visualized for PEBA and PEBA_NaNAP samples. For PEBA_Mg-Cl, PEBA_Mg-
NAP and PEBA_Zn-NAP membranes, particles are more homogeneously dispersed into
the polymer compared to the PEBA_Zn-Cl sample, in which it is possible to clearly see
darker points of particles aggregation. Line C (SEM micrographs) shows a smooth
surface for pristine PEBA and a rough surface for PEBA_NaNAP sample, due to NaNAP
particles aggregation. For PEBA_Mg-Cl sample, LDHs particles are surrounded by
polymer fibers. Instead, for the PEBA_Zn-Cl sample, plates-like association of LDH
particles is visualized and are similar to the morphology observed for powder LDHs
[115,280]. For PEBA_Zn-NAP sample, surface fill failures are observed and LDH particles
aggregation are no longer visualized. PEBA_Mg-NAP sample is compared to that of
pristine PEBA. For the Peaks in EDS spectra (line D) of the indicated yellow points match
with the composition of the LDH layers (Mg?>* or Zn**, Fe3* and AB* cations), the
intercalated anion (Cl") and the composition of the polymer (C and O). Characteristic
emission of Au refers to samples recover.

Table 7.3 presents the average thicknesses of the membranes. Composite
membranes are thicker than pristine PEBA (82 + 14 pm). PEBA_NaNAP sample
experienced a lightly increase in thickness (9o + 10 pum). Compared to the PEBA_Mg-Cl
(103.3 £1.3 pm) and PEBA_Zn-Cl (103.3 + 5.0 pm) samples, the presence of LDHs particles
intercalated with NAP resulted in thinner membranes (thicknesses equal to 85.6 + 5.6

and 96.3 + 5.6 um for the PEBA_Mg-NAP and PEBA_Zn-NAP samples, respectively).

Static water contact angle (SWCA) values for pristine PEBA and composites (see also
Figure 7.3) are shown in Table 7.3. SWCA for pristine PEBA (78.1 + 0.9°) is close to the
value reported for a PEBAX 2533 membrane also prepared by casting method (81 + 2 °
[281]). PEBA_LDH membranes presented lower SWCA values indicating an increase in
surfaces hydrophilicity. PEBA_NaNAP membranes presented the lowest SWCA value
(60.1 £ 5.3 °), an expected behavior due to the presence of particles of an organic salt

relatively soluble in water (0.5504 + 0.0012 mol dm3 at 293.15 K[282]).
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Figure 7.3. Representative pictures of water static drop deposited on the surface of PEBA and PEBA
composite membranes.

Table 7.3. Thickness, water static contact angle, stress and strain at break and Young modulus of
pristine PEBA membrane and PEBA composites.

Contact Young
Thickness Stress at break | Strain at break
Sample Angle Modulus
(pm) (kPa) (%)

©) (MPa)
PEBA 82 +14 781+ 0.9 479 £ 27 22.2+73 3.47 £ 0.92
PEBA_NaNAP 90 +10 60.1+5.3 550 * 14 15.4 = 6.5 7.40 £ 0.82
PEBA_Mg-Cl 100.3 £1.3 73.3 £ 0.9 535+ 49 43.2+ 6.9 3.94 + 0.50
PEBA_Mg-NAP | 85.6 £5.6 743 £ 1.1 829 + 45 55+ 16 5.25 *+ 0.71
PEBA_Zn-Cl 103.3 + 5.0 74.7 £ 2.3 379 * 120% 22.0+7.8 3.43 £ 0.43
PEBA_7Zn-NAP | 96.3+5.6 75.2 + 1.4 632 * 129% 25.6 £1.8 5.18 + 0.66

Mass percentage of LDHs in the membranes are comparable, 10 wt % for LDHs

composed by Mg>* and 13 wt % for LDHs composed by Zn?* cations. Thus, to better

understand the effect of macroscopic characteristics related to the different materials

compositions in the homogeneity of the composite membranes, LDHs particle size

distribution was evaluated in the same solvent applied in previous particles dispersive

treatment and for composites preparation (Figure 7.4).
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Figure 7.4. Particles size distribution of powdered LDHs dispersed in the solvent used for the
preparation of the membranes (2-propanol). The relation among LDHs particles size and composition
with cells viability can be seen in Figure 7.12.
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Zn-Cl LDH average particles size is higher than that of the Mg-Cl LDH. Pristine LDHs
present higher average particles size compared to LDHs intercalated with NAP.
Although 50 % of the particles have a size up to 6.928 + 0.001 um for the Zn-NAP, against
9.631 + 0.001 pm for the Mg-NAP sample, the polydispersity of the Zn-NAP sample
compared to the other LDHs compositions is higher, where the presence of two curves
of particles distribution with well-defined maximums is clear.

Figure 7.5A shows the XRD patterns of pristine PEBA and PEBA composites plus
pristine LDHs, while Figure 7.5B exhibits the profiles of composites containing the
NaNAP salt and hybrid organic-inorganic LDHs. In Figure 7.5A, pristine PEBA possess
a semi-crystalline structure presenting a high intense and broad peak at 20 °(20),
similarly to the literature [283] and to the XRD pattern of poly(amide 12) [284]. The
indexation of diffraction peaks of LDHs was made considering the 3R1 polytype, mostly
observed for synthetic LDHs. Basal spacing related to the (003) plane for both Mg-Cl
and Zn-Cl materials is equal to 7.8 A. As usually observed, Zn** cations promoted a
higher structural organization of the LDH structure then the magnesium ions [115,242].
Most intense LDH peaks are present in the XRD pattern of the PEBA_LDH composites.
According to Figure 7.5B, PEBA_NaNAP sample presents intense and narrow peaks
assigned to the sodic salt. Compared to the LDHs-Cl, NAP intercalation shifts the (ool)
peaks to smaller angle (28) region, indicating larger interlayer distances. Basal spacing
related the (003) plane is equal to 21.0 and 21.8 A for the Mg-NAP and Zn-NAP LDHs,
respectively. For both hybrid LDHs, the (003) and (006) harmonic peaks attributed to
the LDH-Cl phases are also present. The permanence of the (113) peak, dependent on the
¢ axis and, therefore, expected to be dislocated to small angle region with the
intercalation of a much more bulk anion, is another indication of the presence of a
mixture of phases. These characteristics have also being observed for NAP loaded into
LDH with different layer compositions and prepared by other methods besides ion-
exchange reaction (such as coprecipitation[131] or reconstruction[121]), therefore being
considered a peculiarity of the NAP-LDH system. Differently from the PEBA_Zn-NAP
membrane, whose peaks associated with the Zn-NAP LDH are clearly observed, XRD

pattern of PEBA_Mg-NAP sample shows only the broad peaks of the organic polymer.
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Figure 7.5. XRD patterns of pristine PEBA and PEBA composites containing Cl-LDHs (A) and
composites containing the NaNAP salt and NAP-LDHs (B).

Stress at break, strain at break, and Young modulus of membranes submitted to
tensile tests are shown in Table 7.3. With exception of the Zn-Cl LDH, all particles
improved the stress at break of the composites. PEBA_Mg-NAP sample (829 + 45 kPa)
can be highlighted for having approximately twice the average tension at break in
relation to pristine PEBA (479 + 27 kPa). PEBA_Mg-NAP membrane also presented, as
well, the higher elongation value (55 + 16 %) among all samples. Pristine PEBA
membrane and membranes containing Mg-Cl or Zn-Cl LDH particles presented a similar
rigidity, with Young modulus values equal to 3.47 + 0.92, 3.94 + 0.50, and 3.43 + 0.43
MPa, respectively. On the other hand, NaNAP particles conferred a considerable
stiffening to the membrane, with Young modulus equal to 7.40 + 0.82 MPa. PEBA_Mg-
NAP and PEBA_Zn-NAP samples presented an intermediate stiffness, with Young

modulus values equal to 5.25 + 0.71 1and 5.18 + 0.66 MPa, respectively.
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FT-IR spectra of pristine PEBA and PEBA composites containing LDHs-Cl and the
composites containing the NaNAP salt and LDHs-NAP are shown in Figure 7.6A and
7.6B, respectively; the bands tentative assignment is compiled in Table 7.4. For PEBA
(wavenumbers indicated in blue), PA portion originates the bands at 3300, 1638, 1541,
and 1242 cm?, attributed to hydrogen bonded amide group, and also the band at 720 cm™
! assigned to the CH, bending of the alkyl portion[196,197,281,283,285-287]. The strong
band at 104 cm™ is assigned to the C-O-C stretching of ether group (PE portion). The
bands at 2920, 2850, 1467, and 1447 cm™ are attributed, respectively, to the asymmetric
stretching, symmetric stretching, bending, and scissoring of the CH, group of both hard
and soft segments. The band at 1368 cm™ is assigned to the bending of the C—-C-H group
while the band at 1735 cm™ is related to the ester linking group. The bands at 3400, 1360,
and bellow 700 cm™ (orange wavenumbers indicated in the spectra of Zn-Cl and Zn-NAP
samples) are attributed to the O-H stretching of the hydroxyl groups in the LDH layers
and of superficially adsorbed and intercalated water molecules, to the antisymmetric
stretching of CO; (v3), and to M-OH translations, respectively[36]. The band at 1624
cm™ is assigned to angular deformation of water molecules[288]. The spectrum of the
PEBA_NaNAP sample is very similar to that of pristine PEBA. The bands at 1393, 1162,

925, and 815 cm™ are related to the vibrational modes of NAP (shown in green).
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Figure 7.6. FT-IR spectra of pristine PEBA and PEBA composites containing Cl-LDHs (a) and
composites containing the NaNAP salt and hybrid organic-inorganic LDHs (b).

Table 7.4. IR wavenumbers (in cm™) indicated in the spectra of PEBA membrane and PEBA composites
and tentative assignments.

Wavenumber Assignment Wavenumber Assignment’
3440 v O-H 1393 v C-C (naphthalene), w CH;
3300 v N-H 1368 3 C-C-H
2920 va CH. 1360 u; COs>
2850 us CH> 1242 v C-N-H
1735 v C=0 (0-C=0) 1162 v C-O
1638 v C=0 (H-N-C=0) 1104 va C-O-C
1631 v C-C=C 925 v =C-H
1541 v C-N 815 v=C-H
1467 8 CH, 721 8 CH. group (-(CH.)n—, n > 4)
1447 sc CH- < 700 Mg-OH or Zn-OH translations

'v = stretching, va = antisymmetric stretching, vs = symmetric stretching, § = bending, and w =

wagging.
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Figure 7.7 shows the cooling (top) and second heating (bottom) DSC scans for
pristine PEBA and PEBA composites, whose peak temperature values related to the
thermal events are gathered in Table 7.5. The temperature of glass-transition for PE
portion (Tg PE), varied for all samples between -59 and -60 °C, as reported[289].
Crystallization peak temperature values of PE (Tc pg) portion ranged from -14 to -16 °C,
also consistent with the literature[289], and slightly decreased with the presence of
particles. Peak melting temperature value for PE (Tm PE) is normally observed around o
and 20 °C[290]. No considerable variation in Tr, PE was also verified among the samples,
ranging from 19 to 21 °C. Upper temperature for DSC analysis was carefully limited to
ensure that no particles degradation would take place. Therefore, it was only possible to
obtain information about thermal events occurring in the PE portion (portion present
in much greater quantity in PEBAX®2533), since the peak melting temperature (Tm) of
PA is expected at around 140 °C or above[290]. Additionally, the endothermic event
appearing around -72 °C for the PEBA_NaNAP sample is related to the release of water

from salt particles[291].
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Figure 7.7. Cooling (top) and second heating (bottom) DSC scans for pristine PEBA and PEBA
composites. Tgpe — glass transition temperature of PE portion, Tepe - crystallization temperature of PE
portion, Tm pe— melting temperature of PE portion.



192

Table 7.5. Peak glass transition (Tgpg), crystallization (Tcpe), and melting (Tm pe) temperatures obtained
from DSC analyses of pristine PEBA and PEBA composites.?)

Material Tgre (°C) Tere (°C) TmeE (°C)
PEBA -60 -14 21
PEBA_NaNAP -59 -15 20
PEBA_Zn-Cl -59 -15 20
PEBA_Zn-NAP -59 -16 20
PEBA_Mg-Cl -59 -16 21
PEBA_ Mg-NAP -60 -16 19

a)Tg pg — glass transition temperature of PE portion, T.pg - crystallization temperature of PE portion, Tm pe— melting
temperature of PE portion.

Considering the application of dressings on wound and the importance of materials
toxicity, residual solvent fixation on PEBA chain after pristine membrane preparation
was investigated by TGA-DTG-MS analyses (Figure 7.8). If present, the release of
residual solvent is expected at low temperatures region, around 2-propanol boiling point
(82 °C [292]). However, until approximately 200 °C, no weight loss occurs. From 200 °C,
a release of a fragment with m/z ratio equal to 60 is observed. To confirm that the m/z
= 60 signal is not associated with 2-propanol release, possibly delayed due to the
interaction with the polymer chains (and/or to a decomposition fragment), pristine
PEBA pellets were also analyzed (Figure 7.9). In this case, a m/z = 60 signal was in fact
observed, being associated with the polymer not to the solvent. The different shapes of
the samples could plausibly explain the temperature shift due to differential heat

transfer.
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Figure 7.9. TGA and MS curves of PEBA reagent (beads).

The design of multifunctional dressings requires the understanding of the structure
and properties of the final materials, as well as of each component separately. It was
shown above the structural and compositional characterization of the applied LDHs,
and the structural, compositional, textural, and thermal characterization of pristine
PEBA and PEBA composite membranes. Next it will be shown the in vitro drug

performance and in vitro biological response of the multifunctional dressings.
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7.3.2. Invitro NAP release profile and kinetics

Figure 7.10A presents the profiles of NAP released from the PEBA_Mg-NAP,
PEBA_Zn-NAP, and PEBA_NaNAP samples in saline solution. After 10 hours, 47 and 16
% of NAP were released from PEBA_Mg-NAP and PEBA_Zn-NAP samples, respectively.
PEBA_NaNAP sample shows an intermediate behavior in which 29 % of NAP was
released after 10 h. The release of leached metals after the end of the tests (10 h) was
observed: the amount of Mg and Zn were 2.2 and 0.9 mg L7, corresponding to 12.2 and
2.0 % of the metal content in the membranes, respectively. The amount of trivalent

cations was below the limit of detection.
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Figure 7.10. (A) Release profile of PEBA_NaNAP, PEBA_Mg-NAP, and PEBA_Zn-NAP samples
and (B) application of Power Law model of Naproxen release percentage as a function of time for the
different composites in log-log scale.
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Power law kinetic model was also applied here and model’s equation is refreshed in
Equation 7.1, where M; is equal to the released drug at a certain time (t) and M, the
total loaded drug. Figure 7.10B shows the plot of Power Law kinetic model that resulted
in a satisfactory linear correlation (R values close to 1) for all samples. The lower n value
obtained for the PEBA_Mg-NAP sample indicates a Fickian type release in which drug
release is governed by diffusion, event more notable than polymeric chain relaxation.
For the PEBA_Zn-NAP and PEBA_NaNAP samples, 0.5 < n < 1.0 and the drug release is
characterized by a non-Fickian or anomalous transport, and both solvent diffusion and

polymeric chain relaxations are relevant events.
M / Mo = kt?, (7.1)
7.3.3. In vitro biocompatibility evaluations: MTT assay

Cell viability percentages for PEBA membranes and powdered samples on NHDF
cells are shown in Figure 7.11. LDHs and their composites containing Mg** presented
higher cellular viability percentages compared to the materials composed by Zn?**, whose
tendency is supported by previous works[202,293]. For powdered LDHs, cell viability
was also higher when intercalated with Cl- anions. The relation among LDH particle

sizes and composition with cell viability can be seen in Figure 12.

0120 1 = PEBA Membranes 11 Powders
2100 { i
280 {5 . g5 B .
S 602 E BN E. Em E
o Bl £ E B[l B EIl E
58l Bi E. Bl Eil Eil E
OEIEHIE“IE =il Sl B
> O R o Q R Nod
Qo&& W (\y’év W @%é i <® i é&

Figure 7.11. MTT test for NHDF cells in contact with pristine PEBA and PEBA composite
membranes containing Zn-Cl, Zn-NAP, Mg-Cl, Mg-NAP, or NaNAP particles (in blue - horizontal lines)
and powdered samples of Zn-Cl, Zn-NAP, Mg-Cl, Mg-NAP, and NaNAP (in orange - vertical lines) for 3

h. Error bars represent standard error (n = 6).
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Figure 7.12. Cell viability percentage of LDHs powder samples (from Figure 7.11) according to
particles size expressed by d(0.1), d(0.5), and d(o0.9) values (from Figure 7.4), related to the percentage
of particles that present up to the corresponding sizes.

All LDH-PEBA membranes presented higher cellular viability compared to the
respective powdered LDHs samples. The viability of PEBA_NaNAP membrane and
powder NaNAP are comparable. PEBA Zn-NAP, PEBA Mg-Cl, and PEBA_Mg-NAP
samples display an improved biological response in comparison to pristine PEBA, even
more pronounced for hybrid LDHs, which can be related to the favored particles
dispersion into PEBA when NAP is intercalated, as earlier discussed. Once more,
PEBA_Mg-NAP sample stands out exhibiting the higher viability percentage among all
samples (96 %). NAP intercalated into the Mg-LDH dispersed in the polymeric
decreased the cytotoxicity of the drug in comparison with NaNAP powder and to the
PEBA_NaNAP composite. Moreover, a synergistic effect was observed, since PEBA_Mg-
NAP biocompatibility was higher than the ones observed for pristine PEBA, NaNAP salt,
or Mg-NAP LDH.

7.4. Discussion

Hybrid organic-inorganic LDHs experienced an improved interaction with PEBA.
Such improvement was reflected on membranes thicknesses, lower for the PEBA_Mg-
NAP and PEBA_Zn-NAP compared to the Mg-Cl and Zn-Cl samples. The gain in
particles-polymer chains interaction compared to the LDH-Cl materials is in
consonance with the superficial morphology analyzed by SEM. Although surface fill
failures are observed for the PEBA_Zn-NAP sample, LDH particles aggregation are not
visualized, differently from the PEBA_Mg-Cl and PEBA_Zn-Cl membranes. As normally

observed[115,242], Zn?* cations conferred a higher structural organization to the LDH
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structure, which possibly contributed to the visualization of the characteristic plate-like
morphology of Zn-Cl particles in the SEM image of the PEBA Zn-Cl membrane. The
smoothness of the PEBA_Mg-NAP sample is compared to that of pristine PEBA. Lower
average particles size, verified for NAP-LDHs, resulted in a better particle distribution.
However, the lower polydispersity of the Mg-LDH helps to explain its unpaired
performance. Though Zn-NAP LDH presents a higher structural organization than the
Mg-NAP LDH, verified by XRD, the absence of peaks related to LDH phase could also
indicate a more effective dispersion of particles in the PEBA_Mg-NAP membrane, which
is consonant with its improved homogeneity and surface smoothness verified by SEM.
The superior Mg-NAP interaction with PEBA is once again reinforced by the greater
mechanical performance of the PEBA_Mg-NAP membrane. This inference is also
supported by the opposite behavior of the PEBA_Zn-Cl sample that experienced an
inferior mechanical performance and showed an elevated Zn-Cl particles aggregation,
verified by optical microscopy and SEM, and suggested by XRD data. Independently of
the homogeneity of particles distribution into PEBA or particles nature, LDH or NaNAP
salt, the very close T, values show that particles didn’t cause a disorder in the polymer
chains, frequently observed for polymer composites by the decrease in Ty values in

relation to pristine polymer[285].

Concerning the in vitro NAP release profiles, NAP release rate could be modulated
by changing the nature of the divalent cation in the LDH composition. Retarded NAP
release from Zn,Fe,;Al,5-NAP LDH in comparison to the Mg,Fe,sAl, 5-3NAP_H, same
compositions applied in this thesis, was also observed in our previous work[115], whose
in vitro NAP release was performed from tablets and the assay conducted in a dissolution
tester in phosphate buffer solution (pH equal to 7.4). In such work, after 10 h, 30 and 59
% of NAP release were observed for Zn-LDH and Mg-LDH, respectively. Differently from
the results shown herein, NaNAP dissolution lasted for only 30 min. Therefore, PEBA
can be a good support for NaNAP particles to sustain drug release. As discussed earlier,
PEBA_Mg-NAP sample characterization indicates a more homogeneous distribution of
particles in the polymeric matrix. Therefore, related to the other samples, it is expected
an improvement in the contact area of the particles with the release medium, which can

explain its higher k value. On the other hand, higher Zn-NAP and NaNAP particles



198

aggregation lead to small k values. As observed in another works [115,242], the lower
amount of released M3+ (Fe3* or Al*3) cations is out of the limit of detection from the
same quantitative method. The higher solubility of Mg** in comparison with Zn?* are
directly related to the solubility product (Kps) values of the isolated hydroxides, as
follows: Mg(OH), > Zn(OH), > AI(OH); > Fe(OH);[294].

For both powdered LDHs and LDHs membranes, cell viability was higher in the
presence of LDH intercalated with Cl- anions. Despite the nature of the intercalated
anion, in the case of suspensions, toxicity has shown a dependence on surface area. Small
particle sizes with high superficial areas tend to overload cells [202]. In fact, LDHs
intercalated with NAP presented lower average particle sizes and lower cell viabilities.
Several papers report the biocompatibility of LDHs by MTT method. Some of these
papers are briefly discussed hereafter. Kura et al.[295] analyzed the cytotoxicity of the
Zn/Al-NO; LDH and the same layer composition intercalated with levodopa, an anti-
Parkinsonian compound. Concentrations of levodopa, pristine, and hybrid-LDH equal
to 5, 10 50, 100 and 150 pg mL™ were applied to mouse embryonic fibroblasts (3T3 cells).
Cell viability decreased progressively with the increase in levodopa and LDH materials
concentration. Although the hybrid LDH has reached the highest cell viability
percentage for the higher tested concentration compared to non-loaded levodopa and
the pristine LDH, the value was reduced for about 40 % compared to the lower applied
concentration. Saifullah et al.[296] studied the biocompatibility of the Mg/Al-NO; LDH
and the corresponding LDH intercalated with izoniazid, a drug used for the treatment
of tuberculosis, in contact with normal human lung fibroblast and 3T3 cells. Increasing
materials concentration from 0.781 to 50 pg mL™, it is noted a reduction of about 20 %
in cells viability of both materials. Mohsin et al.[297] evaluated the cytotoxicity of the
Zn/Al LDH intercalated with NO; anions and with a mixture of two ultraviolet-ray
absorbers benzophenone 4 and Eusolex®232, applying dermal fibroblast cells. Pristine
and hybrid LDHs do not presented significant toxicity up to 25 pg mL?, however, cell
viabilities decreased for about 50 % by doubling materials concentration. Pagano et al.
[293] studied the intercalation of folate into Zn/Al and Mg/Al LDHs aiming topical
applications for treatment of aged and photo-damaged skin. Cytotoxicity essays were

carried on human keratinocytes and human primary dermal fibroblasts. Zn-LDH was
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more toxic than Mg-LDH, as observed in this work. For the Mg-LDH, cell viability
percentage varied from about 60 % to 30 % by increasing materials concentration
(related to the content of loaded folate) from 215 to 1529 pg mL™. Moreover, at the tested
condition, intercalation into LDH didn’t show an advantage concerning the cytotoxicity,
once cells treated with folic acid presented cells viability of about 8o % or more for all
concentrations and, once again, such results are in agreement with the ones presented
here. NAP concentration applied in this thesis for verification of the in vitro cytotoxicity
when present in the NaNAP salt, loaded on LDHs or in the respective PEBA composites
is around 1000 pg mL™ and cell viability was below 70 % for samples in powder. The
statement of the biocompatibility depends on the material’s concentration and, as
discussed above, the biocompatibility of LDHs is restricted to concentrations in the
order of tenths or hundredths pg mL™. As shown in this thesis, this limitation can be
overcome by embedding LDHs particles in a polymeric matrix, reducing the dependence

of particles size and concentration in the materials cytotoxicity.

PEBA_Mg-NAP membrane presented a sufficient or greater performance in all
aspects evaluated in here. As proposed, a multifunctional membrane was designed based
on a polymeric support whose mechanical performance was improved, containing LDHs
particles aiming adequate LDHs compositions for biological application (containing a
larger content of essential metals in the compositions). The engendered material was
able to sustain the release of a bioactive organic species and also Mg?* cations as well as
a great in vitro biocompatibility. This study is expected to advance the application of
iron-based LDHs and PEBA composites in general devices to support tissues

regeneration.

7.5. Conclusions

The intercalation of NAP into LDH improved the polymer-LDH interaction,
considerably enhancing the mechanical performance of PEBA. Drug release could be
modulated and sustained for at least 8 hours by all formulations. A slower, an
intermediate, and a faster NAP release was achieved from the PEBA_Zn-NAP,
PEBA_NaNAP, and PEBA_Mg-NAP samples, respectively. Developed PEBA_Mg-NAP

composite was considered the ideal among the tested formulations to act as therapeutic
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dressing, once it was able to sustain drug release, originated PEBA composites with
greater mechanical resistance, and improved the biocompatibility of PEBA, NAP, and

LDH.
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8. Abstract and data presentation

8.1. Abstract

This chapter presents the development of an innovative wound dressing with
potential to assist tissues regeneration process. The dressing consists of a composite
based on the high-performance PEBAX 2533 (PEBA) block copolymer and particles of
iron-based layered double hydroxide (LDH) drug carrier (Mg.FeosAly5 layer
composition) intercalated with abietate anions (ABI) (abbreviated by LDH-ABI). The
PEBA_LDH-ABI composite membrane was prepared by simple casting method. To
evaluate the effect of LDH in the formulations, the sodium abietate (NaABI) salt and the
PEBA_NaABI membrane were also studied. ABI could be successfully intercalated into
LDH, with ABI representing around 38 % of the hybrid weight. Vibrational FT-IR and
Raman analyses indicated the intercalation of the deprotonate ABI species and the
structure preservation after the LDH synthesis process. In vitro release assays performed
on powdered samples and membranes showed that, after 10 hours, around 5 and 3 % of
the ABI content were dissolved and release from the powdered NaABI and LDH-ABI
samples, respectively. On the other hand, the dispersion of NaABI or LDH particles into
the polymer propitiated a sustained and approximately constant ABI release, improved
to 20 and 22 %, respectively. The improvement in ABI release profile from the
membranes could be related to the decrease in particles aggregation and improved
media permeation. Although both membranes presented a similar ABI release profile,
PEBA_LDH-ABI showed promising to compose wound dressings, additionally providing
bioactive Mg** cations to the media and improving the mechanical resistance of the
membrane, c.a. doubling the vertical tension resistance and increasing the strain by 1.3

in comparison to the PEBA_NaABI membrane.

8.2. Materials and methods

8.2.1. Reagents

Magnesium chloride hexahydrate (MgCL.-6H.O, purity = 99 %), aluminum chloride
hexahydrate (AICL-6H.O, 99 %), zinc chloride (ZnCL, = 98 %), ferric chloride
hexahydrate (FeCl;-6H,O) (= 98 %), sodium hydroxide (NaOH) (= 98 %), abietic acid
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(HABI) (C10H50053) (= 75 %), and absolute ethanol (= 99.8 %) were purchased from
Sigma-Aldrich. PEBAX 2533 (PEBA), obtained from Arkema group, is composed by 8o %
of poly(tetramethylene oxide) and 20 % of polyamide 12. Isopropanol PA was purchased
from Synth and sodium chloride (NaCl) (99 %) from iga analitica. All products were

used as received.

8.2.2. NaABI salt preparation

Sodium abietate (NaABI) salt was prepared from HABI as described in Chapter 5.

8.2.3. Synthesis of the Mg.Fe,;Al,s-~ABI LDH

The LDH with layer composition Mg,Fe,sAlos intercalated with ABI anions
(abbreviated as LDH-ABI) was prepared as reported in Chapter 5. The drying condition

was the same as reported in Chapters 6 and 7.

8.2.4. Preparation of PEBA membranes

PEBA membranes containing NaABI or Mg,Fe, sAlo5-ABI particles, abbreviated by
PEBA_NaABI and PEBA_LDH -ABI, respectively, were prepared by casting method, as
the membranes presented in Chapter 7, containing 11 wt% of LDH or 4.5 wt% of NaABI,

thus with both membranes carrying an equivalent amount of ABI anions.

8.2.5. ABI calibration curve

Three stock solutions were prepared by adding 100 pL of absolute ethanol into
around 4 mg of NaABI in an Eppendorf® tube followed by manually homogenization.
After, it was added 400 pL of saline solution (0.9 % w/w NaCl) and the tube was manually
homogenized resulting in a translucid solution. Then, this solution was transferred to a
100 mL volumetric flask and its volume was completed with saline solution resulting in
around 4o ppm solution. Calibration curve was built through UV-Vis spectrophotometry

measurements in triplicate into the 0.2 - 0.8 range.
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8.2.6. NaABI solubility in the dissolution media

NaABI solubility in the dissolution media was determined to adequately set the ABI
release experiment avoiding solution saturation and NaABI precipitation. The assay was
performed in sextuplicate. Around 11 mg of NaABI, accurately weighed, was added into
a Medicall International Ltd dialysis membrane (size 10, 1 %4”, 31.7 mm and 12 - 14000
Daltons range). Dialysis membranes were accommodated into 50 mL Falcon tubes and
filled with 40 mL of saline solution. Tubes were sealed and accommodated into a water
batch at 32 °C and shaking speed of 130 strokes per minute. After specific periods of time,
three tubes were removed from the batch, ABI concentration was measured by UV-Vis
spectrophotometry and NaABI dissolution percentage was calculated. The assay was

conducted until reaching the equilibrium (confirmed by the curve plateau).

8.2.7. In vitro ABI release assays

ABI release assay was performed in sextuplicate applying Franz cell using saline
solution as dissolution media. PEBA membranes had 2 cm diameter and around 3.9 mg
of NaABI or 9.3 mg of Mg.Fe,sAlos-ABI particles. Considering an ideal thus perfectly
homogeneous distribution of particles in the membranes, the total amount of NaABI
and Mg.Fe, sAlo5-ABI in contact with the dissolution media was considered the content
in the area of the orifice of the Franz cell, equal to around to 0.37 and 0.89 mg,
respectively. To evaluate the effect of dispersed NaABI or LDH particles into the polymer
in the ABI release profile, the release experiment with the powdered samples was also
performed as follows. Around 1.5 mg or 5 mg of NaABI or Mg,Fe, sAl,s-ABI powered
samples, respectively, were sandwiched between MF-MilliporeTM o0.45 pm (HAPO2500)
support membranes. The release media was magnetically stirred and ABI amount was
spectrophotometrically quantified. After the measurement of the first released ABI
aliquot, accumulative ABI weight released was corrected by the same equation applied
in Chapter 7, refreshed in Equation 8.1, where m*?/; is the ABI weight released in a time
i, C; is the ABI concentration (mg L") in time i, considering the removed aliquots (0.8
mL) for measurement in anterior times k and then replaced by the same volume of saline

solution to maintain the volume of the flasks equal to 6.4 mL.
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mAB!, = 0.0064C; + 0.0008 Y k=i-1 ¢, (8.1)

8.2.8. Materials Characterization

High performance Liquid Chromatograph analysis of HABI was performed at the
Central Analitica of the Instituto de Quimica (Universidade de Sdo Paulo - USP) and
carried on a Shimadzu equipment with a CBM-20A controller, LC-20AD pumps, SPD-
20A detector, CTO-20A heater and a SIL 20 AC autoinjector. It was used a Spelco
Ascentis C-18 column (250 x 4.6 mm - 5 pm), at 35°C and a solvents flux of 1.0 mL min-
1. Solvent A was composed of water solution containing 0.05 wt% of formic acid. Solvent
B was composed of methanol solution containing 0.05 wt% formic acid. It was applied a
mixture of solvents A and B at specified times as follows (time - B%): 0 min - 50%, 5 min

- 50%, 40 min - 100%, 45 min - 100%, 50 min - 50%.

Mass spectrometry of HABI was performed at the Central Analitica of the Instituto
de Quimica (Universidade de Sdo Paulo - USP) in an Amazon Speed ETD Bruker
equipment, with nebulizer at 27 psi, dry gas flux of 12 L min-1, 325°C and 4500 V of

voltage.

X-ray diffraction (XRD) patterns were obtained at the Instituto de Cristalografia of the
Universidade de Sdo Paulo on a Rigaku Ultima Plus equipment, with Bragg-Brentan
geometry and graphite crystal monochromator, using Cu-Ka radiation (1.5406 A), 30 kV,

15 mA, Ni filter, scan range 1.5-70°(260) and scan step of 0.05°(20)/2s.

Inductively coupled plasma atomic emission spectroscopy (ICP-AES) analyses of Mg,
Fe and Al for the Mg,Fe,sAlo5-ABI sample was performed in Spectro Analytical
Instrument at the Central Analitica of the Instituto de Quimica of USP. Metals
quantification from the release media after in vitro ABI release assay was performed in a
Perkin-Elmer optima 8300 instrument at the Centro de Instrumentacion Cientifica of the
University of UGR.

Elemental analysis of carbon, hydrogen and nitrogen were recorded on an equipment
Perkin Elmer - CHN 240. Both analyses were obtained at the Central Analitica of the

Instituto de Quimica of USP.
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Mass spectrometry coupled to thermogravimetric analyses (TGA-MS) were recorded
in a Netzsch thermoanalyzer model TGA/DSC 490 PC Luxx coupled to an Aéolos 403 C
mass spectrometer using alumina crucible and heating rate of 10 °C min® under a

synthetic air flow of 50 mL min™

Differential scanning calorimetry (DSC) was carried out at the Central Analitica of
Instituto de Quimica of USP using a TA instruments - Qio equipment under
50 mL min™ N, flow, a heating/cooling rate of () 10 °C/min, using alumina hermetic and
close crucible. Samples were first equilibrated at -70 °C and then submitted to a heating
cycle until 100 °C (to erase information coming from the preparation procedure), a

cooling cycle until -70 °C and a second heating cycle until 100 °C.

FT-IR spectra of powdered samples were recorded in the 4000-400 cm™ range on a
Bruker spectrophotometer, model alpha by attenuation total reflectance (ATR) mode,

with acquisition step of 4 cm™ and 512 scans.

FT-Raman spectra (Raman) were recorded in a FT-Raman Bruker FRS-100/S
spectrometer using 1064 nm exciting radiation (Nd:YAG laser Coherent Compass 1064-

500 N), a Ge detector, laser power of 100 mW, acquisition step of 4 cm™and 2048 scans.

Average particles size measurements were performed in 2-propanol through low

angle laser light scattering in a Mastersize 200 Malvern equipment.

Images by optic microscopy were registered in an Optic microscope Oleman DN-

107T.

Images from scanning electron microscopy (SEM) were obtained in a Phenom™ G2
pro desktop Scanning Electron Microscope (voltage 5 kV; High-sensitivity backscattered

electron detector). The samples were deposited on a double-sided carbon tab.

Membranes thicknesses was determined using a Mitutoyo analogical micrometre.
Five measurements in different points were performed in 2 c¢m diameter circular

membranes.

Dynamo-mechanical analysis (DMA) tests were performed at the Central Analitica

of Instituto de Quimica of USP on a DMA Q800 TA instruments equipment. Each PEBA
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membrane was cut into 5 rectangles with 3 x 0.5 cm and the analysis were performed at

70 °C.

Static water contact angle measurements were performed in triplicate with static

deionized water drop on the membranes using a SEO portable equipment.

Absorbance in the ultraviolet-visible region was measured on a spectrophotometer

Perkin Elmer Lambda 35.

Memmert water bath (WNB 22) was used to provide agitation and to provide a
constant temperature for the test of the chemical stability of NaABI in the dissolution
media, for the NaABI solubility assay and for the ABI release from the Mg-ABI and Zn-
ABI samples.

Perme Gear Franz cell of 6.4 mL capacity and orifice area equal to 0.64 cm? coupled
to a Bunsen immersion thermostat were applied for the ABI dissolution test from LDH

powdered samples and membrane LDH composites.

8.3. Results and Discussions

8.3.1. NaABI solubility in the dissolution media

Figure G.1 (Appendix G) shows an example of full-scan electronic spectra of ABI in
physiological solution (NaCl 0.9 wt %) obtained from a 13.33 ppm NaABI solution. The
band of maximum absorbance was verified at 243 nm. Figure G.2 (Appendix G)
presents the calibration curve for ABI obtained at 243 nm. A great linearity was obtained,
with R?> = 0.994. The equation of the linear regression curve (y = 0.045x-0.080) was

applied for ABI concentration calculation from absorbance measurements.

Results from NaABI solubility study are shown in Figure 8.1. After 2.5 h, NaABI
dissolution curve reached a plateau, due to the saturation of the solution, in a dissolved
ABI concentration of approximately 2.3x10% mol L* (68.5 mg L%), at 32 °C. As a
comparison, abietic acid presents a solubility in water equal to 1.4x10> mol L* (at 20 °C).
Estimation of NaABI solubility in saline solution is important to preclude its

precipitation in the conditions in which the in vitro ABI release assays were conducted.
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Figure 8.1. NaABI dissolution along time in saline solution (0.9 % w/w) at 32 °C (n=6).

8.3.2. Materials Characterization

8.3.2.1. NaABI salt and LDH-ABI samples

Appendix G presents the characterization of the NaABI and LDH-ABI sample. No
discrepancies are observed comparing these results with those related to the first batch

of NaABI and Mg.Fe, sAl, s-ABI materials presented in Chapter 5.

8.3.2.2. Membrane’s characterization

XRD patterns of PEBA_NaABI and PEBA_Mg.Fe,sAl,s-ABI samples (Figure 8.2)
show the profile observed for PEBA: a semi-crystalline structure presenting a high
intense and broad peak at 20 ° (20)[283,298] and to the XRD pattern of poly(amide 12)
[284]. The absence of peaks related to the crystalline LDH phase may indicate a

satisfactory dispersion of the particles into polymer chains.[298]
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Figure 8.2. XRD patterns of the PEBA-NaABI and PEBA_Mg.Feo sAlos-ABI membranes.

Figure 8.3 presents surface aspects of the membranes in different scales: (A)
macroscopic images, (B) optical microscopy images, and (C) SEM micrographs. Figure
8.3A shows that PEBA_NaABI membrane is slightly opaque and PEBA_Mg.Fe, ;Alo s-ABI
membrane is completely covered by the orange brown LDH particles, homogeneously
distributed by visual inspection. Figure 8.3B, for the PEBA_NaABI sample, shows
wrinkles due to Teflon-plate’s surface. Mg,Fe, sAlo.5-ABI particles could fill relatively well
the membrane surface, although some darker regions indicate points of particles
concentration. In Figure 8.3C, PEBA_NaABI membrane presents points of salt
concentration. While for the PEBA_ Mg.Fe,sAlos-ABI sample, a rough morphology is

observed with aggregates of LDH particles.

Figure 8.3D shows representative images of water drops on the surface of the
membranes for determination of static water contact angles (SWCA). Static water
contact angle for the PEBA_Mg,Fe,sAlos-ABI membrane is equal to 81 + 2°, the same
value reported by Vatani et al.[299] and close to the value reported in Chapter 7 (Table
7.3) for PEBAX 2533 membranes prepared by casting method. PEBA_NaABI membrane
presented a lower SWCA value (62 + 3 °); an expected behavior due to the presence of

particles of a salt.
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Figure 8.3. Visual aspect (A), optical microscopy images (B), SEM micrographs (C1 and C2), a
representation of the static water contact angle (D) of the PEBA_NaABI and PEBA_Mg.Fe,.sAlo.5-ABI
membranes.

As can be seen in Table 8.1, the thickness values of the membranes are close: 85 + 4
and 88 + 3 um for the PEBA_NaABI and PEBA_Mg,Fe, ;Al, 5-ABI samples, respectively.

Stress at break, strain at break, and Young modulus of membranes submitted to tensile
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tests are also shown in Table 8.1. The presence of NaABI particles decreased the stress
at break, although the elongation has increased, in comparison with pristine PEBA
(stress at break equal to 479 + 27 kPa and elongation equal to 22 + 7 %) (see Chapter 7,
Table 7.3), having a Young modulus equal to 3.9 + 0.8 MPa. On the other hand,
Mg.Fe, sAlo.5-ABI particles improved the mechanical resistance of the PEBA membrane,
resulting in a stress at break of 790 + 118 kPa and elongation of 81 + 2 %, and a Young

modulus equal to 6.6 + 0.9 MPa.

Table 8.1. For PEBA composites: Thickness, stress and strain at break, and Young modulus; peak glass
transition (Tqee), crystallization (Tcpe) and melting (Tm pe) temperature values (obtained from DSC analyses).

. Stressat | Strain at Young
Thickness Tgre | Tcre | Tmee
Sample break break modulus ) 3 .
(um) 0 | Q) | (O
(kPa) (%) (MPa)
PEBA_NaABI 845+44 | 415+23 | 16.9+27 | 3.53+0.15 | -59 -15 19
PEBA_MgaFeosAlos-ABI | 88.0+3.0 | 767+32 | 321+18 | 6.24+£0.47 | -59 -15 19

Tg PE - glass transition temperature of PE portion, Tc PE - crystallization temperature of PE portion,
and Tm PE- melting temperature of PE portion.

Figure 8.4 shows the cooling (top) and second heating (bottom) DSC scans for
PEBA_NaABI and PEBA_Mg,Fe,;Al,s-ABI membranes, whose temperature values
related to the thermal events are gathered in Table 8.1. The temperatures of glass-
transition for PE portion (Tgpe) (-59 °C), crystallization peak temperature (T pg) values
of PE portion (-15 °C), and melting peak temperatures (Tm pE) (19 °C) were equal for both
samples. The presence of NaABI or LDH particles have not caused a disorder in the
polymer chains, frequently observed for polymer composites by the decrease in Tg values
in relation to pristine polymer.[190] Upper temperature for DSC analysis was carefully

limited to ensure that no particles degradation would take place.
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Figure 8.4. Cooling (top) and second heating (bottom) DSC scans for PEBA_NaABI and PEBA_Mg-ABI
membranes. Tgpe - glass transition temperature of PE portion, T pe - crystallization temperature of PE
portion, Tm pe— melting temperature of PE portion.

Figure 8.5 presents the profiles of ABI dissolution from the NaABI salt and release
from the Mg,Fe, sAlo5s-ABI, PEBA_NaABI, and PEBA_ Mg.Fe, sAl,s-ABI samples in saline
solution at 32 °C. For the calculation of released ABI percentage from the polymeric
composites, it was considered the amount of ABI in the membrane’s area in contact with
the solution in the Franz’s cell, assuming a homogeneous distribution of particles. ABI
release from powdered samples was much slower in comparison with the PEBA
composites. After 10 hours, around 3, 5, 20, and 22 % of ABI were released (or dissolved)
from Mg,Fe,sAlos-ABI, NaABI, PEBA_Mg,Fe,sAlos-ABI, and PEBA_NaABI samples,
respectively. For both types of samples, powdered or membranes, the intercalation into

LDH slightly retarded ABI release.
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Figure 8.5. Release (or dissolution) profile of NaABI, Mg.FeosAlos-ABI, PEBA_NaABI, and
PEBA_Mg:FeosAlos-ABI samples. Saline solution at 32 °C.

Figure 8.6A shows the SEM images of the Mg.Fe, sAl,s-ABI LDH that displays a high
level of particles aggregation, whose distribution fitted by a Lorentzian curve presents
mode equal to 7.377 pum. As shown in Figure 8.6B, compared to the powdered samples,
particles size distribution for the PEBA_LDH-ABI sample is shifted towards lower values
and the mode is equal 2.634 um. Thus, LDH-ABI can consist of polycrystalline secondary
particles that disaggregate into smaller particles during the preparation of the
membranes. The dispersion of LDH into PEBA improved particles surface area and the
release media permeation. The higher dissolution rate observed for the NaABI and
PEBA_NaABI samples can be related to the lower hydrophobicity of the salt compared
to ABI intercalated into LDH (Figure 8.3D).
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Figure 8.6. Particles size estimation from SEM images for the Mg.Feo.sAlos-ABI powdered (A) and
PEBA_ Mg.FeosAlos-ABI (B) samples.
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After ABI release experiment, membranes were dried in desiccator and reanalysed
by SEM. No previous washing process was employed to do not affect their appearance
just after the end of the assay. Comparing Figures 8.3C1 (before release) and 8.3C2 (after
release), no signal of polymer degradation or LDH particles detachment are verified.
However, after release the surface of the PEBA NaABI membrane is smoother due to
NaABI particles dissolution, indicating a poor interaction between the NaABI and the
polymer; small and white particles present can be related to precipitated NaCl from
saline solution, since membranes were not washed.

Metals were quantified from the release media after the end of the assay for the
PEBA_LDH-ABI sample. After 10 h, Mg>" concentration was equal to 2.5 mg/L,
corresponding to 16.3 % of the metal content in the LDH. Fe3* or AB* cations were not
detectable. LDH leaching was a little bit higher for the PEBA_LDH-ABI in comparison
to the PEBA membranes containing particles of the Mg,Fe, sAl, 5 LDH intercalated with
naproxenate anions (12.2 %) (Chapter 7), evaluated in the same conditions (i.e. release

apparatus, release media, and time).

8.4. Conclusions

In this chapter, a PEBA_LDH-ABI composite was successfully prepared and
characterized, and its usefulness as wound dressing demonstrated concerning
mechanical and pharmacological points of view. ABI anions were effectively intercalated
into LDH by one-pot method and comprising 37.77 % of ABI in the LDH carrier, an
appreciable amount considering common drug delivery systems. Both NaABI and LDH-
ABI particles were satisfactorily dispersed into PEBA polymer chains originating
membranes visually homogeneous and resistant to handling. However, unlike NaABI,
LDH-ABI particles improved the mechanical performance of PEBA membrane. The
dispersion of NaABI or Mg,Fe, ;Al, s-ABI particles into PEBA membrane have shown to
enhance the hindered ABI release from powdered samples due to the increase in
particles’ surface area and consequent improvement in release media permeation. The
higher dissolution rate observed for NaABI and PEBA_NaABI samples could be related

to the lower hydrophobicity of the salt compared to the intercalated ABI. This study
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encourages to advance the development of the PEBA_Mg.Fe, ;Al, 5-ABI compositions to

act as therapeutic dressings.
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Tables 9.1 compiles average values and related standard deviations (SD) concerning
the composition (metals and also carbon for hybrid organic-inorganic phases) of the
LDHs presented in this thesis and applied in its second part, including one additional
batch prepared for the Mg,Fe, ;Al,5-ABI composition. Metals and carbon quantifications
were performed in the same equipment. Standard deviations concerning the molar ratio
between the metals are lower than 2 % of the average values and indicate that shifts in
y or x values from experimental values in comparison to the theoretical ones (see
geometrical reasoning approach applied in Chapters 3 and 4) attributed to differences
between the metallic composition of the bulk samples and the crystalline LDH phase do
not come from analytical errors. Deviations on carbon percentage are more pronounced
and can be related not only to limitation in the reproducibility of the production of the
hybrid organic-inorganic LDHs but also to the way the analysis is performed. While
metals are quantified from acidic solution of dissolved or digested LDH samples, carbon
percentage is estimated from flash combustion of powdered samples whose molar mass
is considerably influenced by the hydration degree of LDH, which in its turn is

dependent on storage conditions and the ambient humidity.

Table 9.1. Average molar ratio between the metals and carbon percentage and standard deviation for
M:FeosAlos-A LDH (with M = Mg or Zn** and A = CI', NAP, or ABI) replicas.

Samples Mz+/Al3+ + SD Mz+/Fe3* + SD Fe3*/A3+ + SD M=+ / (Fe3* + AI3+) % C
Mg,Fe, sAlo5-Cl 4.29 £ 0.05 4.060 % 0.044 1.057 + 0.006 2.087+0.023
Zn,Fe, sAl, 5-Cl 3-53+0.07 3-47 £ 0.07 1.010 % 0.020 1750 £0.035

244
Mg,Fe, Al s-3NAP_H 4.29 +0.08 4.2 * 0.05 1.040 * 0.010 2.103 + 0.035
Zn,Fe, ;Al, s-NAP 3.64 + 0.07 3.53 = 0.07 1.030 * 0.021 1.790 * 0.036 19-33 =01
31.6 £ 1.4

Mg,Fe, sAl, 5-ABI 4.21 + 0.03 4.067 + 0.006 1.037 + 0.006 2.067 + 0.006
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CONCLUSIONS

Concerning the first aim of this thesis, structural and compositional aspects of
M,Fe,Al.,)(OH)s-A LDHs as long as Al3* is substituted by Fe3* cations were lightened
from Chapter 3 to 5. In general, it was verified that the preparation of pure (or
crystallographic pure) Fe3*-LDHs is restricted to y value equal to o.5, for materials
intercalated with Cl° or more complex organic anions. For the M,FeyAlu.y)-Cl
compositions addressed in Chapter 3, the combination of crystal-chemical reasoning
and PDF revealed the presence of amorphous impurities of difficult identification by
the most frequent characterization techniques (e.g. XRD, vibrational spectroscopies,
thermal, and elemental analyses) applied in the literature to attest the precipitation of
LDH phase and also for the determination of LDH chemical formula, possibility
resulting in mistakes or neglected inconsistencies. From PDF results, amorphous 2-line
ferrihydrite was observed for the Zn.FeyAl.y)-Cl compositions with y above o.5. It was
also rationalized why it is difficult to obtain ZngrFe-Cl LDHs. In general, the
incorporation of Fe3* into the LDH structure, since synthesis are normally conducted
in aqueous solution, is hindered by its hydrolysis even at low pH values, allowing the
precipitation of M>* cations with low solubility product, such as Zn**, as isolated phases.
For the Mg,FeyAl(.y)-Cl series, y values above 0.5 also led the formation of amorphous
phase(s) (not identified) other than ferrihydrite.

Focussing on the interest in preparing pure LDH phases to act as carriers for organic
bioactive species, in Chapter 4, the exchange of CI" by NAP in the Mg,FeyAl(.y)-Cl LDHs
showed to be practically topotatic. NAP could be intercalated in appreciable amounts
for the selected Mg.Feo 5Alo.5s and Zn,Al, sFeo 5 layers compositions for application in the
second part of the thesis, with NAP corresponding to 30 and 26 % of the weight of the
hybrid LDH-NAP materials, respectively. In Chapter 5, the intercalation of ABI anions
into LDH was reported for the first time. Also, iron-based LDH-ABI phases could be
successfully prepared by the coprecipitation (one-pot) method. The characterization of
abietic acid, NaABI salt, and LDH-ABI material indicated that ABI is present in its
deprotonated form between the LDH layers and kept its structural integrity after
intercalations. Although more detailed compositional inferences concerning the LDH-

ABI materials were limited, mainly due to their low structural organization, results
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indicated that Mg,Fe,Al(.,)-ABI LDHs with y < 0.5 present crystallographic phase purity
and were also able to encapsulate a high amount of ABI, representing from around 49
and 40 % (average) of the hybrids samples weight for the Mg,Al-ABI and Mg,Feo sAlo 5-

ABI compositions, respectively.

The five intermediate Mg,Fe,sAlos-Cl, Zn,FeosAlo5-Cl, Mg.FeosAlo5-3NAP_H,
Zn,Fe, ;Alo5-NAP, and Mg,Fe,sAlo5-ABI compositions were chosen to compose the
developed polymeric membranes shown in the second part of the thesis (from Chapter
6 to 8) due to their high amount of Fe3* together with purity (or crystallographic phase
purity) and high amount of intercalated bioactive species. The presence of LDH
particles in the polymeric membranes offered physical, pharmaceutical, and biological
advantages. As presented in Chapter 6, alternating polymer electrospun and LDH
electrosprayed layers, innovative architectures were produced allowing the easy and
effective drug release modulation by varying just one synthetic parameter: the
thickness of the polymer layers. The composition of LDHs (i.e. Mg?* or Zn?*) have also
shown to influence the drug release kinetics (Chapter 7). As shown in Chapters 7 and
8, from the physical point of view, LDH particles considerably improved the
mechanical performance of the membranes prepared by casting method, mainly when
intercalated with organic anions. The dispersion of Mg.Fe,sAl,5-ABI particles into
PEBAX®2533 membrane (Chapter 8) showed to surpass the hindered ABI release from
the powdered sample. When dispersed into PEBAX®2533 polymer, a higher amount of
drug intercalated into LDH could be support by cells. Also, Mg.Fe,sAlo5-3NAP_H LDH
showed to improve PEBAX®2533 polymer cytotoxicity and presented a satisfactory cell

compatibility (Chapter 7).
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FUTURE PERSPECTIVES

In a general way, this thesis indicated pure ternary Fe3*-LDH compositions as
promising to compose advanced pharmaceutical formulation and presented the
methodology for their preparation, as well as strategies for their proper
characterization. LDH-polymer composites, promising for application as
multifunctional implantable devices or wound dressings, were also developed and
tested from different perspectives. Thus, this thesis is intended to inspire the
development of new and advanced LDH biomaterials. The establishment that half of
the aluminium content in the M,FeyAl.y) LDH compositions could be isomorphically
substituted by Fe3* cations is intended here to provide not a limiting but a new starting
point for researchers working in the field of LDH materials. However, it is clear that
the capacity to propose new synthetic routes to reach pure LDHs composed only by
Fe3* walks together with a deep structural understanding of the synthesis products,
where amorphous phases have to be considered. It is also fundamental to assess
thermodynamic and kinetic aspects of the crystallization-dissolution dynamic process
occurring during cations precipitation to better set synthesis parameters such as pH,
temperature, cations concentration, and synthesis time. How deeper the
comprehension of the structure and composition of biomaterials, more paths are open
for creating compounds and materials able to interact in an intimist and precise way
with the living entities, and more powerful technologies are possible to be created to

effectively cure and to provide better life conditions.

Specifically, additional chemical, pharmaceutical, and biological assays on pristine
abietate anions and its formulations, as for instance concerning chemical stability, half-
life, and bioactivities, are necessary. For powdered LDH-drug and polymer/LDH-drug
membranes, in vivo drug release and biocompatibility assays are indispensable. Assays
concerning the reproducibility of the membranes preparation and scale up processes

are also indicated.
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Table A.1. Papers about MgrFe and ZnrFe LDHs: LDH composition and molar ratio between the metals,
synthetic method applied, synthetic pH, aging conditions, and obtained phase(s).

Stirring aging

Expected LDH composition . Obtained
Synthetic Synthetic time and phase(s) Ref
ef.
temperature .
Nominal Mo/ M5+ method pH according to
Anion
molar ratio (if applied) XRD
Mg>+/Fe3+= 2
Mg>*/Fe3t=3 Cl
Mgz+ /Fe3+= 4
Coprecipitation 10.0 2h LDH [300]
Mg>+/Fe3*= 2
Mg>*/Fe3t=3 NO;
Mg2+ /Fe3+= 4
Mg>+/Fe3*= 2
NO; Coprecipitation 10.0 24h LDH
Mgz+ / Fe3+= 3
HPO,>
Mg*/Fes*= 2 (From pristine
LDH-NO;) LDH and side
Ion-exchange 7.4 24h )
HPO,*> phase(s)
Mg /Fes*=3 (From pristine
LDH-NO;)
[301]
Mg?*/Fe3*= 2
Cl- Coprecipitation 10.0 24 h LDH
Mg2+ / Fe3+= 3
HPO,>
Mg*/Fes*=2 (From pristine
LDH-NO;) LDH and side
Ion-exchange 7.4 24 h N
HPO,> phase(s)
Mg*/Fes=3 (From pristine

LDH-NO;)
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Mg>*/Fe3t= 4 COy> Coprecipitation 9.0 - 10.0 65 °C for18 h LDH [78]
Mg>*/Fe3t=1
Mg>*/Fe3+= 2
COy> Coprecipitation 10.0 72 h LDH [302]
Mgz+/Fe3+: 3
Mg2+/Fe3+= 4
Mg>*/Fe3+= 2 Cl- Coprecipitation 13.0 24h Side phase(s)  [303]
Mg>*/Fe3*=2 NO; Coprecipitation 10.0 120 °C for 24 h LDH [304]
Mg>*/Fe3t= 3 CO> Coprecipitation 8.0 -10.0 Not applied Side phase(s)  [305]
Coprecipitatio
Mg>*/Fe3t=3 COy> 10.0 - 11.0 65 °C for18 h LDH [306]
(40 °C)
Mg>*/Fe3t=3 COs> Coprecipitation 11.0 65 °C for 48 h LDH [307]
Mg>+/Fe3+= 2
COs> Coprecipitation 10.0 80°C for24h LDH [308]
Mgz+/Fe3+= 3
LDH and side
Mg>*/Fe3*= 2 Clr Coprecipitation 13.0 4h [309]
phase(s)
Mg>*/Fe3*=2 Cl- Coprecipitation
9.5 -10.5 85°C for18 h LDH [310]
Mg>*/Fe3*= 2 NO; (40 °C)
Mg>*/Fe3*=2 COy> Coprecipitation 13.0 Not applied LDH [311]
Mg>*/Fe3*=1.5 Cl- Coprecipitation 13.0 24 h Side phase(s)  [312]
Cl- Coprecipitation
COz> Coprecipitation 9.5 LDH
NO; Coprecipitation
LDH and side
SO, Ion-exchange = --—---
phase(s)
Mg>+/Fe3t= 4 1wo°Cfor6h __ [313]
LDH and side
S,05* Ion-exchange =~ --—---
phase(s)
LDH and side
Tartrate Ion-exchange --—---
phase(s)
vinylbenzenesul
Ion-exchange --—--- LDH

fonate
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CO5> Coprecipitation 10.0 Boiling for 5 h LDH
Mg>+/Fe3+ =3 [113]
L-ascorbate Coprecipitation 9.0 1h LDH
Mg>*/Fe3t = 2 Clr Coprecipitation 10.0 Not applied LDH [83]
Mg>*/Fe3* =2 LDH
Mg?/Fe3* =3 LDH and side
COs> Coprecipitation 10.0 80 °C for 24 h [84]
2+ + — Phase(s)
Mg>*/Fe3* =4
Mg>*/Fe3* = 5 LDH
Mg>*/Fe3* =3 COs> Coprecipitation 10.0 80°C forz24h LDH [51]
Mg>*/Fe3* =3 Coprecipitation
Cl- 10.0 70 °C for 24 h LDH [87]
Mg>*/Fe3+ = 4 (80 °C)
Coprecipitation LDH 3nd side
Mg>*/Fe3+ =3 COy> 9.0 -10.0 80°C for24h [88]
(80 °C) phase(s)
Mg>*/Fe3t = 2 Clr Coprecipitation 12.6-13 85°Cforzh Side phase(s) [o1]
Coprecipitation
Mg>*/Fe3t = 2 Cl- 10.0 20°C for 24 h LDH [93]
(20°Q)
Mg2+/Fe3+ =2 LDH
Coprecipitation
Mg?+/Fe3+ =3 COs> 9.3 65 °C for18 h LDH and side [103]
(40 °C)
Mg>+/Fe3* = 4 phase(s)
Mg>*+/Fe3* =3 COy> Coprecipitation 10 65°C for 24 h LDH [314]
Mg>*/Fe3 = 3 COy> Coprecipitation 10.0 - 11.0 80 °C for18 h Side phase(s)  [315]
9.0
10.0
Mg>*/Fe3* = 3 Cl- Coprecipitation 8o°Cforz2h LDH [99]
11.0
12.0
Mg>*/Fe3* = 3 NO; Coprecipitation 10.0 24 h Side phase(s)  [316]
Mg>*/Fe3t =2 Cl Coprecipitation 9.0 -10.0 24h LDH [317]
Mg>*/Fe3+ =3 COz> Coprecipitation 11.0 80°C for18 h LDH [100]
Mg>*/Fe3t = 2 NO; Coprecipitation 9.5 -10.5 85°C for18 h LDH [310]
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Cl- (40 °Q)
Mg>*/Fe3* =2
Mg>*/Fe3+ =3 Clr Coprecipitation 10 80°Cfor4h LDH [318]
Mg2+/Fe3+ =4
Mg**/Fe3*=2.8
Coprecipitation
Mg>*/Fe3t = 41 Cl 9.5 50°Cforzh LDH [110]
(50°C)
Mg>**/Fe3* = 5.5
25°C for 48 h LDH
50 °C for 48 h LDH
75 °C for 48 h LDH
Mg>+/Fe3+ = 2 Cl- Coprecipitation 10.0 100 °C for 48 h LDH
LDH and side
125 °C for 48 h
phase(s)
LDH and side
150 °C for 48 h
phase(s)
25°C for 48 h LDH
50 °C for 48 h LDH
75 °C for 48 h LDH [109]
Mg>+/Fe3+=3 Cl- Coprecipitation 10.0 100 °C for 48 h LDH
125 °C for 48 h LDH
LDH and side
150 °C for 48 h
phase(s)
25°C for 48 h LDH
50 °C for 48 h LDH
75 °C for 48 h LDH
Mg**/Fe3* = 4 Cl- Coprecipitation 10.0
100 °C for 48 h LDH
125 °C for 48 h LDH
150 °C for 48 h LDH
Zn**/Fe3* =2 NO; Coprecipitation 7.0 85°C for18 h Side phase(s)  [310]
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Cl- (40 °Q)
Zn>*/Fe3* = 0,33
Zn**/Fe3t =1 Cl- Coprecipitation 10.0 24h Side phase(s)  [252]
Zn>*[Fe3* =3
Zn>*/Fe3* =3 CO> Coprecipitation 10.0 70 °C overnight LDH [319]
CO>
Zn>*/Fe3* =3 Cl- Coprecipitation 10.0 Not applied LDH [253]
NO;
LDH and side
Zn>*/Fe3* =3 NO; Coprecipitation 85 65 °C for 24 h [105]
phase(s)
Zn>+/Fe3+ =1
Zn*/Fe3* =2 LDH and side
COs> Coprecipitation 8.0 70 °C for18 h [85]
Zn2*/Fe3* =3 phase(s)
Zn**/Fe3* =4
9.0
10.0
Zn>*/Fe3* =3 Clr Coprecipitation 8o°Cforz2h Side phase(s)  [99]
11.0
12.0
In**/Fe3* =3 COz> Coprecipitation 11.0 80°C for18 h Side phase(s)  [100]
Modified
LDH and side
Zn>t[Fe3t =2 SO» coprecipitation 7.0 40°Cfor24h [108]
phase(s)
method
Zn>*/Fe3* =3 Cl- Coprecipitation 8.5-9.5 16 h Side phase(s)  [107]
coprecipitation
Sonication of 2 h
Zn?*[Fe3* = 2 Citrate method 10.0 LDH [320]
at 70 °C
(sono-assisted)
Zn>*/Fe3*~1 Cl- Coprecipitation 9.5 - 10.0 70°Cforizh Side phases [321]
LDH and side
Zn>*[Fe3* = 2 CO;> Coprecipitation 8.0 4h [322]

phase(s)
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LDH and side
Zn**[Fe3* = 4 NO; Coprecipitation 10.0 50°C fori2h [323]
phase(s)
Zn>*/Fe3*=3 CO> Coprecipitation 8.0-10.0 Not applied Side phase(s)  [305]
LDH and side
Zn>*/Fe3*= 2 COy> Coprecipitation 10.0 70 °C for 15 h [324]
phase(s)
Zn>*[Fe3*= 4 NO; Coprecipitation 9.0 Overnight Side phas(s) [325]
Zn>*[Fe3*= 4 NO; Coprecipitation 9.0 Overnight Side phas(s)  [326]
LDH and Side
Zn>*/Fe3*= 4 COy> Coprecipitation 8.0 Not applied [327]
phases
LDH and Side
Zn2*[Fe3*= 4 NO; Coprecipitation 8.0 24h [328]
phases
Zn>*/Fe3*= 2 Cl-
Coprecipitation 7.0-8.0 85°C for18 h Side phas(s) [310]

Zn>+/Fe3t= 2

NO,
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Appendix B. Supplementary data related to Chapter 3

Published paper related to the results shown in Chapter 3

Title: Investigation about iron(III) incorporation into layered double hydroxides:
Compositional and  structural properties of  Mg,FeyAli-y)(OH)e-Cl  and
anFeyAl(l—y)(OH)6‘Cl

Abstract: Layered Double Hydroxides (LDH) and related nanocomposites have
attracted much attention for biomedical applications and the development of LDH drug
carriers composed by endogenous metals such as iron is of obvious interest. However,
most of the studies reported so far on iron-containing LDH, mainly focusing on the
applications, suffer from insufficient data about the synthesis and the characterization of
these materials. In this study; it is addressed compositional and structural properties of
two series of LDH materials, Mg.FeyAl_y)-Cl and Zn,FeyAl(_y)-Cl with a M**/M3* molar
ratio (R) equal to 2 and o <y < 1. By combining crystal-chemical reasoning, Rietveld
refinements and pair distribution function analysis (PDF), it was possible to differentiate
between contributions from crystalline and amorphous components. Concerning Mg-
series, fory > 0.5, the compositions were found to slightly deviate from those expected
with an increase in the value of R tending to 3. For Zn-series, more heterogeneous samples
were obtained with the presence of amorphous 2-line ferrihydrite clearly demonstrated
by PDF analysis. As well as providing a reliable approach to the characterization of Fe-
LDH, this study gives useful elements for better understanding and interpreting the

results reported in the literature regarding these phases.

DOI link: https://doi.org/10.1016/j.jallcom.2021.161184
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Optimization of the synthesis of the Mg.FeyAl.y)-Cl and Zn.FeyAl(y.,)-
Cl LDH materials

Aiming at improve Fe-based LDH structural organization to auxiliate materials
characterization, several synthetic parameters were optimized (Table B.1). The
Mg.Fe, Al 5-Cl nominal composition was chosen as a model for the optimization. All

experiments were conducted at pH constant and equal to 10.5.

Table B.1. Synthetic parameters studied for preparation of the Mg.Feo sAlos-Cl sample, whose optimized
parameters were applied for the synthesis of the Mg and Zn-series of LDH.

Salts solution

Sample’s
Material Stirring Device concentration / Temperature
abbreviation
mol L
Magnetic mediated
1 0.1 Room temperature Stir bar_o.1_ RT
(Stir bar)
Mechanical (Pitch
2 0.1 Room temperature Impeller _o.1_RT
Blade type impeller)
Mechanical (Pitch
3 0.05 Room temperature Impeller _o.05_RT
Blade type impeller)
Mechanical (Pitch
4 0.05 50 °C Impeller_o.05_50

Blade type impeller)

Figure B.1 shows the XRD patterns for 1 - 4 samples (Table B.1). All materials
present only peaks related to LDH phase. Although the increase of the (ool) peak width
at half height (In,.) is observed by modifying the mode and the stirring speed, from
magnetic (400 rpm) to mechanical (9oo rpm), the diffractograms of the material stirred
with the impeller show, in general, more intense, and defined peaks, being possible to
well distinguish the (110) and (113) peaks. Changing from the Impeller_o.o5_RT sample

to the Impeller_o.05_50, a narrow (ool) peak and more intense peaks are verified.
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20/ Degrees

Figure B.1. X-ray diffraction patterns for the Mg.FeosAlos-Cl composition obtained by different
synthesis conditions (see Table B.1).

Figures B.2 shows the SEM micrographs of 1 - 4 samples. For the Stir bar_o.1_RT
sample, it is verified a morphology similar to sheets with low organization. By changing
the stirring method from magnetic to mechanical, well-defined sets of particles can be
visualized and aggregate’s dimension is around 300 nm. With the decrease in salts
solution concentration, the dimension of aggregates seems to be reduced. Increasing the
temperature value, it is possible to verify an intermediate morphology between the

material 1 and the materials 2 and 3.
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Figure B.2. Scanning electron micrographs of the 1 - 4 materials.

Figure B.3 presents hydrodynamic particle size distribution of the 1 - 4 materials.
For sample 1, two distributions centered in 825 and 5560 nm (in the equipment reading
limit) are observed. By changing the mode of stirring, from magnetic to mechanic, and
applying a diluted salts solution, once again two size particle distributions are observed,
with maximums at 275 and 1718 nm for the Impeller_o.1_RT sample and at 275 and 106
nm for the Impeller_o.o5_RT sample; however, the average hydrodynamic diameter was
dislocated to low values. Considering the synthesis temperature value, a small increase
in particles size to 1281 nm was observed when the material was prepared at 50 °C, but

the distribution curve is more homogeneous.
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Figure B.3. Hydrodynamic particle size distribution measurements of the 1 - 4 materials showing the
occurrences as a function of the diameters of the particles.

The formation of LDH samples prepared by the coprecipitation method may be
understood as a sequence of three steps. First, dissociated salts are mixed with OH-
anions. Second, the homogeneous nucleation due to saturation is obtained. Finally, it
occurs the guided growth of the nucleus. These steps overlap, resulting in more than
one particle size distribution, also a contribution of particles agglomeration. The
decrease in ion concentration leads to higher nucleus population with low particle size.
On other hand, elevated synthetic temperature not only leads to larger nucleus, in
detriment to small nuclei solubility, but also leads to crystal growth via oriented

reprecipitation on larger formed seeds.[329]

According to the results above discussed, the application of the following
parameters to the synthesis of the series of iron-based LDH containing Mg as divalent
cation shows to be more plausible: mechanical stirring, low concentrated salts solution
(0.05 mol L), which decreased the degree of particle aggregation, and synthesis
temperature value equal to 50 °C, due to the improvement in the XRD data quality. By

simplification, the same parameters were applied for the materials composed by zinc,
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but without heating to avoid the formation of undesired zinc phases, such as Zn(OH),

and/or ZnO.[85,252]

Also, synthetic pH for the Zn-series was lowered to 7.5, since even an increase in
one pH unity from this value conducted to the formation of only Zn(OH), and ZnO

side phases for the material with Zn,Fe-Cl nominal composition, as shown in Figure

B.4.
#27n0O 5 anFe-CI (pH =8.5)
* Zn(OH), *
(7] *
o
(&)
~ *
D # ol #
D
= #l# 4 y
] M | ) ] ) ] | l
10 20 30 40 50 60 70

20 |/ Degrees

Figure B.4. XRD pattern of the Zn.Fe-Cl material prepared at pH equal to 8.5.
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Figure B.5. Graphical presentation of the full profile refinements of XRD patterns for Mg.FeyAlu.y)-Cl
series: experimental X-ray diffraction pattern (red cross), calculated pattern (solid black line), Bragg
peaks (green ticks), and difference profiles (solid blue line).
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Figure B.6. Graphical presentation of the full profile refinements of XRD patterns for Zn.FeyAlq-y)-Cl
series (with exception of the Zn.Fe-Cl amorphous phase): experimental X-ray diffraction pattern (red
cross), calculated pattern (solid black line), Bragg peaks (green ticks), and difference profiles (solid blue

line).
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Figure B.7. Crossed-analysis of XRD and chemical analysis data for the Zn.xFeyAly)-Cl series:
theoretical variation of the lattice parameter a as a function of the composition of LDH layers in terms

of x and y (solid lines); experimental (filled squares) and expected (open circles) values of the cell
parameters a for each experimental composition.
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Figure C.1. Refined 110 and 113 peaks from XRD patterns of the Mg.FeyAlu.y)-NAP and Zn.FeyAln.y)-NAP
samples (with exception of the Zn.Fe-1INAP sample) using FullProf Studio program.
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Appendix D.  Supplementary data related to Chapter 5

Characterization of Abietic Acid reagent

Figure D.1. presents the TGA-DTG-DSC (A) and MS (B) curves for HABI. DTG curve
shows two main mass loss events. The first event, with onset temperature at 120 °C, is a
combination of the release of hydration water molecules (see MS curve, m/z =18), HABI
melting (about 170 °C[268]), both endothermic, and an additional event not associated
with the release of high amount of CO, that contributed to an overall exothermic event.
Considering the MS curves, CO, release due to HABI decomposition, an exothermic
process, initiates at 225°C. Therefore, hydration water is released from room
temperature until the start of CO, release and corresponds at least to 5 wt% of the
reagent mass. HABI decomposition onset temperature is 305 °C and extends until

around 800°C.
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Figure D.1. Thermal analysis data of HABI: (A) TGA, DTG, and DSC curves; (B) MS curves.
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Calculated and experimental Raman spectra of HABI (Figure D.2) are very similar

and agrees with the literature.[267] Other products could not be identified.

HABI exp. J UA/\A'N\/M\NJ\

Intensity / arbit. unit

HABI calc. J\ | o

" 1 " 1 " 1 " 1 " 1 " 1
3500 3000 2500 2000 1500 1000 500
Wavenumber / cm™

Figure D.2. Calculated and experimental FT-Raman spectra of HABI.

Figure D.3 presents the experimental and calculated IR spectra of HABI. All bands
observed in the spectrum of NaABI salt are also noticed in the spectrum of the acid form.
The bands at 2650 and 2531 cm™ are attributed to the overtone stretching of the carboxyl
group.[330] The bands at 171 and 1270 cm?, absent in the spectra of NaABI or LDH
(Figures 5.14, 5.15, or 5.16), are assigned to the C=0 and C—O stretching.
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Figure D.3. Calculated and experimental FT-IR spectra of HABI.

By the chromatogram shown in Figure D.4, using a UV-Vis detector, it is possible to
identify the early elution of less hydrophobic compounds that are present in low amount

in the sample and the main product. HABI was eluted after around 38 min.
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[—acido abietico_1-1_01_4086.d: UV Chromatogram, 254 nm ]

Figure D.4. Chromatogram of HABI applying UV-Vis detector.

By the chromatogram of HABI reagent applying mass detector shown (Figure D.5),
impurities are better visualized compared to the data obtained from UV-Vis detector.
Mass spectra of each eluted compound are shown from Figures D.6 to D.7. It is
interesting to note that all fragments present very high molar mass and higher than the

mass of the ionized ABI. In Figure D.17, corresponding to the mass spectra of the
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product eluted after 38.9 min, the main fragment has a m/z = 303.22 and corresponds to

HABI. However, a very low intense fragment with m/z = 325.19 is observed.
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Figure D.5. Chromatogram of HABI applying mass detector, ESI+ mode.
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Figure D.6. Mass spectra of the compounds eluted after 20.9 min.
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Figure D.7. Mass spectra of the compounds eluted after 21.6 min.
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Figure D.8. Mass spectra of the compounds eluted after 21.3 min.
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Figure D.g. Mass spectra of the compounds eluted after 23.4 min.
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Figure D.10. Mass spectra of the compounds eluted after 23.3 min.
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Figure D.11. Mass spectra of the compounds eluted after 24.0 min.
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Figure D.12. Mass spectra of the compounds eluted after 23.9 min.
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Figure D.13. Mass spectra of the compounds eluted after 25.8 min.
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Figure D.14. Mass spectra of the compounds eluted after 26.5 min.
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Figure D.15. Mass spectra of the compounds eluted after 27.8 min.
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Figure D.16. Mass spectra of the compounds eluted after 27.9 min.
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Figure D.17. Mass spectra of the compounds eluted after 38.9 min.

The results presented above suggest that the majority HABI reagent’s impurities
consist of structures with very high molar mass and, added to the results shown in the
article, there is no evidence of intercalation or adsorption of such impurities in the Mg-

or Zn-series of materials nor their presence in the NaABI salt.
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Figure D.18. Graphical presentation of the refinement of 110 and/or 113 peaks profile from XRD data of
the Mg.FeyAlay)-ABI and Zn.FeyAlqy)-ABI series (with exception of the Zn.Fe-ABI sample): experimental
XRD pattern (red), calculated pattern (black), and difference profiles (solid blue line).
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Figure D.19. Crossed-analysis of XRD and chemical analysis data for the Mg,«FeyAl.y)-ABI series:

variation of the lattice parameter a as a function of the composition of LDH layers in terms of y;
experimental (filled squares) and expected (open circles) values of the a cell parameters for each
experimental composition.
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Appendix E. Supplementary data related to Chapter 6

Published paper related to the results shown in Chapter 6

Title: Design of 3D multi-layered electrospun membranes embedding iron-based

layered double hydroxide for drug storage and control of sustained release

Abstract: Nowadays polymer dressings are expected to possess multiply functions.
Besides acting as physical barriers, dressings may provide for the injured tissue species
able to turn wound healing process faster and painless. In this way, dressings can be
designed aiming to enable the release of drugs. The possibility to modulate drug release
kinetics is a desired characteristic to be achieved in order to turn drug delivery systems
adequate to specific treatments. However, hydrophilic drugs and hydrophobic polymers
incompatibility hinders such modulation and a long-term release cannot be achieved
efficiently. Here we present the design of poly(lactic acid) (PLA) membranes containing
iron-based Layered Double Hydroxide (LDH) particles able to storage a hydrophilic
anionic drug (derived from the non-steroidal anti-inflammatory naproxen). LDH
particles are excellent candidates to compose multifunctional composites. They may
present diverse biocompatible compositions, possess an elevated encapsulation capacity
and tends to promote drugs sustained release by its own, besides assisting tissues
regeneration process. Nanofibrous membranes were prepared by the combination of
electrospun PLA and electrosprayed LDH as alternated layers (approach A) and also by
both technics performed at the same time (approach B). In approach A, by varying the
thickness of the PLA fibrous layers, it was possible to easily modulate the drug release
rate. Half of drug content was released after 1, 4 and 17 days for the membranes
containing the thinnest, the intermediate and the thicker PLA layers, respectively, and
after 56 h for the membrane prepared by the approach B. Naproxen release was kept for
18 days for the thinnest membrane, 59 days for the membrane prepared by the approach
B and 66 days for the thicker membranes. We believe that this work can inspire the
development of new functional membranes with tunable drug release profile thanks to
the versatile electrospinning and electrospraying techniques.

DOI link: https://doi.org/10.1016/j.eurpolymj.2020.109675




250

Optimization of the formulation of the LDH suspension used to

prepare the LDH-PLA membranes

Variation of the LDH content in suspension

The capacity to cover the surface of the collector paper applying Mg.Fe, sAl,s-Cl LDH
/ ethanol suspensions was evaluated using three weight percentages (0.5, 0.75 and 1 %)
submitted to electrospraying for 30 min. Needle and collector voltages were kept at 25
and o kV, respectively, the working distance was equal to 16 cm, and the suspension rate
flow equal to 6 mL h™. According to the results shown in Figure E.1, 1 % (w/w) LDH-
ethanol suspension percentage was considered ideal by the efficacy and extension of

surface covering.
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Figure E.1. SEM images of electrosprayed 0.5, 0.75, and 1 % (w / w) LDH-ethanol suspension. Samples
were analyzed applying SE detector, 5 kV and work distance around 7.2 mm.
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Evaluation of the effect of the ultrasonication treatment in the 1 % wt

LDH/ethanol suspension stability used for electrospraying

To analyse the stability of the Mg,Fe,sAl,5-Cl LDH in ethanol for electrospraying
application, in relation to sedimentation, it was added 0.0797 g of LDH into 10 mL of
ethanol (1 % wt) and the suspension was submitted to Ultrasonic Pointer (Branson
digital sonifier) under ice bath. For the evaluation of the amplitude effect, 10, 20, 30 and
40 % amplitude were applied for a total of 3 min (2 s on alternated with 2 s off). After 2
min resting, when the flask was turned, deposited particles were visualized as can be
seen in Figure E2. Less particles rested at the bottom of the flask for the sample
ultrasonicated at 40 % of amplitude, indicating an effective reduction in aggregates size.

Such condition was then applied for the optimization of the sonication time.
30 % 40 %

10 0/.' ‘ |

Figure E.2. Aspect of 1% CI-LDH / ethanol suspensions after ultrasound treatment at 10, 20, 30,
and 40 % amplitude for a total of 3 minutes and resting time of 2 min.

After modification of the sonication amplitude, the sonication time was optimized
and 6, 9, 20, and 30 min of treatment were tested. The systems were kept resting for 1 h
and the turned flasks aspect after are present in Figure E.3. Even observing some
deposited solids for the suspension ultrasonicated for 30 min, the result was considered
satisfactory and the conditions were applied for the electrosprayed LDHs. Indeed, for
the preparation of the membranes, the LDH suspensions were processed immediately

after ultrasonication in order to minimize the sedimentation of LDH during

i

electrospraying.

“

Figure E.3. Aspect of 1 % LDH-CI / ethanol suspensions after ultrasonication at 40 % of
amplitude for 6, 9, 20, and 30 minutes and resting time of 1 h.
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Summarizing, the amplitude equal to 40 % and ultrasonication time of 30 min were
considered the optimum conditions resulting in a satisfactory suspensions stability and

were applied for the preparation of the nanofibers membranes.

Mg.Fe,;Alo5-Cl and Mg.Feo;Alos-3NAP_H materials characterization

Figure E.4. presents the XRD patterns of Mg,Fe,sAlos-Cl (precursor) and
Mg.FeosAlos-3NAP_H  samples. Precursor LDH diffractogram displays the
characteristics peaks (narrow and well resolved) related to the LDH phase. On both
diffractograms peaks are narrow revealing a structural organization. After NAP
intercalation, the shift of the (ool) peaks to small angles region is observed, which
indicates that the interplanar distances are higher, endorsing the organic anion
intercalation. Moreover many (ool) harmonic peaks are visualized for the hybrid LDH.
The presence of the residual Mg,Fe, ;Al,5-Cl phase in the Mg,Fe, sAlo s-3NAP_H sample
is evidenced by the permanence of the (113) peak, normally displaced to small angles
region and not visualized for single phases LDHs intercalated with bulky anions, once it

is dependent of the c crystallographic parameter.
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Figure E.4. XRD patterns of the LDH-CI and LDH-NAP samples.
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FT-IR spectra of the LDH materials are present in Figure E.5. The band at 1361 cm™
is assigned to the antisymmetric stretching of the carbonate anions (contaminant),
while the broad bands below 700 cm™ are assigned to the metal-OH translation.[36] For
the Mg,Fe,sAl,5-3NAP_H sample the band at 1230 cm™ is attributed to the in plane
bending of the C-H bonds in the naphthalene ring. The bands at 1392 and 1545 cm™ can
be assigned to the stretching of the COO" group.[131]
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Figure E.5. FT-IR spectra of LDH-Cl and LDH-NAP samples.

FT-Raman spectra of the LDHs are presented in Figure E.6. For the precursor phase,
the less intense band at 1062 cm™ is assigned to the symmetric stretching of adsorbed
carbonate anions.[331] The band at 540 cm™ is assigned to metal-OH translation modes.
For the Mg.Fe,sAlos-3NAP_H sample, the most intense bands at 1632 and 1416 cm™ are
attributed to C-C ring vibrations while the band at 1386 cm™ is assigned to CHj;

deformation.[115]
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Figure E.6. FT-Raman spectra of LDH-Cl and LDH-NAP samples.

TGA curves of the Mg,Fe, ;Al,5-Cl and Mg,Fe, sAlos-3NAP_H materials are shown in
Figures E.7 and E.8, respectively. Three and four main mass loss events are observed, for
the precursor and the hybrid LDH sample, respectively. For both compounds, the first
and second events, occurring from room temperature up to 180 °C and 230 °C for the
precursor LDH and for the hybrid material, respectively, are associated with the release
of adsorbed and intercalated water molecules. For the Mg.Fe, ;Alo.5-Cl sample, the third
event, that occurs between 180 - 600 °C, is assigned to the matrix dehydroxylation. The
residual mass corresponds to 59.5 % wt. For the Mg,Fe,;Al,5-3NAP_H LDH, the third
and fourth mass loss events correspond to the overlapping matrix dehydroxylation and
NAP decomposition. The smaller residual mass (46.4 % wt) observed, in comparison

with the precursor material, is in agreement with NAP presence.
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Figure E.7. TGA (solid line) and DTG (dashed line) curves of the Mg.FeosAlos-Cl sample.
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Figure E.8. TGA (solid line) and DTG (dashed line) curves of the Mg.Feo5Alos-3NAP_H sample.

SEM micrographs of the Mg.Fe,sAlos-Cl and Mg.FeosAlos-3NAP_H samples are
present in Figure E.g. For both samples, a sand rose morphology and many sets of 2D
plates are visualized. The great similarity between the sample’s morphology suggests
that the chloride-exchange is a topotactic process, in which the final lattice is

determined by the lattice of the pristine LDH.
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Figure E.9. SEM micrographs of the Mg.FeosAlos-Cl (top) and Mg.FeosAlos-3NAP_H (bottom)
samples.

The elemental chemical composition of the Mg,Fe,sAl,5-Cl and Mg,FeosAlo5-
3NAP_H LDHs, as well as the amount of water obtained by TGA experiments, are
gathered in Table E.1. Molar ratio values between the metals are close to the nominal
values. Naproxen anions were intercalated in appreciable amounts (36.17 g of NAP for

100 g of hybrid).
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Table E.1. Elemental chemical composition of Mg.FeosAlos-Cl and Mg.FeosAlos-3NAP_H LDHs.

Mg /
Sample Mg/Al Mg/Fe Fe/Al 8 %H,O wt%C wt%NAP
(Fe + Al)
Mg.Fe,;Al,5-Cl 4.32 4.08 1.06 2.10 130 -
Mg.Fe, -Al,s-3NAP_H 4.36 418 1.04 2.14 14.4 26.51 36.17
NaNAP calibration curve
0.8
y =0.076x + 0.007
[ D2
R"=0.9989
0.6 |
=
cU -
~~
(«B]
(&) -
S 0.4
©
O
— I
)
n
QO
< 0.2
0.0
] . ] . ] . ] . ] .
0 2 4 6 8 10

NAP concentration / mg L™

Figure E.10. Calibration curve: absorbance as a function of NAP concentration at A = 230 nm.
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Appendix F. Supplementary data related to Chapter 7

Published paper related to the results shown in Chapter 7

Title: Polymer/Iron-Based Layered Double Hydroxides as Multifunctional Wound

Dressings

Abstract: This work presents the development of multifunctional therapeutic
membranes based on a high-performance block copolymer scaffold formed by polyether
(PE) and polyamide (PA) units (known as PEBA) and layered double hydroxide (LDH)
biomaterials, with the aim to study their uses as wound dressings. Two LDH layer
compositions were employed containing Mg>* or Zn*>*, Fe3* and A3* cations, intercalated
with chloride anions, abbreviated as Mg-Cl or Zn-Cl, or intercalated with naproxenate
(NAP) anions, abbreviated as Mg-NAP or Zn-NAP. Membranes were structurally and
physically characterized, and the in vitro drug release kinetics and cytotoxicity assessed.
PEBA-loading NaNAP salt particles were also prepared for comparison. Intercalated
NAP anions improved LDH-polymer interaction, resulting in membranes with greater
mechanical performance compared to the polymer only or to the membranes containing
the Cl-LDHs. Drug release (in saline solution) was sustained for at least 8 h for all
samples and release kinetics could be modulated: a slower, an intermediate and a faster
NAP release were observed from membranes containing Zn-NAP, NaNAP and Mg-NAP
particles, respectively. In general, cell viability was higher in the presence of Mg-LDH
and the membranes presented improved performance in comparison with the powdered
samples. PEBA containing Mg-NAP sample stood out among all membranes in all the
evaluated aspects, thus being considered a great candidate for application as

multifunctional therapeutic dressings.

DOI link: https://doi.org/10.3390/pharmaceuticsi2111130
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NaABI and Mg.Fe, ;Al,5-ABI characterization

NaABI salt and LDH-ABI diffractograms are shown in Figure G.3. For the salt, a well-
defined peak at (20) 4.23 ° and two broader peaks at (20) 15.23 and 29.10 ° are present.
For the LDH-ABI sample, all peaks were indexed to the LDH phase. The elemental
chemical composition of the Mg,Fe, sAlos-ABI LDH reveals a Mg?* / (Fe3* + AB3*) and
Fe3*/AB* molar ratios equal to 2.07 and 1.04, respectively, thus very close to the nominal
values. Carbon percentage was equal to 30.07 wt%, with corresponding ABI mass
percentage equal to 37.77 %. Thus, LDH was able to intercalate a satisfactory amount of

ABI.

Mg,FeAl-ABI

400 cpsI

Intensity / cps

10 20 30 40 50 60 70
Degrees / 26

Figure G.3. XRD patterns of the NaABI and Mg.FeosAlos-ABI samples.
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The FT-Raman and FT-IR spectra of the Mg,Fe,sAl,s-ABI and NaABI samples

(Figures G.4 and G.5) do not review discrepancies compared to the results shown in

Chapter s.
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Figure G.4. FT-Raman spectra of the Mg.Feo sAlos-ABI LDH and NaABI salt.
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Figure G.5. FT-IR spectra of the Mg.FeosAlos-ABI
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Prof. Germano Ribeiro).

EVENTS ORGANIZATION

IV Institutional Congress - The Institute of Chemistry: challenges and
perspectives. Institute of Chemistry, USP, Brazil, 2018

Coordinated lectures sections directed to the community of graduate students
and acted as lecturer

Welcome event for graduate courses freshmen. Institute of Chemistry,
USP, Brazil, 2017

Scheduled meetings and performed a talk

3th Annual Meeting of Applied Clays. Institute of Chemistry, USP, Brazil,
2017

Worked in the logistics of physical spaces, participated of the creation of the
event logo, recaptioned participants and managed kits assembly and distribution
33" Chemistry Week. Institute of Chemistry, USP, Brazil, 2017

Managed the "Workshop of Chemical Waste” and worked on the reception and
registration of the participants

SCIENTIFIC EVENTS PARTICIPATION

Oral Presentations

Pires Figueiredo, M.; Duarte, A.; Taviot-Gueho, C.; Leroux, F.; Constantino,
V.R.L. Iron Based Layered Double Hydroxides as Drug Carriers: Advantages and
Challenges

International Conference on Clay Science and Technology (EUROCLAY), 2019
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Pires Figueiredo, M.; Layrac, G.; Hebraud, A.; Limously, L.; Bredle, J.;
Constantino, V.R.L.; Schlatter, G. Poly(lactic acid) / Layered Double Hydroxides
Membranes: Drug Storage and Release Modulation

5t" Annual meeting of applied clays, 2019

Pires Figueiredo, M.; Koh, I.H.].; Taviot-Gueho, C.; Constantino, V. R. L.
Characterization of Poly(ether-b-amide)/Iron-based Layered Double Hydroxides
Composites for Wound Healing Purposes

XV Brazilian Polymer Conference, XV CBPOL, Brazil, 2019

Poster Presentations

Pires Figueiredo, M.; Borrego-Sanchez, A.; Garcia-Villen, F.; Viseras, C.;
Constantino, V.R.L. Hidréxidos Duplos Lamelares Baseados em Fe3* como
Carregadores Para Anions Abietato e Seus Compésitos Poliméricos Como
Potenciais Curativos Terapéuticos

IV. Workshop of Inorganic Chemistry, Federal University of Amazonas,
Amazonas, Brazil, 2020

Pires Figueiredo, M.; Borrego-Sanchez, A.; Garcia-Villen, F.; Viseras, C.;
Constantino, V.R.L. PEBA/Layered Double Hydroxides as Multifunctional
Therapeutic Dressings

43? Virtual Annual Meeting, Brazil, 2020

Pires Figueiredo, M.; Koh, [.H.]J.; Taviot-Gueho, C.; Leroux, F.; Constantino,
V.R.L.

Iron-based Layered Double Hydroxides Polymer Composites as Drug Delivery
Devices: Preliminary Considerations

Annual Meeting of the French Group for the Study of Insertion Compounds,
Obernai, France, 2019

Pires Figueiredo, M.; Layrac, G.; Hebraud, A.; Limously, L.; Bredle, ].;
Constantino, V.R.L.; Schlatter, G. Poly(lactic acid) / Layered Double Hydroxides
Membranes: Drug Storage and Release Modulation

5" Annual meeting of applied clays, Franca, Brazil, 2019

Pires Figueiredo, M.; Constantino, V.R.L.; Taviot-Gueho, C.; Leroux, F.;
Constantino, V.R.L. Influence of Fe3* Cations on the Obtainment of Layered
Double Hydroxides for Application as Drug Carriers

4™ Annual meeting of Applied Clays, Teresina, Brazil, 2018

Pires Figueiredo, M.; Constantino, V.R.L.; Cunha, V.R.R. New iron-based
layered double hydroxides: from characterization to pharmacological
applications

International Clay Conference (ICC), Granada, Spain, 2017

Pires Figueiredo, M.; Constantino, V.R.L.; Taviot-Gueho, C.; Leroux, F.
Layered Double Hydroxide as a carrier for Natural Bioactive Species

III annual meeting of Applied Clays, Sao Paulo, Brazil, 2017

Pires Figueiredo, M.; Taviot-Gueho, C.; Leroux, F.; Constantino, V.R.L.
Layered Double Hydroxide as a Carrier for Abietate Species

International Symposium on Intercalation Compounds (ISIC), Assisi, Italy, 2017
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Amim Junior, J.; Machado, L.C.; Pires Figueiredo, M.; Shiguihara, A.L.;
Constantino, V.R.L. Thermal Analysis and Spectroscopic Study of PVP Films in
the Presence of Sorbitan Derivative Surfactants

XIV Brazilian Polymer Conference, XV CBPOL, Brazil, 2017

Vendruscolo, V.; Pires Figueiredo, M.; Constantino, V.R.L. New Insights in
the Proton-Exchange Properties and Exfoliation of the Layered Potassium
Hexaniobate

IUPAC - 46th World Chemistry Congress, Sao Paulo, Brazil, 2017

Henriques, R.R.; Celestino, G.G.; Pires Figueiredo, M.; Constantino, V.R.L.;
Shiguihara, A.L.; Amim Junior, J. Preparo e Caracterizagdo da Argila Nanomer
PGV Moficada com Hidroxietilcelulose Etoxilado Quaternizada.

AutoOrg, Floriandpolis, Brazil, 2016

Consendey, M.E.E.; Pires Figueiredo, M.; Constantino, V.R.L.; Shiguihara,
A.L.; Amim Junior, J. Caracteriza¢do de Filmes dos Compositos Formados por
Poli(acrilamida-co-dialildimetillaménio)/argila

AutoOrg, Floriandpolis, Brazil, 2016

Pires Figueiredo, M.; Constantino, V.R.L. Reinvestigation of Proton-
Exchanged Layered Hexaniobate Phase

38" Annual Meeting of the Brazilian Chemical Society, Aguas de Lindéia, Brazil,
2015

Invited speaker

Pires Figueiredo, M., Representing Graduate Students in Committees of the
Institute of Chemistry

IV Institutional Congress - The Institute of Chemistry: challenges and
perspectives. University of Sdo Paulo, Brazil, 2017

Audience

1st Regional Meeting of the National Institute of Organic Electronics (INEO)
organized by Polo Sio Paulo at Escola Politécnica (USP), 2018

VII Symposium on Biological and Biotechnological Innovations Applied to
Health - Science against Time, 2018

USP Nanotechnology Conference - Workshop NAP-NN, 2014

COURSES AND CERTIFICATIONS

Excel for Business: Intermediate I. Macquarie University, Australia, 2021.

Excel for Business: Essentials. Macquarie University, Australia, 2021.

Materials in Dental Health. Hong Kong University, China, 2021.

Introduction to the Biology of Cancer. Johns Hopkins University, United States
of America, 2021

What is “the mind” and what is artificial intelligence? University of Colorado,
United States of America, 2020
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Physical Chemistry of Surfactants Applied to Cosmetics. Brazilian Chemical
Society - 43? Virtual Annual Meeting, Brazil, 2020

Management of Chemical Waste. Institute of Chemistry of the University of Sdo
Paulo, Brazil, 2020

Compatibility and storage of chemicals. Comissdo de Desenvolvimento e
Treinamento of the Institute of Chemistry, University of Sdo Paulo, Brazil, 2020
Chemical’s labeling. Comissdo de Desenvolvimento e Treinamento of the
Institute of Chemistry, University of Sao Paulo, Brazil, 2020

Polymer Physics: Polymeric Networks. XV Brazilian Polymer Conference, XV
CBPOL, Brazil, 2019

Entrepreneurship: from the design of scientific projects to the validation of
essays. Universidade de Franca, UNIFRAN, Brazil, 2019

Training in the Use and Management of Laboratory Animals. University of Sdo
Paulo, USP, Brazil, 2019

Teaching in Graduation Level: First approximation. University of Sdo Paulo,
USP, Brazil, 2018

High performance liquid chromatography (HPLC) - Basic Theory and Practice,
University of Sdo Paulo, Institute of Chemistry, Sdo Paulo, Brazil, 2018
Introduction to Rietveld Refinement for Argilominerals, Federal University of
Piaui, Teresina, Brazil, 2018

Light scattering - Particle size, zeta potential and weight. Brookhaven
Instruments, University of Sdo Paulo, Institute of Physics, Sdo Paulo, Brazil,
2017

5t School of SAXS data analysis. Brazilian synchrotron light laboratory,
Campinas, Brazil, 2016

1t User Workshop on Coherent X-ray Imaging and Small Angle X-ray
Scattering. Brazilian synchrotron light laboratory, Campinas, Brazil, 2016
Vibros III - Prof. Oswaldo Sala vibrational spectroscopy course (Raman
spectroscopy). University of Sdo Paulo, Institute of Chemistry, Sdo Paulo, Brazil,
2015

Thermal analysis of nanomaterials — Netzsch. ABC Federal University, Santo
André, Brazil, 2015

Vibrational spectroscopy - FT-IR, Escola Senai Mario Amato, Sdo Bernardo do
Campo, Brazil, 2009

HONORS AND AWARDS

Best Student Oral Presentation in the International Conference on Clay
Science and Technology (EUROCLAY) - Association Internationale Pour
L’etude des Argiles (AIPEA), Paris, France, 2019

Best poster presentation in the V Reunido Anual de Argilas Aplicadas (RAA) (V
annual meeting of Applied Clays), Franca, Brazil, 2019

Student Travel Award 2017 in the 16™ International Clay Conference (ICC) -
Association Internationale Pour L’etude des Argiles (AIPEA), Granada, Spain,
2017

Travel Grant in the 19 International Symposium on Intercalation Compounds
(ISIC) (Assisi, Italy), Assisi, Italy, 2017
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BROADCAST INTERVIEWS

02/04/2020 | Topic: The situation of Brazilians who were living in countries most
affected by the SARs-CoV2 pandemic in April 2020 and the sanitary restrictions
imposed by the governments to contain the pandemic, Novo Dia, TV jornal Interior.

LANGUAGE SKILLS
English | Advanced
Spanish | Intermediate
French | Intermediate

Portuguese | Native Speaker

VOLUNTEER EXPERIENCE
Fev 2014 - Jul 2014 | Inova Quimica Junior
Member of the group of Projects

Inova Quimica Junior is a non-profit organization created and maintained by
undergraduate students from the Institute of Chemistry of the University of Sio Paulo
(USP) and provides research and consultancy services for companies and other
institutions, as well as organize events for undergraduate students of IQ-USP, such as
technical visits to chemical companies, aiming for promoting the entry of students into
the labor market.

Apr 2013 - Sep 2013 | Buddha's Light International Association (BLIA)
Tai Chi Chuan e Kung Fu Instructor

Taught Tai Chi Chuan and Kung Fu to kids belonging to the social project "Buddha's
Children" (linked to BLIA), which aims to promote art, culture, and education in the
local community of Cotia, Sdo Paulo, Brazil.

Jan 2003 - Fev 2007 | Amateur theatre artist, Grupo Teatral Voz da Terra

[ was member of the Associagdo Voz da Terra (https://www.ciavozdaterra.art/) that
promotes access to the universe of theater and the dissemination of culture in Sdo Tomé
das Letras city, Minas Gerais, Brazil.



