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Resumen

RESUMEN

Los aluminosilicatos son un amplio grupo de materiales mesoporosos
en los que se incluyen tanto sustancias naturales como sintéticas y que
presentan numerosas aplicaciones, muchas de ellas derivadas de sus
caracteristicas superficiales, y en particular de su porosidad y elevada
superficie especifica. Entre estos materiales, ocupan un lugar relevante los de
origen natural, incluyendo, entre otros, las zeolitas naturales y algunos
minerales de la arcilla. En nuestro caso, los aluminosilicatos de estudio
pertenecen a las denominadas “arcillas especiales”, concretamente a las
arcillas fibrosas, que son usadas como excipientes. En concreto, estas arcillas
fibrosas son usadas en la formulacién de hidrogeles de administracién tépica
empleados en distintos tratamientos. Un tipo particular de estos hidrogeles
inorgéanicos son aquellos en que el agua es mineromedicinal. Las acciones
bioquimicas de estos hidrogeles con aguas mineromedicinales dependeran de
la cantidad y velocidad con que los componentes disueltos penetran y/o
permean a través de la piel. Los estudios centrados en la presencia de iones
metalicos susceptibles de tener efectos bioldgicos (positivos o negativos)
cuando se aplican estos geles son escasos y hasta la fecha poco concluyentes.
Paralelamente, los materiales inorganicos han demostrado ser tutiles en el

tratamiento de heridas de dificil curacién.

Con estas premisas, el objetivo general de la tesis fue disefiar sistemas
de tipo hidrogel constituidos por arcillas fibrosas y agua mineromedicinal
destinados a su aplicacion en heridas de dificil curacion. En primer lugar, se
hizo una profunda revisiéon del empleo de las arcillas especiales en sistemas
de liberacién modificada, con especial atencion en formas farmacéuticas
topicas. Asimismo, se reviso el potencial de estos materiales inorganicos en la
curacion de heridas. Se puso a punto la metodologia especifica necesaria para
establecer la estabilidad, seguridad y eficacia de hidrogeles inorganicos, asi
como para evaluar especificamente los efectos en heridas. De esta forma, se
disenaron hidrogeles preparados con dos aguas mineromedicinales y dos
arcillas fibrosas (sepiolita y palygorskita). Tanto los excipientes como los
hidrogeles fueron ampliamente caracterizados empleando difracciéon de rayos
X, fluorescencia de rayos X, andlisis térmicos, espectroscopia infrarroja,

microscopia electrénica, estudios reoldgicos y ensayos especificos de
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Resumen

velocidad de enfriamiento. Especial atencion se prestd a la pureza de las
arcillas (identidad, pureza y riqueza del excipiente empleado) y al
comportamiento reolégico y estabilidad de las formulaciones semisolidas.
Conocidos estos parametros técnicos, se estudio la biocompatibilidad in vitro
de los hidrogeles, asi como la actividad in vitro de los hidrogeles en la curacion
de heridas empleando cultivos celulares de fibroblastos y ensayos de cierre de
heridas. Algunas formulaciones demostraron una alta eficacia terapéutica,
por lo que se profundizd en el estudio de los mecanismos implicados en estos
efectos. En concreto se llevaron a cabo estudios de liberacion de elementos
presentes en los hidrogeles mediante celdas de Franz, evaluando tanto los
potenciales efectos adversos asociados a determinados componentes como
aquellos que permiten explicar la actividad terapéutica sobre la piel, y mas
concretamente sobre la curacion de heridas. La cuantificaciéon de los
elementos liberados se hizo mediante espectrometria de plasma de
acoplamiento inductivo (ICP), tanto éptico como de masas, alcanzando

sensibilidades de partes por trillon.

Los resultados del estudio realizado permiten concluir que formulaciones de
tipo hidrogel constituidas por arcillas de elevada pureza y agua
mineromedicinal muestran efectos terapéuticos relevantes en la curacién de
heridas, determinados por la presencia de elementos quimicos que son
liberados desde el hidrogel a la piel. En particular, el calcio, sodio, potasio y
magnesio en determinadas concentraciones favorecen la proliferacion y
movilidad de fibroblastos. Otros elementos como el zinc en determinada
proporcién con el calcio presentaban efectos proliferativos. La seguridad de
las formulaciones fue evaluada para asegurar la ausencia de liberacion de
elementos que pueden comprometer el empleo, tales como metales pesados,
que estan de forma natural en los componentes de los hidrogeles inorgénicos
estudiados.



Resumen

ABSTRACT

Aluminosilicates are a wide group of mesoporous materials of natural
or synthetic origin. Aluminosilicates have numerous uses and applications
mainly due to their surface properties such as porosity and high specific
surface. Natural ones are those with higher relevance, such as natural zeolites
and clay minerals. In the present study, “special clays” and, more particularly,
fibrous clays (sepiolite and palygorskite) are used as excipients of topical
hydrogels. A particular case of clay hydrogels are those prepared with natural
spring water (mineromedicinal water). Biochemical activity depends on the
amount and rate of release and permeation of the dissolved components.
Studies dealing with therapeutic effects (either positive or negatives) ascribed
to chemical elements in the formulation are currently scarce and inconclusive.
Nonetheless, inorganic materials have proven to be useful in wound healing

treatments.

All that being said, the general objective of this PhD thesis was the
design of hydrogels made of fibrous clays and spring waters as wound
healing formulations. Firstly, a deep and detailed review of clay minerals as
drug delivery systems, both in general and for topical formulations
specifically, was performed. Moreover, the roles and uses of natural inorganic
ingredients have also been reviewed. Secondly, the specific methodology for
the study of stability, safety, hydrogel efficacy and wound healing activity
were optimized. Therefore, fibrous clays/spring water hydrogels were
prepared. Both clays, sepiolite and palygorskite, were deeply characterised by
means of X-ray diffraction, X-ray fluorescence, thermal analysis, infrared
spectroscopy, electronic microscopy, rheology and cooling kinetics. Special
attention was paid to the purity of clay minerals (identity, purity and richness)
and to the rheology and stability of the semisolid formulations. All the
previous known and optimized, the in vitro biocompatibility was assessed
together with the activity of hydrogels during in vitro wound closure (often
known as “scratch assay”), all of the studies performed with fibroblasts
cultures. Some systems demonstrated to have a high therapeutic activity,
which incited to delve into the possible mechanisms of action. More
particularly, release studies of elements present in the hydrogels were

performed by means of Franz cells. Potential effects, either positive (elements
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potentially involved in wound healing) or negative (evaluation of the release
of hazardous elements), were addressed. To do so, released elements were
quantified by means of inductively coupled plasma spectrometry (ICP-OES
and ICP-MS), which allowed a sensitivity of parts per trillion.

The results of the present study led to conclude that hydrogels
semisolid formulations made of high purity clay minerals and spring waters
shown relevant wound healing therapeutic effects. Those effects have been
ascribed to the presence and release of certain chemical elements. In
particular, calcium, sodium, potassium and magnesium are released in
concentrations able to improve wound healing. Other elements such as zinc,
released in a certain amount and with a certain Zn:Ca ratio, enhanced
fibroblasts proliferation. The safety of the hydrogels was also confirmed due
to the low or absent release of hazardous elements (such as heavy metals),

even if most of them are naturally present in the pristine ingredients.
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Chapter 1. Clay Minerals and Skin

Prologo

El uso farmacéutico de recursos naturales es el area de trabajo del
grupo de investigacién en el que ha sido realizada esta tesis doctoral. En
particular, de entre las materias primas que son estudiadas en el grupo, el
trabajo se ha centrado en las arcillas especiales, un tipo especifico de
materiales cuyo contenido en determinados minerales y propiedades que
resultan les confieren un interés industrial elevado. Estos solidos inorganicos
naturales han sido usados en la elaboracién de medicamentos y cosméticos
desde la antigiiedad y siguen teniendo un papel fundamental, principalmente
como excipientes. Entre ellos destaca el talco, que a dia de hoy sigue siendo
uno de los diez excipientes mas usados. Otras arcillas especiales permiten el

disefo y desarrollo de nuevas formas farmacéuticas.

El primer capitulo de la tesis profundiza precisamente en el
conocimiento de los materiales arcillosos usados en el desarrollo de sistemas
de liberacion de farmacos. Muchos de los estudios revisados en esta primera
seccion no estan directamente enfocados a una via de administracién
determinada (seccién 1.1). Como quiera que el objetivo final de la tesis esta
centrado en una via de administracion (tdpica) y una patologia (heridas de
dificil curacioén), la seccion 1.2 profundiza especificamente en los sistemas
farmacéuticos con arcillas de administracion topica, mientras que la tercera
(seccion 1.3) esta especificamente centrada en los usos de materiales

inorgdnicos naturales (tales como arcillas y zeolitas) en la curacion de heridas.

Finalmente, y siguiendo la normativa establecida por la Escuela de
Doctorado en Farmacia, se indican los indicios de calidad de las publicaciones

cientificas que conforman el presente capitulo:

Seccion 1.1.

Garcia-Villén, F., Carazo, E., Borrego-Sanchez, A., Sanchez-Espejo, R., Cerezo,

P., Viseras, C., Aguzzi, C. Clay minerals in drug delivery systems. In:
Modified Clay and Zeolite Nanocomposite Materials; Mercurio, M., Sarkar,
B., Langella, A., Eds.; Elsevier Inc., 2019 ISBN 978-0-12-814617-0.
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1.1. Clay Minerals in Drug Delivery Systems

Indicios de calidad de la publicacion:

e Capitulo de libro — Editorial Elsevier
e Scholarly publishers indicators (general SPI): Q1. ICEE = 319 (2018).

Seccion 1.2.

Viseras, C., Carazo, E., Borrego-Sanchez, A., Garcia-Villén, F., Sanchez-Espejo,
R., Cerezo, P., Aguzzi, C. Clay minerals in skin drug delivery. Clays and Clay
Minerals, 2019, 67, 59-71.u# _ (ouvyiuyYArUK 1LY YUY YY+A
Indicios de calidad de la publicacion:

e Articulo cientifico

e Indexadaen JCR: CLAY CLAY MINER

e Factor de impacto 2019: 1.507

e Ranking: Q3 (geosciences, multidisciplinary).

Seccion 1.3.

Garcia-Villén, EF., Souza, IM.S., de Melo Barbosa, R., Borrego-Sanchez, A.,

Sanchez-Espejo, R., Ojeda-Riascos, S. Viseras, C. Natural inorganic

ingredients in wound healing. Current Pharmaceutical Design, 2020, 26.
# - (Yo TAK U TUTHH Y Y TK

Indicios de calidad de la publicacién:

e Articulo cientifico

e Indexadaen JCR: CURR PHARM DESIGN
e Factor de impacto 2019: 2.208

e Ranking: Q3 (pharmacology & pharmacy).
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1.1. Clay Minerals in Drug Delivery Systems

1.1.  Clay Minerals in Drug Delivery Systems

Drug delivery is the first step occurring once a medicine is
administered to the body, and must guarantee the maintenance of a safe and
effective drug concentration in the site of action during the treatment. Drug
bioavailability, i.e., the rate and fraction at which the administered dose
reaches the site of action, greatly depends on the design of the drug delivery
system (DDS). All pharmaceutical dosage forms may be considered DDS, as
they transport, protect and deliver a drug through the proper route of
administration to obtain a therapeutic effect. Conventional dosage forms lead
to possible overdosing or underdosing periods in plasma concentrations
(Figure 1.1).

Modified drug delivery systems (MDDSs) are designed to improve
drug bioavailability and/or minimize adverse effects, by changing the rate
and/or time and/or site of drug release in comparison with conventional
dosage forms. MDDSs are considered as useful strategies to ameliorate
patient compliance (Sastry et al., 2000), and MDDSs include prolonged-release
systems, delayed-release systems, and site-specific systems (Ph.Eur.9th.,
2017). Prolonged-release systems are those in which the drug is released
within a more extended period, compared with conventional dosage forms.
Delayed-release systems are able to delay drug release for a certain time lapse,
after which it occurs in a conventional way. Site-specific dosage forms
perform drug delivery at the diseased tissue/organ or in the physiological

drug receptor location.

The design of an MDDS depends as much on the method of
preparation as on the excipients employed. In this regard, clay minerals have
been proposed as useful MDDS excipients, due to their effective interactions
with drug molecules, inertness, swelling capacity, abundance, and low
toxicity (Aguzzi et al., 2007; Viseras et al., 2010, 2015; Rodrigues et al., 2013;
Fakhrullina et al., 2015; Yang et al., 2016b; Jafarbeglou et al., 2016; Sandri et
al., 2016; Carazo et al., 2018a). In certain cases it may be necessary to improve
some clay properties, such as specific surface area, type of exchangeable
cations, hydrophilic nature, zeta potential, interlayer space, or porosity, to
engineer their performance as drug carriers and delivery systems. Raw clay

minerals are usually treated to eliminate impurities and/or obtain homoionic
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clay minerals (i.e., sodium derivates). These are frequently named as natural
excipients in contrast to those prepared by more specific treatments. In this
regard, organic functionalization of clays, pillarization, or combination with
polymers are highlighted as the most used clay modification strategies
(Aguzzi et al., 2007; Viseras et al., 2008, 2010, 2015; Rodrigues et al., 2013; Liu
et al., 2014; Yang et al., 2016b; Nazir et al., 2016; Meirelles and Raffin, 2017).
This chapter focuses on the last decade’s advances in the use of natural and
functionalized clay minerals as well as clay/polymer nanocomposites in drug

delivery.
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Figure 1.1. Schematic representation of the correlation established between drug release profiles
and plasma concentrations. Modified from (Viseras et al., 2010)
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1.1. Clay Minerals in Drug Delivery Systems

1.1.1. Layered Clay Minerals

Two groups of layered clay minerals are frequently used as MDDS

excipients: smectites (2:1 phyllosilicates) and kaolin (1:1 phyllosilicate).

Smectites are a group of layered clay minerals including
montmorillonite (MMT), saponite, hectorite, beidellite, and nontronite,
among others. As pharmaceutical excipients, these minerals are included in
two pharmacopeial monographs: bentonite (mainly composed of MMT) and
magnesium aluminium silicate (mainly composed of saponite and MMT)
(Ph.Eur.9th., 2017). Other smectites are used in the design of MDDS once
modified (e.g., disteardimonium hectorite, stearalkonium hectorite,

quaternium-18 hectorite).

MMT is the most commonly used smectite in pharmaceutical
applications. It possesses a dioctahedral structure in which Si(IV) atoms
coordinate with oxygen, thus forming tetrahedral sheets that confine an
octahedral sheet formed by AIl(IIl) atoms also coordinated with oxygen.
Typical Al isomorphic substitutions include Mg(II) and Fe(II), thus giving the
structure a negative charge that is compensated by metal cations in the
interlayer space. Ideal chemical structure of MMT has been defined as
SisAlzsMgosO20(0OH)4 (Schoonheydt and Jonhston, 2006). The incorporation of
a drug between MMT interlayers, which sometimes can even produce clay
mineral exfoliation, can be easily detected by X-ray diffraction (XRD) analysis
by observing a characteristic shift in the d-001 value of the mineral. Both
natural and functionalized MMT have been widely used in drug delivery
(Aguzzi et al., 2007; Park et al., 2016). However, the combination of MMT with
polymers is one of the most currently extended strategies, leading to MMT-

polymer nanocomposites (Viseras et al., 2008).

Kaolinite is the most common clay mineral of the kaolin group. It
possesses a 1:1 structure, and it is composed of repetitive units of SiOs
tetrahedral layers bonded to Al(O,OH)s octahedral layers through apically
shared oxygen atoms. In relation to DDSs, and compared with other types of
clay minerals, kaolinite is not as widely used as MMT or palygorskite.

Nevertheless, studies performed with kaolinite on drug delivery issues

13
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showed promising results, and have been focused on basic drugs (Holesova
et al., 2014).

1.1.1.1. Natural Layered Clay Minerals

Table 1.1 summarizes examples of some most recent clay-based
MDDS. In most cases, MMT, sometimes activated or functionalized or in

combination with saponite, was used.

Diclofenac sodium is one of the most prescribed nonsteroidal
antiinflammatory (NSAID) drugs, though extensive side effects are reported
due to the frequent doses needed and short half-life of the active ingredient.
Prolonged-release systems would help to minimize such problems with
diclofenac sodium. MMT demonstrated an effective control of diclofenac
release (76% (w/w) of loaded drug was dissolved in phosphate buffer medium
(pH 7.4) after 8 h) (Kaur and Datta, 2014).

Chlorhexidine is a bacteriostatic and bactericidal agent widely used
for sterilizing purposes since it is active against Gram-positive and Gram-
negative bacteria, molds, yeasts, and viruses. Chlorhexidine dosage forms
usually show erratic release profiles, and may result in toxicity to human
dermal fibroblasts when topically applied. Na*-MMT was chosen as a
chlorhexidine carrier in systems intended to be used as topical DDS with

improved release properties (Saha et al., 2014a).

Na~-MMT was also demonstrated to be able to protect labile
molecules from external agents such as light. Promethazine is a photolabile
antihistamine topically administered to treat insect bites and erythema. Its
degradation, when exposed to light, could cause cutaneous photoreactions.
After MMT intercalation, photostability and diffusion-prolonged release of
promethazine in in vitro Franz cell tests were accomplished (Ambrogi et al.,
2014). The authors attributed the enhanced photostability to the confined
space in which the drug was located after intercalation within MMT. This
formulation consequently reduced the mobility of free electrons and oxygen

species, avoiding drug alterations

Intercalation of anticancer drug paclitaxel in a Na*-MMT was
optimized by Bothiraja and co-workers. Subsequently, the resultant system

was coated with a natural polysaccharide (chitosan, CS). Results showed a
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controlled release of paclitaxel and an improvement of its in vitro anticancer
activity (Bothiraja et al., 2014).

Gallic acid is a natural molecule extracted from gallnut, tea, cherries,
and other plants. It is widely known by its antioxidant activity and also some
antimutagenic, anticarcinogenic, antiinflammatory, and antimicrobial
activities. Nevertheless, it is also a molecule with poor solubility,
permeability, high instability, and fast metabolism. Rabiei and co-workers
suggested the necessity of an MDDS to overcome these problems. They
recently loaded gallic acid into MMT, and the adsorption/desorption of the
active substance was evaluated in terms of pH and contact time. The
measured lower loading capacity of MMT in neutral pH was ascribed to the
formation of gallate anions. The authors claimed that, according to
thermogravimetric analyses, stronger linkages existed between gallic acid
adsorbed at neutral pH than acidic pH. On the other hand, release studies
were conducted in simulated human cell fluid at pH 7.4, and no differences
were found: ~70% (w/w) of gallic acid was released in 1 h, and total
dissolution was obtained after 6 h for both the drug/clay hybrids prepared at
acidic and neutral pH values (Rabiei et al., 2016).

Treatment of first grade burn wounds should be addressed by
antibacterial, moisturizing, and analgesic compounds. With this objective,
dermal patches made of Na*-MMT, silver, lidocaine, and betaine
hydrochloride were prepared (Rangappa et al., 2017). Silver would act as a
prophylactic antimicrobial agent, and lidocaine would minimize the pain.
MMT would act as a skin smoothening agent and control the release of the
drug. In vitro results showed that lidocaine was released in considerable and
gradual amounts, and was also able to penetrate the skin due to its lipophilic
nature. Nevertheless, the authors claimed that the in vivo model used in the
study was limited, and further studies are needed to confirm the effectiveness

of the clay-based dermal patch.

Metformin, an oral antidiabetic drug, has been recently intercalated
in Na*-MMT to evaluate the usefulness of the resultant system in the control
release of the drug (Rebitski et al., 2018). The authors aimed to create a dosage
form able to maintain effective doses over prolonged periods to reduce doses

and, therefore, side effects. In vitro release results showed that drug release
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depended highly on the pH of the medium, although authors stated the
necessity of further studies since the amount of drug released in an acidic
environment (pH 1.2) was too high and fast (40%-50% (w/w) total metformin

amount released in 2 h).

Silver and titanium dioxide were proposed as useful antibacterial
agents with low toxicity levels. These two agents were loaded onto Na*-MMT
by a thermal decomposition method (Krishnan and Mahalingam, 2017). On
this occasion, Staphylococcus aureus and Escherichia coli were chosen as Gram-
positive and Gram-negative bacteria, respectively. MMT-Ag-TiO: possessed
an enhanced antibacterial activity, and the material was more intense against

E. coli than S. aureus.

5-Aminosalicylic acid (mesalazine) is widely used for treating
Crohn’s disease and ulcerative colitis. Therapeutic amounts of the drug
should reach the colon for the treatment to be effective. However, 5-
aminosalicylic acid is mainly absorbed in the upper part of the gastrointestinal
tract. MMT was used as a mesalazine carrier to prolong the drug release, and
the system was then encapsulated in alginate (ALG) beads able to further
reduce the drug dissolution in the acidic environment of the stomach (Hong
et al., 2017). The MMT-mesalazine system immediately released more than
25% (w/w) of mesalazine in the gastric solution, while ALG-MMT-mesalazine

beads released, 5% (w/w) of the total amount of drug in the same medium.

Acid activation of Na*-MMT generates pores and discontinuities on
the clay layered structure, which effectively improves the clay surface area,
along with interlayer charge modifications. MMT, treated with HCI at
different concentrations, was evaluated as a ciprofloxacin carrier (Wu et al.,
2017). Results showed that acidic treatment allowed a significant reduction of
the drug release rate, being slower at a higher HCl concentration during the
acid treatment of MMT. This effect was due to the amount of charges in the
MMT interlayer spaces: a stronger interaction with ciprofloxacin molecules
was established at a higher concentration of HCI, thus retarding the drug
release process. Consequently, this study demonstrated the possibility to
control drug release rates by defining the interlayer charge behaviours of a

smectite clay.
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Table 1.1. Most recent layered clay/drugs combinations as drug delivery systems

Clay Interaction
Mineral Methodology Drug Ref
Diclofenac (Kaur and Datta,
sodium 2014)
. (Saha et al.,
Chlorhexidine 2014a)
. (Ambrogi et al.,
Promethazine 2014)
Padlitaxel (Bothiraja et al.,
. 2014)
Intercalation o
solution Gallic acid (Rabiei et al.,
2016)
. . . (Rangappa et al.,
MMT Silver, lidocaine 2017)
(Borrego-
Natural MMT Praziquantel Sanchez et al.,
2017)
X (Rebitski et al.,
Metformin 2018)
Intercalation . (Krishnan and
. Silver and .
solution + thermal . .. Mahalingam,
titanium dioxide
treatment 2017)
Intercalation
. . (Hong et al.,
solutlon.+ ALG Mesalazine 2017)
coating
. Ciprofloxacin (Wu et al., 2017)
Acid- .
Intercalation (Phukan et al.,
treated . AgNP
MMT solution 2017)
AgNP (Roy et al., 2017)
. (Aguzzietal.,,
Tetracycline 20142, 2014b)
MMT- Gentamicin (Rapacz-Kmita et
Others saponite Intercalation ema al,, 2017a, 2017b)
T
¢ solution Theophvllin (Trivedi et al.,
cophiytne 2018)
. . . (Hamilton et al.,
Kaolitine Ciprofloxacin 2014)
Pillared L. . (Fernandes et al.,
MMT Nitric oxide 2013)
ili Acetylsalicyli
. . ,Slhca Intercalation cety'sa ieylic (Mao et al.,, 2014)
Functionalized pillared solution acid
MMT Ibuprofen (Mao et al., 2016)
. . (Zhang et al.,
Kaolinite Doxorubicin 2017)

In a recent work, silver nanoparticles were loaded in an activated Na*-
MMT by an intercalation process (Phukan et al., 2017). According to the

authors, silver nanoparticles were loaded inside the newly formed pores by
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acid activation of Na*-MMT. No in vitro release studies were performed for
this system, although the antibacterial activity was tested against S. aureus
(Gram-positive) and Proteus wvulgaris (Gram-negative) bacteria. Bigger
inhibition zones were found in the case of S. aureus than for P. vulgaris, which
led the authors to think a stronger activity of the clay hybrid against Gram-
positive bacteria. A similar recent study by Roy and co-workers compared the
loading capacity and the antibacterial activity of the resultant MMT-silver
hybrids by using both non-acid activated Na*-MMT and acid-activated one
(Roy et al., 2017). Silver nanoparticle loading capacity of acid-activated MMT
was higher than non-acid activated MMT due to an improved cation exchange
capacity (CEC) of the acid-activated material. Moreover, in comparison with
the non-acid activated system, the acid activated MMT-silver system showed
a more effective antibacterial activity against E. coli and S. aureus, ascribable

to the smaller sized silver nanoparticles obtained in the MMT-silver hybrid.

Veegum® HV is a pharmaceutical excipient made of pharmaceutical
grade MMT and saponite, and has been used as a tetracycline (antibiotic drug)
carrier (Aguzzi et al., 2014a). Successful intercalation of the drug was achieved
in the clay minerals. The drug release rate in simulated gingival fluid could
allow the use of the resultant drug/clay hybrid as a periodontal extended
release system. Chitosan gel was used as mucoadhesive base for application
of the hybrid into the periodontal pocket, and the drug release results were

compatible with a once-weekly administration regimen (Aguzzi et al., 2014b).

Veegum®F is also a pharmaceutical excipient composed of a mixture
of natural smectites, specifically saponite and MMT. It was used to load
gentamicin, an aminoglycoside antibiotic. Rapacz-Kmita and co-workers
studied the intercalation of gentamicin in Veegum® F by a solution
intercalation method at different temperatures (20 °C, 50 °C, and 80 °C) for 24
h to establish the optimum intercalation conditions. Moreover, they evaluated
the antibacterial activity of the resultant composite against E. coli.
Temperature was demonstrated to have influence on the drug loading
efficiency, with 50 °C being optimal. All systems provided a sustained release
of the drug up to 8 days, and thus high antibacterial effects, according to
inhibitory zone tests (Rapacz-Kmita et al., 2017a). The subsequent release

study of gentamicin loaded onto Veegum F composite at 50 °C showed a fast
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release within the first 12 h followed by a sustained release until reaching a

plateau after 2 days (Rapacz-Kmita et al., 2017Db).

Theophylline is a drug used in the treatment of asthma and chronic
obstructive pulmonary disease due to its bronchodilator activity. The acidic
environment of the stomach induces premature drug absorption and
produces variable plasmatic drug levels and undesirable gastric side effects.
Theophylline was loaded into Veegum® F with two objectives: avoid gastric
drug absorption and perform a sustained drug release once in the intestine
(Trivedi et al., 2018). The protonated cationic form of theophylline established
electrostatic interactions with the anionic clay layers, which was improved
with a drop in pH of the environment. Because of that, no detectable amount
of drug was released at pH 1.2 during 72 h. On the other hand, in an alkaline
environment, the drug was released in a sustained manner during the whole

period.

Kaolin-ciprofloxacin systems showed higher in vitro antibacterial
activity against Staphylococcus epidermidis and Propionibacterium acnes
compared with similar ciprofloxacin systems prepared with two synthetic
clays (MMT-K10 and Laponite) (Hamilton et al., 2014). The authors ascribed
this effect to weaker Drug-clay interactions, which allowed easier
ciprofloxacin release. No antibacterial effect was shown by kaolinite itself,

thus guaranteeing that the antibacterial activity was solely due to the drug.

1.1.1.2. Functionalized Layered Clay Minerals

Organic functionalization of smectites is usually carried out by
grafting the clay mineral with cationic surfactants (i.e., exchanging the
interlayer cations with a quaternary ammonium compound). Another type of
functionalization to which Na*-MMT can be subjected includes the exchange
between interlayer Na* cations by monomeric cations such as 4-
(dimethylamino)-1-(4-vinylbenzyl) pyridinium chloride and 1-methyl-3-(4-
vinylbenzyl) imidazolium chloride (Mahkam et al., 2015). These
functionalized layered clay minerals have been proposed in MDDS (Table
1.1).

Pillared clays are a type of functionalized layered phyllosilicates

characterized by an increased permanent porosity. They are obtained by
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exchanging interlayered cations by bulky inorganic compounds, which are
subsequently calcinated. This technique allows to increase the interlayer
space of the clay as well as to create micro and mesoporosity. Consequently,
pillarization produces specific surface area enlargement and potential drug
adsorption, thus the pillared minerals could hold bulky molecules. A pillared
interlayered MMT was synthesized by different procedures and their nitric
oxide adsorption/desorption studied (Fernandes et al., 2013). Results claimed
that simple MMT pillarization procedures were a promising alternative for
nitric oxide storage and release. Pillarization of Ca>-MMT in the presence of
Fe?* and Fe* led to a product with mesoporous structure and magnetic
properties, and the system was loaded with acetylsalicylic acid (Mao et al.,
2014). The investigators claimed a sustained release of the drug, which
reached its maximum at about 20 h. Magnetic properties of this kind of

nanocomposite would permit site-specific releases.

Natural MMT was magnetically functionalized with FesOus to create a
silica-pillared clay, and ibuprofen was loaded into the composite (Mao et al.,
2016). Release profiles under magnetic field influence were compared with
release profiles of the corresponding nanocomposites without magnetic
influence. A clear delay in ibuprofen release was measured under magnetic
field. This effect was related to the aggregation of the composite under

magnetic influence.

Natural kaolin platelets were functionalized with different products
to increase the interlayer space of the kaolinite: dimethyl sulfoxide, methanol,
3-aminopropyltriethoxy silane (APTES), medium-chain hexylamine, and
long-chain dodecylamine. Then, doxorubicin was loaded by an intercalation
method in a phosphate buffer solution (Zhang et al, 2017). All the
functionalized kaolinites loaded over 87% (w/w) of the drug and showed pH-
responsive release behaviour and therapeutic effect against 10 different cancer

cell lines.

1.1.1.3. Layered Clay/Polymer Nanocomposites

Examples of some most recent layered clay mineral/polymer

nanocomposites are summarized in Table 1.2. In most nanocomposites, MMT
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(natural or functionalized) was combined with both natural and synthetic

polymers.

Veegum® HS (pharmaceutical excipient made of MMT) was
combined with CS as a potential MDDS of 5-aminosalicylic acid (Aguzzi et
al., 2010). Results showed an effective interaction between the clay and the
polymer. Both components showed to have a synergistic effect over 5-
aminosalicylic acid loading and release control (higher loading capacity and
slower drug release rate), compared with the corresponding CS/drug and

MMT/drug interaction products.

Veegum® HS was also combined with CS to prepare an
oxytetracycline carrier (Salcedo et al., 2014). Oxytetracycline is a broad-
spectrum bacteriostatic agent that should be administered in high doses to
compensate its oral absorption variations. The study by Salcedo and co-
workers aimed to improve oral bioavailability of the drug. The authors found
that permeation rate of the drug through Caco-2 cell cultures proceeded
linearly and constantly. Moreover, cellular internalization of the
nanocomposite was found, which suggested that the absorbed drug was able
to elude the efflux transporter P-glycoprotein system, thus improving

oxytetracycline oral bioavailability (Salcedo et al., 2014).

CS/Na*-MMT films were proposed as chlorhexidine release systems
(Ambrogi et al., 2017). The authors studied how to reduce chlorhexidine
cytotoxicity to human fibroblasts and to perform a topical controlled release
of the drug. Prepared films performed a sustained release. MMTs presence in
clay-polymer composites induced a reduction of the drug release profile and
burst release step. Cytotoxicity results were in agreement with the dissolution
profile, and sustained release composites were not cytotoxic. Moreover,

toxicity was correlated with the amount of loaded drug in the system.

Silver sulfadiazine is the main drug to treat topical burns.
Nonetheless, cytotoxicity was reported, which delays the wound healing
processes. In an attempt to reduce this drawback, silver sulfadiazine was
successfully loaded into Veegum®HS/CS glutamate composites (Aguzzi et al.,
2014a). Electrostatic interactions between the cationic polymer and MMT
were reported. The presence of the drug in the nanocomposite was confirmed

by high-resolution transmission electron microscopy (TEM) and elemental
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analysis. Both biocompatibility and in vitro wound healing properties of this
nanocomposite were assessed and confirmed (Sandri et al., 2014).
Additionally, antimicrobial activity of the drug was not affected but actually

improved against Pseudomonas aeruginosa.

Table 1.2. Most recent layered clay/polymer nanocomposites used in drug delivery

Interaction
Components Methodology Drug Ref
. (Aguzzietal.,,
Mesalazine 2010)
. (Salcedo et al.,
MMT/CS Oxytetracycline 2014)
. (Ambrogi et al.,
hlorhexid
Intercalation Chlorhexidine 2017)
solution . .. (Aguzzietal.,,
1 Ifad
MMT/CS- Silver sulfadiazine 2014a)
glutamate . .. (Sandri et al.,
Silver sulfadiazine 2014)
(Dziadkowiec
MMT I f
/Guar gum buprofen et al,, 2017)
MMT/ALG Ionotr9p1c Venlafaxine (Jain and Datta,
gelation 2016)
. (Oliveira et al.,
MMT/ALG/XG Olanzapine 2017)
Natural . (Madusanka et
MMT MMT/CMC Curcumin al,, 2015)
(Saha et al.,
MMT/PC/MC Ketorolac 2016)
MMT/PLLA Intercalation 6-mercaptopurine (Kevazdoli/;) etal,
luti
MMT/P(AAm- sotution Caicin (Dadkhah et al.,
MA) attemne 2014)

. . (Salahuddin et
MMT/polyamide Diazoles al,, 2014)
MMT/silica based Doxorubicin, (Bazmi

copolvmers methotrexate, Zeynabad et al.,
opotyme ciprofloxacin 2015)
(Jain and Datta,
D hi
Emulsion examethasone 2015)
MMT/PLGA solvent (Lal and Datta,
. Atenolol
evaporation 2015)
Insulin (Lal et al., 2017)

Guar gum, a galactomannan biopolymer extracted from the guar
plant’s seeds, was proposed as a nanocomposite ingredient with MMT to
control the delivery of ibuprofen (Dziadkowiec et al., 2017). Nanocomposites

provided a slow release rate of the drug, which could be useful in reducing
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ibuprofen side effects in the intestinal tract. Burst releases were also reduced

by these formulations.

Sodium ALG was crosslinked with venlafaxine and MMT in CaCl: to
obtain beads (Jain and Datta, 2016). Venlafaxine is a third generation
antidepressive drug. The posology involves the administration of 2-3 daily
doses, compromising patient compliance. MMT/ALG provides no more than
25% of venlafaxine released within 30 h in both media. Prolonged release was
definitely obtained, although the amounts of drug released could be

considered to be low.

Table 1.2. (Continued, part 1I)

Interaction
D Ref
Components Methodology rug e
MMT/PCLA- Intercalation o
PEG-PCLA solution Gemcitabine (Phan et al., 2016)
MMT/PLA Nano- Paracetamol ~ (Othman et al.,, 2016)
precipitation
Natural . R
MMT In situ radical
MMT/HEMA polymeriza- Paracetamol (Bounabi et al., 2016)
tion
MMT/PEG750/ Intercalation .
5000-PE solution Doxorubicin (Kohay et al., 2017)
Organomodi-
fication In situ Copper
Das et al., 2014
MMT/Epoxy reduction nanoparticles (Das etal, )
resin
Functi Organomodi- Intercalation
ur;c 1(:1na fication solution Naproxen (Mahkam et al., 2015)
1\;1131 T MMT/MAA
Organomodified Nano- Curcumin (Bakre et al., 2016)
MMT/PCL precipitation v
Or%fcr;(:gjdl_ Intercalation Copaiba oil (de Almeida Borges et
MMT/PVP K30 solution resin al., 2016)
MMT— Cashng/so%vent Nicotine (Pongjanyakul et al.,
Saponite/CS evaporation 2013)
Kaolinite- - hlorhexi-
aolinite .u%'ea ¢ o.r & (Holesova et al., 2014)
chlorhexidine . dine
Others _— Intercalation
Kaolinite-PVP- ) Hetero-poly-
dium 1 | solution N talat (Bayaumy and
sodium laury oxometalate Darwish, 2016)
sulfate of tungsten
HNT/PVA/CS Swelling 5-FU (Reddy et al., 2016)

ALG and xanthan gum (XG) were used to entrap sodium

Cloisite®/olanzapine hybrids (Oliveira et al., 2017). Olanzapine is a poorly
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water soluble and highly permeable drug used in schizophrenia and bipolar
disorder. Release profile of the drug was compared with a commercial tablet,
ALG-XG/olanzapine beads, and ALG-XG/Cloisite/olanzapine beads at
different pHs (Figure 1.2). Commercial tablet showed a fast and complete
release of drug within 30 min at acidic pH. ALG-XG/olanzapine beads
showed remarkable olanzapine controlled release, reaching 100% (w/w) at 6
h. The addition of Cloisite allowed an even more marked control of drug
release. This complex material utilizes the Cloisite-OLZ and the biopolymer
blend of ALG-XG to produce a more controlled release of OLZ.
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Figure 1.2. Cumulative release of olanzapine from hybrid materials at different pH values.
Figure extracted from Oliveira et al. (2017)

Curcumin, extracted from the rhizome of Curcuma longa, is widely
used as a food spice. It was demonstrated to have antibacterial, antioxidant,
antiinflammatory, and anticancer properties. Curcumin aqueous solubility in
acidic/neutral pH is remarkably low. Curcumin dispersed in carboxymethyl
cellulose (CMC) was intercalated in MMT (Madusanka et al., 2015). The
presence of CMC improved the dispersion of curcumin in aqueous
environments prior to its intercalation into MMT. Despite curcumin’s low
solubility in acidic medium, the release rate of the drug in acidic pH

conditions was significantly increased from the MMT/CMC nanocomposite.
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Nanocomposite films made of MMT, methyl cellulose and pectin in
different proportions were prepared by Saha and co-workers. Ketorolac (an
NSAID) was loaded on these films aiming to prepare a transdermal DDS. All
the formulations performed ketorolac burst releases ascribable to the amount
of drug located on the surface of the nanocomposite films. Nevertheless, the
release rate decreased as the amount of MMT increased, thus demonstrating
the useful effect of the clay mineral in terms of controlled release (Saha et al.,
2016).

The anticancer drug 6-mercaptopurine was successfully intercalated
into Na*-MMT prior to the formation of poly(L-lactide) acid (PLA)
microspheres (Kevadiya et al., 2013). Microspheres containing MMT
performed faster and had higher release rate of 6-mercaptopurine in
comparison with microspheres prepared without MMT. The authors ascribed
this behaviour to the low permeability of the polymer and low water
solubility of the drug. Moreover, the presence of the clay mineral controlled

drug release, as well as improved 6-mercaptopurine water solubility.

Poly(acrylamide-co-maleic acid) is a synthetic polymer considered to
have a pH-dependent swelling behaviour (higher swelling at higher pH). This
system would allow pH-dependent drug release when used as a drug carrier.
Drug release mechanism was sensitive to hydrogel composition and was
swelling-controlled for low concentrations of poly(acrylamide-co-maleic acid)
and showed Fickian diffusion for high concentrations of the polymer (Thakur
et al, 2012). In an attempt to improve poly(acrylamide-co-maleic acid)
performance, MMT was added during in situ polymerization and caffeine
loading/release was evaluated (Dadkhah et al., 2014). The authors claimed
that the addition of small amounts of MMT (<5%, w/w) exerted a significant
control during caffeine release, especially when pH of the release medium
was changed from gastric to intestinal conditions. Burst release effect during

pH change was also reduced.

1,3,4-Oxa(thia)diazoles were loaded into polyamide, and
subsequently intercalated into Na*-MMT by ion exchange process
(Salahuddin et al., 2014). Diazole derivatives are very versatile molecules in
terms of therapeutic activities, since they can act as antibiotic, vasodilator,

antifungal, cytotoxic, antiinflammatory, and analgesic agents. In vitro release
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studies indicated that the resultant nanocomposites could be used as
prolonged oral DDSs. Antimicrobial activity results were contradictory since
no antimicrobial activity was detected in vitro, while in vivo experiments

produced good results.

Two anticancer drugs, doxorubicin and methotrexate, together with
the antibacterial molecule ciprofloxacin were combined with a silica based
polymer/Na*MMT to create a nanocomposite able to perform a site-specific
release, mainly determined by the acidic pH of tumours (Bazmi Zeynabad et
al., 2015). Burst releases were minimal in all in vitro release tests performed.
Methotrexate and doxorubicin performed similar release profiles at pH 4 and
5.8 reaching ~80%-100% w/w of drug release within 25 days. In this period,
the three drugs evaluated performed a prolonged release at pH 7.4, and ~20%
(w/w) of total amount of drug was released. The difference between
ciprofloxacin release profile at pH 5.8 and 4 was very distinct: at pH 5.8, the
total amount of drug released within the total time lapse was less than 40%
(w/w), whereas at pH 7.4 was less than 20% (w/w), and at pH 4 was close to
100% (w/w).

Poly(lactic-co-glycolic) acid (PLGA) is a safe, biodegradable, and
biocompatible polymer extensively used and approved by the Food and Drug

Administration. PLGA/MMT were used as carriers of both
dexamethasone (Jain and Datta, 2015) and atenolol (Lal and Datta, 2015).
Atenolol molecule has short half-life and low intestinal permeability leading
to low oral bioavailability and variable plasma concentrations during long-
term treatments. An MDDS able to maintain effective doses of the drug for
longer time would minimize the aforementioned problems. Atenolol was
emulsified with PLGA, and then added to MMT to form a double emulsion
(w/o/w) followed by solvent evaporation. Results showed the effective
intercalation of PLGA-atenolol inside MMT layers in combination with a
partial MMT exfoliation. In comparison with pure atenolol and commercial
formulation, the MMT-PLGA-atenolol nanocomposites reduced the
dissolution rate of the active substance in both acidic and alkaline media. In
particular, the strongest change occurred in the acidic medium, where no
burst release was reported (4% (w/w) of atenolol released within 30 min). The

authors postulated that the presence of MMT imposed a longer path through
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which drug molecules should migrate before their release, thus explaining the
modification in release profiles (Lal and Datta, 2015). Dexamethasone is a
hydrophobic molecule, which clearly hinders its aqueous solubility. High
doses are therefore required to achieve effective plasma concentration, and
side effects such as osteoporosis can be encountered during long-term
treatments of rheumatoid arthritis or bronchospasm. Emulsion solvent
evaporation was used to intercalate the drug within MMT interlayer spaces
in MMT/PLGA nanocomposites (Jain and Datta, 2015). In vitro drug release
studies showed a high influence of the clay mineral during the dissolution of
the active substance. The drug released steadily at acidic pH values, with a
less remarkable burst effect in comparison with the pure drug, and reached
100% (w/w) before 25 h. Dissolution profile in simulated intestinal fluid
reached approximately 60% (w/w) of total release in 30 h. No burst release
was observed under these conditions, which strongly contrasted with pure

dexamethasone.

The acid stability of MMT and its mucoadhesive properties could be
useful to protect labile molecules such as proteins. A double emulsion solvent
evaporation procedure was used to load insulin in MMT/PLGA
nanocomposites (Lal et al., 2017). Successful intercalation of the drug was
obtained according to XRD results, and the loaded nanocomposites did not
influence the normal growth on HEK-293 cells. In vitro release studies showed
that the presence of the clay mineral induced more sustained release profiles:
insulin should travel a longer path before its dissolution. The amount of
insulin released was higher in simulated intestinal fluid than in simulated

gastric fluid, demonstrating the potential protective role of MMT.

Gemcitabine is an anticancer drug widely used in the treatment of
solid tumours. It possesses a short half-life due to a fast metabolism, meaning
frequent and high doses were needed. Among all strategies proposed within
the past few years, intercalation of gemcitabine into MMT was found to be an
effective way to control the drug release. In particular, a gemcitabine-MMT
composite was combined with PCLA-PEG-PCLA triblock copolymer
hydrogel to make it compatible with intravenous administration as well as to
reduce side effects (Phan et al, 2016). The presence of MMT in the

nanocomposite significantly controlled the release of the anticancer drug by
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reducing burst release. In vivo experiments showed that therapeutic
concentrations were maintained for several days, and this suppressed tumor

growth without remarkable side effects.

Commercial organomodified MMT Cloisite 30B was combined with
poly(D,L-lactide) to form nanoparticles able to carry and release paracetamol.
During this synthesis, microfluidic mixing/precipitation was used (Othman et
al., 2016). PLA is considered to be biodegradable and bioresorbable inside the
human body. This composite was synthesized by mixing aqueous and organic
phase in a glass capillary device. The inclusion of MMT increased the size of
the resulting nanoparticles and improved the amount of drug encapsulated.
In all cases, a burst release occurred, due to the high solubility of the drug in
aqueous solution, followed by a very slow release, which was more

pronounced as a higher proportion of clay was added.

Paracetamol dissolution profile was also intended to be modified by
Na*-MMT/poly(2-hydroxyethyl methacrylate) (HEMA) nanocomposite
(Bounabi et al., 2016). Combination of HEMA with MMT significantly
decreased the burst release in comparison with the HEMA/paracetamol

formulation.

PEG750/5000-PE polymer was combined with doxorubicin and then
loaded over Na--MMT (Kohay et al., 2017). As these nanocomposites were
thought to be site-specific release systems, nanocomposite cellular
internalization was tested. Polymers delayed the internalization but
improved cytotoxicity due to the interruption of the P-gp pumps, which expel
the drug outside of the cell.

Nanocomposites prepared with octadecylamine functionalized MMT
and an epoxy resin were coated with copper nanoparticles by Das and co-
workers. Enhanced antibacterial activity of the obtained material was thus
reported (Das et al., 2014).

Functionalized MMT was polymerized with methacrylic acid, and
naproxen was chosen as a drug model to evaluate drug loading capacity and
release profiles. In acidic pH, all composites prepared showed a naproxen

release <30% (w/w). On the other hand, at pH 7.4, the nanocomposite acquired
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a deprotonated stage, which generated electrostatic repulsions with the drug,

thus explaining a higher release rate (Mahkam et al., 2015).
An organomodified MMT with (n-cetyl-N,N,N-trimethylammonium

bromide) was combined with PCL to obtain a nanocomposite. Curcumin was
included, and release studies were done in simulated intestinal fluid (Bakre
et al., 2016). The MMT ratio in the nanocomposite influenced the amount of
drug released in an indirect manner (the higher the MMT proportion, the

lower the amount of curcumin released).

Copaiba oleoresin (COPA) is a natural molecule obtained from
Copaifera langsorffi able to reduce cyst size and increase apoptosis in
endometrial explants. It is widely used in Brazil to treat endometriosis.
Organomodified commercial MMT was combined with polyvinylpyrrolidone
(PVP) K-30 to encapsulate COPA (de Almeida Borges et al, 2016).
Nanocomposites showed a burst release profile, ascribable to the presence of
adsorbed COPA to the nanocomposite surface. At acidic pH (1.2), the amount
of COPA dissolved was B60% (w/w) within 15 min, and increased

progressively during the rest of the test.

Veegum® HV was used to obtain nanocomposites with CS
(Pongjanyakul et al., 2013). A direct relationship between the amount of clay
and the nicotine loading capacity of the composites was found. Moreover, the
presence of the clay was the main factor controlling the release profile of the
drug. More particularly, as the ratio of clay increased in the composite, the

mucosal permeation rate of the drug decreased.

One of the kaolinite optimization strategies to intercalate bulky
substances inside kaolinite platelets is the use of polar molecules to expand
the clay, and therefore, break the interlayer hydrogen bonds. With this
method HoleSova and co-workers prepared an antibacterial
kaolinite/urea/chlorhexidine system. Minimum inhibitory concentration after
antibacterial tests revealed that the hybrid provided an improved
antibacterial effect: less concentration of chlorhexidine was needed to produce
the same growth inhibition in comparison with the pure drug (Holesova et
al., 2014).
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PVP and sodium lauryl sulphate were used to exfoliate and
functionalize kaolinite clay platelets. Then, heteropolyoxometalate of
tungsten (HPW) was added as an active substance to treat schistosomiasis
(Bayaumy and Darwish, 2016). In vitro HPW release occurred in a sustained

manner and pilot in vivo studies results were also promising.

5-Fluorouracil (5-FU) is a rapidly metabolized drug and its oral
absorption is very variable. 5-FU was recently encapsulated in a polymeric
composite made of polyvinyl alcohol (PVA), CS, and MMT (Reddy et al.,
2016). Results indicated that the higher was the amount of clay in the
composite, the higher was the loading efficiency and the fraction of drug

released.

1.1.2. Tubular and Fibrous Clay Minerals

Halloysite (Hal) is a clay mineral of the kaolin group, with
dioctahedral 1:1 structure. In terms of chemistry, halloysite composition is the
same as kaolinite though water is present between halloysite monolayers,
thus it is known as the hydrated kaolinite phase (Brigatti et al., 2006). Hal
particles can adopt different morphologies such as tubes, fibers, spheres,
plates, laths, etc. The tubular morphology of halloysite is the most common
one. Tube dimensions range from 0.2 to 2 pm in length; inner and outer
diameters range from 10 to 40 nm and 40 to 70 nm (Liu et al., 2014). They are
considered biocompatible, naturally abundant, and environmentally friendly
materials. Tubular conformation causes aluminols (Al-OH) groups normally
located in the interior of the tubes, while most of the silanols (5i-O-Si) are
located in the outer part. This particularity explains why the outer surface of
halloysite nanotubes is negatively charged and the inner surface is positive.
The charges maintain at physiological pH (>2) (Qi et al., 2013; Tu et al., 2013).
Hal nanotubes (HNTs) shape and properties make them very versatile in
terms of drug carrying and drug release applications, including proteins as
active substances (Lvov et al., 2014; Aguzzi et al., 2016; Lvov et al., 20164,
2016b; Ariga et al., 2017; Minullina et al., 2017; Yendluri et al., 2017b). These
substances can also be loaded into the lumen of HNTs under vacuum or using
immersion techniques. HNTs have numerous advantages benefiting their

interactions with chemically and biologically active molecules. Nevertheless,
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functionalizing HNTs could exert a huge difference to enhance their final
properties, making them even able to interact with polymers and to form
diverse nanocomposites. Functionalization processes could, however, reduce
the biocompatibility, something that should be checked before human

administration.

Besides HNTs, some other ribbon-shaped clay minerals are also used
in drug delivery. In particular, fibrous phyllosilicates (palygorskite (Pal) and
sepiolite (Sep)) show inverted tetrahedral arrangements that form ribbons
and discontinuous octahedral sheets (Guggenheim and Krekeler, 2011). The
resultant zeolitic channels are 3.7x6.4 A (Pal) and 3.7x-10.6 A (Sep) in
diameter. Their use in drug delivery was reviewed previously (Lépez-
Galindo et al., 2011; Viseras et al., 2015).

In the following sections, the most recent progress in the use of
tubular and fibrous clay minerals as advanced excipients in MDDS will be
reviewed (Table 1.3) along with the nanocomposites prepared with these clay
minerals (Table 1.4).

1.1.2.1. Natural Tubular and Fibrous Clay Minerals

5-Amino salicylic acid was encapsulated inside HNTs and over the
nanotube surfaces (Viseras et al., 2008, 2009). The release of the drug was fitted
to a novel kinetic model based on drug adsorption-desorption equilibrium.
The superficially adsorbed drug released faster, while the drug located in the
lumen of the tubes performed a more controlled and progressive release
(Aguzzi et al.,, 2013b).

(Wang et al., 2014b) evaluated the effect of acid and heat treatment of
HNTs and the influence of these treatments over ofloxacin loading and release
behaviours. Under acidic conditions, HNTs maintained their crystallinity,
though exchangeable cations were leached as HCl concentration increased.
This caused weaker electrostatic interactions with ofloxacin, which led to a
faster drug release. Temperatures higher than 400 °C caused dehydroxylation
of aluminol groups, leading to a decrease in the drug adsorption capacity and

faster drug release.
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Table 1.3. Most recent tubular and fibrous clays/drugs combinations as drug delivery systems

Clay

Mineral Methodology

Intercalation
solution

HNT

Vacuum cycle
Intercalation
solution, vacuum
Natural cycle

Vacuum cycle +
PLGA coating
Vacuum cycle +
CS/PLGA coating
Vacuum cycle +
PMMM coating

Intercalation
Pal solution
Vapor
intercalation
Intercalation
Sep .
solution
Melting
intercalation +
CD coground

Pal or
Sep

Active Ingredient

5-Aminosalycilic acid

Ofloxacin

Tetracycline,
ciprofloxacin,
chlorpheniramine,
diphenhydramine

Isoniazid

Binase

Breviscapine
Vancomicin

Tetracycline
hydrochloride

Amoxicilin
Paclitaxel
Ofloxacin
Isoniazid
Carvacrol

Praziquantel

Oxaprozin

Ref

(Viseras et al.,
2008, 2009; Aguzzi
et al., 2013b)
(Wang et al.,
2014b)

(Jiang et al., 2016)

(Carazo et al.,
2017b)
(Khodzhaeva et
al., 2017)
(Gao et al., 2017)

(Pan et al., 2017)

(Qi et al., 2010,
2013)
(Tohidi et al.,
2016)
(Yendluri et al.,
2017a)
(Wang et al.,
2014a)
(Carazo et al.,
2018b)

(Tenci et al., 2017)

(Borrego-Sanchez
et al., 2017)

(Mura et al., 2016)

Drug loading capacities of HNTs and the mechanisms influencing

drug loading processes of tetracycline, ciprofloxacin, chlorpheniramine, and

diphenhydramine were investigated by (Jiang et al., 2016). CEC was

determined to be the main factor controlling the drug loading. The pH of the

medium influenced the drug loading process since it determined the

ionization of the active substances (Jiang et al., 2016).
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Table 1.3. (Continued, part II)

Active

Clay Mineral Methodology Ingredient Ref
Trl,aZOI?_ . (Riela et al.,
functionalized Curcumin 2014)
HNT
(Zhang et al.,
, Ag 2013)
Intercalation (Jana et al
solution AgNP 2017) 7
APTES-
. . (Tan et al,,
functionalized Ibuprofen 2014
HNT )
v . (Kurczewska
ANCOMYEN ot al, 2017)
Xue et al.
Vacuum cycle Metronidazole (Xue et al,
. . 2015)
Functionalized
APTES- (Lietal
functionalized Vacuum cycle Ibuprofen 210;3 6:).,
HNT/ALG/CS
T,hml_, Yacuum C},Ide' Silibin, (Massaro et
functionalized intercalation curcumin al,, 2016b)
HNT solution M
Cysteamine
hydrochloride- Chemical Curcumin (Massaro et
functionalized reactions al., 2016a)
HNTs
AZPES-
R S, Condensation, Trolox, (Massaro et
functionalized .
HNT vacuum cycle quercetin al., 2016)

Recent studies performed by (Carazo et al., 2017b, 2017a) explored the
equilibrium and thermodynamic aspects of isoniazid adsorption onto HNTs.
Isoniazid is one of the first-line drugs used to treat tuberculosis. Its presence
on HNTs was confirmed by a fully comprehensive TEM study coupled with
energy dispersive X-ray analysis (Figure 1.3). It was also shown that the
isoniazid loading process occurred spontaneously since it increased the

thermodynamic stability of the resultant system.

Specific anticancer treatments are focused on genetic treatments.
Binase is an RNase enzyme of Bacillus pumilus, which triggers apoptosis in
cancer cells expressing rat sarcoma oncogene. The immobilization of the
enzyme in HNT and the resultant activity were studied by (Khodzhaeva et
al., 2017). Optimal HNT-binase ratio was worked out and the resultant

anticancer activity reported to be enhanced by the complex.
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Unmodified HNTs were proposed as a potential sustained DDS of
breviscapine, a short half-life, natural cerebrovascular drug extracted from
Erigeron breviscapinus. The drug was loaded inside HNTs lumen by vacuum
cycles, and in vitro phosphate buffer release was tested (Gao et al., 2017). HNT-
breviscapine nanocomposite showed a slight reduction of the initial burst
effect. Another drug vancomycin was loaded within the lumen of HTNs
applying vacuum cycles (Pan et al., 2017). The resultant system released drug
during a period of 33 days (a burst release occurred within the first 3 days).
High antibacterial activity was also reported during the whole period against

S. aureus and B. streptococcus.

A double drug loading process involving vacuum was used to load
tetracycline and amoxicillin on HNTs, which were then coated with PLGA
and CS polymers by electrospun technique (Qi et al., 2010, 2013; Tohidi et al.,
2016). (Qi et al., 2010, 2013) reported that the cationic form of the drug,
tetracycline hydrochloride, in solution interacted with the negative outer
surface of HNTs, but it could also enter within the positively charged lumen
of HNTs due to the applied vacuum during the drug loading process. The
influence of the dissolution medium in which the drug and the clay mineral
interacted with each other was crucial in terms of drug loading efficiency and
release kinetics. In both experiments, the combination of PLGA and HNT
allowed a sustained drug release since the initial burst weakened and no
plateau was reached during the experiment (Qi et al., 2010, 2013). The
combination of PLGA and CS with HNT-amoxicillin achieved via electrospun
technique supported the aforementioned results in terms of controlled release
behaviour (Tohidi et al., 2016). The authors highlighted the performance of
HNT during amoxicillin release: CS and PLGA released amoxicillin faster
than HNT-amoxicillin and HNT-CS-PLGA formulations. Burst release was
remarkably prevented with the two latter formulations, confirming the

importance of the clay mineral in the controlled delivery system.
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Figure 1.3. High-resolution transmission electron microscopy, energy dispersive X-ray
spectroscopy (XEDS), and X-ray maps of unloaded HNTs (A) and HNTs loaded with isoniazid
(B). Extracted from (Carazo et al., 2017b)
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Paclitaxel-loaded HNTs were coated with poly(methyl methacrylate-
co-methacrylic acid) as a pH-responsive polymer (Yendluri et al., 2017a). An
increase in pH produced a triggered drug release, and a high therapeutic

anticancer effect was observed for the aforementioned hybrid.

Palygorskite (Pal) particles interact with each other due to van der
Waals forces (inter-particle forces) forming aggregates. This property could
limit Pal’s usefulness in drug delivery due to a reduction of the effective
surface available to interact with organic molecules. Freeze-drying was

proposed to reduce such particle aggregation problems (Wang et al., 2014a).

Adsorption of isoniazid active substance onto Pal was performed by
(Carazo et al., 2018b). The antimicrobial molecule interacted through
hydrogen bonds with superficial OH groups on the clay mineral surface and
zeolitic water inside Pal channels. Isoniazid retention capacity in Pal increased

as intercalation temperature increased.

Carvacrol is a natural, volatile, phenolic compound extracted from
Origanum vulgare essential oil. Its antioxidant, antifungal, and antimicrobial
properties make it useful for the treatment of infected skin lesions. To prevent
carvacrol evaporation, its adsorption into MMT, HNT, and Pal was evaluated,
and Pal showed the highest drug loading and prevented its evaporation

without hindering its therapeutic activities (Tenci et al., 2017).

Praziquantel is used as a first-line drug in the treatment of
schistosomiasis, and it possesses low water solubility and high permeability.
Veegum HS and sepiolite were combined with praziquantel by Borrego-
Sanchez and co-workers. The resultant hybrids improved drug dissolution
profiles both in acidic and basic environment (Figure 1.4). The total amount
of drug dissolved increased by 20% (w/w) with respect to the pristine
praziquantel phosphate buffer dissolution profile. In acidic medium, the total
amount of drug dissolved did not improve, although a high dissolution rate
was found: ~50% (w/w) of total amount of drug was dissolved in less than 20
min compared with ~20% (w/w) in the case of pure praziquantel (Borrego-
Sanchez et al., 2017).
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Table 1.4. Most recent tubular and fibrous clay/polymer nanocomposites used in drug

Clay Mineral

HNT/CS

HNT/Cellulose

HNT/ALG,
HNT/ALG/
Gelatin
HNT/PEGm
HNT/PEGdm

HNT/PC

HNT/
hyaluronate/
poly(HEMA)

HNT/PLL/PAA

Natural HNT/PVA

HNT/HPMCAS

HNT/SBMP resin

HNT/PEI
HNT/LIP

Pal/CS

Pal/PPy

SEP/CS
SEP/CS/PVA

APTES-
functionalized
HNT/CS
AZPES-
functionalized
HNTs/Fmoc-F

Functio-
nalized
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delivery

Interaction
methodology

Intercalation
solution

Vacuum cycle

Intercalation
solution and
vacuum cycle

Immersion

Vacuum cycle

Self-assembly
Intercalation
solution
Adsorption/
entrapment

Intercalation
solution

In situ

electropolymeri-

zation

Intercalation
solution

Vacuum cycle

Drug

Doxorubicin
Aspirin
CS

Curcumin

Vancomycin

Hydrocortisone
Hydrocortisone

Rosemary
essential oil

5-FU

Curcumin

Sodium D-
pantothenate
Atorvastatin

Celecoxib

Doxycycline

pDNA
Doxorubicin

Diclofenac
sodium
5-
Aminosalicylic
acid
Aspirin
Tetracycline

Cefazolin

Curcumin

Camptothecin

Ref

(Yang et al.,,
2016a)

(Li et al., 2016b)
(Sandri et al.,
2017)
(Huang et al.,
2017a)

(Kurczewska et
al., 2017)

(Ghebaur et al.,
2016)

(Gorrasi, 2015)

(Rao et al., 2014)

(Dionisi et al.,
2016)

(Lee et al., 2016)

(Lietal., 2017)

(Feitosa et al.,
2014; Palasuk et
al., 2017)
(Long et al., 2017)

(Li et al., 2018a)
(Wu et al., 2014)

(Santana et al.,
2017)

(Kong et al., 2014)
(Giir et al., 2015)
(Mahdavinia et
al., 2016)

(Liu et al., 2016)

(Rizzo et al.,, 2017)
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Oxaprozin is an NSAID molecule used in the treatment of
inflammatory disorders, typically osteoarthritis and rheumatoid arthritis.
Oxaprozin bioavailability is hindered by its low solubility and permeability.
Hybrids of Pal or Sep with modified cyclodextrins were proposed by (Mura
et al, 2016) as dissolution enhancers of oxaprozin. The combination of
cyclodextrin with the clay minerals allowed to achieve higher oxaprozin

dissolution rates.

1.1.2.2. Functionalized Tubular and Fibrous Clay Minerals

HNTs functionalized with triazolium salts were proved to perform
site-specific drug delivery of curcumin (Riela et al., 2014). Results
demonstrated that curcumin was preferentially adsorbed over functionalized
HNT surfaces, though small amounts were also detected inside the nanotube
lumen. The release highly depended on the pH: higher and faster release at
lower pH of the medium. In acidic environment, both curcumin and
triazolium-functionalized HNTs acquired positive charges, which caused

repulsion and promoted curcumin release.

Trimethoxy(propyl)silane and triethoxy(octyl)silane were used to
functionalize HNTs (Sanchez-Fernandez et al., 2014). Biocompatibility and
cytotoxicity were tested on C6 Rat glioblastoma cells. HNTs were
biocompatible, but functionalized materials induced cell apoptosis, probably
due to the nature of the functionalizing organosilanes selected. Consequently,
functionalization conditions should be carefully selected to obtain the desired
HNT performances, and further studies are needed in this area.

HNT modified with [3-(2-aminoethyl) aminopropyl]
trimethoxysilane was used to carry and release silver nanoparticles by
electrostatic interactions over the surface of the clay mineral (Zhang et al.,
2013). The higher antibacterial activity of Ag loaded HNTs compared with
pure Ag nanoparticles could be related to the homogeneous dispersion of Ag
particles over halloysite surfaces, which led to superior specific surface area,
hence better antibacterial properties. APTES allowed to immobilize silver
nanoparticles over the surface of HNTs, giving resultant antibacterial activity
against E. coli, as reported by (Jana et al., 2017). APTES-modified HNTs also

carried ibuprofen drug, which was located both in the lumen and onto the
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external surface of nanotubes, in its crystalline form (Tan et al.,, 2014). In
unmodified HNTs, ibuprofen established hydrogen bonds; while in APTES-
HNT the drug interacted stronger due to electrostatic bonds. These
divergences explained the slow release rate performed for ibuprofen from
APTES-HNTs (up until 50 h). Coating through layer-by-layer technique of
drug-APTES-HNT hybrids with CS and ALG extended ibuprofen release for
longer than 110 h with a first-order release kinetic (Li et al., 2016a). (Xue et al.,
2015) also functionalized HNT with APTES to be used as an ingredient in the
formulation of guided tissue regeneration/guided bone regeneration
membranes. Electrospinning technique was used to synthesize the
membrane, and metronidazole was selected as an antibacterial drug aiming
to prevent infections of anaerobic microorganisms. Hal improved the
mechanical properties of the film, allowed further sustained release and

reduced the initial burst.

Vancomycin was also loaded on HNTs previously functionalized
with APTES (Kurczewska et al., 2017). In comparison with non-modified
HNT and acid-activated HNT carrying vancomycin, the APTES-
functionalized clay mineral avoided burst release effect and provided a
prolonged release of drug for more than 70 h. This result could be justified by
the strong electrostatic interactions established between vancomycin and
functionalized-HNT.

Cyclodextrins, cyclic oligosaccharides composed of «a-D-
glucopyranose units, and functionalized HNTs were combined as dual drug-
loaded systems for silibinin and curcumin. Both drugs are anionic molecules,
and silibinin was loaded inside HNTs, while curcumin was located inside the
cyclodextrin to improve its water solubility. The complex nanohybrid showed
antiproliferative activity as well as high propensity to cross the cell
membranes and performed a site-specific release (Massaro et al., 2016b).
Curcumin was also bonded to HNT surfaces, thanks to HNTs functionalized
with cysteamine hydrochloride, thus providing imine bonding with curcumin
molecules (Massaro et al., 2016a). HNTs increased curcumin stability in
alkaline/basic environment and lowered drug release rates. Due to the
disulphide bond established between HNTs and curcumin, the drug release

significantly increased in acidic and glutathione rich environments. These
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latter conditions corresponded to the typical microenvironment of cancer

cells.
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Figure 1.4. Praziquantel in vitro drug release profiles in HCI (up) and simulated intestinal

fluid (down) from sepiolite, Veequm HS composites and pure praziquantel. Extracted from
(Borrego-Sinchez et al., 2017)
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Trolox and quercetin, typically used as potent antioxidants, were
loaded into HNT after surface functionalization of the clay nanotubes
(Massaro et al.,, 2016). Particularly, functionalization was started by 3-
azidopropyltrimethoxysilane reaction (AZPES). Once the functionalization
was performed, trolox reacted by condensation and formed an amide bond in
the external surface of HNTs. Subsequently, quercetin was loaded into the
clay lumen by vacuum cycles. The antioxidant activity improved significantly
due to synergistic effects between trolox and quercetin. Moreover, the
presence of quercetin in HNT lumens implied a controlled release of this

substance, hence a prolonged antioxidant activity.

1.1.2.3. Tubular and Fibrous Clay-Polymer Nanocomposites

CS-grafted HNTs were loaded with doxorubicin (Yang et al., 2016a)
and curcumin (Liu et al., 2016). The functionalization of HNTs with APTES
and its combination with CS allowed higher adsorption capacities of
hydrophobic drugs such as curcumin (Liu et al., 2016). Moreover, they
showed specific toxicity toward cancer cells. HNT loaded with curcumin was
covered with poly-L-lysine as positive electrolyte and poly-acrilic acid as
negative electrolyte using layer-by-layer technique, thus creating three layers
of polymers. Polymer coated HNT-curcumin nanocomposite showed a much
more slow release (<20% (w/w) of drug in 24 h) in comparison with free
curcumin (>90% (w/w) of curcumin in 24 h) and uncoated HNT-curcumin
(>40% (w/w) in 24 h) (Dionisi et al., 2016). CS-grafted HNTs with doxorubicin
were internalized by human breast cells and effectively induced cell apoptosis
(Yang et al., 2016a).

Physical adsorption between curcumin and cellulose-modified MMT
also showed good biocompatibility, thus demonstrating the promising

applications in cancer DDSs and wound dressings (Huang et al., 2017a)

Crosslinked PVA nanofibers with HNTs were prepared as a sodium
D-pantothenate DDS (Lee et al., 2016). Significant changes occurred in drug
release patterns due to the presence of the clay mineral. Burst releases were
not avoided, although the second step of release occurred more slowly and
total amount of drug release was smaller in comparison with the

corresponding PVA-sodium D-pantothenate fibers.
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Hydroxypropyl methylcellulose acetate succinate (HPMCAS) is
insoluble in acidic conditions but highly soluble in neutral-alkaline
conditions. Colon cancer is mainly treated with drugs such as atorvastatin and
celecoxib, which are administered together due to their synergistic action.
These drugs were loaded in HNT-HPMCAS microspheres prepared by a
microfluidic flow-focusing oil-in-water emulsion technique, schematically
represented in Figure 1.5. In comparison with pure celecoxib and atorvastatin,
HNT-HPMCAS loaded microspheres did not release any drug at pH < 6.5,
while a complete release occurred within 30 min at pH >6.8. The immediate
and complete release of both the drugs increased their permeability across the
intestinal membranes inhibiting colon cancer cell proliferation in a more
effective way (Li et al., 2017).

Outer fluid

Inner fluid

P

8 aIonsit na

S iacc

Figure 1.5. Preparation of pH-responsive nanocomposite of HNT and HPMCAS. Extracted
from (Li et al., 2017)

HNTs functionalized with AZPES were condensed with
fluoromethoxycarbonyl-L-phenylalanine (Fmoc-F) (Rizzo et al., 2017). Fmoc-
F is able to create high density hydrogels. Camptothecin was loaded by
intercalation solution and vacuum cycles. Oral administration of the drug is
hindered by low solubility and low stability. AZPES-functionalized
HNTs/Fmoc-F nanocomposites allowed the total dissolution of the drug in

phosphate buffer solution.

Vacuum method was also used to prepare HNTSs/pectin
nanocomposites to carry rosemary essential oil (Gorrasi, 2015). The aim of the

study was to obtain a nanocomposite film with biodegradable and
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antibacterial properties in which the release of the active substance proceeded

in a sustained manner.

HNTs were combined with CS to prepare microspheres. Both
materials were kept in contact for 12 h right after their dispersion/dissolution.
Microspheres were prepared through an emulsification process with oleic
acid (Li et al., 2016b). Aspirin was selected as a model drug. The partial
dissolution of aspirin in the acidic environment of the stomach produces the
adhesion of aspirin crystals over the gastric mucosa, which can pose gastric
diseases. To minimize this problem, (Li et al., 2016b) proposed the preparation
of the aforementioned microspheres to control aspirin release. The
encapsulation efficiency was improved by HNT/CS microspheres, and the
dissolution profile showed a lower release of aspirin in simulated gastric
fluid, leading to a reduction of accumulation of the drug, and consequently

minimizing the possible gastric side effects.

Intact skin

saline solution HL NC COS

t=7

t=14

Figure 1.6. Light microphotographs of haematoxylin and eosin stained skin sections after 7 and
18 days of treatment with saline solution (negative controls), HNTs, chitosan
oligosaccharide/HNTs nanocomposite and chitosan oligosaccharide. Intact tissue section in also
reported. Skin structures are labelled as follows: epidermis = bracket; vessel = star; granulation
tissue = pentagons; hair follicle = triangle; platelets = white arrow; necrotic tissue = asterisk;
muscular fibers = arrow. Scale bar = 200 um. Extracted from (Sandri et al., 2016)

CS oligosaccharides, homo- or hetero-oligomers of N-acetyl-

glucosamine and D-glucosamine, accelerate wound healing by enhancing the
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activity of inflammatory and repairing cells. Sandri et al., (2017) used these
oligomers and HNTs to obtain nanocomposites able to enhance healing in the
treatment of chronic wounds. The results showed good in wvitro
biocompatibility with normal human dermal fibroblasts and enhanced in vitro
fibroblast motility, promoting both cellular proliferation and migration. The
HTNs/chitosan oligosaccharide nanocomposites allowed better skin re-

epithelialization and reorganization than HNTs or CS, separately (Figure 1.6).

HNTs embedded inside hydrogels sensitive to pH changes were
demonstrated to be a good strategy for the encapsulation of the anticancer
drug 5-FU (Rao et al.,, 2014). This drug is used in colon cancer therapies,
although its intravenous administration poses remarkable side effects. An
oral dosage form would be a more convenient one for these kind of
treatments. In this case, sodium hyaluronate and poly(HEMA) were
crosslinked by free radical redox polymerization with and without the
presence of HNTs (Rao et al., 2014). Vacuum cycles were performed to entrap
the drug both inside the hydrogel network and in HNT lumen. The resultant
nanocomposites practically avoided drug release in acidic pH (<10% (w/w)
when HNTs were added), while in neutral environment 5-FU was

successfully released.

A commercial adhesive resin used in dentin implants was modified
by including HNTs loaded with doxycycline, a matrix metalloproteinases-
inhibiting drug. Metalloproteinases are enzymes able to destroy connective
tissue during certain issues such as periodontitis, hepatitis, atherosclerosis,
asthma, skin and dental photoaging. The incorporation of HNTs and
doxycycline inside dental resin (Scotchbond Multi-Purpose) was proposed to
improve the adhesively bonded resin composite restorations (Feitosa et al.,
2014; Palasuk et al., 2017). Doxycycline was successfully encapsulated within
the system, and released in such a controlled manner that metalloproteinases
were inhibited in subantimicrobial concentrations. Additionally, the
biocompatibility of the system was not compromised.

Polyethylene glycol methacrylate (PEGm) and polyethylene glycol
dimethacrylate (PEGdm) were proposed as HNT pH-sensitive modifying
polymers (Ghebaur et al., 2016). The drug/clay ratio was the only factor

influencing the adsorption of hydrocortisone, while polymers exerted a

44



1.1. Clay Minerals in Drug Delivery Systems

negligible impact on drug loading. Sustained releases were found in all cases,

even with the absence of polymers (HNT/hydrocortisone).
APTES-functionalized HNTs were combined with ALG and gelatin,

and vancomycin as an antibacterial drug was loaded to design a wound
healing nanocomposite (Kurczewska et al., 2017). Nanocomposites showed
sustained release of the drug in phosphate buffer medium, without any burst

release.

HNT/cellulose-curcumin nanocomposite was tested and compared
with a cellulose-curcumin system (Huang et al., 2017a). HNTs improved the
amount of drug loaded and provided sustained release of curcumin without
burst releases: ~15% (w/w) of drug in approximately 2.5 h reaching more than

~50% (w/w) after 20 h during in vitro release study.
APTES-HNTs were grafted with polyethyleneimine (PEI) to load

pDNA and create a non-viral vector able to deliver pDNA into determined
cells as a strategy to treat diseases such as cancer (Long et al., 2017). The
complex with HNTs showed less in vitro toxicity than the one without HNTs.
Likewise, the transfection efficiency of the clay-based nanocomposite was

higher, being able to deliver the pDNA into the cellular nucleus.

Doxorubicin loading efficiency increased by increasing HNT
proportion in HNT/soybean phospholipid nanocomposites (Li et al., 2018a).
At neutral pH, doxorubicin was released in a sustained way, without burst
release and reaching approximately 15% (w/w) of drug after 4 days. On the
other hand, at acidic pH (5.4), the release profile possessed two stages: a burst
release step in which 20% (w/w) of drug was released within the first 10 min
followed by a more sustained and prolonged release to 25% (w/w) of total

amount of drug released in 4 days.

Pal was mixed with polypyrrole (PPy) to improve physicochemical
properties of the polymer as a drug carrier (Kong et al., 2014). Polypyrrole is
a biocompatible polymer able to change its oxidation state under electrical
potential, thus promoting drug release. In comparison with polypyrrole
alone, Pal-polypyrrole composites showed higher drug loading capacities

ascribable to the presence of the clay mineral. Pal-PPy-aspirin composites
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were demonstrated to be a promising implantable DDS, which could help to

release drugs according to patient convenience under electric stimulus.

Organo-modification of Pal with hexadecyl betaine was combined
with CS through crosslinking reaction to create beads able to carry drugs such
as diclofenac sodium (Wu et al., 2014). The organo-modification of the clay
mineral improved chemical interactions with the polymer. Additionally, the
presence of the clay mineral increased the swelling properties of the beads
and modified drug release. Beads with 10%-20% (w/w) of organomodified Pal
showed slower drug release and burst release reduction. Beads with 30%
(w/w) of palygorskite performed faster release, even higher than pure CS-

diclofenac beads.

Pal/CS as drug carrier was recently addressed (Santana et al., 2017).
The model drug chosen in this study was 5-aminosalicylic acid. CS and Pal
interacted through electrostatic interactions and intermolecular hydrogen
bonds. The use of basic pH during Pal/CS interaction highly influenced the
interactions between these components and influenced the drug loading
capacity. At pH 11, the CS protonation decrease favoured the interaction with
Pal but contributed to reduce 5-aminosalicylic acid adsorption due to low

available drug interaction sites.

Sep and CS were combined by (Giir et al, 2015) to form a
nanocomposite carrying tetracycline drug. A clear dependence of Sep ratio on
the amount of drug released was found. Burst releases were also found in all
the in vitro release studies performed, and were attributed to a fast swelling

of the gel.

Sep was also combined with CS and PVA, and loaded with cefazolin,
a broad-spectrum antibacterial drug (Mahdavinia et al., 2016). Drug release
profile and antibacterial activity (Bacillus cereus, Proteus bacteria, and E. coli)
were evaluated. CS improved swelling capacity of the nanocomposite. PVA
decreased the amount of drug released since higher crosslinking occurred,
consequently creating smaller hydrogel pore sizes that could hinder the
diffusion of cefazolin. Effective growth inhibition areas were found except for
the nanocomposite without cefazolin. The highest antimicrobial activity was

reported against B. cereus.
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1.1.3. Future Trends

Ten years have passed since Aguzzi and co-workers published their
review article titled “Use of clays as drug delivery systems: Possibilities and
limitations” (Viseras et al., 2007). During this time span the number of studies
focused on this subject have increased exponentially. In this chapter, current
advances are addressed, MMT and halloysite being the main clay minerals
used in the design of new DDS. Recent results confirm that the usefulness of
clay minerals will go beyond their conventional uses in pharmaceutical
applications, thanks to multidisciplinary research efforts. The developments
in biotechnology and nanomedicine research make us think that a possible
future use of clay minerals would be focused on MMDS of
biopharmaceuticals, including gene and protein delivery. Consequently, the
number of patents and commercial pharmaceutical products will be

increased, ultimately improving many pharmacological therapies.
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1.2. Clay Minerals in Skin Drug Delivery

The aim of this review was to provide a summary of recent research
on clay mineral uses in advanced skin drug delivery; a future perspective is
included to discuss challenges and prospects. Because of their healing
properties and global accessibility, use of clay minerals in the therapy of skin
pathologies goes back to prehistoric times and continues to play a crucial role
in the design of skin-addressed drug delivery systems. Clay minerals are used
in conventional medicinal products as excipients or actives (Cornejo, 1990; A.
Lopez-Galindo and Viseras, 2004; Carretero et al., 2006; Viseras et al., 2007;
Lopez-Galindo et al., 2011) as well as advanced materials developed to
modify drug delivery features (Aguzzi et al., 2007, 2016; Viseras et al., 2008,
2010, 2015; Sandri et al., 2016; Carazo et al., 2018a). Clay minerals were likely
used in the very first prehistoric remedies, probably including geophagy and
wound treatments. Clay minerals have continued to be essential ingredients
in medicinal products during human history. In Europe, ancient western
medicine used “Terra sigillata” (Anuvia I'n) or Stamped earth with “trade
mark” denominations (terra Armenica, Terra Florentina, terra Hierosolymitanae,
terra Hispanica, terra Lemnia, terra Portugallica, terra Silesiaca, among others)
(Mantle et al., 2001; Macgregor, 2013). Clay minerals were mentioned in at
least half of the most important historical texts constituting the European
Materia Medica since the “Hippocratic Corpus” (5th—4th century BC) (De Vos,
2010). During the nineteenth century, the presence of clay “simples” in
western medicine continued (Medicamentarius, 1866). In the first half of the
twentieth century, the major Western pharmacopoeias included clay minerals
in the substances used in medicinal products. Nowadays, the terms
“Bentonite,” “Magnesium trisilicate,” “Magnesium aluminum silicate” (or
“Aluminium Magnesium silicate”), and “Attapulgite” have their own
monographs in the most important worldwide pharmacopeias (USP42 -
NF37,2019; BP, 2018; RFE, 2015).

Clay minerals have been classically used in the elaboration of topical
semisolid products as pastes, poultices, or liniments. Two examples, still in
vogue, are “Calamine Lotion,” indicated for treatment of skin irritations that
include 25% w/w of “Bentonite magma” and “Titanium dioxide paste”
formulated with 10% w/w of kaolin (USP42 - NF37,2019; BP, 2018; RFE, 2015).
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Clay minerals are currently used mainly as excipients (any constituent of a
medicinal product other than the active sub- stance and the packaging
material). Excipients represent the largest part of the medicines (up to 95%)
and determine drug release and bioavailability. More than 1200 excipients
from many origins (animal, vegetable, or mineral) are used in medicines.
Clays account for ~5% of the global market for inorganic excipients. Most of
the advances in pharmaceutical science and technology are related directly to
inorganic excipients, the market for which should reach $433.7 million by 2020
(BCC, 2016).

1.2.1.  Skin Anatomy and Physiology

In order to understand fully the design and development of skin
pharmaceuticals, the structure, composition, and functions of human skin
must be reviewed. The skin, which is considered the largest organ of the
human body, is a multi-stratified structure (epidermis, dermis, and
hypodermis) with essential functions as temperature control and barrier
against physical, chemical, and thermal aggressions (Ng and Lau, 2015). The
presence of appendages (hair follicles, sweat, and sebaceous glands) leads to
several interesting properties. Human skin has an average surface area of 1.8
m? and constitutes a cellular layer, named dermis or true skin, sandwiched
between the epidermis (outer layer and boundary with the exterior) and
hypodermis (inner layer). The thickness of the epidermis varies between 0.05
mm on the eyelids to 1.55 mm on palms and soles. The epidermis is divided
into basale, spinosum, granulosum, lucidum (only in palms and soles), and
corneum strata. Continuous cell renewal in the stratum basale generates
different cell types, mainly keratinocytes, melanocytes, and merkel cells
(associated with terminal filaments of cutaneous nerves). Replication rates
(normal full skin renewal requires ~28 days) increase during inflammation or
injury. Keratinocytes move through the strata to reach the stratum corneum as
corneocytes. The stratum spinosum contains a large concentration of keratin
filaments appearing as a “spiny” area where Langerhans cells (antigen-
presenting cells with an immunologic role) are also frequent. Langerhans cells
and melanocytes are connected to adjacent cells by desmosomes in the same

way keratinocytes are connected to one another. In the stratum granulosum the
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keratinocytes become flattened, lose their nuclei, and secrete their contents to
form a lipid barrier. One of the most determining layers of the skin in terms
of permeation by control drugs is the stratum corneum (SC). The SC is the
hardest barrier of the skin, comprising rows of corneocytes (matured
keratinocytes lacking nuclei and having elongated and flattened shapes)
organized on a “brick and mortar” structure: corneocytes (“bricks”) immersed
in a lipid matrix (“mortar”) (Prow et al., 2011). The space between adjacent
corneocytes is occupied by a mesophase (lyotropic liquid crystal) formed by
phospholipid bilayers and with the presence of proteins. The dermis layer is
much thicker than the epidermis. Blood vessels, nerves, and various
appendages (sweat glands, hair follicles, and sebaceous glands) are also
found, providing nutritional and structural support to the epidermis. The
hypodermis obeys the main functions of energy supply and thermal

insulation.

1.2.2. Routes and targets on, into, and through skin drug delivery

Delivery of drugs on/into/through the skin enables either local or
systemic actions and improvement of poor biopharmaceutics profiles of drugs
administered via other ad- ministration paths, and becomes a useful strategy
in situations in which other administration routes are not possible or
inadvisable (Aulton and Taylor, 2013). With these backgrounds, the main
goals of advanced skin drug delivery systems are improving drug
biopharmaceutics and pharmacokinetics and obtaining targeted drug
delivery based on interaction with skin appendages and skin lipids leading to

a facilitated, sustained, and/or stimuli-induced release.

While all topical and transdermal compounds are applied to the skin,
it is necessary to accentuate the fact that skin drug delivery can provide local
(topical) or systemic (transdermal) therapeutic effects. The two principal
routes of penetration are transappendageal (via the pores and shafts
embracing sweat glands and hair follicles with their associated sebaceous
glands) and transepidermal (diffusion through the stratum corneum). The
transappendageal pathway is minor but preferred by ions and large polar
molecules because the stratum corneum is not involved, whereas the

transepidermal route is the dominant one and comprises two routes:
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transcellular, also known as intracellular, and intercellular (Figure 1.7). Via
the intracellular route, drug molecules repeatedly diffuse through
corneocytes (keratin-filled; of an aqueous environment) and then partition
into the intercellular lipid domains. This pathway is preferred by hydrophilic
molecules. In contrast, the intercellular route implies that drug molecules
diffuse via a tortuous route within the continuous lipid domain. Lipophilic
molecules opt for this route. All drug molecules might use the three available
routes; their physicochemical properties, however, determine the preferred

pathway for finally reaching the capillaries at the epidermal-dermal junction.

Transepidermal

\

Transappendageal

[ Transcellular Intercellular |

— —_ —_— G G Strafiim cornenm

Dermis

«4\% j Subcutaneous

;C) ,  tissue

Figure 1.7. Skin layers and diverse routes of penetration

1.2.3. Quality and Performance of Topical Drug Products

Topically administered drug products include those applied for local
action (exert their actions on the stratum corneum and/or modulate the
function of the epidermis and/or the dermis) and those applied for systemic
effects (transdermal drug delivery systems). Topical dosage forms include
solutions (for which release testing is not indicated), suspensions, emulsions
(e.g., lotions), semisolids (e.g., foams, ointments, pastes, creams, and gels),

solids (e.g., powders), and sprays (e.g., aerosols).
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Two categories of tests, product quality tests and product
performance tests, are performed with topical drug products. Product quality
tests are performed to assess attributes such as assay, identification, content

uniformity, pH and microbial limits.

Product performance tests are conducted to assess drug release from

the finished dosage form.

Quality tests ensure safety and efficacy (ICH, 2000) and includes
general tests such as identification, assay, content uniformity, impurities, pH,
water content, microbial limits, antimicrobial preservative content,
antioxidant preservative content, and sterility (in some cases), and specific test
such as viscosity and particle size determinations (USP42 - NF37, 2019; BP,
2018; RFE, 2015).

Particularly interesting are performance tests, aimed to measure drug
release from the finished dosage form and detect changes in drug release
related to formulation and manufacturing variables as well as storage and

aging effects.

Intercellular route represents the principal mode of entry for
permeation of both, hydrophilic and lipophilic drugs. A drug that penetrates
the SC can reach the dermis and enter the bloodstream by passive diffusion,
which is considered the rate-limiting step for the transdermal transport of
drug molecules and depends on the physicochemical properties of the
substance (Couto et al., 2014). This transport can be described by Fick’s First
Law of Diffusion (Eq. 1.1),

J= -Di_c Eq. 1.1
X

where | is the flux, C is the concentration of diffusing drug, x is the space
coordinate and D is the diffusion coefficient of the drug. Fick’s Law assumes
that diffusion occurs through an isotropic material, with same structural and
diffusional properties in all directions. However, skin is heterogeneous
structure so Fickian diffusion laws lead to approximations from transdermal

drug delivery data.

In vitro protocols are aimed to mimic the in vivo situation. Several

diffusion-type cell devices have been proposed as potential apparatus for
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drug release testing from topical drug products. However, only vertical
diffusion cell system (VDC, also named Franz Cells), have been normalized

to measuring drug release from semisolid dosage forms (USP, 2018).

VDC are made of a membrane (synthetic, animal or human
epidermis) separating two compartments. The drug in a vehicle is then
applied to the uppermost membrane surface (“donor” solution). The other
compartment contains a “receptor” solution that provides sink conditions
(near zero concentration) allowing a concentration gradient to exist between
the donor and receptor phase which is required for diffusion across the

membrane.

1.2.4. Clay Minerals Functions in Topical Products

Inorganic excipients and in particular clay minerals may be used to
overcome the traditional difficulties derived from topical drug administration
and provide advanced functionalities (Carazo et al., 2018a). Clay minerals
have been traditionally included in topical products to improve technical
properties; increase emulsions stabilities and suspensions viscosities (Viseras
et al., 2007). Besides, clay minerals show advanced functionalities that made
them essential ingredients in anti-inflammatory, antibacterial and wound
healing products. Clay minerals also provide specific functions in some
dermocosmetics products. Figure 1.8 attempts to shed light on the different
locations, pathways, and advanced functions of clay minerals in topical
products. Table 1.5 compiles the scope and uses of clay minerals administered

on/into/through the skin which are further explained in the text.
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Figure 1.8. Places and routes of skin treatments and penetration with examples of clay mineral
functions (modified from Barry, 1983)

1.2.4.1. Anti-inflammatory

Pelotherapy consists on the topical administration of hot-muds
termed peloids. Peloids are inorganic gels with optimal rheological and
thermal properties composed by clay minerals and mineral-medicinal water
aimed to treat arthro-rheumatic issues, bone-muscle traumatic damage and
dermatological pathologies. The optimum characteristics of the peloids
depend on the required treatment and is related with not only the components
of the peloid (mineromedicinal water and clay minerals) but also with the
process of maturation (contact between the solid and water medium during a
prolonged time period) (Veniale et al., 2007). Baschini and co-workers claimed
the use of natural peloids from Copahue, “clayey—sulphurous mud”, a special
type of therapeutic muds, whose thermal properties are similar to those of
other peloids but with special possibilities for the treatment of various
pathologies due to the presence of sulphur (Baschini et al., 2010). Portuguese
clayey materials for medical hydrology applications, were selected as

candidates to be used in the preparation of tailored peloids (Rebelo et al.,
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2011). Regulations and quality criteria for suitable therapeutic applications of
peloids were reviewed (Quintela et al., 2012). The influence of “maturation”
conditions (time and agitation) on aggregation states, gel structure and
rheological behaviour of peloids made with a pharmaceutical-grade smectite
and a sepiolite and a medicinal mineral water from an Spanish thermal spring
(Graena, Granada, Spain) were investigated (Aguzzi et al., 2013a). A concise
definition and a classification of peloids as well as a complete glossary of the
whole mud-therapy terms were proposed to compile the different
terminology used in the curse of time (Gomes et al., 2013). Five clay samples
used in various spa centres of southern European/Mediterranean were
subjected to ethnopharmaceutic research aimed to ascertain the
compositional characters that allow establishing quality attributes and
corresponding requirements for peloids including identity, purity, richness
and safety (Sanchez-Espejo et al., 2014a). Besides, the suitability of eleven clay
samples (green and brown) from five Tunisian medina markets, traditionally
used in home-made mud-packs was fully investigated (Khiari et al., 2014). It
was found that maturation increased the release of cations from therapeutic
muds but did not improve their thermal properties, allowing to assess that
maturation could explain the differential chemical effects associated with the
use of therapeutic muds compared to other thermotherapeutic agents
(Sanchez-Espejo et al., 2015). Therefore, it was determined that the bacterial
community in peloids changed mostly on the early stages of maturation and
it reached stability after two months (Pesciaroli et al., 2016). The potentiality
of seven selected kaolinite-rich samples from Egyptian Carboniferous
sedimentary deposits to use them in medicinal semisolid formulations as
peloids focusing on the effect of particle geometry and kaolinite crystallite size
were studied (Awad et al., 2017). Peloids prepared with kaolin and saponite
and medicinal mineral waters from Lanjaréon Spa (Granada, Spain) were
prepared and the optimum maturation time was investigated (Fernandez-
Gongzaélez et al., 2017).
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Table 1.5. Clay minerals applications in skin drug delivery

Action Outcomes
Optimum characteristics of peloids
Advanced uses of “clayey-sulphurous muds”
Portuguese tailored peloids
Regulations and quality criteria for suitable therapeutic
applications of peloids

The influence of “maturation” conditions on peloids
behavior
Definition, classification and glossary of “mud-
therapy” terms

Establishment of quality attributes and requirements
for peloids

Suitability of Tunisian clay samples for pelotherapy

Anti-inflammatory

Maturation time increased the release of cations

Bacterial community in peloids changed mostly on the
early stages of maturation

Suitability of kaolinite-rich samples from Egypt for
pelotherapy

Optimum maturation time of peloids from Lanjarén
spa (Granada, Spain)

Ref
Veniale et al., 2007
Baschini et al., 2010

Rebelo et al., 2011

Quintela et al., 2012

(Aguzzi et al., 2013a)

Gomes et al., 2013

Sanchez-Espejo et al.,
2014

Khiari et al., 2014

Sanchez-Espejo et al.,
2015

Pesciaroli et al., 2016

Awad et al., 2017

Fernandez-Gonzaélez et
al., 2017

56



1.2. Clay Minerals in Skin Drug Delivery

Action

Wound healing and treatment of skin lesions

Sunscreens

Table 1.5. (continued, part II)

Outcomes
Revision of the role of clay minerals in the design of
advanced wound dressings
Ability of clays to physically adsorb and remove bacterial
cells, toxins, and debris from the wound
Epidermal growth factor immobilized on montmorillonite
stimulate cell growth and migration
Montmorillonite-chitosan nanocomposite with silver
sulfadiazine: bacteriostatic and bactericidal properties
Solid state characterization of montmorilllonite-chitosan-
silver sulfadiazine nanocomposite
Brasilian clay allowed greater formation of collagen fibers
when tested in rat animal models
Functionalized layered clays with aminoacids promoted
fibroblast proliferation
Antibacterial activity of clay—ciprofloxacin composites
Methyl cellulose—sodium alginate-montmorillonite
bionanocomposite films
Polymers/clay minerals composite scaffolds used for skin
tissue engineering
Montmorillonite-chitosan films loaded with clorhexidine
for wound dressing
Silicate (tourmaline)/chitosan composite films for wound
healing applications
Chitosan oligosaccharide/halloysite nanocomposite with
re-epithelialization activity
Carvacrol/clay hybrid for skin ulcer treatment
Montmorillonite-betaine hydrochloride silver nitrate for
burn wounds
Poly (vinyl alcohol)/chitosan/honey/clay nanocomposite
hydrogel as novel wound dressing
Burn ointment including montmorillonite for tissue
regeneration and skin growth

Bentonite and hectorite as sunscreens

Mineral-based sunscreen containing activated clay with
UVB/UVA protection
UV shielding of formulations with clay minerals
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Sandri et al., 2016
Otto et al., 2016
Vaiana et al., 2011
Sandri et al., 2014
(Aguzzi et al., 2014b)
Dério et al., 2014

Ghadiri et al., 2014
Hamilton et al., 2014

Mishra et al., 2014
Ninan et al., 2015
Ambrogi et al., 2017
Zou et al., 2017

Sandri et al., 2017

Tenci et al., 2017
Rangappa et al.,
2017

Noori et al., 2018

Zhang et al., 2018

Ghadiri et al., 2015;
Mattioli et al., 2016

Timothy et al., 2015

Ijiri et al., 2015
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cosmetic uses

Cell adhesion, proliferation and differentiation: skin engineering and regenerative medicine

Chapter 1. Clay Minerals and Skin

Table 1.5. (continued, part I1I)

Outcomes

Cell proliferation and adhesion properties of clay minerals

Clay nanoparticles on cellular adhesion, proliferation and
differentiation

Sepiolite-collagen complexes and fibroblast proliferation
from explants
Fibroblast attachment and spreading improved by
montmorillonite and halloysite

The addition of montmorillonite to chitosan enhanced the
adhesion of osteoblasts (a) and fibroblasts (b)

Biocompatible and biodegradable retinal scaffold based
on montmorillonite/polyurethane nanocomposite
Biocompatibility and cell proliferation of montmorillonite
Montmorillonite-silk fibroin nanocomposite for bone
tissue formation
Composite scaffold based on chitosan—
gelatin/nanohydroxyapatite—-montmorillonite for tissue
engineering
Montmorillonite -reinforced hydrogels, for the osteo-
induction of osteoblast precursor cells
Chitosan-montmorillonite-triclosan loaded films
compatibility towards human dermal fibroblasts
Sr2+/chitosan/montmorillonite composite with enhanced
properties to be used in bone tissue engineering
Halloysite nanotubes in tissue engineering
Alginate-halloysite composite scaffolds with enhanced
fibroblasts attachment and proliferation
Chitosan—gelatine—agarose doped halloysite scaffolds for
tissue engineering
A tri-component hydrogel, based on gellan gum, glycerol,
and halloysite nanotubes for soft tissue engineering

Laponite cross-linked: adhesion and proliferation of
HepG2, skin fibroblast, and human endothelial cells

Laponite- (a) and attapulgite- (b) poly(lactic-co-glycolic
acid nanofibers: fibroblast adhesion and proliferation
Carboxymethyl chitosan, gelatin, and laponite
biocomposite scaffold with potential use in bone tissue
engineering

Clay minerals as dermatological active ingredients and
excipients of dermocosmetic products

Dermocosmetic applications of clays are related with their
surface, physical and mechanical properties

Ref
Sandpri et al., 2016

Mousa et al., 2018

Lizarbe et al., 1987;
Olmo et al., 1987
Kommireddy et

al., 2006
Katti et al., 2008;
Popryadukhin et

al., 2012

Da Silva et al.,
2013
Sandri et al., 2014
Mieszawska et al.,
2011

Olad and Farshi-
Azhar, 2014
Mauro et al., 2017

Chen et al., 2018

Demir et al., 2018
Lvov et al., 2016b
Liu et al., 2015

Naumenko et al.,
2016
Bonifacio et al.,
2017
Haraguchi et al.,
2006; Liu et al.,
2012
Wang et al., 2012,
2015

Tao et al., 2017
Lopez-Galindo et

al., 2007; Viseras et
al., 2007

Moraes et al., 2017
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Action

Antibiotics-loaded nanoclays Natural antibacterial clays

Other clay-based cosmetic products

Table 1.5. (continued, part IV)

Outcomes

Natural antibacterial clays able to kill human
pathogens including antibiotic resistant strains

Clays used for the treatment of cutaneous
bacterial infections

Biotic and abiotic actions responsible of
antibacterial activity of natural clay minerals
Biotic activity of the Jordan red clays
Abiotic processes involved in antibacterial activity
of clay minerals
Antibacterial activity of some natural clays
depend on microbicidal activities of desorbed
metal ions
Natural zeolite exchanged with inorganic Zn?-
erythromycin
Chlorhexidine/montmorillonite inhibited the
growth of Staphylococcus aureus and Escherichia
coli
Organo-modified bentonite for gentamicin topical
application
Topical ointment consisting on smectite, illite,
rectorite to treat skin infections and skin diseases
Smectite-zwitterion-silver-analgesic system with
antimicrobial and pain relieving properties has
been patented
Chitosan-montmorillonite nanocomposite film
loaded with triclosan
A wide range of cosmetic products containing
clay minerals have been designed and have their
patent registered

Use of clays as emulgents or emulsifiers in
cosmetic products

Optimization of a peel-off facial mask formulation
containing green clay and aloe vera
Dry shampoo comprising an smectite clay, natural
starches, and a natural oil absorbent
An emulsion of bio-minerals more stable, and
requiring less energy and time to prepare

Ref
Morrison et al., 2016

Carretero, 2002; Williams et
al., 2004, 2008, 2011; Ferrell,
2008; Friedlander et al., 2015

Otto et al., 2013
Falkinham et al., 2009
Otto and Haydel, 2013a

Otto and Haydel, 2013b

Cerri et al., 2004; Bonferoni
et al., 2007

Saha et al., 2014b

Tannuccelli et al., 2018

Tuba, 2018

Rangappa et al., 2017

Chen et al., 2018

Viseras et al., 2007
Alexander, 1973; Gabriel,

1973; Carter, 1940; Sarfaraz,
2004

Beringhs et al., 2013
Perfitt and Carimbocas, 2017

Rochette et al., 2017

1.2.4.2. Wound Healing and Treatment of Skin Lesions

The protective functions of the skin are compromised by injury. A

wound can be defined as a defect or a break in the skin, resulting from a
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mechanical or thermal damage, or the consequence of an underlying medical

or physiological condition.

Wound healing is a dynamic process in which the collaborative efforts
of many different tissues and cell lines are required to recover the integrity of
damaged tissue and replace lost tissue. It occurs in four stages: inflammation,
migration, proliferation, and maturation. Healing is considered to be
complete when the skin surface has reformed and re-established its tensile

strength.

a) Inflammation: itis the body’s initial response to injury and involves
both cellular and vascular responses resulting in vasodilation,
increased capillary permeation and stimulation of pain receptors.
It occurs within a few minutes to 24 h of injury.

b) Migration: growth factors in the wound exudate promote the
growth and migration of epithelial cells, broblasts and
keratinocytes to the injured area to replace damaged and lost tissue.
It lasts for 2-3 days.

c) Proliferation: it involves the development of new tissue and occurs
simultaneously or just after the migration phase. The network is
important for developing the tensile strength of the skin. As the
proliferation continues, further epithelial cell migration across the
wound takes place, providing closure and visible wound
contraction. During the proliferation stage, the wound is typically
beefy red in colour and moist, but not exuding.

d) Maturation: this final phase of wound healing (also called the
“remodelling phase”) involves the diminution of the vasculature
and enlargement of collagen fibres, which increase the tensile

strength of the repair.

The need for regenerating rapidly and effectively the injured skin has
stimulated the research of advanced therapies for wound care. Advanced
wound dressings are designed to control the environment for wound healing.
Role of clay minerals in the design of advanced wound dressings has been
thoroughly reviewed (Sandri et al., 2016). Besides, it had been previously
assessed that not only the use of clay minerals as nanocarriers of antimicrobial

agents was important for treating cutaneous bacterial infections, but also the
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ability of the clays to physically adsorb and remove bacterial cells, toxins, and
debris from the wound provided additional benefits aimed to wound healing
(Otto and Haydel, 2013a, 2013b).

A functionalized montmorillonite with epidermal growth factor
(EGF) demonstrated that EGF immobilized on montmorillonite can stimulate
cell growth and migration in vitro required in the proliferation step of the
wound healing process (Vaiana et al., 2011). A nanocomposite based on
montmorillonite and chitosan loaded with silver sulfadiazine was developed
and its abilities not only to protect fibroblasts from the cytotoxic action of the
drug but also the improvement of its bacteriostatic and bactericidal
properties, especially against Pseudomonas aeruginosa were successfully
assessed aimed to be used as an advanced wound dressing (Sandri et al.,
2014). A comprehensive and detailed structural study of the aforementioned
montmorillonite-chitosan-silver  sulfadiazine nanocomposite and the
interactions involved was also reported (Aguzzi et al., 2014b). It was observed
that the treatment made with a Brazilian clay allowed greater formation of
collagen fibers and consequent regeneration of the deep dermis and re-
epithelialization and continuous formation of granulation tissue when tested
in rat animal models (Dario et al., 2014). Functionalized layered clays with
aminoacids (arginine, lysine and leucine) promoted fibroblast proliferation
and can be potentially applied as a wound dressing to promote the wound
healing process (Ghadiri et al., 2014a). Antibacterial activity of clay-
ciprofloxacin composites against the common skin bacteria Staphylococcus
epidermidis and Propionibacterium acnes was demonstrated as potential
delivery systems for ciprofloxacin molecules aimed to design novel wound
dressings (Hamilton et al., 2014). A methyl cellulose-sodium alginate—
montmorillonite bionanocomposite films with interesting wound healing
properties based both on its property to inhibit the growth of Enterococcus
faecium and Pseudomonas aeruginosa and its potential wound closure activities
(Mishra et al., 2014). A detailed review of the possibilities offered by various
natural polymers/clay minerals composite scaffolds used for skin tissue
engineering due to their enhanced wound healing properties was reported
(Ninan et al., 2015b). The potential use of montmorillonite-chitosan films

loaded with chlorhexidine as a potential wound dressing material to prevent
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microbial colonization in wounds was assayed and all prepared films showed
good antimicrobial activity (Ambrogi et al, 2017). A silicate
(tourmaline)/chitosan composite films for wound healing applications was
obtained with improved cell adhesion and proliferation, higher number of
newly-formed, and mature blood vessels, as well as fastest regeneration of
dermis when tested in porcine burn wounds (Zou et al, 2017). A
nanocomposite made of chitosan oligosaccharide/halloysite was successfully
prepared and characterized by advanced electron microscopy techniques. It
was found to be biocompatible in vitro towards normal human dermal
fibroblasts, the results of an in vitro wound healing test showed that it
enhanced in vitro cell proliferation (cells in S-phase) rather than simple
fibroblast migration. In vivo wound healing murine model results were in
agreement with the previous in vitro results providing an early re-
epithelialization process and an advanced degree of haemostasis and
angiogenesis (Sandri et al., 2017). Polymer films loaded with a carvacrol/clay
hybrid for skin ulcer treatment were investigated. Different clays were
considered: montmorillonite, halloysite and palygorskite and finally a
pharmaceutical-grade palygorskite was selected due to its ability to reduce
carvacrol volatility and preservation of its antioxidant properties. The hybrid
system provided improved antimicrobial properties against Staphylococcus
aureus and Escherichia coli and cytocompatibility towards human fibroblasts
(Tenci et al., 2017). A new clay based dermal patch system based on
montmorillonite-betaine hydrochloride silver nitrate for potential use in first
degree burn wounds and its anti-nociceptive activity was evaluated
(Rangappa et al., 2017). A novel responsive nanocomposite hydrogel based on
poly(vinyl alcohol)/chitosan/honey/clay was designed and successfully
evaluated aimed to become a novel wound dressing. (Noori et al., 2018). The
preparation method of a burn ointment including montmorillonite aimed to
promote tissue regeneration and skin growth has been recently patented
(Zhang et al., 2018).
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1.2.4.3.Cell Adhesion, Proliferation and Differentiation: Skin

Engineering and Regenerative Medicine

Cell adhesion and proliferation on biomaterials are crucial points in
tissue engineering and biotechnology. Studies aimed to assess cell
proliferation and adhesion to clay minerals are a current matter of interest.
The most studied clay minerals are laponite, montmorillonite, cloisite, and
halloysite (Sandri et al., 2016). Mousa and co-workers have recently reviewed
and compiled the beneficial effects of clay nanoparticles on cellular adhesion,
proliferation, differentiation, and their attractive mechanical or rheological
properties highlighted the striking potential of clays for the creation and
development of new bioactive scaffolds to be used in skin regenerative
medicine (Mousa et al., 2018). Early studies on sepiolite-collagen complexes
observed normal fibroblast proliferation and outgrowth of skin fibroblasts
from explants (Lizarbe et al., 1987; Olmo et al., 1987). Fibroblast attachment
and spreading was improved by montmorillonite and halloysite and allowed
cells to maintain their phenoptype (Kommireddy et al., 2006). The addition of
montmorillonite to chitosan enhanced the adhesion of osteoblasts (Katti et al.,
2008) and fibroblasts (Popriadukhin et al., 2011). Da Silva and co-workers
developed a biocompatible and biodegradable retinal scaffold based on
montmorillonite/polyurethane nanocomposites (Da Silva et al., 2013). The
biocompatibility and cell proliferation of montmorillonite have been
evaluated in cultured normal human dermal fibroblasts (Sandri et al., 2014).
A nanocomposite based on montmorillonite and silk fibroin has been
developed as biomaterial for bone tissue formation (Mieszawska et al., 2011).
A novel composite scaffold based on chitosan-gelatine and
nanohydroxyapatite-montmorillonite with improved properties for use in
tissue engineering applications was accurately prepared (Olad and Farshi-
Azhar, 2014). Montmorillonite-reinforced hydrogels, based on a
peptidomimetic polyamidoamine carrying guanidine pendants were
successfully used as substrates for the osteo-induction of osteoblast precursor
cells (Mauro et al., 2017). Cell viability tests showed that newly developed
chitosan-montmorillonite triclosan loaded films are compatible with human
dermal fibroblasts (Chen et al, 2018). A strontium (Sr*) modified

chitosan/montmorillonite composite scaffold has been recently developed
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with enhanced properties to be used in bone tissue engineering (Demir et al.,
2018). A full and comprehensive study of the features provided by halloysite
nanotubes in tissue engineering was reported (Fakhrullin and Lvov, 2016).
Alginate-halloysite composite scaffolds were prepared with enhanced
fibroblasts attachment and proliferation attributed to the increase in the
surface roughness due to the incorporation of halloysite (Liu et al., 2015).
Chitosan—gelatine-agarose doped halloysite scaffolds prepared were
promising candidates for tissue engineering applications due to their in vitro
and in vivo biocompatibility and their ability to enable the neo-vascularization
in newly formed connective tissue placed near the scaffold that allowed the
complete restoration of blood flow (Naumenko et al., 2016). A tri-component
hydrogel, based on gellan gum, glycerol, and halloysite nanotubes was
designed for soft tissue engineering applications (Bonifacio et al., 2017).
Laponite cross-linked was able to maintain both the adhesion and
proliferation of HepG2, skin fibroblast, and human umbilical vein endothelial
in a manner strongly associated with the concentration of clay in the hydrogel
(Haraguchi et al., 2006; Liu et al., 2012). Wang and co-workers, used Laponite
to develop poly(lactic-co-glycolic acid; PLGA) nanofibers with promoted
fibroblast adhesion and proliferation (Wang et al., 2012). Similarly, attapulgite
was included in PLGA nanofibers as a scaffolding material for osteogenic
differentiation of stem cells (Wang et al.,, 2015). A biocomposite scaffold
composed of carboxymethyl chitosan, gelatin, and laponite nanoparticles via
freeze-drying was prepared with potential use in bone tissue engineering (Tao
et al., 2017).

1.2.4.4. Antibacterial Purposes

As above mentioned, skin acts as a physical barrier to avoid the
invasion of external pathogens. The desiccated, nutrient-poor, acidic
environment, contributes to the adversity that microorganisms must deal
with to colonize human skin (Byrd et al., 2018). Besides, topical antimicrobial
therapy emerges as an attractive route for the treatment of infectious diseases
due to the increased resistance to oral-administered systemic antimicrobial
therapy (Lam et al., 2018).
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Natural Antibacterial Clays

Natural antibacterial clays when hydrated and applied topically are
able to kill human pathogens including antibiotic resistant strains
proliferating worldwide. Only certain clays are bactericidal (Morrison et al.,
2016). Examples of clays and soils being used for the treatment of cutaneous
bacterial infections are well known (Carretero, 2002; Williams et al., 2004,
2008, 2011; Ferrell, 2008; Friedlander et al., 2015). Antibacterial activity of
natural clay minerals is the result of two types of actions: biotic and abiotic
(Otto and Haydel, 2013a, 2013b). To be highlighted as example of biotic
activity is the case of the Jordan red clays whose antimicrobial activity is
explained by the proliferation of bacteria naturally present within the clay and
their concomitant production of antimicrobial compounds (Falkinham et al.,
2009). Other biotic influences, including protozoan or mycobacterial
predation, lytic microorganisms, and bacteriophages, may also be responsible
for controlling bacterial growing. Besides, abiotic processes are also
responsible for the antimicrobial activity of some clays (Otto and Haydel,
2013a). Clays bind toxic metals to their surface due to their net negative charge
and then release those exchangeable metal ions from the clay surface. Hence,
antibacterial activity of these natural clays is dependent on microbicidal
activities of the desorbed metal ions (Otto and Haydel, 2013b).

Antibiotic-Loaded Nanoclays

Clays act as topical delivery agents for various antimicrobial
products. A natural zeolite was exchanged with inorganic Zn?* and
subsequently charged the micronized composite with erythromycin to
investigate its antimicrobial efficacy against erythromycin-resistant
Propionibacterium strains obtaining a 99.5% reduction in P. acnes viability was
observed (Cerri et al., 2004; Bonferoni et al., 2007). Furthermore, chlorhexidine
was intercalated onto a montmorillonite aimed to be useful in skin
pathologies due to its successful inhibition of the growth of a wide range of
microorganisms including both Staphylococcus aureus and Escherichia coli (Saha
et al, 2014b). An organo-modified bentonite for gentamicin topical
application was developed with sustained antibacterial activity and enhanced

drug permeation rate (Iannuccelli et al., 2018). A topical ointment consisting
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on smectite, illite, rectorite clay minerals alone or in combination has been
recently patented to treat bacterially-caused skin infections and skin diseases
(Tuba, 2018). Thus, a multifunctional smectite-zwitterion-silver-analgesic
system with both antimicrobial and pain relieving properties has been
patented (Rangappa et al.,, 2017). A chitosan-montmorillonite nanocomposite
film was loaded with the antibiotic triclosan and an intelligent pH responsive
long-term release was obtained. High sterilization efficiency of the films was
found by means of Staphylococcus aureus, Escherichia coli and Staphylococcus
epidermidis. Furthermore, cell biocompatibility measurements toward 1929
fibroblasts and human lens epithelial cells showed no adverse effects of the
multilayer film (Chen et al., 2018).

1.2.4.5. Dermocosmetics

Clay minerals are part of a large variety of dermocosmetic products,
such as facial creams, sunscreen, products for skin cleansing, shampoos, and
makeup items (liquid and powder foundations, eye shadow, facial masks,
lipsticks, etc.) either as dermatological active ingredients or as excipients
(Lopez-Galindo et al., 2007; Viseras et al., 2007).

Most important properties attributed to clays for dermocosmetic
applications are related with their surface properties: (surface area, cation
exchange capacity, layer charge among others); rheological properties:
(thixotrophy, rheopexy, viscosity, plasticity), and other physical and
mechanical properties including particle size, shape, colour, softness, opacity,

reflectance, iridescence, and so on (Moraes et al., 2017).

Sunscreens

The detrimental effects of ultraviolet A and B radiations (UVA and
UVB) on the skin can lead to the development of malignant carcinomas in the
cutaneous tissue. Hence, sunscreens are dermocosmetic products of great
importance to the skin health. Thanks to their excellent properties, some clay
minerals have been included in dermocosmetic formulations of sunscreens,
acting as a barrier that blocks the solar radiation and thus protects the cellular
nucleic acids. Clay minerals must have high index of refraction and optimal
light dispersion properties to be used as sunscreens. Bentonite and hectorite

meet the required specifications and are already being used as sunscreen
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(Ghadiri et al.,, 2015; Mattioli et al., 2016). A mineral-based sunscreen
containing activated clay combined with a dispersing agent and one or more
inorganic sunscreen actives was patented resulting in a mineral sunscreen
having high UVB/UVA protection and exceptional spreadability that is non-
whitening (Timothy et al., 2015). Besides, a composition for cosmetics is
provided, which has a UV shielding effect and good dispersibility including
microparticulate titanium dioxide, magnesium, and/or calcium hydroxide
and a clay mineral. The clay mineral suitable for the present invention, no
limitation is posed upon it, so long as it can be used as a powder to be
employed in ordinary cosmetics. For example, there are boron nitride, sericite,
natural mica, calcined mica, synthetic mica, synthetic sericite, alumina, mica,

talc, kaolin, bentonite, smectite (Ijiri et al., 2015).

Other Clay-Based Cosmetic Products

A wide range of cosmetic products containing clay minerals in their
composition have been designed throughout time and most of them have
their patent registered (Viseras et al., 2007). Use of clays as emulgents or
emulsifiers in cosmetic products is well-known. To be highlighted is the use
of talc as emulgent in “make-up preparations” because of its high surface area
(Gabriel, 1973). Besides, bentonite was used as emulsifier in a nail-enamel
remover (Carter, 1940), in oil-in-water make-up (Gabriel, 1973), vanishing low
oil-content creams (Alexander, 1973), and in cleansing lotions (Sarfaraz, 2004).
The optimization of a peel-off facial mask formulation containing green clay
and aloe vera was studied (Beringhs et al., 2013). More recently a dry shampoo
composition comprising an smectite clay, natural starches, and a natural oil
absorbent was developed and subsequently it patent was registered (Perfitt
and Carimbocas, 2017). An emulsion of bio-minerals (phyllosilicate,
inosilicate, cyclosilicate, tectosilicate, neosilicate or sorosilicate) created using
unique process steps that allows the combination of ingredients to be
emulsified in a cold, chemical-free environment to create a product that is
more stable, and requires less energy and time to prepare was registered
(Rochette et al., 2017).
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1.2.5. Summary and Outlook

Topical and transdermal products including clay minerals have a
long history and remain key formulations for delivering drugs not only onto
the skin for local purposes, but also through it for systemic action. Skin is a
widely used route of delivery for local and systemic drugs and is potentially
a route for their delivery as nanoparticles. Among the wide range of
nanoparticles available, clay minerals have been used since ancient times both
as actives and excipients in the treatment of skin illness. Besides, use of
nanoclays alone and/or in combination with biopolymers and/or drug in
treating local skin and systemic diseases is a current matter of concern.
Therefore, in this review we discuss recent work in the field of clay minerals-
based nanoparticle delivery to the skin, and future directions currently being
explored. Once this attempt to summarise and highlight the possibilities
offered by clay minerals in advanced skin drug delivery finished, our final
goal is to provide a greater understanding of the countless benefits derived

from both this administration path and this kind of nanosystems.
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1.3.  Natural Inorganic Ingredients in Wound Healing

The skin is the largest organ of the human body, with an average
surface area of 1.8 m2 It is in charge of multiple functions such as temperature
control and defence against physical, chemical and thermal aggressions.
Additionally, the presence of other appendages such as hair follicles, sweat
and sebaceous glands provide additional functions and properties.
Histologically speaking, the skin is a stratified structure formed by the
epidermis, the dermis and the hypodermis (from outer to inner stratum).
Along the human body, the skin thickness varies majorly from 0.5 to 2 mm,

reaching 4 mm in the nape region (Ng and Lau, 2015).

The epidermis is the most external stratum and it is divided into
basale, spinosum, granulosum, lucidum and corneum strata. In the stratum basale,
cell renewal is continuous and produces keratinocytes, melanocytes, Merkel
and Langerhans cells. Keratinocytes are the predominant cells of the
epidermis and they organize forming 4 or 5 cell strata, depending on the
corresponding thickness of the skin along the different parts of the body.
Normally, full skin renewal requires about 28 days, though this rate increases
during inflammation, injury or other conditions. Keratinocytes move through
the strata to reach the stratum corneum as corneocytes. The stratum spinosum
contains keratin filaments appearing as a “spiny” area, more frequented by
Langerhans cells (dendritic, antigen-presenting cells with the remarkable

immunologic role). Melanocytes are responsible for pigment production.

The dermis stratum is much thicker than the epidermis and is divided
into papilar and reticularis strata. Blood vessels, nerves, hair follicles, sweat and
sebaceous glands are found in this stratum, thus providing nutritional and
structural support. Dendritic cells, macrophages, fibroblasts and mast cells
are the cells constituting this stratum. Fibroblasts synthesize/degrade
extracellular matrix proteins; Langerhans cells and masts are involved in
immunologic reactions together with macrophages, though the latter one is
also involved in coagulation and remodelling processes. The hypodermis
obeys the main functions of energy supply and thermal insulation, formed by
three strata (superficial, intermediate and deep) but without well-defined

limits.
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Physical injuries or skin diseases altering skin normal composition
and/or functioning can compromise skin integrity and, therefore, skin
functions. A wound is a defect or a break in the skin, with or without loss of
connective tissue. Injuries or wounds are described in different ways: based
on its aetiology, anatomical location, depending on the method of healing, on
the symptoms, etc. They can be the consequence of mechanical or thermal
damage or be the consequence of an underlying medical or physiological
condition. Injuries that do not achieve anatomic and functional integrity after
approximately six weeks of standard medical treatment are defined as chronic

wounds.

Wound healing is a dynamic and coordinated process in which the
collaborative efforts of many different tissues and cell lines are required, both
to recover the integrity of the damaged tissue and to replace the lost one.
Growth factors, chemokines, cytokines, extracellular matrix molecules, cell
adhesion molecules, among others are the main molecules allowing crosstalk
between multiple cell types involved during healing. Despite the complexity
of the process, it can be divided into four stages that overlap in time and space
(inflammation, migration, proliferation and maturation) and is completed
when skin surface is fully reformed and recovers its tensile strength. An
additional step, haemostasis, is considered if the injury happens beyond the

epidermis (reaching capillary or bigger blood vessels) and entails bleeding.

e During inflammation, vasodilation increased capillary permeation
and stimulation of pain receptors are mainly involved as a first
response toward the injury. The inflammatory response initiates by
the production of pro-inflammatory cytokines and the secretion of
prostaglandins and chemotactic substances such as complement
factors, interleukin-1, TNF-a and TGF-f3. It occurs within the first
moments and it can last for 24 h without complications. Nevertheless,
necrotic or infected injuries maintain inflammation for longer periods
(Burns et al., 2003; Eming et al., 2007; Demidova-Rice et al., 2012).

e  When migration step initiates, growth factors in the wound exudate
promote the growth and migration of epithelial cells, fibroblasts and

keratinocytes to the injured area to replace damaged and lost tissue.
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It lasts for 2-3 days and most of the time is difficult to differentiate
from the proliferation stage, since they occurs simultaneously.

e DProliferation involves the development of new tissue by re-
epithelialization, matrix and collagen deposition and angiogenesis.
Epithelial-cell migration takes place across the wound, providing
closure and visible wound contraction.

e Maturation or “remodelling phase” is the final stage in a normal skin
healing process. In this step, vasculature and enlargement of collagen
fibers take place, allowing tensile strength improvement. It is the
result of an equilibrium process between synthesis and degradation
of the extracellular matrix, mainly regulated by fibroblasts and can

last even for a year.

Multiple factors can cause impaired wound healing by affecting one
or more phases of the healing process, especially with underlying disease
states such as diabetes. Different medical approaches and therapeutic choices
can affect wound healing and skin remodelling. If wound healing does not
progress normally, a chronic wound may result, which is a significant burden
to the patient and the medical system. Chronic wounds such as diabetic foot,
venous leg ulcers and pressure ulcers have common features such as
prolonged or excessive inflammation, persistent infections, a formation of
drug-resistant microbial biofilms, and an inability of the dermal and/or
epidermal cells to respond to repair stimuli (Tenci et al.,, 2017). Chronic
wounds are a current health problem with devastating consequences for
patients and they contribute to major costs to healthcare systems and societies
(Olsson et al.,, 2017; Nussbaum et al., 2018). Treatment costs for chronic
wounds are substantial and are estimated to account for up to 6% of total
healthcare expenditure in developed countries. In the United States, it has
been reported that wounded patients cost over $25 billion annually (Sen et al.,
2009). Hospitalization costs of patients with chronic ulcers range from
US$12,851 to US$16,267 (Olsson et al., 2017). With these premises, the
development and implementation of new wound healing management
strategies and healthcare products are imperative. Adequate and
comprehensive discussions on wound healing advances require basic notions

of the different types of wounds and specific treatments for each of them.
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The use of natural inorganic materials such as clay minerals in skin
pathologies therapy goes back to prehistoric times and they continue to play
a crucial role in the design of new drug delivery systems. They were used in
the very first prehistoric remedies, including oral (geophagy) and skin
treatments. The first historical evidence of the use of clay for therapeutic
purposes appears around 2500 BC in a Sumerian-Mesopotamian tablet (Biggs,
2013). In Europe and Mediterranean countries, the pharmaceutical ancient
historical text of Greek, Roman, Byzantine and Medieval periods include clays
as “simples” (De Vos, 2010). Most of “simples” were herbal but also animal
parts and minerals (Sanchez-Espejo et al., 2017). Particularly, reports inform
that they were used as therapeutic agents during wound healing and to stop
bleeding. Cleopatra used Dead Sea mud as a natural cosmetic product and
“Nubian earth” was identified as anti-inflammatory (Gomes and Silva, 2007).
Natural inorganic products were widely mentioned in the important
historical texts constituting the European materia medica since the “Hippocratic
Corpus” (5th-4th century BC) (De Vos, 2010).

Besides clays, other inorganic ingredients have been widely used in
classical skin formulations. Paradigmatic example is the use of silver, as silver
nitrate or silver sulfadiazine applied as liquids (solutions), semisolid (creams
and pastes) and solid (pencils) forms to treat infections and chronic wounds,
such as ulcers and burns (Demling, 2001; Dunn and Edwards-Jones, 2004;
Fong, 2005). Together with its well-established antimicrobial effects, new
studies have focused on the potential effects of silver nanoparticles (as well as

other transition metals) in the healing process.

Today, natural inorganic materials such as clay minerals continue to
play an important role in conventional pharmaceutical formulations (Viseras
et al., 2019). Together, clay minerals are ingredients in complementary and
alternative medicinal products (Sanchez-Espejo et al., 2014b). Clay minerals
also play a noteworthy role in the development of innovative drug delivery
systems (Fakhrullina et al., 2015; Viseras et al., 2015; Aguzzi et al., 2016; Yang
et al., 2016b; Jafarbeglou et al., 2016; Sandri et al., 2016; Carazo et al., 2018a;
Garcia-Villén et al., 2019a).

Clay minerals are classical but also advanced excipients. They are

used in formulations designed to be administered by oral, but also topical
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route (Lopez-Galindo et al.,, 2011; Garcia-Villén et al., 2019b). Skin is the
preferred route of administration in several pathologies and topical and
transdermal products are formulated to deliver drugs onto the skin for both
local and systemic treatments. Particularly, clay minerals are a classical
compound in the elaboration of topical semisolid products and they form
pastes, poultices or liniments. For instance, currently, it is possible to find
formulations such as “Calamine Lotion” in some of the most important
Pharmacopoeias (BP, 2018; RFE, 2015; USP42-NF37, 2019). Calamine lotion,
used for skin irritation treatment, includes zinc oxide as active and

montmorillonite as an excipient in most of these regulatory procedures.

Future uses of clays and other natural inorganic ingredients in skin-
directed preparations will arise from their abilities to resolve skin pathologies
and/or to improve the transport of active ingredients to the skin. Particularly,
their use in wound healing treatments would be determined by their activity
through in vitro tests. Briefly, in vitro wound healing tests are methods to
evaluate and study cellular proliferation and migration. They are based on the
creation of an artificial gap (scratch) inside a single layer of confluence cell
culture. This cell gap can be done by physical exclusion or by removing cells
from the test area with mechanical, thermal or chemical damage methods
(Jonkman et al., 2014). If tested cells found a favourable ambience, they will
move toward the gap and proliferate in order to cover it. These tests can be
done with epithelial (fibroblasts and keratinocytes being the main ones) and
endothelial cells (Bindschadler and McGrath, 2007; Liang et al., 2007). These
cells have a “collective migration” called “sheet migration” since they move
in two dimensions while maintaining cellular contact. Cellular sheet
migration occurs during cancer metastasis, embryonic morphogenesis and
tissue injury (Jonkman et al., 2014). One of the techniques to create cell gaps
is to perform a straight scratch in the middle of the confluent culture by using
pipette tips and similar instruments (Liang et al., 2007; Kar et al., 2014;
Abduljauwad and Ahmed, 2019). Because of that, “scratch assay” or “scratch
wound healing assay” is a common terminology among researches and
widely used in the scientific literature. Nonetheless, this method is subjected
to high variability since the creation of the gap is affected by a wide variety of

factors. Currently, it is possible to use specific culture dishes, in which the gap
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is delimitated by a silicon insert. Cells are seeded inside two “growth” spaces
marked by the silicon insert and left to grow until confluence. Then, the silicon
insert is removed, leaving two cells cultures separated by a well-defined,
reproducible gap (Sandri et al., 2014, 2017; Saporito et al., 2017).

The rate of gap closure (speed of the collective motion of cells to close
the gap) is the main information extracted from in vitro wound healing tests.
Microscopic and imaging techniques are usually employed to visualize,
record, photograph and/or measure the remaining gap during the process.
Alterations of the extracellular matrix composition, environmental condition
changes and culture medium modifications are some of the strategies that can

be performed to study certain wound healing mechanisms.

Once a wound healing agent has demonstrated its potential by in vitro
test, in vivo wound healing experiments are performed over animals such as
rats or mice and should be approved by Animal Care and Use Committees.
Animals are wounded following a proper protocol, which includes
anaesthesia, hair-shave and injury creation. The wound healing process is
monitored in a continuous manner. Depending on the scope of the study,
different substances or objects can be applied over the injury in order to
address their influence during the whole process or some healing stages.
Equivalent data to “rate of gap closure” is obtained by in vivo wound healing
by measuring the animal wound diameter as time passes. For that purpose,
digital photographs should be taken at predetermined times, always placing
the animal in the same way and maintaining camera settings and height fixed.
Frequently, in vivo wound healing tests are accompanied by histopathological
analyses of the wounded area, which can be harvested at different time points

of the healing process after animal euthanasia (Ganguli-Indra, 2014).

The aim of this review is to provide a comprehensive summary of the
most recent advances and studies implying natural inorganic ingredients
(clay minerals, metal cations, zeolites, etc) in wound healing, both as active

ingredients and as excipients bestowing enhancing properties.

1.3.1.  Functions of Inorganic Ingredients in Wound Healing

The participation of inorganic ingredients in wound healing

strategies are supported by the already demonstrated biocompatibility of
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substances such as clay minerals with different types of skin cells (Lizarbe et
al., 1987; Olmo et al., 1987, Kommireddy et al., 2006) but also, and mainly
because they offer a wide variety of active functions. In the last years, they
have demonstrated to be useful in cellular adhesion, proliferation and
differentiation and therefore in tissue engineering and biotechnology
strategies (Sandri et al., 2016; Mousa et al., 2018).

Interactions between natural inorganic ingredients and living
organisms lead to different biomedical applications, based on the
establishment of either a negative or a positive haemostatic interaction
between the inorganic ingredient and the living organism (antibacterial or

haemostatic effects, respectively).

1.3.1.1. Antimicrobial Effects

Wounds compromised the barrier effect of the skin and constitute an
ideal environment for infections. Consequently, wound treatments always
require prophylaxis and/or treatment of microorganism. Numerous skin
conditions (i.e. ulcers, comedones, acne, seborrheic dermatitis, among others)
can be ameliorated by using clay minerals since they are able to adsorb
liquids, oiliness, toxins, sebum, bacteria and other wound debris (Figure 1.9)
(Meier et al., 2012; Adusumilli and Haydel, 2016).

Natural inorganic ingredients such as clay minerals have
demonstrated to kill human pathogens, including the antibiotic-resistant
strains (Morrison et al., 2014, 2016; Williams, 2017). On the other hand,
phyllosilicates possess additional physical properties such as high adsorption
capacity (due to high specific surface areas) and negative net surface charges.
These properties have also been related to antimicrobial properties due to the

adsorption of both bacteria and/or toxins from the infected sites.

Examples of clays and soils being used for the treatment of cutaneous
bacterial infections are well known and due to biotic or abiotic actions
(Carretero, 2002; Ferrell, 2008; Petkewich, 2008; Williams et al., 2008, 2011;
Otto and Haydel, 2013a; Otto et al., 2014; Friedlander et al., 2015). Biotic
antimicrobial action is ascribed to the presence of intrinsic microorganisms
growing in the midst of the inorganic material (bacteria, protozoan,

mycobacteria, bacteriophages, etc). For instance, Jordan red clay presents a
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kind of bacteria that naturally produces antimicrobial compounds, which are
responsible for the antimicrobial performance of the solid system (Falkinham
et al., 2009). Abiotic antimicrobial activities of natural inorganic ingredients
are those performed by the mineral itself. In particular, clay minerals
(negative net-surface charge) can adsorb and release toxic metals with
antimicrobial effects (Otto et al., 2014, 2016). For instance, Fe™ leachate from a
natural clay formed by illite-smectite, pyrite, plagioclase and quartz proved
effective against Gram-positive and Gram-negative bacteria, including
resistant strain (Caflisch et al., 2018).

Wound dressing

Adsorption of bacteria, toxins

Clay particles
and wound debris by clays

embedded in the
wound dressing

Inflammatory
Injured, cytokines
inflammed,

infected skin

Figure 1.9. Schematic representation of bacteria and toxins adsorption from infected wounds
by clay mineral particles. The inclusion of inorganic materials such as clay minerals in wound
dressings increase the adsorption capacity of the dressing, thus helping to eliminate wound
debris like bacteria (green) or toxins (%)

Some authors claimed that the relationship between antibacterial
activity and exchangeable cations of clay minerals should be interpreted with
precaution since not all the exchangeable ions are effective as antimicrobial
agents (Otto et al., 2016). Certain cations need special chemical environments
to be released from clay minerals (i.e. Fe™ needs acid environment)
(Cunningham et al., 2010). Additionally, a combination of multiple factors
could also be the reason for clay to have antimicrobial activity. For instance,
clay minerals can affect microbial metabolism indirectly due to alterations of

the growth medium (Haydel et al., 2007). Antibacterial effects of natural clays
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from hydrothermal deposits have been evaluated (Morrison et al., 2014).
Mineral composition of the deposit consisted of illite-smectite and quartz as
major phases, while chlorite, feldspar, gypsum, pyrite and kaolinite were also
present depending on the hydrothermal zone analysed. Escherichia coli and
Staphyllococcus aureus strains were incubated with samples from different
alteration zones of the hydrothermal deposit. Authors found that clays from
reduced mineral zones possessed bactericidal activity while clays from
oxidized zones had variable antibacterial effects. The antibacterial
effectiveness was correlated with elevated concentrations of Fe?*, Fe3* and A3+
in the aqueous leachates. The authors hypothesized that “extracellular
adsorption of Fe?, Fe¥, and Al** may result in lipid and protein oxidation,
increasing cellular membrane permeability and allowing the influx of toxic
metals. Therefore, it may be a combination of cell wall attack and intracellular
reactions that result in cell death or significant viability loss within the

experimental time frames” (Morrison et al., 2014).

Synergic effects appear by combining the physical properties of clay
minerals with other active substances. For instance, pustules, papules, cysts
and comedones produced by mild Acne vulgaris were reduced in patients
which applied clay jojoba oil mask 2/3 times a week. Jojoba oil reported anti-
inflammatory and antibacterial effects which were improved by high

adsorption capacity of the clay mineral (Meier et al., 2012).

1.3.1.2. Haemostatic Effect

The clotting process, or haemostasis, is a physiological process that
prevents blood loss through the formation of a stable haemostatic clot at the
site of bleeding. It can be divided into two basic pathways that finally lead to
coagulation and clot forming: intrinsic pathway (contact activation) and

extrinsic pathway (tissue factor).

Negatively charged surfaces can promote the intrinsic coagulation
pathway via contact activation. It is a general surface phenomenon, not a
biological recognition of certain functional groups, and has been recognized
as an important cause for poor haemocompatibility of cardiovascular
biomaterials since it is triggered by contacting blood with artificial materials.

Another important characteristic of substances able to activate contact
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coagulation cascade is their wettability (the inorganic ingredient water
contact angle being close to 0°) (Vogler and Siedlecki, 2009; Smith et al., 2015).
These two characteristics (negative net charge surface and hydrophilicity) can
be found in clay minerals (such as kaolin) and other inorganic ingredients
such as zeolites, thus explaining their use as blood clotting agents (Baker et
al., 2008; Pourshahrestani et al., 2016). The underlying mechanisms of action
of some inorganic ingredients are represented: adsorption of water molecules
into zeolite cages is promoted by cation-water interaction, concentrating
blood cells and clotting factors and promoting haemostasis (Figure 1.10); the
negative surface charge of kaolin particles leads to the activation of intrinsic

coagulation cascade (Figure 1.11).
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Figure 1.10. Mechanism of action of zeolites on blood coagulation: absorption of water
molecules into zeolite cages promoted by cation-water interactions. This interaction produces
concentration of blood cells and clotting factors, thus promoting haemostasis

1.3.2. Clay Minerals for Wound Healing

Natural clays show interesting properties for wound healing (Table
1.6) that can be improved due to synergic effects when formulated with

polymers (Table 1.7).
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1.3.2.1. Clay Minerals

Clay minerals are the minerals that are present in clay. Clay is defined
as “a naturally occurring material composed primarily of fine-grained
minerals, which is generally plastic at appropriate water contents and will
harden when dried or fired” (BP, 2018). Clay minerals are mainly
phyllosilicates (a group of silicates), but may also include other minerals that
impart plasticity and harden when dried or fired. The health uses of clays
result from their ubiquity in earth's crust and their physical (particle size and
shape, specific surface area, texture, colour and brightness) and chemical
(surface chemistry and charge) features. Particularly, clay materials mainly
constituted by some special clays (kaolinite and halloysite; smectites
(montmorillonite, saponite and hectorite); as well as fibrous clays
(palygorskite and sepiolite)) are used. They act as excipients, to facilitate the
administration of the active agents, improve their efficiency and ensure
stability until the expiration date for use by the patient, or as actives (mainly
as absorbent, antimicrobial and antiinflammatory agents) (Alberto Lopez-
Galindo and Viseras, 2004).
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Figure 1.11. Effects of kaolin on the activation of intrinsic coagulation pathway through its
negative surface charge, leading to activation of the coagulation cascade. XII, XIla, X1, XIa, IX
and IXa are intrinsic pathway clotting factors activating the coagulation cascade. The addition
of “a” to the roman numbers indicates an “activated state” of each clotting factor
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Table 1.6. Wound healing effects of clay minerals

Clay Form Effect Ref
Oregon Mineral . . .
. Antimicrobial effect (Morrison et al., 2014)
Technologies clay

Better collagen organization,
angiogenesis, re-

epithelialization and hair (Silva etal, 2013)

Palygo.réklte, follicles formation
modified X 3
alveorskite - Adequate wound healing with
balye 5 dermal papilla and hair (de Gois da Silva et al.,
E follicles only with natural 2014)
palygorskite
R (Cervini-Silva et al.,
Fast ed hibiti
Sepiolite and ast edema mibrtion 2015b)
palygorskite .. . (Cervini-Silva et al.,
Reduced lipid peroxidation 2015a)
P ted coll f ti
Mg-rich smectite romozed: comagen formation (Sasaki et al., 2017)
and angiogenesis
Silica mud (Blue Induction of skin barrier (Grether-Beck et al.,
Lagoon) proteins genetic expression 2008)
F tion of lati
Volcanic deposit orr.na Lon ofnew gram? aton (Nasirov et al., 2009)
tissue, edema reduction
Enhanced granulation, wound
c contraction, epithelialization,
g . . (Abu-al-Basal, 2012)
= angiogenesis and collagen
Black mud (Dead é deposition
2 .
sea) R Chronic wounds treatment (Belenky and Collins,
(diabeti d 2011; Wallace and Wang,
1abetc Ve&‘;‘:isn PIESSHIE  9015; Davinelli et al,,
2019)
H .
montzféi;lllf;jte Improvement of cellular (Abduljauwad and
. adhesion Ahmed, 2019)
palygorskite

Wound healing properties of a natural Brazilian palygorskite were
evaluated by Silva and co-workers (Silva et al., 2013). They compared the
natural clay sample with two organophilic samples of the same clay mineral
(alkyl-dimethyl-benylammonium chloride-palygorskite and cetyl-trimethyl-
ammonium chlorhide-palygorskite). Treatment of Wistar rats revealed that
better wound healing was obtained when natural palygorskite was used, in
comparison with the organophilized samples, which were considered toxic
since they produced vascular congestion in the wounded area. The diameter
of the lesion treated with Piaui palygorskite increased within the first week
(bigger than control groups), but then reduced within the second one (same

diameter than control groups). Despite the slower wound healing, histological
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cuts showed a better reorganization of collagen and angiogenesis within the
first 7 days, followed by re-epithelialization, dermic papillae and pillous
follicles in the 14th day. The same kind of study was performed by comparing
organophilized palygorskite with cetyltrimethyl ammonium chloride and
chloride alkyl dimethyl benzyl ammonium with a natural sample. These
compounds were subsequently tested against wounded rats in vivo (de Gois
da Silva et al., 2014). Histological cuts revealed that rats treated with
organophilized palygorskite showed mild and moderate dermal papilla
formation after 14 days, without hair follicles formation. On the other hand,
rats treated with natural palygorskite developed dermal papilla with hair
follicles after 14 days of treatment, thus revealing once again that natural clay

sample performed better wound healing results.

Table 1.6. (Continued, part 1I)

Clay Form Effects Ref
e . o B
Mite sm.echtfe, § S . . (Adusumilli and
montmorillonite, E < Antibacterial effect
.. 5 8 Haydel, 2016)
kaolinite Lo
Clay deposit (Ocara ° Thick collagen fibres deposition, (Dério et al.,
lake) % - deep dermis regeneration 2014)
Montmorillonite, g Total wound healing with vs. control (Alavi et al.,
halloysite - group (gauze without clay mineral) 2014)
. Clay. combined .With Arginine, lisine, (Ghadiri etal,
Laponite leucine, glutamic acid. Improved cell
. . 2014b)
proliferation.
g Clay and'EFG. System did not (Vaiana etal.,
= compromise EFG effect, normal
< . 2011)
S wound healing process
JED Clay and AgNPs. Antibacterial effect,
. . 8 reduced silver cytotoxicity, less scar (Chu et al., 2012)
Montmorillonite 0 .
B tissue, cleaner wound surface.
A Clay and AgNPs. Antibacterial, (Rangappa et al.,
analgesic for burns 2018)

Fentanyl AgNPs. Analgesic for

burns. (Han et al., 2017)

Sasaki and co-authors have recently reported that Mg?* and Si* ions
released by a synthetic Mg-rich smectite clay mineral can promote collagen
formation and angiogenesis on skin wounds (Sasaki et al., 2017). Fibrous clay
minerals (sepiolite and palygorskite) were evaluated in terms of wound

healing properties by Cervini-Silva and co-workers (Cervini-Silva et al.,
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2015b). These natural inorganic materials demonstrated to possess an anti-
inflammatory in vivo effect (inhibiting edema shortly after exposure).
Moreover, these very same palygorskite and sepiolite demonstrated to reduce
lipid peroxidation, though their effect being lower when compared with other

inorganic ingredients such as halloysite (Cervini-Silva et al., 2015a).

A recent and interesting study published by Abduljauwad and
Ahmed evaluated the modulation of different clay minerals toward cancer
cell adhesion (Abduljauwad and Ahmed, 2019). Kaolinite, montmorillonite,
hectorite and palygorskite were evaluated. Results showed that kaolinite
established van Der Waals interactions with cells, while hectorite,
montmorillonite and palygorskite were the most effective clay minerals
improving cell adhesion due to electrostatic forces. The establishment of
medium-strong interactions between clays and cells made that, during
wound healing scratch-assay, gap closure was found slower with respect to
the control group. On the other hand, kaolinite showed no adhesion
enhancement since the main mechanism of interaction occurred through van
Deer Walls forces (Abduljauwad and Ahmed, 2019). Author suggested these
findings to be very useful for cancer treatments, since clays favouring cellular
adhesion would potentially prevent metastasis to occur. Apart from this,
these results would allow the design of highly specific systems and devices
for wound healing (clays favouring proliferation and migration) and tissue

regeneration (clays favouring cellular adhesion).

1.3.2.2. Clay Mineral Semisolid Formulations

Most of the times, clay minerals are formulated with other ingredients
to obtain semisolid dosage forms in which the clay is an active or inactive
ingredient.

Therapeutic muds are a classical topical dosage form of clay/water
semisolid suspensions resulting from an inorganic and/or organic phase
suspended in mineral medicinal water (Mefteh et al., 2014; Garcia-Villén et al.,
2018; Khiari et al., 2019). Suspended solids are most of the time clay materials
that may be natural sediments of spring waters (natural muds) or, frequently,
incorporated to the spring water as formulation additives to obtain “artificial

muds” that should be fully characterized before using (Rebelo et al., 2011a,
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2011b; Sanchez-Espejo et al., 2014a). Both natural and artificial muds are used
in spa centres for the treatment and control of musculoskeletal disorders and
skin pathologies such as vitiligo, acne, contact dermatitis, seborrheic
dermatitis, chronic wounds among others (Fraioli et al., 2011; Giingen et al.,
2012; Ciprian et al., 2013; Tenti et al., 2015; Huang et al., 2018; Davinelli et al.,
2019).

Table 1.7. Clay/polymer hybrids in wound healing

Polymer and

1 Eff; Ref
Clay Actives ects €
Polyurethane,
sodll{m alginate, Controlled .bovme serum (Oh et al,, 2011)
bovine serum albumin release
albumin
Faster wound healing process, (Sirousazar et al.,
PVA, CS higher skin flexibility 2011)
I d th 1 stabilit
biocompatile aptimal wavr | (10 tal
CS p » OP 2012; Aguzzi et al.,
uptake, accelerated wound
. 2014b)
healing
1-Isl L.
Bacterial cellulose Antibacterial effects (Ulslam etal,
2013)
CS. silver Bactericidal, bacteriostatic
T against P. aeruginosa, reduction (Sandri et al., 2014)
sulfadiazine .
of drug toxicity
MMT Metbyl celh.ﬂose, Antlbacterlal agamst‘ P. (Mishra et al,, 2014)
sodium alginate aeruginosa and E. faecium
Prevented wound infections
Hyperbr.anc}'led anfi accelera.lted wot.md heal%ng, (Barua et al,, 2015)
epoxy resin, silver biocompatible against cardiac
and liver cells
. Faster wound healing process, (Rangappa et al.,
PVA, egg white higher skin flexibility 2017)
CSand . . (Shanmugapriya et
chlorhexidine Antimicrobial al., 2018)
Faster wound healing, less scar (Sirousazar et al
CS, PVP formation, abundant collagen 2016) v
deposition
Biocompatibility, antibacterial
PVA, CS, honey and wound healing (Perioli et al., 2019)
improvement
Reinforcement of wound
dressings and joint replacement
MMT, ‘ PVA dev1?es. (water Vapou.r (Fu et al,, 2010)
hydroxyapatite transmission rate, swelling,
compressive and tensile
properties)
Un/modified Biocompatibility, adequate
MMT, Cloisite Gellan gum swelling capacity and water (Mohd et al., 2016)
15A vapour transmission
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Table 1.7. (Continued, part II)

Clay Polymer and Actives Effects Ref.
poly(L-lactide), polymyxin . . (Shi et al.,
B, dexamethasone Antibacterial 2018)
Poly(lactic-co-glycolic) Controlled release of (Fox et al.,
acid amoxicillin 2010)
€S, amoxicillin Early re._--epithelizfition, . (Sandri et
haemostasis and angiogenesis al., 2017)
Halloysit: is (hi
alloysite o .Low hae.m.o‘lysm (hlgl’.l (Demirci et
Hyalyronic acid biocompatibility) and high
. . al., 2017)
blood clotting formation
Three-dimensional scaffold
Poly(lactic acid), poly- with improved (Wuetal,
dopamine hydrophillicity, cellular 2019)
adhesion and proliferation
lay i d
Poly(lactic-co-glycolic) Clay .mprove . (Wang et al.,
. cytocompatibility, induction
. acid . L 2015)
Palygorskite osteoblast differentiation
Chitosan, PVA, PVP, Improved healing of infected (Tenci et al.,
carvacrol chronic ulcers 2017)
L.1,. Mg N—1sopropylacr¥la.m1de Faster wound healing (Yang et al.,
silicate polymer (sericin) 2017)
. poly(sulfobetaine Ar}tlbaCtenaL. fa.St wound (Huang et
Hectorite R healing, non-stickiness to the
acrylamide), AgNPS al., 2017b)
wounded area
Unspecified pz?}lf}:ci;}iZEilz,e Good adhesion, favoured cell = (Noori et al.,
cla / i i
y Epidermal Growth Factor. attachment and proliferation 2018)
Haemostatic with reduced
Rectorite cs thrombosis side effects due to (Lietal,
effective retention of clay 2018b)
particles
Improved mechanical (Caramella
Hydrotalcite = Carboxymethyl cellulose properties and skin adhesion, et al,, 2016)

potential drug carrier

Dead Sea water and mud are extremely high in salinity and contain
sulphides, microorganisms, algae, and other bioactive materials that may
contribute to the therapeutic effect of Dead Sea water and mud (Huang et al.,
2018). The natural Dead Sea black mineral mud demonstrated wound healing
properties against problematic and chronic wounds such as diabetic, venous
and pressure ulcers (Belenky and Collins, 2011; Wallace and Wang, 2015;
Davinelli et al., 2019). Dead Sea black mud and their salts accelerated wound
enhancing granulation, wound contraction,

healing in mice by

epithelialization, angiogenesis and collagen deposition. Wound healing
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process of mice treated with Dead Sea mud was even faster than those treated
with nitrofurazone (Abu-al-Basal, 2012).

The Blue Lagoon is a geothermal spa located in a volcanic lava field
on the Reykjanes Peninsula (Iceland). Silica mud of this lake was evaluated
against keratinocytes and fibroblasts cultures. The study revealed that silica
mud was able to induce the gene expression of the skin barrier—associated
proteins, a promising effect during wound healing treatments (Grether-Beck
et al., 2008).

Pelotherapy with volcanic deposits from Azerbaijan allowed diabetic
patients to recover from low-extremities gangrenous wounds in a more
effective manner. Particularly, 86% of the patients reached complete wound
healing by the end of the treatment (which accounted for 12-15 pelotherapy
sessions of 20-30 min each). By this time, fresh granulation tissue began to

develop and signs of edema to disappear (Nasirov et al., 2009).

Clay poultices and leachates have been used as ulcer treatment.
Natural clay-rich mineral sample containing illite-smectite, montmorillonite,
kaolinite, quartz, pyrite and jarosite was evaluated in terms of antibacterial
activity (Adusumilli and Haydel, 2016). In vivo tests were performed on mice
tails infected with Mycobacterium ulcerans. This microorganism causes a skin
disease called “Buruli ulcer”, which, untreated, could lead to severe skin
necrosis. Results showed that clay poultices were more effective against
Mycobacterium ulcerans than leachates, leading authors to the conclusion that
natural inorganic ingredients were adsorbing both nutrients, cells and toxins

(such as mycolactone) from the wound.

Double-blind, randomized study involving 60 patients was
performed to evaluate the properties of a shampoo-clay (with
montmorillonite clay) on diaper rash treatment, in comparison with Calendula
officinalis. The study revealed that the clay formulation was more effective in
controlling mild to moderate diaper rash than Calendula officinalis (Adib-
Hajbaghery et al., 2014).

Talc, glycerin and polawax cream were mixed with a natural black
clay (Ocara lake, Brazil) in order to form an emulsion aiming to treat in vivo

wounds (Dario et al., 2014). Even if clay sample quality would need to be
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improved, the formulations did not compromise wound healing process in
rats. Moreover, the histological evaluation demonstrated a better deep dermis
recovery (due to a greater formation of collagen fibers) in comparison with

samples without Ocara clay.

1.3.2.3. Clay/polymer Composites and Nanocomposites

Polymer/clay mineral composite scaffolds are used in tissue
engineering due to their enhanced wound healing properties (Ninan et al.,
2015b). In most of the cases, clay minerals have demonstrated to play neutral
or synergetic wound healing effects, most of the time demonstrating
biocompatibility. Moreover, the combination of polymers and clay helps to
resolve many stability problems of polymers themselves such as thermal
stability.

Polyurethane foam was proposed by Oh and co-workers (Oh et al.,
2011) as a support material to carry a polymer-clay composite loaded with
active substances. In particular, montmorillonite-sodium alginate
nanocomposite was loaded with bovine serum albumin protein and was
subsequently added to polyurethane foam. Under vacuum conditions, the
foam was able to absorb the nanocomposite (Figure 1.12). This system was
proposed as a potential wound dressing material able to control drug release
in a pH-dependent manner due to crosslinked alginate sensitivity to pH
conditions. In this system, the presence of clay mineral was able to modify
both physical properties and BSA drug release: as higher the ratio of

montmorillonite added, the slower the BSA’s drug release profile.

Sodium montmorillonite was proposed as an epidermal growth
factor (EFG) carrier. This compound is one of the major growth factors that
stimulate cell proliferation and motility during wound healing. The
interaction between clay mineral and EFG did not cause any modification on
EFG function and did not alter clay mineral. Scratch assay demonstrated that
the composite stimulated in vitro keratinocyte growth and migration in a very

similar manner with respect to EFG alone (Vaiana et al., 2011).
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Figure 1.12. Polyurethane foam hydrogels (PUF) with montmorillonite and alginate, prepared
by vacuum process. Schematic procedure and real aspect of the hydrogels (modified from Oh et
al. (2011)). Under vacuum conditions the hydrogel was incorporated into PUF foam and then
the crosslinking was produced in CaClz solution

Nanoscale silica platelets obtained by the exfoliation of
montmorillonite were combined with silver nanoparticles and studied as
antibacterial dressings (Chu et al., 2012). The aforementioned composite in
suspension was used to soak normal gauze and applied over mice infected
wounds. In comparison with the rest of the systems evaluated (Aquacel®,
silver sulfadiazine, silver nanoparticles and polymer, silver nanoparticles
alone and nanoscale silica platelets alone), the nanoscale silica platelets with
silver performed the best in vivo wound healing activity. It produced a cleaner
wound surface, with better appearance and less scar tissue. Authors ascribed
the better performance to a reduction on silver nanoparticles cytotoxicity,

since cytokine expression was similar to Aquacel® and silver sulfadiazine.

Salcedo and co-authors evaluated water uptake, mucoadhesive
properties, cell viability and wound healing properties of a montmorillonite-
chitosan nanocomposite prepared by simple solid-liquid interaction (Salcedo
et al.,, 2012). As expected, montmorillonite alone produced a slight decrease in
the gap closure rate during in vitro wound healing, due to the previously

reported cellular adhesion improvement produced by montmorillonite
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(Abduljauwad and Ahmed, 2019). Nonetheless, the combination with
chitosan accelerated gap closure when compared with the control group. Due
to the promising results, montmorillonite-chitosan composites were
employed to develop drug delivery systems with improved characteristics.
The presence of montmorillonite allowed better thermal stability of chitosan
and silver sulfadiazine antibacterial drug (Aguzzi et al., 2014b). It performed
significant bacteriostatic and bactericidal properties against Pseudomonas
aeruginosa (Sandri et al., 2014). Moreover, montmorillonite-chitosan
combination was able to reduce the cytotoxicity of silver sulfadiazine against
fibroblasts, making it a promising wound healing formulation with reduced

skin side effects.

Montmorillonite-methyl cellulose-sodium alginate
bionanocomposite was tested for antibacterial and wound healing activities
(Mishra et al., 2014). Useful antibacterial properties were found against
Enterococcus faecium and Pseudomonas aeruginosa. The incorporation of
montmorillonite did not improve antibacterial properties in a significant
manner. Nonetheless, the incorporation of the clay increased tensile strength

and improved the physicochemical properties of the system.

Antibacterial hyperbranched epoxy resin was prepared in
combination with octadecylamine-modified montmorillonite and silver
nanoparticles (Barua et al., 2015). The slower release rate of silver from the
nanocomposite produced a slight decrease in the minimum inhibitory
concentration against S. aureus, E. coli and Candida albicans. The presence of
the clay neither reduced cardiac nor liver cellular viability. Moreover, used as
tissue scaffold over injured rats, this silver nanocomposite prevented wounds
from infections (contrary to the control group) and significantly increased

wound healing rates.

The hydrogel containing sodium montmorillonite revealed to be
biocompatible against fibroblasts cultures, whereas a commercial sample
(Cloisite 15A) and an N-hexadecyltrimethyl ammonium bromide
montmorillonite were not. This revealed that sodium montmorillonite
resulted more useful as a wound healing candidate in combination with
gellan gum, both due to its physicochemical and biological properties (Mohd
et al., 2016).
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The addition of palygorskite clay mineral into poly(lactic-coglycolic
acid) nanofibers has demonstrated to increase cytocompatibility and to

induce osteoblastic differentiation (Wang et al., 2015).

Halloysite-chitosan nanocomposites were subjected to in vitro and in
vivo tests. Both kinds of assay demonstrated the system to be biocompatible
and to induce re-epithelialization, haemostasis and angiogenesis (Sandri et al.,
2017). Cryogels of halloysite and hyaluronic acid were obtained and
characterized. In terms of wound healing properties, the in vitro haemostatic
assays revealed the gel containing the clay mineral produced low haemolysis

and high blood clotting indices (Demirci et al., 2017).

Polymer/clay scaffolds have also been proposed for tissue
engineering purposes, in which cellular orientation and interaction with the
scaffold play an important role. Three-dimensional scaffolds formed of
polylactic acid functionalized with polydopamine and halloysite nanotubes
have been recently evaluated in terms of cellular adhesion, proliferation and
orientation (Wu et al., 2019). The addition of polydopamine and halloysite
nanotubes occurred simply by a coating process of the already prepared 3D
polylactic acid scaffold. The authors concluded that the halloysite nanotubes
effectively improved the surface roughness and the hydrophilicity of the

scaffold as well as better cellular adhesion and proliferation.

A lithium magnesium silicate hydrate was crosslinked with N-
isopropylacrylamide polymer and combined with sericin in order to create
temperature-sensitive wound dressings with improved properties and
antimicrobial activity (Yang et al., 2017). Sericin, a natural macromolecular
protein derived from Bombyx mori (silkworm) and formed by 18 different
aminoacids (mainly serine). Antimicrobial activity of the resultant hydrogel
has been related to the interaction between sericin and bacteria: bacteria
would be sorbed by sericin by charge interaction and adsorption of anion
materials inside cells, once the protein passes the cellular membrane. These
novel wound dressings were able to retain and effectively carry sericin,
allowing faster in vivo wound healing process with respect to the control
group. Moreover, antimicrobial properties would prevent secondary wound

infections.
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Laponite was combined with different aminoacids in order to test
their effect during fibroblasts proliferation (Ghadiri et al., 2014a). Authors
found that either laponite clay or the combination of arginine, lysine or

leucine with the clay were able to improve cell proliferation.

Laponite combined with gellan gum methacrylate polymer has also
been studied (Pacelli et al., 2016). Though no wound healing tests were
performed, authors claimed that the presence of laponite gave the systems
enough thermal stability to resist thermal sterilization. Moreover, laponite-
gellan gum methacrylate was considered biocompatible according to the

international guidelines on the biological evaluation of cytotoxicity.

Silver nanoparticles have also been proposed in combination with
poly(sulfobetaine acrylamide)-hectorite hydrogels. The system has been
evaluated as wound dressings aiming to treat chronic wounds (Huang et al.,
2017b). Hydrogel’s mechanical properties were reinforced by the presence of
hectorite while silver nanoparticles allowed effective antimicrobial activity
against Pseudomonas aeruginosa and Staphyllococcus epidermidis. Wound
healing test demonstrated that poly(sulfobetaine acrylamide)-hectorite
hydrogels were effective for in vivo wound healing, having significant
improvements with respect to Aquacel®Ag commercial dressings. At the end
of the treatment, rats had full re-epithelialization and new-formed connective
tissue. Another advantage of this system was its non-sticky property,
allowing dressing changes without further injures in the wounded area, as it
happens sometimes with traditional dressings. Therefore, it offers
antibacterial, fast wound healing as well as less pain during wound
treatments, which renders them as a perfect candidate in the treatment of

burns.

Clay minerals, as well as their formulations and clay-polymer
composites can be part of specific medical devices destined to treat wounds

and denominated “wound dressings”.

1.3.2.4. Clay Minerals in Wound Dressings

Dressings are a type of medical device used to cover wounds in order
to promote wound healing and protection from further harm. Wound

dressings are the main strategy for wound healing treatments and they are
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designed to control the environment during the healing process. Since they
are intended to be in direct contact with the wounded area, they should
accomplish certain characteristics and requirements (Jones et al., 2006;
AAWC, 2020):

e should be able to maintain an adequate degree of humidity at the
wound site and to control the excess of exudate, if it exists,

e must be free of toxic components and/or wound contaminants,

¢ non-toxic and non-allergenic,

e protect wound for further trauma,

e could be removed without causing trauma,

e impermeable to microorganisms,

e must provide thermal insulation,

¢ allow adequate water vapour transmission.

Other requirements such as comfort, conformability, long shelf life
and cost-effectiveness are additional properties crucial for the acceptance of
patients and the commercialization of the wound dressing. Currently is it
possible to find different types of wound dressings that are able to address
different kind of conditions: high, medium or low degree of wound
exudation, infected wounds, necrosis, open/close wounds, place of the body
in which the wound is located, etc (Jones et al., 2006; AAWC, 2020).

In recent years, different clay-based dressings have been proposed, in

which clay minerals play different roles:

e Carriers of additional active substance, such as antimicrobial, anti-
inflammatory, analgesic drugs, growth factors.

e As active substances themselves (adsorbents of bacteria, toxins
and/or debris present in the wound, intrinsic anti-microbial
properties, haemostatic agents, enhancers of loaded drugs activity,
wound healing stimulators, physical support for cell growth) (Otto
and Haydel, 2013a; Sandri et al., 2016).

e As additional ingredients improving mechanical and/or physical
properties of the synthesized dressings such as tensile properties
(including breaking stress and elongation at break), compressive
properties, water vapour transmission rate (Figure 1.13) and swelling

ratio.
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Figure 1.13. Ideal wound dressing should allow gas exchange and simultaneously protect the
wound against external humidity and pathogens. In this schematic representation, carbon
dioxide, water vapour and oxygen are able to cross the wound dressing, while water (liquid)
and pathogens are retained in the surface

Laponite-mafenide wound dressing (synthetic smectite-antimicrobial
agent) demonstrated to be effective against Gram-positive and Gram-negative
bacteria (Ghadiri et al., 2014b). This device was proposed as burn wounds
treatment, since it would not require to be spread over the skin, thus reducing
pain during the treatment. The activity of mafenide was not compromised
and, additionally, Mg? release from laponite structure favoured cell growth

rate and decreased cytotoxicity of mafenide molecule.

Polymeric hydrogels are frequently used in wound dressing design,
specifically in dry wounds, according to the Association for the Advancement
of Wound Care (AAWC, 2020). The addition of clay minerals to the polymeric
matrix allowed both materials to establish interactions leading to
improvements on the mechanical properties (strength and elasticity) and
absorptivity of the nanocomposite hydrogels. Unlike wound dressings
without polymeric matrix, these kind of pads can keep the wound moist and
prevent secondary infections (Zhao et al., 2015), which could also be useful in

some cases.

Dressings of poly(vinyl alcohol) and organically-modified
montmorillonite (cetyltrimethylammonium bromide) were prepared by using
freezing-thawing method. Biocompatibility was tested against lymphoblasts
and in vivo wound healing assays were performed with mice. The system was
found biocompatible and was able to accelerate wound healing process in

comparison with sterile normal gauze. Little scar formation was found and
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the tensile properties of the re-epithelized skin were better for the group
treated with poly(vinyl alcohol)-montmorillonite dressings (Sirousazar et al.,
2011).

Bacterial cellulose dressings were impregnated with different cation-
exchanged montmorillonites (sodium, calcium and copper). All
nanocomposites were evaluated as antibacterial wound dressings aiming to
reduce wound infection risks during healing. The study revealed that
composites containing calcium and copper montmorillonite (together with
cellulose) were the most effective against Escherichia coli and Staphylococcus
aureus cultures. Antibacterial activity of dressings containing montmorillonite
was more effective than bacterial cellulose alone (Ul-Islam et al., 2013). A
similar study evaluated the effectiveness of gauzes impregnated with
montmorillonite and halloysite on haemostasis and wound healing (Alavi et
al.,, 2014). These impregnated sterile gauze pads absorbed water in the wound,
thus concentrating the cellular and protein components of blood and
consequently enhancing the formation of a clot. The evaluated system also
played a significant role in accelerating the wound healing rate in vivo (Wistar
rats). Additionally, authors did not report exothermic reactions during the
clot formation, as happened with zeolitic-based gauze (QuikClot®) already

commercialized (Baker et al., 2008).

One of the main problems of these inorganic based devices inducing
clot formation is their risk of thrombosis. The entrance of mineral particles in
the bloodstream could cause thrombosis, jeopardizing their safety. Current
challenges imply the retention of mineral particles in a support material that
prevents their release and entrance in the bloodstream. This was one of the
main scopes of Li and co-workers (Li et al., 2018b) when they proposed the
crosslinking of quaternized carboxymethyl chitosan and rectorite clay
mineral. Rectorite is an interstratified dioctahedral natural phyllosilicate. The
result was a viscous biomimetic mucus with effective haemostatic activity.
The crosslinked polymer/clay network allowed high surface and reduced clay
particle release. Moreover, this product was able to be injected, thus opening

the possibility to be applied to irregular, severe wounds.

The presence of a negative net charge surface on clotting materials has

been recently confirmed by Long and co-workers (Long et al., 2018). They
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studied the platelet aggregation of kaolin particles charged with iron oxide
and confirmed that as higher the negative net charge, the better the
coagulation activity. Synergic activity between kaolin and iron oxide was
found during the coagulation process. Moreover, in vivo wound healing
demonstrated that the composite kaolin-iron oxide favoured wound healing
and had lower haemolytic activity than raw kaolin. Despite natural inorganic
ingredients effectiveness inducing clot formation and their effective
commercialization, it is a study field still on its peak since toxicological studies
are still necessary in order to optimize and reduce side effects such as vascular
thrombosis. In fact, when used as haemostatic agents, montmorillonite and
WoundStat® showed higher toxicity against endothelial cells and
macrophages than zeolite and kaolin after direct contact (Bowman et al.,
2011).

Montmorillonite-chitosan films loaded with chlorhexidine were
proposed as wound dressings to prevent both wound infections and to reduce
cytotoxicity of the active substance against human fibroblasts and
keratinocytes (Ambrogi et al., 2017). Additionally, prolonged and localized
chlorhexidine release was obtained. Montmorillonite and chitosan were also
used by Shanmugapriya and co-workers in combination with
polyvinylpyrrolidone to obtain films (Shanmugapriya et al., 2018). Full solid-
state characterization was performed as well as cytotoxicity and wound
healing studies. The authors concluded that in vivo wound healing occurred
faster with these films, reaching full healing after 16 days. Less scar formation

and abundant deposition of collagen were also demonstrated.

Egg white/polyvinyl alcohol/montmorillonite polymeric hydrogel
dressings were developed by Sirousazar and co-workers. Rapid wound
healing was obtained, the system protecting the wound from secondary
infections. Authors ascribed the better tensile properties of healed skin to the
moist environment created by the polymeric dressings as well as to the
presence of egg white, thus collagen formation being improved (Sirousazar et
al., 2016).

Montmorillonite dermal patches have been loaded with silver
nanoparticles, lidocaine and fentanyl drugs in two different studies

(Rangappa et al., 2017, 2018). In both cases, patches were intended for burns
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wound healing purposes due to the antimicrobial (silver) and antinociceptive
(lidocaine and fentanyl) activities. Montmorillonite acted as a skin smothering
agent and drug release controller, leading to effective drug doses since
antibacterial and analgesic properties have been demonstrated in vitro and in

vivo.

Han and co-workers elaborated wound dressings with good and
reproducible adhesiveness. They combined polydopamine and
polyacrylamide polymers with an unknown clay (not specified in the study)
(Han et al., 2017). Apart from the characterization and evaluation of
mechanical properties, cell adhesion and in vivo wound healing tests were also
performed. Biocompatibility was confirmed since fibroblasts adhered to the
hydrogel maintaining their normal phenotype. Moreover, the wound healing

process was improved due to better cell migration and proliferation.

Poly (vinyl alcohol)/chitosan/honey/montmorillonite nanocomposite
has been recently evaluated as wound dressing (Noori et al., 2018). This
formulation showed in vitro and in vivo biocompatibility, antibacterial and
wound healing activities. Cytotoxicity test results demonstrated no

cytotoxicity in nanocomposite hydrogel system.

Hybrid films designed with palygorskite loaded with Carvacrol, a
monoterpene phenolic compound with an antioxidant, antifungal and
antimicrobial properties and different polymers (polyvinylalcohol, polyvinyl-
pyrrolidone and chitosan) demonstrated a significant improvement of

infected ulcers healing, compared to commercial dressings (Tenci et al., 2017).

Hydrotalcite is a layered double hydroxide clay (anionic clays) with
interlayer anions easily exchanged for other inorganic or organic species. This
mineral has been synthesized and proposed as polymeric wound dressing
reinforcement by (Perioli et al., 2019). The addition of small amounts of
hydrotalcite to carboxymethyl cellulose showed improvement in mechanical
properties and skin adhesion properties. Moreover, the presence of a layered

mineral gives the system the possibility to act as a potential drug carrier.

Electrospinning is one of the most versatile current techniques to
produce polymeric nanosized fibers with advantageous properties such as

wide range pore sizes, high specific surface and area/volume ratios. It consists
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of the combination of electrical forces to produce polymer fibers with different
diameters (from 2 nm to several micrometers). Natural and synthetic
polymers have been electrospun starting from polymeric solutions. The way
in which electrospun fibers assemble allows their use in a wide range of
applications such as wound-dressing materials, drug delivery systems and
tissue-engineering scaffolds (Caramella et al., 2016). Electrospun materials
meet most of the requirements outlined for wound dressing devices (such as
appropriate water-vapour transmission rate and gaseous exchange ability,
adhesion and/or biocompatibility) due to their microfibrous and nanofibrous
structure (Bhardwaj and Kundu, 2010).

Electrospun poly(L-lactide)/halloysite nanotubes mats were
evaluated as dual drug carriers of polymyxin B sulphate (hydrophilic drug)
and dexamethasone or ciprofloxacin (hydrophobic drugs). Due to its widely
demonstrated biocompatibility, halloysite was chosen as a drug carrier,
providing synergic controlled release of the drug together with the polymer
matrix. Moreover, tensile strength and thermal stability of the electrospun
dressings were also improved by the presence of the clay mineral
Additionally, systems performed considerable antibacterial activity and
provided effective protection against secondary wound infections. In vivo
studies revealed that, after 14 days, wounds treated with electrospun
polymer/clay mats were completely healed with respect to the control group
(Zhang et al., 2015; Shi et al., 2018). Similar results were obtained by Tohidi
and co-workers (Tohidi et al., 2016) when halloysite was added to electrospun
poly(lactic-co-glycolic acid) and loaded with amoxicillin. The authors
proposed this system as potential wound dressing, in which halloysite
allowed controlled released of amoxicillin, reducing burst release. Moreover,

physical properties were improved by the presence of the clay.
1.3.3. Other Inorganic Materials for Wound Healing

1.3.3.1. Zeolites

Zeolites are hydrated tectosilicates, a type of microporous crystalline
aluminosilicates formed of tetrahedra in which the nucleus is Si or Al

covalently bonded to O atoms. These basic units combine to generate different
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frameworks with pore sizes ranging from 4-12A. In the zeolite structure, the
differences in Si and Al valence (Si tetravalent and Al trivalent) originate an
excess of negative net charge, compensated by extra-framework cations
(typically alkali and alkali earth metals). Zeolites are similar to clay minerals,
since both materials are able to exchange cations and have high specific
surface areas. Zeolites have multiple industrial uses and they have also been
proposed as wound healing agents (Table 1.8). Particularly, zeolites are used
as gas storage materials due to their large specific surface area. Exchangeable
cations of zeolites have a high affinity for gases such as nitric oxide. Nitric
oxide is important for the regulation of a number of diverse biological
processes such as vascular tone, neurotransmission, inflammation, wound
healing and barrier for pathogens. Topical delivery of nitric oxide through a
wound dressing has the potential to reduce wound infections and improve
the healing of acute and chronic wounds. In fact, zeolite A loaded with nitric
oxide demonstrated to be effective against common wound pathogens with
relatively low concentrations (Fox et al., 2010; Neidrauer et al., 2014). Zeolites
have also the ability to deliver other gases, such as oxygen, to injured cells
(Seifu et al., 2011).

Zeolites have potential for soft tissue engineering and regeneration.
Scaffolds made of pectin, gelatine or gelatine/hyaluronan matrix with copper-
activated faujasite (a natural zeolite) were used for skin tissue engineering.
Skin regeneration of wounded rats was improved by these scaffolds due to
the delivery of oxygen from faujasite particles. Additionally, antimicrobial
properties were provided by copper particles (Ninan et al., 2013, 2014, 2015a).
Zeolite Y (a synthetic zeolite) demonstrated to favour fibroblast migration
when added to in vitro wound healing cultures (scratch-assay): control group
needed 20 h to close, while zeolite Y samples closed the gap faster (Asraf et
al., 2019). In this very same study, the functionalization of zeolite Y with (3-
aminopropyl) triethoxysilane gave the system antibacterial activity.
Nonetheless, the presence of the amine compromised the biocompatibility of
the system, as demonstrated by the slower in vitro gap closure and necrosis of
cells (Asraf et al., 2019).

Different wound dressings were evaluated in an in vivo study with

rats. Traumadex®, clinoptilolite, alginate, hydrogel and Biobrane® dressings
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were compared, clinoptilolite demonstrated to provide better wound healing
rate and healing quality (Uraloglu et al., 2014). Recently, zeolites have been
proposed as part of wound dressings with control drug delivery properties.
Natural zeolite clinoptilolite and a type-A zeolite have been loaded with silver
ions and incorporated into chitosan films in order to be used as wound
dressings for chronic wounds (Barbosa et al., 2016). In this study, researchers
investigated the physical properties of the final composite films, comparing
the synthetic zeolite (type A zeolite) with the natural one (clinoptilolite). Type-
A zeolite film was more hydrophilic than clinoptilolite, although
clinoptilolite/chitosan films demonstrated to have greater thermal resistance
(Barbosa et al., 2016).

Salehi and co-workers tested the biocompatibility and wound
dressing properties of starch-based nanocomposite hydrogel scaffolds
reinforced with zeolite nanoparticles as wound dressings (Salehi et al., 2017).
Chamomile extract was added to the system in order to accelerate wound
healing, since the system was intended to treat chronic refractory ulcers.
Wound dressings with all three components showed significant wound size
contraction with respect to control groups. In vitro, and in vivo analyses were
carried out in order to assess the safety of the system before being applied to
real patients. The ulcers of all patients healed without hypersensitivity

reaction.

More recently, sodium and zinc zeolite A particles were combined
with low-methoxyl pectin to form hydrogel-based wound dressing.
Theophylline was used as a model drug and loaded onto zeolites (Salehi et
al., 2017). The system was biocompatible to human dermal fibroblasts and did
not hinder cellular migration during in vitro wound healing. Moreover,

swelling capacities and oxygen transmission rates were also optimal.
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Table 1.8. Use of zeolites in wound healing formulations

Zeolite Formulation Effects Ref
Cotton and
lyester fabri
. o 'po yester fa r1.cs UV and antimicrobial protection, (Ninan et
Clinoptilolite impregnated with . .
. . improved wound healing al., 2013)
micronized
clinoptilolite
. - . . . (Barbosa et
Clinoptilolite Wound dressing Better in vivo wound healing rate al,, 2016)
Clinoptilolite, Haemostasis without exothermic =~ (Paydar et
R Gauze .
mordenite reaction al., 2016)
Polyurethane 3D Oxygen supply by the zeolite
Fluorinated scaffolds for increased proliferation activity of =~ (Grancaric¢
Zeolite Y vascular human coronary artery smooth et al., 2009)
replacement muscle
Faster in vitro wound closure
with respect to control group.
. o Antibacterial activity by (Uraloglu et
Zeolite Y Non specified cytotoxic to fibroblasts if al., 2014)
combined with (3-aminopropyl)
triethoxysilane
Polymeric porous
scaffold of Increased oxygen s-up-)ply. (Ninan et
L accelerated re-epithelialization
hyaluronic acid and ir al., 2014)
. and collagen deposition
gelatine
i ffol I 1
Faujasite Compos1t.e scaffold ncreased oxygen supply (Ninan et
of gelatine and promoted cell proliferation, al,, 2015a)
copper antimicrobial activity N
Hybr?d mem.brane Antibacterial acti.vity, improved (Ninan et
with pectin, wound healing and re-
o e e al., 2015b)
faujasite and copper epithelialization
Bi ibl hi i 1
Zeolite A Pectin hydrogel iocompatible, .not indering (Ostomel et
wound healing process al., 2006)
Zeolite, . (Yuetal,
montmorillonite Powder Haemostasis 2019a)
Wound dressing Biocompatible, improved wound .
. . . (Salehi et
Nanozeolite with starch and healing, absence of al,, 2017)
chamomile hypersensitivity reactions 7
. Cotton wound Haemostasis without exothermic =~ (Long et al.,
Chabazite . .
dressing reaction 2018)

Zeolites have demonstrated to be very useful for haemostatic
procedures (Ostomel et al., 2006). QuikClot® is the most famous zeolite-based
haemostatic product. It is composed of a synthetic zeolite that adsorbs water
and promotes clot formation (Alam et al., 2003, 2004). Nonetheless, the
haemostatic reaction was exothermic, which limited its use. This discovery

opened a field of study to search for new natural inorganic, haemostatic
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ingredients. Natural zeolite from Jinyun, China, composed of clinoptilolite
and mordenite, was proposed to form a clotting gauze. This system was
compared with Quikclot® in vivo and the results were very promising. Both
systems achieved 100% blood clotting formation, but the natural zeolite
system produced lower mortality and no exothermic reaction (Li et al., 2012).
The combination of zeolite-montmorillonite as haemostatic ingredient and its
wound healing interference was also tested through in vitro tests (Paydar et
al., 2016). The wound healing process of rats after the application of zeolite-
montmorillonite powder might negatively affect the healing process due to
the vasoconstriction and inhibition of angiogenesis. That is, the system was
effective during bleeding, but appeared to compromise the rest of the healing
process. Another zeolite-cotton patch has been synthesized and evaluated by
Yu and co-workers (Yu et al., 2019a). They synthesized chabazite particles
onto the surface of cotton fibers, aiming to be used as an effective haemostatic
material. The authors claimed that chabazite particles were tightly bound to
cotton. In vitro and in vivo coagulation assays showed effective clot formation
in short times with respect to the control (kaolin Combat Gauze). Moreover,
no exothermic reaction was found for chabazite-cotton dressings, thus

overcoming the initial problem of zeolite-based wound dressings.

1.3.3.2. Silica and Other Silicates

Polyethylene-silica particles were loaded with viable keratinocytes by
Bayram and co-workers (Bayram et al., 2005). The aim of the study was to use
the polymeric-mineral base to deliver cells into diabetic foot ulcers (40
patients, grade ulcers II and III). Results showed that these keratinocytes-

loaded microcarriers were able to shorten and improve ulcer healing.

Fumed silica is an inorganic material (5iO2) obtained by a pyrolysis
method in which silicon tetrachloride reacts with oxygen in a flame, and the
SiO:z seed grows in size or aggregates. Fumed silica shows low bulk density
and high surface area, being used in several medicinal applications.
Electrospun-wound dressings containing chitosan-polyethylene oxide
nanofibrous mats with fumed silica particles and cefazolin were produced
(Fazli and Shariatinia, 2017). Cefazolin release occurred in a sustained manner

and possessed remarkable antibacterial activities against Staphylococcus aureus
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and Escherichia coli. Wound healing process observed on Wistar rats allowed

authors to confirm the usefulness of the proposed dressings.

Synthetic mesocellular foams are mesoporous silica materials, with a
large surface area and open framework structure. The silica framework
structure is made up of cages connected by windows, both of which are
monodispersed in size. This inorganic material has been suggested as an
accelerator of blood clotting formation, critical first step during healing
process. Yao and co-workers (Li et al., 2013) synthesized MCEF-26 and
evaluated cytotoxicity over umbilical endothelial cells and keratinocytes,
demonstrating better biocompatibility with other inorganic materials such as
kaolin. Moreover, results showed that MCF-26 had a very similar role during

coagulation with respect to other layered clay minerals.

Tourmaline is a boron-based ring silicate mineral group belonging to
the trigonal system. In terms of wound healing and skin therapy, this material
has demonstrated to improve cell growth (Jin et al., 2003; Xia et al., 2003).
Recently, tourmaline films combined with chitosan were tested in vitro and in
vivo. The study demonstrated that the nanocomposite improved cell adhesion
and proliferation. Moreover, newly formed and mature blood vessels and

faster dermis regeneration have been obtained (Zou et al., 2017).

A porous nanocrystalline mullite (a nesosilicate) composite was
loaded with copper and silver nanoparticles by a simple adsorption process.
Both copper and silver nanocomposites showed effective antibacterial
activity, copper being the most active. In vitro wound healing scratch assay
(fibroblasts) showed none of the nanocomposites hindered artificial gap
closure with respect to the control group (Kar et al., 2014). Regarding mullite,
there is also a patent in which mullite takes part of a product able to promote
haemostasis, wound healing and antimicrobial properties, among others
(Wuollett and Wuollett, 2013).

1.3.3.3. Other Minerals

Poly(vinyl alcohol) was combined with hydroxyapatite and bentonite
to create hydrogel nanocomposites useful in joint replacement and as wound
dressings, respectively (Gonzalez et al., 2012). Water vapour transmission

rate, swelling, compression and tensile tests were performed, showing the
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addition of minerals of great use since they reinforced specific properties of
each nanocomposite. In particular, poly(vinyl alcohol) and bentonite
composite possessed remarkable antibacterial activity against Escherichia coli
and Listeria monocytogens as well as proper water vapour transmission rate

values.

Mg/Al hydroxycarbonate was loaded with diclofenac sodium and
combined with poly(e-caprolactone) to synthesize suture fibers with analgesic
effect (Catanzano et al., 2014). Fibers were prepared by melt-spinning process
implying extrusion since this method produces fibers with better mechanical
properties than electrospinning. Particularly, authors found that the addition
of hydroxycarbonate loaded with diclofenac performed better tensile
properties than poly(e-caprolactone) loaded with diclofenac. Moreover,
hydroxycarbonate loaded with diclofenac prolonged drug release for up to 55
days. Regarding in vivo studies, mice sutured with poly(€-
caprolactone)/hydroxycarbonate/diclofenac sodium were the only ones
showing granulation tissues. The authors ascribed the presence of granulation

tissue to a more effective and earlier wound healing process.

Borate bioactive glass is an inorganic, degradable, biocompatible
material. Borate glass possesses a microstructure similar to that of dry human
trabecular bone with remarkable applications in bone tissue engineering and
wound healing (Fu et al., 2010). Copped-doped borate bioactive glass was
combined with poly(lactic-co-glycolic acid) to form wound dressings loaded
with vitamin E. Angiogenesis, migration, tubule formation and wound
closure were improved by the use of the borate/polymer dressing (Hu et al.,
2018a).

1.3.3.4. Transition Metals

Transition metals such as Cu, Zn, Mn, Fe, Ag, Co and Au are essential
microelements with various biological functions in tissue regeneration (Yang
etal., 2018). These metals play different roles in living organisms (i.e. cofactors
of different essential enzymes) apart from antibacterial activity and wound
healing (Table 1.9) (Mourifio et al., 2012; Olaifa and Fadason, 2017). A recent
study has evaluated the effects of iron, copper, zinc and magnesium in wound

healing process (Coger et al., 2019). Supplementation of Zn, Fe and Mg would
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be advisable from the late inflammation step until the mid-proliferation
phase, while Cu may be more useful during the early stage of the wound
healing. Authors claimed these results “help to optimize compositions of
metal ion-based ointments and wound coverage’s to enhance the wound
healing process”. On the other hand, iron concentration in the site of wound
increases monocyte recruitment from blood circulation and senescent
fibroblasts. Iron-dependent regulation of macrophages and fibroblasts and
related pathologies linked to non-healing chronic wounds has been recently
reviewed (Wlaschek et al., 2019). Iron-dependent oxidative stress affects
distinct cells and initiates and maintains the pathology of non-healing
wounds. Therefore, a proper equilibrium is required, thus reinforcing the idea
of a proper supplementation of the element in different wound stages (Coger
etal., 2019).

Silver has been used for centuries to prevent and treat a variety of
diseases including pleurodesis, cauterisation, and healing of skin wounds
(Klasen, 2000; Hanif et al., 2003; Antonangelo et al., 2006). Silver remains the
most studied metal for medical purposes, especially due to its antibacterial
activity. Classical formulations included silver as nitrate or other salts.
Nanotechnology has provided a way of producing colloidal silver
nanoparticles (AgNPs) with a wide variety of properties and high potential of

new applications (Verma and Maheshwari, 2019).

In health science, one of the most important roles of AgNPs is their
antimicrobial activity. AgNPs can play an important role during infected
wound healing treatments, both as antimicrobial and as prophylactic agent
(prevention of wound infection). They are effective against Acinetobacter sp.,
Escherichia sp., Pseudomonas sp., Salmonella sp., Bacillus sp., Enterococcus sp.,
Listeria sp., Staphyllococcus sp. and Streptococcus sp., also being potentially

active against fungi and virus.

Silver-based dressings are excellent candidates in the composition of
wound dressing, in which AgNPs have shown antimicrobial activity, but also
able to regulate the deposition of collagen (Kwan et al., 2011). Spongy
composites with chitosan, glutamic and hyaluronic acid and AgNPs,

synthesized by freeze-drying, showed activity against Escherichia coli and
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Staphyllococcus aureus and complementarily, promoted in vivo wound healing

(Lu et al., 2017).

Table 1.9. Functions of transition metals in wound healing

Metal Form

Grafted dressings

Nanocrystalline silver
dispersion in PVA

Non specified

Dressings moist with
aqueous AgNPs

AgNPs

Non specified

Spongy composites of silver
nitrate, chitosan, glutamic
and hyaluronic acid

Non specified

Tannic acid-modified AgNPs

Gelatin/chitosan/AgNPs
sponge dressings

Chitosan dressing

Electrospun fibers

Ag, 7
& en polycaprolactone and PVP

Gelatin cryogel doped with
Zn
Zn
Zein protein and
Ti polydopamine nanofibrous
scaffolds

Effects
Overall decrease in the
inflammatory response, modulation
of local and systemic inflammatory
response by cytokine modulation,
no scar formation and faster wound
healing
Suppression of inflammatory
cytokines and metalloproteinase-9
help to heal ulcerative colitis
Suppression of endothelial cell
migration mediated by vascular
endothelial growth factor
Interaction of AgNPs with dermal
cells induced IL-4 release with
antiinflammatory response of the
surrounding tissue
Decrease of cytokines production,
maintaining low level after UVB
irradiation and Pre-administration
of AgNPs reduced level of
cytokines and presented long-term
protective effect

Antibacterial activity

Anti-inflammatory and
antimicrobial effect, amelioration of
wound repair in diabetic mice
Antibacterial, anti-inflammatory,
accelerated wound healing
Good biocompatibility, shorten
wound healing time
Antibacterial, wound healing
improvement, good
biocompatibility
Synergic antibacterial effect,
reduced cytotoxicity with excellent
physicochemical properties
Reduced leucocyte infiltration,
improved dermis components
generation and accelerated wound
healing

Higher wound healing closures
both in vitro and in vivo

Ref

(Tian et al.,
2007)

(Bhol and
Schechter, 2007)

(Kalishwaralal
et al., 2009)

(Nadworny et
al., 2010)

(David et al.,
2014)

(Lu etal., 2017)

(Krishnan et al.,
2018)

(Orlowski et al.,
2018)

(Yeetal., 2019)

(Ran et al.,
2019)

(Hu et al.,,
2018b)

(Luong et al.,
2019)

(Babitha and
Korrapati, 2017)

104



1.3. Natural Inorganic Ingredients in Wound Healing

The importance of particle size in silver antibacterial activity has been
demonstrated by Orlowski and co-workers (Orlowski et al., 2018). They
synthesized different tannic acid-modified AgNDPs. Particularly, silver
nanoparticles higher than 26 nm showed good biocompatibility, effective
antibacterial and anti-inflammatory properties, which translate into

accelerated wound healing.

Table 1.9. (Continued, part 1I)
Metal Form Effects Ref

Skin cancer treatment, cell

Electrospun membranes of . (Wang
. adhesion support, cellular
Cu poly(e-caprolactone),poly(lactic roliferation. mieration and etal,
acid) and chitosan P v migra 2017)
angiogenesis
P, t
Gold nanoparticles and Faster in vivo wound healing with ( z? €
keratinocytes growth factor respect to both components alone 20 l‘é)
Synergic effect between gold and (Wan.
A Gold nanoparticles and LL37 LL37 peptide, allowing faster tal &
" peptide wound closure, re-epithelialization Z 0;18.),
and granulation tissue
R kable bi ibility, 1 Y
N-glucosamine gold emar able biocompatibility, less = (Yang et
anoparticles inflammatory cells, better al.,
P reepithelialisation and less bacteria 2019)
Anti ial, h i Y
Chitosan/silk fibroin/tannic acid ntlbactena. » haemostatic ag.e nt (Yuet
Fe crvogel (clot formation), wound healing al.,
Y08 acceleration 2019b)

Another important role of AgNPs during wound healing is their anti-
inflammatory activity. Wound healing properties of AgNPs were evaluated
by Tian and co-workers (Tian et al., 2007) in a rat model. They found that these
particles were able to exert rapid healing in a dose-dependent manner with
lower scar tissue formation. Authors related these effects to a local

modulation of the inflammatory response.

Nanocrystalline silver particles were used to treat ulcerative colitis in
an in vivo study by oral or intracolonical administration (Bhol and Schechter,
2007). Authors claimed that the suppression of inflammatory cytokines and
metalloproteinase-9 (or gelatinase B) by nanocrystalline silver particles may
be the mechanism of action responsible for the anti-inflammatory activity. The
anti-inflammatory effects of AgNPs were related to a direct interaction
between the nanoparticles and some skin cells (keratinocytes, fibroblasts and

antigen-presenting cells) (Nadworny et al., 2010). These interactions released
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biochemical signals such as IL-4, which resulted in anti-inflammatory
response of the remote tissue. “Nanocrystalline silver placed on uninjured
tissues, or portions of an injury, could potentially reduce inflammation
throughout an injured area” (Nadworny et al., 2010). AgNPs obtained by a
green method (using European black elderberry extract as reducer) also
demonstrated anti-inflammatory and wound healing properties (David et al.,
2014). Both in vitro and in vivo tests were performed and demonstrated a
decrease in cytokine production. Moreover, the authors demonstrated the
possible use of synthesized AgNPs for the treatment of psoriasis. The scarce
biocompatibility of silver-ion compounds has opened a new research line.
Biogenic silver nanoparticles were obtained by Brevibacillus brevis and its
activity evaluated over wound diabetic mice (Krishnan et al., 2018). Authors
reported that these AgNPs exerted antiinflammatory and antimicrobial
activities since it decreases the expression of metalloproteinases 2 and 9. Also
naturally in situ AgNPs obtained by Sanghuangporus sanghuang
polysaccharides were combined with chitosan to prepare a composite sponge
wound dressing material (Ran et al., 2019). Due to the presence of silver, the
system possesses good antibacterial effects, thus providing the wound with a
sterile, moist environment. The material also promoted in vivo wound healing

of wounds with excellent biocompatibility.

Chitosan sponge dressings with AgNPs were synthesized by
reducing silver with gelatine and crosslinking chitosan with tannic acid (Ye et
al., 2019). Compared with the corresponding dressing without silver
nanoparticles, in vivo tests showed the formation of new thin, uniform skin
that completely covered the wound without inflammatory cells. The rest of
the control systems did not show the growth of new skin. Wound contraction
was very similar to that of Aquacel®Ag, but the authors claimed the epithelial

tissue formed was thinner than chitosan/gelatin/AgNPs sponge dressings.

Angiogenesis is a crucial factor for the development of diabetic
retinopathy, which is still one of the most common causes of blindness
worldwide. Vascular endothelial growth factor (VEGF) as the primary
mediator of retinal neovascularization. The in vitro interaction between silver
nanoparticles and VEGF was assessed by Kalishwaralal and co-workers

(Kalishwaralal et al., 2009). In vitro scratch assay demonstrated that silver
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nanoparticles inhibited bovine retinal endothelial cell migration mediated by
VEGEF, thus proving silver nanoparticles as a promising treatment of diabetic

retinopathy and other treatments such as chronic wounds.

Wound dressings including zinc and silver were obtained by
electrospinning (Hu et al., 2018b). The two metal nanoparticles were included
in polyvinylpyrrolidone and polycaprolactone and the corresponding
antibacterial activity was assessed. Resulting electrospun fibers showed
higher antibacterial effect against Escherichia coli and Staphylloccoccus aureus
than the corresponding nanoparticles alone. At the same time, the cytotoxicity
of silver and zinc was reduced towards fibroblasts if they were applied in the

form of an electrospun dressing.

Silver and cobalt were used as antibacterial and angiogenic
ingredients of poly(e-caprolactone) fibers produced by electrospinning
(Moura et al., 2017).

It has also been demonstrated the synergic effects that can be obtained
in systems designed with polymer, clay mineral and AgNPs. This
multicomponent formulation showed a controlled release of Ag which
allowed increased antimicrobial activity and tissue repairing improvement
(Depan and Misra, 2015).

Titanium oxide also showed antimicrobial activity. The study of
Babitha and Korrapati (Babitha and Korrapati, 2017) included TiO2
nanoparticles in combination with zein protein and polydopamine was used
to produce tissue engineering nanoparticles by electrospinning. In vitro
scratch assay was performed with keratinocyte cells and Wistar rats were
used for the in vivo wound healing experiments. Authors compared different
preparations and observed that those including titanium nanoparticles,
experimented higher wound closures in vitro, which was also observed
during in vivo tests. That is, the wound healing process was improved when

TiO2 was used to reinforce membranes.

Copper ions, incorporated into electrospun membranes made of
poly(e-caprolactone), poly(lactic acid) and chitosan, were proposed to treat
skin tumours by photothermal therapies. The authors claimed that skin

tumour cells were effectively killed in vitro, whereas it inhibited cancer cell
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growth in vivo. More particularly, the membranes were able to support cell
adhesion, proliferation and migration of normal skin cells. Angiogenesis and

healing skin effects were also detected in vivo (Wang et al., 2017).

Gold nanoparticles have been used in photothermal therapy
including hydroxyapatite and polydopamine (Xu et al., 2018). The
photothermal therapy is based on the conversion of light into heat to exert
antimicrobial activity. Gold nanoparticles here acted as catalytic material
during the photothermal reaction. The system stimulated “tissue repairing-
related gene expression to facilitate the formation of granulation tissue and

collagen synthesis”.

Wang and co-workers (Wang et al., 2018) used gold to optimize a
novel gene delivery system. Gold nanoparticles were used to graft the
antimicrobial peptide LL37, which exerts immunomodulation such as cell
proliferation and differentiation effects. Gold nanoparticles and LL37
produced a synergic effect promoting angiogenesis and antibacterial
infection. These properties were very useful for the treatment of diabetic
ulcers wound healing since it allowed accelerated wound closure rates, faster
re-epithelialization and improved granulation tissue. N-glucosamine gold
nanoparticles were evaluated as antibacterial against multidrug-resistant
bacteria (Yang et al, 2019). The system performed remarkable
biocompatibility. Moreover, less inflammatory cells (neutrophils or
lymphocytes) were found in the group of mice treated with gold nanoparticles
with respect to control together with better re-epithelialization and less

bacteria.

In another study, gold nanoparticles were crosslinked with
keratinocyte growth factor in order to reduce its degradation (Pan et al., 2018).
Therefore, gold nanoparticles acted as biocompatible support for the growth
factor. This combination demonstrated to be a potential clinical therapeutic
agent for wound healing. Wound healing occurred faster with gold-growth

factor combination than for keratinocyte growth factor alone.

Gelatine cryogels, loaded with Zn by a crosslinking method and
including pectin as metal binding mediator, demonstrated enhancement on
wound healing in vivo (rat excisional model). Moreover, the addition of Zn

accelerated cryogel biodegradation and skin regeneration. Additionally, the
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gels reduced leucocyte infiltration and improved generation of other dermis

components (Luong et al., 2019).

Ferric ion (Fe®*) was incorporated together with tannic acid, into a
chitosan/silk fibroin cryogel as a stimuli-responsive wound dressing for
photothermal therapy. The cryogel showed excellent antibacterial activity
against Gram-negative and Gram-positive bacteria and promoted in vitro cell
proliferation, thus accelerating in vivo wound healing. Moreover, due to its
strong hygroscopicity, the hydrogel absorbed blood from injury, thus
showing haemostatic activity (Yu et al., 2019b).

1.3.4. Conclusions

The biological properties of therapeutic dressings are related not only
to the drugs used, but to the presence of nanomaterials, which can improve
tissue repair, reducing the local inflammatory process more efficiently.
Natural inorganic ingredients are smart materials for wound healing. These
natural materials greatly benefit the requisites of wound treatment:
antimicrobial activity, antiinflammatory, and pro-angiogenic actions. They

may also be included in wound dressings to control, target, or modify the b

As reviewed, several studies have revealed the versatility and
potential utility of some clays, zeolites and transition metals in the

development of advanced pharmaceutical systems for wound treatments.
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1.4. Abbreviations

AgNP
AMP clay
APTES
APMES
ALG
AZPES
CMC

CSs

CTAB
DTG
EAN

EFG
FGF2
Fmoc-F
5-FU
HPMCAS
HNT
LDH

LIP

MAA

MC

MMT
Na*-MMT
PAA
P(AAm-MA)
PAH

PC

PCL
PCLA

silver nanoparticles

3-aminopropyl functionalized magnesium phyllosilicate
3-aminopropyltriethoxysilane
amino-propyldimethylethoxysilane

Alginate

3-azidopropyltrimethoxysilane
carboxymethylcellulose

chitosan

n-cetyl-N,N,N-trimethylammonium bromide
Derivative thermogravimetry

Elemental analysis

epidermal growth factor

fibroblast growth factor 2
fluoromethoxycarbonyl-L-phenylalanine
5-fuorouracil

hydroxypropyl methylcellulose acetate succinate
halloysite nanotubes

layered double hydroxides

soybean phospholipid

methacrylic acid

methylcellulose

montmorillonite

sodium montmorillonite

poly-acrilic-acid

poly(acrylamide-co-maleic acid)
poly(allylamine) hydrochloride

pectin

poly(e-caprolactone)

poly(e-caprolactone-co-lactide)
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PEG
PEGdm
PMMM

PEG?750/5000-
PE

PEI

PLA
PLGA
PLLA
PLL

PSS
Poly(HEMA)
PPy

PUF
PVA
PvVP
rhBMP-2
SBMP
sC

TPT

UVA, UVB
VDC
VEGF

111

poly(ethylene glycol)
poly(ethylene glycol) dimethacrylate

poly(methyl methacrylate-co-methacrylic acid)

1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy

(polyethylene glycol)-750/5000] (ammonium salt)
polyethyleneimine

poly(D,L-lactide)

poly(lactic-co-glycolic acid)

poly (L-lactide)

poly-L-lysine

poly(sodium styrene) sulfonate
poly(hydroxyethyl methacrylate)

polypyrrole

Polyurethane foam hydrogels

polyvinyl alcohol

polyvinylpyrrolidone

bone morphogenetic protein-2

commercial dental resin Scotchbond Multi-Purpose

stratum corneum

oligo(trimethylene carbonate)-poly(ethylene glycol)-oligo

(trimethylene carbonate) diacrylate
ultraviolet A and B radiations
vertical diffusion cell system

vascular endothelial growth factor
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Prologo

El segundo capitulo de esta tesis se abre con dos trabajos que sentaron
las bases de conocimiento experimental aplicado en estudios posteriores de la
tesis doctoral e incluye un articulo en el que se caracterizan muestras
complejas naturales con arcillas y materia organica de interés terapéutico
(seccidn 2.1). A continuacion, se incluye un trabajo experimental en el que se
desarrolld un sistema de liberacién modificada de farmacos basado en el uso
de montmorillonita, una arcilla esmectita de tipo laminar, como
transportadora de un farmaco de tipo antibiotico, el norfloxacino (seccion 2.2).
El objetivo fue elaborar un nanocomposite capaz de favorecer la curacion de
heridas, por lo que tanto la carga como la liberacion del farmaco junto con la

biocompatibilidad dérmica del sistema fueron evaluadas.

Siguiendo la normativa establecida por la Escuela de Doctorado en
Farmacia, se indican los indicios de calidad de las publicaciones cientificas

que conforman el presente capitulo:
Seccidén 2.1.

Garcia-Villén, F., Sanchez-Espejo, R., Carazo, E., Borrego-Sanchez, A., Aguzzi,

C., Cerezo, P., Viseras, C. Characterisation of Andalusian peats for skin
health care formulations. Applied Clay Science, 2018, 160, 201-205.

DOI: 10.1016/j.clay.2017.12.017

Indicios de calidad de la publicacion:

e Articulo cientifico
e Indexadaen JCR: APPL CLAY SCI
e Factor de impacto 2019: 4.605

e Ranking: Q1 (mineralogy).
Seccion 2.2.

Garcia-Villén, F., Faccendini, A., Aguzzi, C., Cerezo, P., Bonferoni, M.C,,
Rossi, S., Grisoli, P., Ruggeri, M. Ferrari, F., Sandri, G.; et al
Montmorillonite-norfloxacin nanocomposite intended for healing of
infected wounds. International Journal of Nanomedicine, 2019, 14, 5051-
5060. DOLI: 10.2147/1JN.S208713
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Indicios de calidad de la publicacion:
e Articulo cientifico
e Indexadaen JCR: INT ] NANOMED
e Factor de impacto 2019: 5.115
¢ Ranking: Q1 (pharmacology & pharmacy).
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2.1. Characterisation of Andalusian Peats for Skin Health Care

Formulations

Peat pastes are semisolid systems used in medical hydrology and
cosmetic treatments on the basis of chemical and physical mechanisms
derived from their composition (Dudare and Klavins, 2013; Gomes de Melo
et al., 2015). Typical peat pastes applications imply temperatures between 42
and 44 °C for 15-30 min (Flaig, 1992). Peats have demonstrated adsorptive,
estrogenic, astringency, antioxidant and revulsive actions (Beer et al., 2000,
2001, 2002, 2003; Suarez et al., 2011). Fungicidal, antibacterial and antiviral
properties, UV absorption as well as influences on smooth muscles and
prostaglandin synthesis are also been reported (Klocking and Helbig, 2005;
Fioravanti et al., 2007; Stawinska et al., 2007; Khil’ko et al., 2011; Gomes de
Melo et al., 2015).

Peats are complex mixtures of organic and inorganic components.
Organic fraction comes from vegetable wastes transformed under anaerobic
and waterlogged conditions for extended periods and includes humic acids,
humin and fulvic acids as principal compounds. Organic compounds have
demonstrated biologic activities, which make them potentially useful in
topical health care and cosmetology (Summa and Tateo, 1999; Beer et al.,
2003). Mineral fraction of peats is composed of clay minerals such as illite and
chlorite as well as gypsum, muscovite and quartz (Summa and Tateo, 1999;
Romao et al., 2007; Orru et al., 2011). The presence and the type of minerals in
peats hugely depend on the deposit location (Summa and Tateo, 1999).
Inorganic components, and in particular clay minerals, may greatly influence
the technological and biopharmaceutical properties of peats, as for example,
stability and rheology of the solid/water systems or bioavailability of the
organic actives (Aguzzi et al., 2007; Viseras et al., 2007). Consequently,
detailed identification of the mineral phases associated with organic
substances in peat deposits must be considered in the design of semisolid

health care formulations with these materials.

With these premises, the aims of the present study were i) to
characterise three different peat strata from a deposit located in El Padul

(Granada), ii) to prepare dispersed systems with the aforementioned strata in
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order to determine the technological properties and iii) to study dispersed

systems feasibility as potential semisolid health care formulations.
2.1.1. Materials and Methods

2.1.1.1. Materials

Peat samples were extracted from the peatbog “Turbera del Agia”
located in El Padul (Granada, Spain). Peat is currently extracted from an area
of approximately 20,000m? (Figure 2.1). The actually exploited peat (P2),
mainly commercialized as fertilizer, is characterized by deep black chrome
and appears as a stratum of approximately 5m thickness, delimitated by two
other non-commercialized peat strata (P1 and P3). Details of sample position
and depth are included in Figure 2.1. Each stratum was separately extracted
and hermetically sealed to prevent loss of natural moisture and preserved at

room temperature.

Nt

Organic horizon

Mineral horizon

| 120 m

Figure 2.1. Location of sampling position in “Turbera del Agia” and vertical-cross section of
the samples (Photo from Google®2017)
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2.1.1.2. Methods

X-ray Powder Diffraction

Peat samples were dried at 40 °C for 24 h and grounded previous X-
ray powder diffraction analysis (XRPD). Mineralogical study was carried out
using a PANalytical X'Pert Pro diffractometer equipped with an X'Celerator
solid-state detector and a sample holder spinning. X-ray powder diffraction
patterns were recorded using random oriented mounts with CuKa radiation,
at 45 kV, 40 mA, in the range 3 to 50 °20. The estimation of the solid
composition in crystalline phases was obtained by X'Pert HighScore Plus
(PANalytical, 2005). Chemical analysis by X-Ray fluorescence (XRF) was
performed using a Bruker® S4 Pioneer equipment working at 60 kV and 150
mA.

Elemental Analysis

Elemental analyses (EAN) were performed in order to determine the
content of carbon, hydrogen, nitrogen and sulphur in P1, P2 and P3. These
determinations were carried out once samples were dried after 24 h at 40 °C.
Elemental analyser used was Thermo Scientific, Flash 2000 model, equipped

with a thermal conductivity detector and a precision microbalance (precision
0.01).

Thermal Analysis

Thermogravimetric Analysis (TGA and DTG) of peat samples was
carried out by using a Mettler Toledo mod. TGA/DSC1 with FRS5 sensor and
a microbalance (precision 0.1 pg) (Mettler-Toledo GMBH). Samples were
heated in air atmosphere at 10 °C/min, in the range of temperature 30-950 °C.

All the experiments were run in triplicate.

Preparation of Peat Dispersed Systems

Raw peats and their mixtures in different w/w ratios were dispersed
in purified water to obtain a final solid concentration of 60% (w/w) (Table 2.1).
The systems were manually homogenized until the disappearance of heavy
lumps and then by a high speed agitation of 3000 rpm for 10 min by using a
Silverson® L4RT (Silverson Machines, UK). All systems were packed inside

hermetic containers and preserved at room temperature.
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Table 2.1. Composition of dispersed systems

Dispersed system = S1 = S2 S3 S4 S5 S6 S7
Solid phase (60% P1 P2 P3 P1:P2 P1:P2 P2:P3 P2:P3
wiw) (20:80) (30:70) (80:20) (70:30)

Determination of pH
Values of pH for each peat strata and the aforementioned dispersed

systems were determined by using a Crison 25+ pH-meter, equipped with a

solid electrode (code 5053T), with a pH tolerance range between 2 and 11.

Rheological Properties

Rheological analysis was carried out by means a viscometer (Thermo
Scientific HAAKE, RotoVisco 1, HAAKE RheoWin software) with a
plate/plate combination (Plate & 20 mm serrated PP20/S sensor) as measuring
system. Measurements were carried out at 25 °C (TCP/P, HAAKE unit control
temperature system), 90 s of rest time and 0-800 s! of shear rate. Six replicates

were performed on each sample.

Cooling Kinetics

Cooling curves were obtained following the procedure described by
Sanchez-Espejo and co-workers (Sanchez-Espejo et al., 2015). Experimental
cooling data were fitted by using the Newton law, describing thermal

exchange between two bodies in contact at different temperatures (Eq. 2.1),
(T'Tmin)Z(Tmax'Tmin)e-kt Eq 2.1

where Twin was the room temperature (25 °C), Twax was the initial temperature
(50 °C), t was the time in minutes and k was a constant that depends on the

material and apparatus, given by Eq. 2.2,
k=t=-—1 Eq.2.2

where P is the instrumental constant of the apparatus, C the heat capacity of
the heated material, m the heated mass and C, the specific heat. The apparatus
constant was obtained by fitting of cooling data obtained with a known
amount of a reference water dispersion of TiO:. Experimental thermal
parameters of the studied samples were then obtained by using the

aforementioned equations.
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Figure 2.2. X-ray powder diffraction patterns for peat strata. Sm: smectite; Ms: muscovite; Qz:
quartz; Cal: calcite; Arg: aragonite; Py: pyrite

2.1.2. Results and Discussion

2.1.2.1. X-ray Powder Diffraction

X-powder diffractograms and X-ray fluorescence results were used to
identify the mineral composition of the samples. Main mineral phases in
sample P1 were smectites, quartz and mica (Figure 2.2). Other minerals
presented were calcium carbonates (calcite and aragonite) as well as pyrite in
minor proportion. The studied samples came from a sedimentary basin and
the minor presence of pyrite was ascribed to microbial sulphate reduction.
The presence of smectites is positive in terms of technological properties due
to their swelling and rheological properties in water dispersions (Viseras et
al,, 2007). Presence of calcium carbonate must be considered in the
interpretation of EAN results. Sample P2 contained high amounts of

amorphous organic matter, causing a lower crystallinity pattern.
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Nevertheless, presence of quartz, mica and pyrite was clearly stated. The
presence of pyrite (FeS2) in higher amount than P1 confirmed its biogenic
origin. Sample P3 was mainly constituted by calcium carbonates with absence

of quartz, smectites and organic matter.

2.1.2.2. Elemental Analysis

P2 presented high amounts of carbon and nitrogen, clear indicators of
its organic composition (Table 2.2). Sulphur content was in agreement with
the pyrite presence discussed previously. The C/N ratio is used to measure
the degree of decomposition of the organic matter in peat. During the
evolution of peat, the organic matter suffers a mineralization process marked
by a nitrogen enrichment relative to carbon (Kuhry and Vitt, 1996, Gandois et
al., 2013; Biester et al., 2014).

Nitrogen in samples P1 and P3 revealed the presence of minor
amounts of organic matter. Sample P3 showed a carbon content higher than
expected, in view of its low organic matter content. Microbes responsible for
peat decay are more active in more oxygenated and dryer conditions (Scott et
al., 2001; Biester et al., 2014). Depth of P2 is higher than P1, causing that the
organic matter of P2 suffered higher anoxic and watery conditions, which
favoured a slower rate of decay with increasing depths. In sample P3, the high
content in carbonates is responsible for the measured C value that distorted
the C/N ratio.

Table 2.2. Elemental analysis results for each sample

Stratum N C H S C/N
P1 0.12 1.85 1.08 - 15.42
P2 1.01 36.90 4.96 3.72 36.53
P3 0.12 12.95 0.41 - 107.92

2.1.2.3. Thermal Analysis

Figure 2.3 shows TGA results of peat strata studied. Total average
weight losses were 46, 92 and 61% (w/w) for P1, P2 and P3, respectively. In
P1, loss of hydration and interlayer water (~40% w/w) was mainly ascribed
to organic matter and smectite hydration water and occurred at temperatures

lower than 130 °C. Dehydroxylation of biotite and organic carbon
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decarboxylation occurred at ~500 °C (6% w/w). Final ~1% w/w of weight loss
at ~885 °C was ascribed to the trioctahedral smectites (the smectite content of
this sample based on dehydroxylation was ~20% w/w). P2 showed intense
weight loss due to hydration of the organic matter (75% w/w). Then, oxidative
pyrolysis and subsequent carbonization in the interval 260-340 °C accounted
for a 17% w/w of the total weight loss. This second interval included thermal
degradation of organic compounds typically present in peats, including
hemicellulose, cellulose and lignine derivatives such as humic and fulvic acids
(Schnitzer and Hoffman, 1965; Aho et al.,, 1989; Romao et al.,, 2007). P3
presented a first weight loss corresponding to hydration water (the samples
were assayed without any previous drying). Once dried, the TGA curve of P3
solely corresponded to typical thermal decomposition of carbonates (~20%
w/w; ~800 °C).

% Weight loss
(w/w)

100 e P
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Figure 2.3. Thermogravimetric curves of the peats

2.1.2.4.pH

Values of pH of the raw samples and the dispersed systems in
purified water are shown in Table 2.3. The measured pH of distilled water
was 5.50 (+ 0.012). pHs of the pure samples (P1-P3) were not physiologically

adequate, as none of them were in the optimal tolerated interval (4.5-6.0)
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required for skin formulations (Pons Gimier and Parra Juez, 1995; Sanchez-
Espejo et al., 2014). P1 and P3 showed very similar pH values, proximal to
neutrality. On the other hand, stratum P2 presented acidic character due to
the presence of humic substances. Particularly, the basic nature of P3 stratum
is justified by the presence of carbonate minerals, previously identified by
XRPD and TGA analyses.

Table 2.3. pH values of natural peat strata (P1-P3) and dispersed systems (S1-S7)

pH £ s.e.; n=8
P1  7.29 +£0.053
P2 3.10+0.114
P3  7.82+0.059
S1  7.62+0.030
S2  5.03+0.023
S3 7.76+0.017
S4  5.62+0.013
S5 5.23+0.061
S6 6.22+0.017
S7  5.91+0.038

Dispersed systems S1 and S3 showed non-significant changes in pH
values compared to the pH of the corresponding peat strata used for their
preparation (P1 and P3), probably due to the presence of carbonates acting as
buffers. On the other hand, S2 experimented an increase of two units in the
pH value compared to that of P2 stratum. Suspensions from 54 to S7 showed
acidic pH values since in all of them, stratum P2 prevailed as the main
ingredient. Dispersed systems S4 and S5, which contain strata P1 and P2,
showed pH values between those of S1 and S2 due to the mixture of the strata.
The presence of P3 stratum in systems S6 and S7 could be noted by a slight
increase on pH values (~ 6) ascribable to the amphoteric nature of carbonate

minerals.

S1, S3 and S6 showed pH values which were above the tolerance
range of the skin (4.5-6). Dispersions S2, 54, S5 and S7 possessed pH values
that could allow their topical application in terms of pH tolerability. In
particular, pH of 52 and S5 were closer to the most healthy human skin pH
(approximately 4.7) which favours the skin microflora (Lambers et al., 2006)
and prevents the growth of pathogenic bacteria (Fluhr and Elias, 2002).
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2.1.2.5. Rheological Properties

The studied dispersed systems showed non-Newtonian viscoplastic
flow curves with spur points at low shear stress values (S2 showed very high
viscosity and yield stress values, as a result of the interconnections between
the lignin and other organic fibres (Hendry et al., 2012). These values could
make difficult spreading of 52 suspension over the skin surface. On the other
hand, S3 did not show suitable viscosity and yield values to ensure the
permanence of the product during application. Intermediate behaviour was
observed in the case of S1. In comparison with S2, viscosity and yield stress
values decreased by mixing P1 and P2 strata (samples S4 and S5). In the case
of S5, containing higher amount of P1, values were very similar to those
observed for S1. Dispersed systems S6 and S7 (composed of P2 and P3
stratum) presented the lowest viscosities and yield points due to the influence
of P3 stratum.
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Figure 2.4). This behaviour has been described for high concentrated
suspensions used in pelotherapy (Aguzzi et al., 2013). S1 exhibited rheopectic
behaviour, ascribable to the smectitic content of P1 stratum. Smectite
suspensions are often thixotropic (shear thinning), although rare cases of
rheopectic (shear thickening) behaviour have also been reported (Abu-Jdayil,
2011). S2 and S3 did not show any hysteresis areas, according to the absence

of clay minerals in their compositions.

The influence exerted by stratum P1 was noticeable in systems 54 and
S5, showing rheopectic behaviour. In these dispersions, although P2 was the

main ingredient, clear hysteresis areas were observed.

Apparent viscosities and the yield values of the systems are shown in
Table 2.4. Viscosity was calculated at a shear value (250s!) representative of
the stress produced by skin spreading during application (Schott, 1995). Yield
stresses were obtained according to the experimental spur points (Barry, 1974)
and represent the shear stress necessary to break particle attractions in the

dispersed systems.

Table 2.4. Apparent viscosities (250 s7'; 25 °C) and yield values of the samples (mean values +
s.d;n=06)

Viscosity (Pa-s) = Yield value (Pa)

S1 0.46 +0.016 90.83 + 5.000
S2 0.88 + 0.068 188.50 + 14.164
S3 0.09 +0.020 14.79 + 3.809

S4 0.74 +0.013 175.18 +13.907
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S5 0.54 +0.017 106.77 +2.600
S6 0.44 +0.022 93.59 +11.816
S7 0.24 +0.034 46.00 +11.599

52 showed very high viscosity and yield stress values, as a result of
the interconnections between the lignin and other organic fibres (Hendry et
al., 2012). These values could make difficult spreading of S2 suspension over
the skin surface. On the other hand, S3 did not show suitable viscosity and
yield values to ensure the permanence of the product during application.
Intermediate behaviour was observed in the case of S1. In comparison with
52, viscosity and yield stress values decreased by mixing P1 and P2 strata
(samples S4 and S5). In the case of S5, containing higher amount of P1, values
were very similar to those observed for S1. Dispersed systems S6 and S7
(composed of P2 and P3 stratum) presented the lowest viscosities and yield

points due to the influence of P3 stratum.
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Figure 2.4. Flow curves (shear stress (1) versus shear flow (y)) of the dispersed systems (mean
values +s.d.; n=06)

2.1.2.6. Cooling Kinetics

Results of cooling kinetic studies are shown in Table 2.5 Linear
regression of Eq. 2.1 was used to calculate the time required for each dispersed
system to achieve 32 °C (t32) and the temperature after 20 min (T20), which is
within the time range for traditional peat pastes application. Experimental
specific heats (Cy) are homogeneous and similar to other systems used in
pelotherapy (Sanchez-Espejo et al., 2014). In all samples, the temperature after
20 min (T20), were around 36 °C and t3 values were around 30 min. These
values assured heat transfer during the normal application of peat pastes,
which corresponds to treatments of 15-30 min with a paste temperature
around 42-44 °C. The homogeneity of the values in Table 2.5, despite the
compositional differences of samples, confirmed that thermal behaviour of
peat pastes mainly depends on water content, as previously observed
(Sanchez-Espejo et al., 2015).

Table 2.5. Thermal studies: experimental specific heats (Cp), temperature after 20 min (Tz0) and
time until reaching 32 °C (t32)

Cp(J/gK) £s.d. (n=3) T20(°C) £s.d. (n=3) ts2(min) * s.d. (n=3)

S1 3.05 +0.048 35+1.0 29+1.3
S2 3.26 +0.087 36+1.2 30+£1.2
S3 3.04 + 0.065 35+1.0 28+1.1
S4 3.12+0.029 36+1.2 30+1.3
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S5 3.31 +£0.023 3609 31+1.1
S6 3.86 +0.045 36 £0.8 32+09
S7 3.81 +0.075 36+1.1 3309

2.1.3. Conclusions

Composition and properties of three different peat strata from “El
Padul” peatbog greatly vary, making necessary their combination to
formulate health care peat pastes with adequate features. Stratum P2 should
always be present in the systems since it possessed the highest amount of
organic matter, which are responsible for therapeutic effects of peat pastes.
The addition of P1 allowed to control final pH and to modify rheological
properties, although the addition of P3 stratum produced an undesirable
decrease in viscosity. On the other hand, dispersed systems S2 and S4
possessed proper viscosities for topical applications, similar to pelotherapy
formulations previously studied (Aguzzi et al., 2013). Thermal behaviours of
dispersed systems greatly depended on water content and, in all cases, the

results showed that heat transfer during peat paste treatment was assured.
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2.2.  Montmorillonite-Norfloxacin Nanocomposite Intended
for Healing of Infected Wounds

Wound repair is a complex and tightly regulated physiological
process: different cell types, including immune cells, are involved. Wound
healing includes homeostasis stage (clotting and immune activation),
inflammation (recruitment of neutrophils and macrophages, production of
cytokine and growth factor), proliferation phase, tissue neoformation (re-
epithelialization, angiogenenesis and granulation) and subsequent
remodelling of neoformed-tissue (Mofazzal Jahromi et al., 2018). Considering
the crucial barrier role of the skin, non-healing wounds (such as venous leg
ulcers, diabetic foot ulcers, arterial insufficiency and pressure ulcers) and
burns impose substantial morbidity and mortality, deeply affecting the
quality of life with high economic burden (Stejskalova and Almquist, 2017).
Severe cutaneous wounds represent a major issue in medical care, with
approximately 300 million chronic and 100 million traumatic wound patients
worldwide. Moreover, chronic wounds affect roughly 37 million of patients
globally. Only in the USA in 2017 (Lim et al., 2017), the skin wounds led to an
estimated direct health care cost of $75 billion and an indirect cost of $11
billion. The population aging is likely to dramatically increase the incidence
of chronic wounds due to the rising prevalence of type 2 diabetes, peripheral
vascular disease and metabolic syndrome. In addition, surgery, more
common in the elder population, could cause risk of wound complication,
especially in patients affected by diabetes. While acute wounds generally heal
without significant interventions, chronic wounds are challenging and are
characterized by an intrinsic inability to heal. The presence of microbial
contamination occurring at wound bed significantly and deeply alter the
normal recovery phases, leading to a possible impairment of the healing path
and finally to non-healing wounds. Moreover, among skin wounds, burns
require special attention because they are often prone to infections and to

abnormal scarring (Mofazzal Jahromi et al., 2018).

The employment of antimicrobial agents, particularly antibiotics, in
the treatment of non-healing wounds is particularly controversial due to the
possible rising of resistance. However, the nanoparticle-based approach,

creating anti-microbial nanotherapeutics, seems a valid option to eliminate
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bacterial infections, avoiding antimicrobial resistance. In fact, it is reported
that nanomaterials interact with bacteria and microorganisms upon multiple
interactions such as electrostatic attraction, hydrophobic and Van der Waals
forces through surface interactions. Moreover, the physicochemical properties
of nanomaterials allow multiple pathways to interact with microorganisms,
and this makes them promising candidates to achieve enhanced therapeutic
efficacy against multidrug-resistant infections (Gupta et al, 2019). In
literature, different therapeutic approaches based on nanostructures and
several types of nanomaterials (including electrospun nanofibers, hydrogel,
showed improved antibacterial properties) are reported (Han et al., 2017;
Ding et al., 2018; Gao et al., 2019; Lv et al., 2019; Sun et al., 2019). These systems
are generally polymer-based and prepared with high energy and

sophisticated processes.

Recently, the studies focused on nanocomposites based on clay
minerals and drugs and/or biopolymers evidence the capability of these to
interact with biological structures and open opportunities for tissue
engineering and in particular for wound healing. Nanocomposites are
prepared with simple procedures (spontaneous absorption of organic
moieties into/onto clay following the mixture of the components in solution)
easy to scale up. Moreover, the various characteristics of clay minerals in
terms of the composition may offer a range of possibilities to develop systems
able to facilitate both antimicrobial activity of loaded antibacterial drugs,
mainly due to the capability to decrease water activity (Sandri et al., 2014;
Naumenko et al., 2016; Bramhill et al., 2017) and cell adhesion, proliferation

and neotissue formation (Sandri et al., 2016, 2017).

Given this premise, the aim of this study is to design and develop
nanocomposite based on montmorillonite (VHS, clay mineral) and
norfloxacin (NF, antimicrobial drug) as a powder for cutaneous application
intended for the treatment of infected wounds to enhance their healing. NF is
a synthetic antibacterial fluoroquinolone, active against a broad spectrum of
Gram-positive and Gram-negative aerobic bacteria. Its mechanism of action
consists in the inhibition of DNA gyrase enzyme causing an interruption of
deoxyribonucleic acid synthesis (Wiles et al., 2010). In the literature, it is

proposed as a prophylactic drug in wound healing, sometimes as a
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component of scaffolds and wound dressings (Nakamura et al., 1993;
Malipeddi et al., 2006; Mpharm et al,, 2010, Wiles et al., 2010). A NF-
montmorillonite nanocomposite was prepared by means of intercalation
technique in order to obtain a powder characterized by means of adsorption
isotherm and solid-state, drug loading capacity and release and antimicrobial
properties (Nakamura et al., 1993; Malipeddi et al., 2006; Mpharm et al., 2010;
Tian et al., 2013; Galperin et al., 2015; Mahmoud and Salama, 2016; Rusanu et
al., 2017).

2.2.1. Materials and Methods

2.2.1.1. Materials

NF (Sigma Aldrich-Merck, Italy) and a pharmaceutical grade
montmorillonite (VHS) (Veegum® HS, Vanderbilt, USA) were used. VHS was
dried in oven (approximately 40 °C) for at least 48h prior to be used.

2.2.1.2. Methods

Clay-Drug Adsorption Isotherm

The intercalation solution technique has been chosen as the
methodology to study the adsorption of NF onto VHS. Firstly, a fixed amount
of clay mineral (100 mg) was dispersed into 5 mL of a glacial acetic acid/water
(1:1) to achieve the dissolution of NF (initial concentrations of drug (Co)
ranging from 5-10- to 1-10 M). These dispersions were protected from light,
stirred (150 rpm) in a thermostatic bath (25 + 1 °C) for 24h and subsequently
centrifuged (9000 rpm, 45 min) in order to separate the solid phase, containing
the nanocomposite (VHS-NF). At this point, the equilibrium concentration of
NF in the supernatant (Cc) was determined at 273 nm by UV spectroscopy
(UV-Vis spectrophotometer Lambda 25, Perkin Elmer, Italy). It was assumed
that the difference between Co and C. corresponded to the amount of NF
adsorbed onto VHS and the amount of drug retained per gram of clay was
calculated. The obtained results were mathematically fitted (TableCurve 2D,
Systat Software Inc., UK) to obtain the monolayer adsorption capacity of the
clay and the adsorption rate constant, according to a mechanist model able to

describe the adsorption of drug molecules onto solid inorganic surfaces
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(Nakamura et al., 1993; Malipeddi et al., 2006; Viseras et al., 2008a; Wiles et
al., 2010; Mpharm et al., 2010; Tian et al., 2013; Galperin et al., 2015; Sandri et
al., 2017; Mahmoud and Salama, 2016; Sandri et al., 2016; Carazo et al., 2017,
2018; Rusanu et al., 2017).

Solid State Characterization

X-ray powder diffraction (XRPD) analysis was carried out using a
diffractometer (X'Pert Pro model, Malvern Panalytical) equipped with a solid-
state detector (X'Celerator) and a spinning sample holder. The diffractogram
patterns were recorded using random oriented mounts with CuKa radiation,
operating at 45 kV and 40 mA, in the range 4-60 °20. Fourier-transform
infrared spectroscopy (FT-IR) spectra of the powdery samples were obtained
with a JASCO 6200 apparatus equipped with a Ge ATR. All analyses were
performed from 400 to 4,000 cm™ with a resolution of 2 cm™, and results

processed with Spectra Manager v2 software.

Thermogravimetric analysis (TGA) (mod. TGA-50H, Shimadzu) was
performed using a vertical oven and a precision of 0.001 mg. Approximately
40 mg of each sample were weighted in aluminium sample pans. The
experiments were performed in 30-950 °C range, atmospheric air and a
heating rate of 10 °C/min. Additionally, differential scanning calorimetry
(DSC) analyses were done in a Mettler Toledo and using aluminium crucibles.
The temperature range was defined between 30 °C and 400 °C at a heating rate

of 10 °C/min. All the analyses were done in atmospheric air.

Measurements of zeta potential (C) of both the clay and the
nanocomposite were performed in an aqueous solution with a concentration
0.05% w/V by using a Zetasizer Nano ZS90 apparatus (Malvern Panalytical,
USA). High-Resolution Transmission Electron Microscopy (HRTEM) was
performed by means of a FEI Titan G2 60-300 high-resolution transmission
electron microscope coupled with analytical electron microscopy (AEM)
performed with a SUPER-X silicon-drift windowless energy-dispersive X-ray
spectroscopy detector. AEM spectra were saved in mode scanning
transmission electron microscopy with a high-angle annular dark field

detector. X-ray chemical element maps were also collected. The samples were
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directly deposited onto copper grids (300 mesh coated by formvar/carbon
film, Agar Scientific).
Drug Release

NF released from nanocomposite and NF-free drug dissolution were
assessed by means of HPLC-UV/DAD apparatus (PerkinElmer Series 200)
using as stationary phase Zorbax Esclipse XDB-C8 column (4.6 mm x 150 mm,
silica particle size 5 um) at 25 °C, as mobile phase 7:15:78 (% v/v)
acetonitrile/methanol/citric acid (0.4 M), fluxed at 1 mL/min (time of analysis
15 min). The quantification was assessed at 275 nm, as maximum absorption

wavelength (Mahmoud and Salama, 2016). The method was linear in the
range of 200-1 ug/mL with R? higher than 0.995.

An exact amount of nanocomposite or free drug was dispersed in 3
mL of saline solution (NaCl 0.9% w/v). At prefixed times, 500 uL of
dissolution medium was collected and the total volume replaced. Each

sample was filtered (HA 0.22 um, Millipore) before HPLC analysis.

Antibacterial Activity Measurements

The antimicrobial activity of nanocomposite compared to NF as a free
drug was evaluated against the bacteria strains Staphylococcus aureus ATCC
6538 and Pseudomonas aeruginosa ATCC 15442. In particular, killing time was
determined as the exposure time required to kill a standardized microbial
inoculum (Samanidou et al., 2003). Bacteria used for killing time evaluation
were grown overnight in Tryptone Soya Broth (Oxoid; Basingstoke) at 37 °C.
The bacteria cultures were centrifuged at 2,000 rpm for 20 min to separate cells
from broth and then suspended in PBS (pH 7.3). The suspension was diluted
to adjust the number of cells to 1-107-1-108 CFU/mL.

An exact amount of nanocomposite VHS-NF or NF was added to the
microorganism suspensions to obtain 5 ug/mL NF concentrations. For each
microorganism, a suspension was prepared in PBS without drug and used as
control. Bacterial suspensions were incubated at 37 °C. Viable microbial
counts were evaluated after contact for 0.5 and 24 h with the samples and
microorganism suspensions grown in the same conditions and used as
control. The bacterial colonies were enumerated in Tryptone Soya Agar
(Oxoid; Basingstoke) after incubation at 37 °C for 24 h. The microbiocidal
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effect value was calculated for each test organisms and contact times

according to the following equation (Rossi et al., 2007),
ME=logN_-logN4 Eq.2.3

where N is the number of CFU of the control microbial suspension and Nu is

the number of CFU of the microbial suspension in presence of drug.

In Vitro Biocompatibility: Fibroblasts

Biocompatibility (cytotoxicity) was evaluated using fibroblasts
(normal human dermal fibroblasts, from juvenile foreskin from 2 to 5

passages, PromoCell, WVR, Italy).

Fibroblasts were grown in DMEM (Lonza, I), 10% v/v (FBS
(EuroClone, Italy) and penicillin/streptomycin solution (pen/strep, 100 UI/100
pum/mL, Sigma Aldrich-Merck, Italy).

VHS (1.2 mg/mL), NF (0.1 mg/mL) and VHS-NF (VHS: 1.2 mg/mL and
NF 0.1 mg/mL) were suspended/ solubilized in cell culture medium and put
in contact with the cells in suspension just after cell seeding in 96-well plate at
seeding density of 35,000 cells/well. Fibroblasts were grown for 2 days.
Fibroblast growth on tissue culture plastic was considered as standard growth

(control).

At prefixed end point, cell growth was assessed by means of MTT test.
Briefly, the medium was removed and 50 pL of MTT solution (Sigma Aldrich,
Italy) at 2.5 mg/mL concentration in Hank’s Buffered Salt Solution pH 7.4 was
added to cover each scaffold for 3 h. Subsequently, MTT solution was
removed from each well, and the substrates were washed with 200 uL of PBS.
After the removal of PBS, 100 uL of DMSO was put in each well, and the
absorbance was assayed at 570 nm by means of an ELISA plate reader (Imark
Absorbance Reader, Biorad, Italy), with a reference wavelength of 690 nm.

Cell viability was expressed as optical density (OD).

Statistical Analysis

Statistical differences were evaluated by means of Mann- Whitney
(Wilcoxon) W test (Statgraphics Centurion XV, Statistical Graphics
Corporation, MD, USA). Differences were considered significant at p < 0.05,

and each significant p-value is reported in the captions.

167



Chapter 2. Layered Clay Minerals in Wound Healing

2.2.2. Results and Discussion

2.2.2.1. Clay-Drug Adsorption Isotherm

Equilibrium adsorption isotherm is shown in Figure 2.5, where
experimental points are plotted as n¢ (moles of NF retained per gram of VHS)
versus C. (mol/L). The kinetic model used to fit the adsorption data is
expressed by Eq. 2.4 (Table 2.6), which describes drug adsorption as one single
process. Montmorillonite is a phyllosilicate based on two tetrahedral sheets of
silica sandwiching a central octahedral sheet of alumina spaced out interlayer
spaces (galleries). On this basis, protonated NF molecules interact to the active
sites of VHS located at edges and within interlayer space of montmorillonite,
thus forming a drug monolayer onto the clay mineral interlayer surface
(Viseras et al., 2008b). Figure 2.5 shows that the obtained theoretical curve
satisfactorily described the experimental points, as confirmed by the
calculated correlation coefficient (R? > 0.99, Table 2.6). Additionally, the
relatively high value of kinetic equilibrium constant (k) (Table 2.6) can be

ascribed to great stability of the resultant VHS-NF system.

Table 2.6. Fitting equation and parameters for the adsorption of NF onto VHS. n*: mol of NF
per gram of VHS (mol/g);, nm: monolayer retention capacity (mol/g); C: equilibrium
concentration (mol/L); k: kinetic equilibrium constant (mean values + s.d.; n=3)

Eq.24 R? N°m k
s kng-C
ns= e 0.9959 0.0007 + 0.00002 130.4 +0.43

2.2.2.2.5Solid State Characterization

X-ray diffractogram patterns of the nanohybrid and pristine
components are plotted in Figure 2.6. VHS diffractogram shows reflections
ascribable to a highly pure homoionic Na montmorillonite, as previously
described. (Nakamura et al., 1993; Aguzzi et al., 2014; Borrego-Sanchez et al.,
2017; Carazo et al., 2018).

168



2.2. Montmorillonite-Norfloxacin Nanocomposite Intended for Healing of Infected Wounds

nS(mol/g)
e
=)
s
&

+ experimental points
— theoretical curve

0 0,0001 00002 00003 00004 00005 0,0006
Ce (mol/L)

Figure 2.5. Equilibrium adsorption isotherm of NF and VHS (mean values + s.d.; n=3)

In particular, VHS shows d001 basal reflection at 7.5 °20, which
indicates an interlayer space of 12 A according to Bragg’s law. These results
are consistent with the literature (Tun¢ and Duman, 2010; Carazo et al., 2018).
Diffractogram of VHS-NF also shows typical reflections of montmorillonite
with the exception of the basal reflection d001, which shifts to lower 20 values
(5.94 °20) in comparison with the pristine clay mineral. The corresponding
interlayer space is expanded (215 A), indicating the presence of NF molecules
adsorbed into clay mineral structure. Moreover, this new basal reflection
turns to be sharper and more intense in comparison with VHS basal reflection,
which is an indicator of a highly ordered VHS-NF nanohybrid structure.
Diffractogram of NF has been found to be a combination of both anhydrous
and sesquihydrate forms (Figure 2.6) (Katdare et al., 1986, Mazuel, 1991;
Puigjaner et al., 2010). Nonetheless, any of these reflections are observed in
VHS-NF diffraction pattern, indicating the absence of crystalline drug on the
nanohybrid surface. The XRPD analysis suggests that the nanocomposite is

characterized by NF intercalation into the VHS galleries.
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Figure 2.6. XRPD diffraction patterns of NF, VHS and VHS-NF

Figure 2.7 reports the FT-IR spectra of VHS-NF in comparison to NF
and VHS. The infrared spectrum of NF shows typical bands of a hydrated
form of NF. In particular, the broad bands between 3,600 and 3,250 cm™
belong to hydration water stretching (O-H stretching vibration, at about 3404
cm™) together with N-H vibrations of the piperazine ring. The vibration of
methyl group, methylene of ethyl side chain and piperazine groups determine
multiple and more defined bands in 3,070-2,500 cm™'. A shoulder at 2,500 cm™
is attributable to hydrogen bonded O-H groups, and this also confirms the
hydrate state of NF. Band detected at 1,728 cm™! belongs to the C=O stretch of
the carboxylic acid (Barry et al., 1984; Mazuel, 1991; Foldvari, 2011). The first
and intense band in the fingerprint region belongs to NF quinolone ring
vibration located between 1,600 and 1,650 cm-! (Mazuel, 1991). The vibrations
of C=C of the aromatic ring are also located in this area (1,400-1,600 cm™).
Moreover, the band at 1,030 cm™! is attributable to C-F vibration (Féldvari,
2011). Regarding VHS, vibrational band at 3,622 cm™ belongs to octahedral
layer-OH groups (Al-OH-Al, Al-OH-Mg and Mg-OH-Mg vibrations) typical
of clay minerals. Moreover, the broad band around 3,400 cm™ are due to the

stretching of OH from hydration H20O molecules located in the interlayer
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space of VHS. Moreover, H:20 molecules coordinated to the VHS
exchangeable cations create a band al 1,632 cm™. The most intense band of the
VHS spectrum, located at 985 cm™, is due to Si-O-5i in-plane vibration for
layered silicates. Out-of-plane Si-O-Si stretching is responsible for the
shoulder appearing at 1,100 cm. On the other hand, the overlapped band at
914 cm™! is related to Si-O-Al stretching mode, while bending vibration of Si-
O-Al occurs at 512 cm™ (Aguzzi et al,, 2014; Borrego-Sanchez et al., 2017;
Baptista et al., 2018; Carazo et al., 2018).

NF

VHS

VHS-NF

Transmitance

Wavelenght (cm?)

Figure 2.7. FTI-IR spectra of NF, VHS and VHS-NF

Vibrational bands of the octahedral AlI-OH-Al, Al-OH-Mg and Mg-
OH-Mg are also present in the VHS-NF. The adsorption of NF in the VHS
interlayer space produces a displacement of the hydrated exchangeable
cations, thus reducing the intensity of the H>O band around 3,400 cm™!
(Foldvari, 2011). Moreover, the presence of the drug in the nanohybrid can be
identified by its typical vibrational bands located between 1,760 and 1,200
cm, all of them coinciding with the NF spectrum. Particularly, the band at
1,702 cm™ belongs to C=O of the carboxylic acid of NF. From 1,200 cm™!

onwards, the intense vibrations of the clay mineral obscure the NF bands in
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the same region. Nonetheless, the bands in 3,070-2,500 cm™ range, which
correspond to N-H and CH: of the drug, are not visible in the VHS-NF
spectrum. This disappearance can be related to the stiffening of the
corresponding functional group due to the position of adsorbed NF molecules

in the interlayer space of VHS.

The TGA analysis of NF showed total drug decomposition before 630
°C (Figure 2.8 — high panel). The first weight loss gradually occurs in the
temperature range from 30 to 196 °C, with an inflection point at 100 °C. This
step is due to the evaporation of water and corresponds to the first
endothermic event of the corresponding DSC curve (Figure 2.8 — low panel).
Nonetheless, the presence of an inflection point could be related to different
types of crystallization water. In fact, different hydrated forms of NF have
been reported in literature, such as dihydrate and sesquihydrate, among
others (Kumar et al., 2018). In particular, water evaporation of NF dihydrate
form is described as a two different step process although this is not visible in
DSC profile and on the contrary it is evident in TGA profile (Kumar et al.,
2018). These results are related to the presence of both dihydrate and
sesquihydrate forms (as confirmed by XRPD diffraction peaks) having
overlapped steps of H2O molecule evaporation in DSC. The sharp and intense
endothermic peak located at 227 °C (T onset 218 °C) corresponds to NF melting
point, confirmed by the absence of weight loss in the TGA curve of NF.
Decomposition of the drug starts at 300 °C according to TGA profile and three
overlapped steps (inflection point at ~370 °C and ~500 °C) are attributable to
the loss of different functional groups of the NF molecule
(6C2H2+3NO+HF+1/2H2) (Kumar et al, 2018) and/or gaseous products
(Norrby and Jonsson, 1983). By the same token, DSC thermogram (low panel)
shows an exothermic event at 370 °C, and this is in coincidence of the first

inflection point of the TGA corresponding to NF decomposition.

TGA thermogram of VHS (Figure 2.8 — high panel) shows a first slight
weight loss of 2% (w/w), which corresponds to a small amount of hydration
water. Moreover, a typical clay mineral dehydroxylation step (Wang et al.,
2012) is present with an onset at about 600 °C and an offset at 720 °C,
accounting 3% (w/w) weight loss. From 800 °C onwards, there is no signal that

could be related to VHS impurity decomposition (such as quartz, mullite,
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corderite, cristobalite) (Wang et al., 2012), to confirm its high purity. DSC

thermogram of VHS confirms its stability in the temperature range evaluated

(Figure 2.8 —low panel).
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Figure 2.8. Thermal analysis (TGA — high panel curves- and DSC — low panel curves) of NF,
VHS and VHS-NF samples
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VHS-NF nanocomposite shows TGA thermogram characterized by
overlapped events (Figure 2.8 — high panel). In particular, it is evident that
water loss is followed by the decomposition of NF and dehydroxylation of
clay. Considering that NF fully decomposes before 630 °C, the difference in
weight loss between VHS and VHS-NF reveals that VHS-NF is characterized
by 16% (w/w) NF loading. Moreover, NF is present in an amorphous state in
VHS-NF since melting event is not evident in VHS-NF DSC thermogram
(Figure 2.8 — low panel) while the actual NF loading can be justified by the

exothermic phenomenon observable at 300-345 °C.

A 0.05% w/v VHS aqueous suspension is characterized by zeta
potential of -43.5 + 0.9 mV, thus confirming the negative net charge of the
clay. A 0.05% w/v VHS-NF nanocomposite aqueous suspension shows a zeta
potential of =159 + 0.3 mV. VHS and NF probably inter- act via electrostatic
bonds partially shielding the negative charges located into VHS galleries. The
dissolution of NF in acetic acid during the nanocomposite preparation causes
the protonation of its nitrogen atom in the piperazine ring. In this condition,
NF in solution, positively charged, can interact with the negatively charges in
the interlayer space of VHS, normally compensated by exchangeable cations
increasing the zeta potential. Similar results were reported for clay—cationic

moieties interaction products (Norrby and Jonsson, 1983; Wang et al., 2012).

High-resolution TEM microphotographs of VHS sample (Figure
2.9A) show the typical layered morphology of montmorillonite. The EDX
analysis performed in the marked zone (red square) confirms the nature of
VHS, thanks to the presence of Si, Al and O, together with Mg and Fe and the
typical exchangeable cations (Na, K and Ca).

NF (Figure 2.9B) microphotographs confirm NF crystallinity and
agree with XRDP results. Moreover, the EDX analysis evidences the presence
of C, O and N (typical of organic compounds) and that of F peculiar of NF

molecule.
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Figure 2.9. TEM microphotographs and EDX analysis of VHS (A), NF (B) and VHS (C)
together with EDX mapping of VHS-NF (D)

VHS-NF nanocomposite (Figure 2.9C) shows a morphology similar to
that of VHS. The NF crystals are not detectable in this sample, in agreement
with XRPD results (no peak of NF diffraction in VHS-NF sample, Figure 2.6)
although the NF presence in nanocomposite is confirmed by means of the
EDX analysis. The elemental composition evidences the characteristic
components of montmorillonite (Si, Al, Mg) and those of organic compounds
(C, N, O); moreover, F is also detectable as NF indicator. Additionally, EDX
maps (Figure 2.9D) corroborate not only the presence of VHS and NF in
nanocomposite but also the homogeneous distribution of NF into
montmorillonite, confirming the presence of NF monolayer adsorbed onto the

interlayer spaces, as resulted from adsorption studies.

2.2.2.3. Drug Release

Figure 2.10 reports the NF release profiles (%) evaluated for NF and
VHS-NF nanocomposite. The dissolution of NF from free drug is very rapid
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and reaches 80% within the first hour and the plateau value in 2 h at 100% of

NF release.

VHS-NF shows a significantly lower NF release profile and the whole
dose is released in 48 h evidencing a controlled release. Considering the
application (skin lesions), the capability of the system to control drug release
should decrease the number of applications over time. This is an important
aspect to allow the healing of lesion since the frequent medical treatment
could impair the granulation tissue and new tissue formation. Moreover, the

slower release profile of NF could allow to control microbial growth over

time.
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Figure 2.10. % of norfloxacin (NF) released from NF and VHS-NF (mean values + s.d.; n=3).
Abbreviations: NF, norfloxacin; VHS-NF, montmorillonite/norfloxacin nanocomposite

2.2.2.4. Antimicrobial Properties

Figure 2.11 reports microbicidal effect versus time profiles of NF
released from NF and VHS-NF against a) Pseudomonas aeruginosa and b)
Staphylococcus aureus.

Pseudomonas aeruginosa is a common Gram-negative, rod-shaped
bacterium, facultative anaerobe, of considerable medical importance. It is
recognized as a multidrug-resistant pathogen for its ubiquity, its intrinsically

advanced antibiotic resistance mechanisms and its association with hospital-
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acquired infections such as various sepsis syndromes. P. aeruginosa is
considered opportunistic insofar as serious infection often occurs during

existing diseases or conditions, most notably traumatic burns.
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Figure 2.11. Microbiocidal effect versus time profiles of norfloxacin (NF) released from NF and
VHS-NF against (UP) Pseudomonas aeruginosa and (DOWN) Staphylococcus aureus (mean
values + s.d.; n=3). Abbreviations: NF, norfloxacin; VHS-NF, montmorillonite / norfloxacin
nanocomposite.
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Staphylococcus aureus is a Gram-positive, round-shaped bacterium
and, as P. aeruginosa, it is a facultative anaerobe. It is a usual member of the
microbiota of the body, frequently found on the skin, usually acting as a
commensal. However, it can also become an opportunistic pathogen, being a
common cause of skin infections. The onset of S. aureus strains antibiotic-
resistant (such as methicillin-resistant S. aureus) is a worldwide emergence in

clinical medicine.

NF is reported in the literature as effective against both P. aeruginosa
and S. aureus having a MIC of 2 ug/mL in both cases (Norrby and Jonsson,
1983). However, the microbicidal effect is slightly higher against P. aeruginosa
than that against S. aureus. The loading of NF in montmorillonite in VHS-NF
nanocomposite significantly increases NF microbicidal effect. The increase of
NF potency due to the nanocomposite is probably due to high surface area to
volume ratio, which increases the contact area with target organisms (Wang
etal., 2012).

2.2.2.5. Fibroblasts In Vitro Biocompatibility

Figure 2.12 reports bioavailability (OD, optical density) evaluated for
VHS (1.2 mg/mL), NF (0.1 mg/mL) and VHS-NF (VHS: 1.2 mg/mL and NF 0.1
mg/mL). VHS and NF are characterized by OD values not significantly
different from the control (growth medium, standard growth conditions). The
nanocomposite, VHS-NF, is characterized by OD significantly lower than that
of the control although it is higher than 80% and this is normally considered

as the lower limit for the cytocompatibility.

VHS, NF and VHS-NF are characterized by no significantly different
OD to suggest similar behaviour. Anyhow, it should be considered that the
cytocompatibility is assayed to a 20-fold concentration higher than that
considered for antimicrobial assay. This evidences that nanocomposite does
not impair fibroblast growth also at concentrations higher than those effective

against P. aeruginosa and S. aureus as assessed in the antimicrobial assay.
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Figure 2.12. Bioavailability (OD) evaluated for VHS (1.2 mg/mL), NF (0.1 mg/mL) and VHS-
NF (VHS: 1.2 mg/mL and NF 0.1 mg/mL) compared to the control (growth medium, standard
growth conditions) (mean values + s.d.; n=8) (Statistical analysis W test: control vs VHS-NF:
p=0.030). Abbreviations: NF, norfloxacin; VHS, montmorillonite; VHS-NF, montmorillonite/
norfloxacin nanocomposite

2.2.3. Conclusions

NF is loaded into montmorillonite to have a nanocomposite by means
of adsorption mechanism, as one single process. In particular, protonated NF
molecules interact with the active sites of montmorillonite located at edges
and within its interlayer space, thus forming a drug monolayer onto the clay
mineral interlayer surface. NF in the nanocomposites is in an amorphous
state, and its loading is homogeneous and causes an expansion of
montmorillonite interlayer spaces. Moreover, the nanocomposite causes a
prolonged NF release over time. The nanocomposite is characterized by good
biocompatibility in wvitro toward fibroblasts, and it is able to increase
antimicrobial potency of the free drug against P. aeruginosa and S. aureus,
Gram-negative and Gram-positive bacteria, respectively, that are often a
concurrent cause of wound chronicization, leading to a possible impairment
of the healing path and finally to non-healing wounds. NF-montmorillonite
nanocomposite demonstrates to possess suitable properties as a tool to
enhance wound healing in infected wounds: the possibility to use a flexible
dosage, as a powder for cutaneous application, should also allow easy

administration, depending on lesion dimensions.
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2.3. Abbreviations

AEM
CFU
DMEM
DMSO
DSC
FBS
FT-IR
HRTEM
MIC
MTT
NF

OD

P1, P2 and P3
TGA
TGA
VHS
VHS-NF
XRPD

Analytical Electron Microscopy

Colony forming unit

Dulbecco's Modified Eagle Medium

dimethyl sulfoxide

Differential Scanning Calorimetry

Fetal Bovine Serum

Fourier-Transform Infrarred Spectroscopy
High-Resolution Transmission Electron Microscopy
Minimum Inhibitory Concentration
3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium bromide
Norfloxacin

Optical density

Peat strata from top to bottom

Thermogravimetric Analysis

Thermogravimetric analysis

Montmorillonite (Veegum®HS)
Montmorillonite-norfloxacin nanocomposite

X-Ray Powder Diffraction
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3.1.  Objetivos de la Tesis

Los aluminosilicatos son un amplio grupo de materiales en los que se
incluyen tanto sustancias naturales como sintéticas y que presentan
numerosas aplicaciones, muchas de ellas derivadas de sus caracteristicas
superficiales, y en particular de su porosidad y presencia de poros de distintas
dimensiones y elevada superficie especifica. Entre estos materiales, ocupan
un lugar relevante los de origen natural, incluyendo, entre otros, las zeolitas
naturales y algunos minerales de la arcilla. En nuestro caso, los
aluminosilicatos centro de estudio pertenecen a las denominadas “arcillas
especiales”, concretamente a las arcillas fibrosas, que pueden ser usadas en
salud y debido a sus propiedades como sustancias auxiliares (excipientes) o a
su actividad farmacolégica (Lopez-Galindo and Viseras, 2004; Viseras et al.,
2007). Espafia alberga uno de los mayores depositos de sepiolita del mundo
(mas de 67 Mt, de los cuales 52 Mt se encuentran en la provincia de Madrid
(Vicalvaro) y tiene unas reservas superiores a los 30 Mt de palygorskita,
mineral presente también en otros paises en cantidades que permiten su
explotacion por el lider mundial en extraccion de este mineral (Tolsa,
Madrid), con la que colabora desde hace afios el grupo investigador que avala
el proyecto de tesis. En concreto, estas arcillas fibrosas pueden emplearse en
el desarrollo de geles de administracion topica con aguas mineromedicinales
como fase externa con efectos terapéuticos y cosméticos (Viseras et al., 2015),

siendo este el centro de estudio de este proyecto de tesis.

Los fangos terapéuticos son “productos medicinales de consistencia
semisolida, resultado de la interposicion de sélidos organicos y/o inorganicos
en agua mineromedicinal” (Viseras et al., 2007). Los fangos terapéuticos se
administran tdpicamente en aplicaciones locales o bafos y debido a una serie
de acciones biofisicas y/o bioquimicas, se emplean terapéuticamente en el
tratamiento o prevencion de patologias tanto sistémicas como locales (de la
piel). El uso de arcillas en la elaboraciéon de fangos termales requiere que los
productos se elaboren siguiendo protocolos que tengan en cuenta la
concentracion Optima de arcilla, energia de interposicidn, tiempo de contacto,
temperatura, fuerza idnica del medio, entre otros, de manera que se garantice
el desarrollo de sistemas estructurados (Viseras and Loépez-Galindo, 1999;

Viseras et al.,, 2001; Aguzzi et al.,, 2013b). Los fangos son susceptibles de
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mejoras en su comportamiento (Viseras et al., 2006a; Rebelo et al., 2011a,
2011b) y requieren el cumplimiento de distintos requisitos (Cerezo et al.,
2013). En particular la composicién quimica elemental tanto de los materiales
de partida como de los productos una vez elaborados debe ser controlada,
dado que muchos de los efectos beneficiosos, pero también perjudiciales,
derivados de su empleo dependeran de mecanismos quimicos (Cultrone et
al., 2003; Viseras et al., 2006b, 2006a).

Las acciones bioquimicas de los fangos terapéuticos son debidas al
quimismo de las aguas y de los fangos, de forma que sus efectos dependeran
de la posible penetracion y/o permeacion dérmica de estos componentes. Los
estudios centrados en la presencia de iones metalicos susceptibles de tener
efectos bioldgicos (positivos o negativos) cuando los fangos son aplicados son
escasos y hasta la fecha poco concluyentes (Summa and Tateo, 1998; Tateo and
Summa, 2007; Tateo et al., 2009). No esta claro qué elementos son esenciales y
cual es la concentracion ideal de cada elemento para conseguir una respuesta
Optima al tratamiento. Ademas, la presencia de un determinado elemento en
el fango no implica necesariamente su biodisponibilidad en el organismo. No
se conoce la permeabilidad de iones desde fangos y aguas mineromedicinales,
y tan sélo se estima que es variable y mayor para los gases que para las
sustancias disueltas en el agua. Algunos estudios han determinado la
permeacion desde suspensiones de metales pesados a través de la piel para
evaluar sus efectos toxicos (Van Lierde et al.,, 2006; Larese et al., 2007).
Conviene sefialar la importancia del control en el contenido de determinados
elementos traza potencialmente toxicos y de su movilidad y estado durante el
proceso de elaboracién de los fangos, como As, Sc, T1, Pb, Cd, Cu, Zn, Hg, Se
y Sb, con objeto de evitar posibles intoxicaciones durante el tratamiento
(Mascolo et al., 1999; Summa and Tateo, 1999; Sdnchez-Espejo et al., 2015). La
posible interaccion entre los componentes del fango termal debe ser evaluada
mediante pruebas especificas (Aguzzi et al., 2013a). De especial importancia
resulta el hecho de que, dependiendo de los metales pesados en cuestion y su
especiacion, la toxicidad puede ocurrir justo por encima de los niveles de
deteccién de muchas técnicas analiticas. El plomo (Pb), cadmio (Cd), arsénico
(As) y mercurio (Hg) son los metales y metaloides con el potencial toxico mas

alto entre los presentes en las muestras de arcilla. Otros metales o metaloides
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como el cobre (Cu), antimonio (Sb), molibdeno (Mo) y cromo (Cr) también
pueden ser la fuente de riesgos toxicos. Por lo general, las concentraciones de
estos metales en las arcillas varian ampliamente, pero pueden encontrarse en
rangos que van desde partes por billén (ppb) hasta partes por trillon (ppt),
por lo que su medida necesita de técnicas instrumentales de alta precision
tales como la espectrometria de masas cuadrupolar con fuente de plasma
acoplada inductivamente (ICP-MS). El ICP-MS se ha convertido en una
herramienta vital en el analisis de metales pesados, ya que proporciona un
analisis rapido y fiable a lo largo de un amplio rango de concentracién y se ha
incorporado como la técnica referente en normativas de control de estos

metales en Europa y EE.UU.

3.1.1. Objetivos especificos

e Objetivo 1. Caracterizar fangos naturales de elevada riqueza en
azufre.

e Objetivo 2. Evaluar la composicién mineral y quimica de muestras
de arcillas fibrosas susceptibles de empleo en la elaboracién de fangos
sintéticos, incluyendo la puesta a punto de metodologias novedosas
para la determinacién de metales pesados.

e Objetivo 3. Elaborar fangos sintéticos con muestras seleccionadas en
virtud de su composicién, correlacionando las caracteristicas de las
arcillas fibrosas seleccionadas, y sus modificaciones como resultado
de la maduracioén, con las propiedades técnicas de los productos.

e Objetivo 4. Evaluar la biocompatibilidad in vitro de los ingredientes
por separado y de las correspondientes formulaciones para su uso en
el tratamiento de la curacion de heridas.

e Objetivo 5. Establecer las propiedades fisicoquimicas,
geodisponibilidad y contenido inorgéanico relacionado con los efectos
terapéuticos o perjudiciales del fango, a partir de la composicién y
geoquimica original de los componentes.

e Objetivo 6. Evaluar la seguridad de los excipientes y las
formulaciones en lo que a impurezas elementales se refiere, aplicando

las regulaciones y/o guias disponibles y susceptibles de ser aplicadas
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a formulaciones tdpicas tipo “hidrogel” preparados con ingredientes
naturales.

e Objetivo 7. Determinar la liberacion y la movilidad (penetraciéon y
permeabilidad) in vitro de los elementos con interés terapéutico
presentes en el fango, susceptibles de inducir efectos bioldgicos ttiles,

especialmente relacionados con la curacion de heridas.

3.1.2. Plan de Trabajo

De acuerdo con los objetivos citados con anterioridad, el plan de
trabajo de la tesis doctoral se organizd en los siguientes apartados,
correspondientes a diferentes secciones del capitulo 4 de esta memoria de

tesis.

Seccion 4.1. Las arcillas especiales son materias primas empleadas en
farmacia y cuyas caracteristicas y propiedades aparecen claramente
especificadas en las correspondientes farmacopeas. No obstante, estos
mismos materiales arcillosos son usados en la obtencién de preparados
empleados en balneoterapia, los cuales aiin no son reconocidos como
cosméticos ni medicamentos. En un primer trabajo se estudiaron hidrogeles
preparados con dos aguas mineromedicinales y dos arcillas fibrosas. Tanto los
excipientes como los hidrogeles fueron totalmente caracterizados y
estudiados en este estudio. En esta seccion se da cumplimiento a los objetivos

1,2y 3 dela tesis.

Garcia-Villén, E., Sanchez-Espejo, R., Lopez-Galindo, A., Cerezo, P., Viseras,

C. (2020). Design and characterization of spring water hydrogels with
natural inorganic excipients. Applied Clay Science, 197, 105772.

Seccion 4.2. En este capitulo se aborda principalmente los objetivos 4
y 5, ya que se el estudio se centra en la biocompatibilidad in vitro de los
ingredientes utilizados en la preparacion de hidrogeles abordados en el
estudio anteriormente mencionado. Asi mismo, tras confirmar la
biocompatibilidad de los hidrogeles, se realiza un estudio mas especifico para

evaluar la actividad in vitro de los hidrogeles en la curacion de heridas.
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Garcia-Villén, F., Faccendini, A., Miele, D., Ruggeri, M., Sanchez-Espejo, R.,
Borrego-Sanchez, A., Cerezo, P., Rossi, S., Viseras, C., Sandri, G. (2020).
Wound healing activity of nanoclay/spring water hydrogels. Pharmaceutics,
12(467), 1-24.

Seccidon 4.3. En esta seccion el foco se centra exclusivamente en el
objetivo 6, ya que se realizaron estudios de liberacién de impurezas
elementales in vitro (celdas de Franz), evaluando de esta manera la posible

toxicidad o efectos adversos asociados al uso de los hidrogeles.

Garcia-Villén, F., Sanchez-Espejo, R., Borrego-Sanchez, A., Cerezo, P., Perioli,

L., Viseras, César (2020). Safety of nanoclay/spring water hydrogels:
assessment and mobility of hazardous elements. Pharmaceutics, 12(764), 1-
17.

Seccidn 4.4. En la seccion final de este proyecto de tesis, se abordan
los objetivos 4, 5 y, especialmente, el objetivo 7. Se evaltia la liberacién in vitro
de elementos con potencial actividad terapéutica sobre la piel, y mas

concretamente sobre la curacion de heridas.

Garcia-Villén, F., Sanchez-Espejo, R., Borrego-Sanchez, A., Cerezo, P., Cucca,

L, Giuseppina S., Viseras, C. (2020). Correlation between elemental
composition/mobility and skin cell proliferation of fibrous nanoclay/spring
water hydrogels. Pharmaceutics, 12(891), 1-20.
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Prologo

Este capitulo se corresponde con el corazén del presente proyecto de
tesis, en el que se abordan los resultados y discusion de los estudios realizados
sobre arcillas fibrosas (sepiolita y palygorskita) como ingredientes en la
preparacion de formulaciones semisoélidas con aguas mineromedicinales

naturales.

El primer paso fue la caracterizacion al estado sdlido de las muestras
de arcilla en estudio junto con las formulaciones semisolidas preparadas.
Especial atencion se presta a la pureza de las arcillas y al comportamiento

reoldgico y estabilidad de las formulaciones semisdlidas.

En la siguiente fase del estudio se evaltia la biocompatibilidad y la
actividad terapéutica en la curaciéon de heridas de las formulaciones

previamente caracterizadas.

Por dultimo, las dos ultimas secciones estan centradas en la
composicién y el intercambio de elementos quimicos presentes en las
formulaciones. En primer lugar la atencidon se centr6 en las impurezas
elementales, entendidas éstas como la presencia de elementos tdxicos o
potencialmente tdxicos, metales pesados, etc. En segundo lugar, y como
broche de este proyecto de tesis, se estudid la liberacion del resto de elementos

quimicos con potencial actividad terapéutica en la curacion de heridas.

Cumpliendo con la normativa de formato de Tesis Doctoral
especificado por la Escuela de Doctorado en Farmacia, los indicios de calidad

de las publicaciones que conforman el siguiente capitulo son:

Seccion 4.1.

Garcia-Villén, F., Sanchez-Espejo, R., Lopez-Galindo, A., Cerezo, P., Viseras,
C. (2020). Design and characterization of spring water hydrogels with
natural inorganic excipients. Applied Clay Science, 197, 105772.

DOI: 10.1016/j.clay.2020.105772

Indicios de calidad de la publicacion:

e Articulo cientifico
e Indexadaen JCR: APPL CLAY SCI
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e Factor de impacto 2019: 4.605
e Ranking: Q1 (mineralogy).

Seccion 4.2.

Garcia-Villén, F., Faccendini, A., Miele, D., Ruggeri, M., Sanchez-Espejo, R.,
Borrego-Sanchez, A., Cerezo, P., Rossi, S., Viseras, C., Sandri, G. (2020).
Wound healing activity of nanoclay/spring water hydrogels. Pharmaceutics,
12(467), 1-24. DOI: 10.3390/pharmaceutics12050467

Indicios de calidad de la publicacion:

e Articulo cientifico

¢ Indexadaen JCR: PHARMACEUTICS

e Factor de impacto 2019: 4.421

¢ Ranking: Q1 (pharmacology & pharmacy).

Seccion 4.3.
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4.1. Design and Characterization of Spring Water Hydrogels
with Natural Inorganic Excipients

The medicinal use of minerals by human cultures is as old as medicine
itself and continues to be part of nature-derived medicines as well as western
industrial medicinal products. In particular, the use of natural inorganic
ingredients, such as clay minerals, in skin therapy goes back to prehistoric
times. Clays are used as excipients in skin dosage forms such as pastes,
poultices, liniments, lotions, suspensions, etc. For example, kaolin and
bentonite are included in “titanium dioxide paste” and “calamine lotion”,
respectively (USP42-NF37, 2019). Clay minerals act as abrasive, adsorbent,
anticaking, opacifying agents, stabilizers, etc. Most recently, clays have also
demonstrated crucial activities in the treatment of problematic skin
pathologies (Sandri et al., 2016) and giving rise to the novel design of

advanced skin-addressed drug delivery systems (Viseras et al., 2019).

Therapeutic muds are semisolid dosage forms composed of an
inorganic and/or organic phase suspended in spring water (Mefteh et al., 2014;
Khiari et al., 2019). Suspended solids of thermal muds can be natural
sediments present in the spring water (natural muds) or, more frequently,
solid ingredients incorporated to the spring water as formulation additives to
obtain “artificial muds” (Rebelo et al., 2011a; Gomes et al., 2015). Both natural
and artificial muds are used in spa centres for the treatment and control of
musculoskeletal disorders and skin pathologies (Fioravanti et al., 2011, 2017;
Fraioli et al., 2011; Forestier et al., 2016; Huang et al., 2018; Kietczawa, 2018;
Davinelli et al., 2019).

Although the mechanisms of action are not yet fully understood
(Veniale et al., 2007), the effects are believed to be the result of a combination
of mechanical, thermal and chemical factors (Fioravanti et al.,, 2011).
Mechanical and thermal activities are mainly related to the structure and
inorganic composition of the hydrogel and/or to the conditions of application
(temperature, amount and time) (Sanchez-Espejo et al., 2014a; Drobnik and
Stebel, 2020). Chemical effects have been ascribed to inorganic soluble
complexes and ions (Tateo et al.,, 2009) together with organic components

associated to the presence and growth of microorganisms (Quintela et al.,
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2010; Pesciaroli et al., 2016; Drobnik and Stebel, 2020). The composition of the
spring water is crucial for the therapeutic activity of thermal muds.
Sulphurous spring waters have demonstrated to improve wound healing, due
to their ability to reduce inflammation and to promote angiogenesis,
particularly by increasing proliferation, migration and tube formation of the
endothelial cells (Liu et al., 2014).

The preparation of artificial thermal muds also allow studying and
comparing the performances of different solid phases. Traditionally, smectites
such as montmorillonite and kaolinite have been used as the main inorganic
phases of artificial muds. Nonetheless, fibrous clay minerals such as sepiolite
and palygorksite have played a secondary role in balneotherapy, as shown by
the scarce scientific literature. Recently, Pozo and co-workers (Pozo et al,,
2018, 2019) have compared sepiolite with montmorillonite, finding a better
performance of the fibrous clay mineral over the layered one in
balneotherapy. The high specific surface area of fibrous clay minerals makes
them able to adsorb and retain high amounts of water. This has a valuable
economic impact in balneotherapy, since low amount of solid phase is able to
carrier a large amount of spring water in form of a semisolid system.
Moreover, fibrous clay minerals have demonstrated to adsorb and retain a
wide variety of substances, which make them potential active ingredients
intended to treat the skin (elimination of skin impurities) and infected

wounds (by adsorption of microorganisms and toxins), among others.

Thermal muds formulations currently fail to be designed and
produced following quality standards that assure a consistency of their
composition and effects, partly because of the absence of specific regulation
or guidelines. In recent years, some attempts have been done to establish the
optimal properties of these therapeutic muds (Baschini et al., 2010; Karakaya
et al., 2010; Sanchez-Espejo et al., 2014a; Modabberi et al., 2015; Khiari et al.,
2019; Carretero, 2020). It is advisable that artificial muds should be designed,
prepared and controlled by spa centres following normalized protocols
(Gomes and de Sousa, 2018).

With these premises, the aim of this paper was to design and
characterize hydrogels with sulphurous water and selected clay minerals

under a “pharmaceutics” perspective; i.e., with reproducible product quality
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that results in a safe and efficacious dosage form (Moraes et al., 2017). To
comply with the scientific and technological aspects of the design and
manufacture of semisolid clay/mineral water products, two commercial
fibrous clay minerals (sepiolite and palygorksite) were fully solid-state
characterized and then used to manufacture hydrogels with two spring
waters. The resultant semisolid compounds were characterized and

controlled by means of rheology, cooling rate, pH and water content.
4.1.1. Materials and Methods

4.1.1.1. Materials

Pangel S9 (PS9) and Cimsil G30 (G30) were kindly gifted by TOLSA
(Madrid, Spain). PS9 and G30 were mainly composed by sepiolite and
palygorskite,  respectively. = Their = corresponding  pharmacopoeial
denominations are “Magnesium trisilicate” (PS9) and “Attapulgite” (G30)
(Ph.Eur.9th, 2018a,b; USP42-NF37, 2019). Both excipients were dried in oven
at 40 °C for at least 48 h prior to be used.

Spring waters from Graena spa (GR) and Aliciin spa (ALI), Granada
(Spain) were used. According to their properties, these spring waters are
classified as hypothermal (ALI) and hyperthermal (GR), both of them having

a strong mineralization (Maraver Eyzaguirre and Armijo de Castro, 2010).

4.1.1.2. Characterization of Solids

X-ray powder diffraction analysis (XRPD) of PS9 and G30 were
carried out using a PANalytical diffractometer, X'Pert Pro model, equipped
with an X'Celerator solid-state detector and a spinning sample holder. The
diffractogram patterns were recorded using random oriented mounts with
CuKoa radiation, operating at 45 kV and 40 mA, in the range 4-70 °20 (0.008
°20 step size, 9.73 s as scan step time). Oriented aggregates were also
performed with PANalytical diffractometer in the very same operating
conditions previously mentioned (45 kV, 40 mA, step size: 0.008 °20; scan step
time: 9.73 s). Particularly, glycolated oriented aggregates were analysed from
3 to 30 °20, while air dried and 550 °C-heated oriented aggregates were
obtained from 4 to 50 °20. Compositional study of PS9 and G30 was
complemented by chemical X-Ray fluorescence analysis (XRF). XRF of clay
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minerals were performed using a Bruker® S4 Pioneer equipment, with an Rh

anode X-ray tube operating at 60 kV and 150 mA.

Fourier-Transform Infrared spectroscopy (FT-IR) spectra of PS9 and
G30 were obtained with a JASCO 6200 apparatus equipped with an ATR
accessory. All analyses were performed from 400 to 4000 cm™ with a
resolution of 2 cm™ and results processed with Spectra Manager v2 software

in transmittance units.

Shimadzu (mod. TGA-50H) calorimeter was used to perform
thermogravimetric analysis (TGA), equipped with a vertical oven and a
precision of 0.001 mg. Approximately 40 mg of each sample were weighted in
aluminium sample crucibles (capacity 70 pL). The experiments were
performed in 30-950 °C range, atmospheric air (50 mL/ min) and a heating
rate of 10 °C/min. Differential Scanning Calorimetry (DSC) was performed
with a Mettler Toledo (DSC1) apparatus equipped with a FRS5 sensor. In this
case, approximately 7 mg of clay mineral samples were weighted in
aluminium sample crucibles (40 uL). They were evaluated from 26 °C to 400
°C at 10 °C/min in atmospheric air (50 mL/min).

Scanning electron microscopy (SEM) of particles textures and their
aggregates were performed with a GEMINI (FESEM) CARL Zeiss coupled to
an EDX microanalyser (Oxford Instruments). Samples were dried at 40 °C for
a minimum of 48 h. Then, powdery samples were mounted over standard
aluminium stubs and coated with carbon. Textural microphotographs were
obtained at 3 kV, while EDX were acquired at 15 kV. In both cases, immersion

lens detector was used (InLens, Zeiss).

4.1.1.3. Characterization of Liquids

Values of pH and conductivity of GR and ALI were controlled at
room temperature. pH was studied by a Crison BASIC 20 pH-meter equipped
with an electrode intended for dissolutions and at 20 + 0.5 °C. Conductivity
was determined at 28 + 0.15 °C by using a Mettler Toledo (FiveGo F3). Six

replicates were collected for both pH and conductivity.

Major cations (Na, Ca, K and Mg) of ALI and GR were determined by
ICP-OES (Perkin Elmer ICP-OES 3300DV). More particularly, prior to any
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ICP-OES determination, calibration curves were obtained for each element by

using standardized patterns (concentration 1000 ppm for all of them).

The presence of trace elements (As, Ba, B, Cd, Cu, Cr, Fe, Mn, Pb Sb,
Hg, Ni, Se, I, Li, Rb, Zn, Co and U) in ALI and GR were determined by a
PerkinElmer ELAN DRCe inductively coupled plasma mass spectrometer
(ICP-MS). These analytes were measured by using both standard and
dynamic reaction cell (DRC). Quantification was carried out with an external
calibration method. Standard reference calibration solutions were obtained by

dilution of certified multielement stock solutions with ultra-purified water
(Milli-Q® water) 1, 5, 10, 100 pg/L for ICP-MS.

4.1.1.4. Preparation of Inorganic Hydrogels

The effect of solid concentration and agitation was studied in a
preliminary experiment. Four solid/water concentrations (5, 10, 15 and 20%
w/w), three agitation times (1, 5 and 10 min) and three rotor speeds (1000, 5000
and 8000 rpm) provided by a turbine high-speed agitator (Silverson LT,
United Kingdom) were tested. Rheological measurements were performed
onto the resultant suspensions by a controlled rate viscometer (Thermo
Scientific HAAKE, RotoVisco 1) equipped with a plate/plate combination (&J
20 mm serrated PP20S sensor system). Temperature was maintained constant
during the whole experiment at 25 °C (+ 0.5 °C) by means of a Peltier
temperature controller. Rheological properties of hydrogel samples were
measured within the shear rate range of 70-800 s'. Apparent viscosities of the
suspensions were taken at 250 s71. The results were used to select the best
optimal solid concentration and agitation energy that would allow
comparisons among the two inorganic excipients. Apparent viscosities and
agitation energies were correlated following a previous work (Viseras et al.,
1999). The solid concentration and agitation conditions allowing measurable,
reproducible and comparable viscosity values were selected for the

subsequent studies (10% w/w, 8000 rpm, 10 min).

The selected concentrations were prepared by suspension of 25 g of
solids (PS9 or G30) in 225 mL of liquid (GR or ALI), obtaining a final
concentration of 10% (w/w) (Table 4.1).
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Table 4.1. Composition of prepared hydrogels with a final concentration of 10% (w/w)

Clay mineral Spring water Hydrogel code
ALI PS9ALI
Ps9 GR PS9GR
ALI G30ALI
30 GR G30GR

The dispersions were firstly homogenized by a glass rod in order to
disaggregate solid lumps. Then, hydrogels were prepared with a turbine
high-speed agitator (Silverson LT, United Kingdom). The agitator was
equipped with a high-traction stirrer head of square mesh performing at 8000
rpm for 10 min. Polyethylene containers were used to preserve the

aforementioned hydrogels in static conditions at room temperature.

4.1.1.5. Characterization of Hydrogels
Thermal Properties

Experimental and theoretical thermal parameters of the prepared
hydrogels were obtained by the following procedure, previously described
and used by Sanchez-Espejo and co-workers (Sanchez-Espejo et al., 2015).
Known amounts of each hydrogel was weighed and conditioned at 50 °C
inside polyethylene terephthalate cells and subsequently immersed in a
thermostatic bath at 25 °C. While inside the bath, the temperature of the
sample was monitored by a thermometric probe located in the middle of the
cell until it reached approximately 32 °C (normal skin temperature). The
resultant experimental data were fitted by using the Newton law (Eq. 4.1,
already mentioned in chapter 1) which described the transmission of
temperature between two bodies in contact. In this equation, Tmin represents
the room temperature (25 °C), Tmax is the initial temperature (50 °C), ¢ is the
time in minutes the constant k depends on the material and apparatus used,

given by Eq. (4.2).

(T- Tmin) = (Tmax — Tmin)e_kt Eq. 4.1
C mCp

As a reminder, in Eq. 4.2, P is the instrumental constant of the

apparatus, C the heat capacity of the heated material, m the heated mass and
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Cp the specific heat. The apparatus constant (P) was obtained by fitting the
cooling data obtained with a known amount of a reference water dispersion
of TiOz. Experimental and calculated Tzomin and t32¢c results were used to study
hydrogels thermal properties. T2omin indicates the actual temperature of the
analysed hydrogel after 20 min (usually the duration of treatments) and ts2+«c
indicates the time that takes the hydrogel to equal the temperature of the skin.
These analyses were performed over the prepared hydrogels at different

times, including time after 48 h, 6 and 12 months.

Rheological Studies

Rheological measurements were performed by a controlled rate
viscometer (Thermo Scientific HAAKE, RotoVisco 1) equipped with a
plate/plate combination (J 20 mm serrated PP20S sensor system).
Temperature was maintained constant during the whole experiment at 25 °C
(£ 0.5 °C) by means of a Peltier temperature controller. Rheological properties
of hydrogel samples were measured within the shear rate range of 70-800 s'.
The measurement interval was chosen to simulate typical stresses that may
suffer these systems when used: 70-200 s (skin spreading), 100-200 s
(manual mixing) and 400-2000 s (container removal) (Schott, 1995).
Rheological characterization was performed just after their preparation (time
0) and after 48 h. Characterization was also done after 1, 2, 6 and 12 months.
Data were collected and processed by the HAAKE RheoWin software. Six
replicates were obtained for each sample. Rheological characterization
included flow curves, apparent viscosity taken at 250 s, hysteresis area and
yield stress. Hysteresis area was obtained by calculating the inner space
between the upper and lower flow curves. Yield stress values were obtained
by modelling upper flow curves according to Bingham, Casson and Herschel—-
Bulkley models (dynamic yield stress) or, if possible, by experimental spur
points (if presents). Fitting of models was performed by using Excel's Solver
tool. The goodness-of-fit of the data to each model was evaluated and
described by correlation coefficient R2dgjusted (Eq. 4.3 and Eq. 4.4), which is used
when models with different number of parameters are being compared. In
these equations, z are the predicted values, yi are the experimental data, n
accounted for the number of data points (sample size) and p is the number of

parameters determined on each model.
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T (z-9)°
R? = 2=t Eq. 4.3
S0y !
(n-1)
Rzzzdjusted =1- (n-p) (1-R?» Eq. 44

pH and Water Content Measurements

All hydrogels prepared were monitored in terms of pH and water
content in order to detect possible changes associated with their stability. Both
water content and pH were controlled at time 0, after 48 h and after 1, 2, 6 and
12 months. Particularly, pH was studied by a pH-meter Crison pH 25+
equipped with a semisolid electrode (5053T). Eight replicates were collected
for each sample. The water content of the hydrogels was controlled by a
gravimetric method consisting of weighting a known amount of hydrogel
(approximately 1 g). Then the weighted amount was dried in an oven at 40 °C
until the dry weight was found stable. Three replicates were performed for

each sample.

4.1.1.6. Statistical Analysis
One-way analysis of variance (ANOVA) with post-hoc Scheffé and

Bonferroni tests for multiple comparisons were used by means of SPSS
Statistic software (USA). Differences between groups were considered

significant when p-value were < 0.05.
4.1.2. Results and Discussion

4.1.2.1. Characterization of Solids

Identity, Purity and Richness

X-ray powder diffraction pattern of PS9 showed the typical
diffraction pattern of the mineral sepiolite. No other crystalline mineral
phases were detectable with this analysis, thus demonstrating this sample to
be highly pure (Figure 4.1, up). On the other hand, diffraction pattern of G30
sample corresponded majorly with palygorskite, although in this case other
mineral phases were also detected, such as quartz, fluorapatite, calcite and
sepiolite. The presence of impurities in natural excipients must be controlled

and quantified as they may bring potential concerns.
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XRF results complemented XRPD results. The typical composition of
sepiolite does not include Al20s nor K20. Nonetheless, these oxides were
detected by XRF analysis of PS9 sample. These elements were also detected
by other studies in which PS9 was characterized, though no further
explanations were given (Carmona et al., 2018). The presence of muscovite
impurities in the sample could explain aluminium and potassium oxide
results produced by P59's XRF. Furthermore, diffraction pattern of muscovite
allowed the total explanation of PS9 diffraction peaks, such as the intensity of
the reflections at 19.75 and 34.32 °20 (Figure 4.1, up).
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Figure 4.1. XRPD patterns and oriented mounts X-ray patterns of PS9 and G30. Sep: sepiolite;
Pal: palygorskite; Qz: quartz; FAp: fluorapatite; Sm: smectite
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The presence of fluorapatite in G30 can be supported by a ~3% of P20s
detected in XRF results of G30 (Table 4.2). In the same way, the presence of
CaO detected in G30's XRF allowed to confirm calcite presence. Both solids
showed LOI values around 10%. FT-IR and thermal analysis were used to

discern the nature (water and/or organic components) of this mass loss.

Oriented mounts of PS9 are plotted in Figure 4.1, down. Diffraction
peak at 7.27 °20 (12.15 A) was present both in air dried and glycolated
oriented mounts, the intensity being higher for the former one, meaning the
evaluated sample did not possess smectite mineral phases (which would have
swelled in presence of ethylene glycol). When the aforementioned oriented
mount was heated at 550 °C, the diffraction peak at 7.27 °20 was destroyed,
evolution which coincided to sepiolite clay mineral presence. An additional
reflection was found at 8.53 °26 (9.98 A), which maintained constant in the
three oriented mounts analyzed (air dried, glycolated and heated at 550 °C).
This evolution was in agreement with illite (and/or mica), muscovitic mineral
phases. Although glauconite, celadonite and biotite could also be related with
this diffraction peak, the characterization previously done (XRPD of
randomly oriented powder and XRF) allowed to identify it as muscovite.
Consequently, PS9 was composed of sepiolite (~91.5% w/w) and muscovite
(~8.5% w/w) and corresponds to “Magnesium silicate” (USP42-NF37, 2019) or
“Magnesium trisilicate” monographs (Ph.Eur.9th., 2018b; USP42-NF37, 2019).

Table 4.2. XRF results of PS9 and G30

Oxide PS9 G30
SiO2 (%) 59.645 59.578
AL:0s (%) 3.435 8.324
Fe20s (%) 1.054 4.024
MnO (%) 0.022 0.027
MgO (%) 22.435 8.411
CaO (%) 0.56 5.279
Naz0 (%) 0.139 0.176
K20 (%) 0.952 0.356
TiO2 (%) 0.148 0.382
P20s (%) 0.057 2.868
LOI (%) 10.7 9.94

G30 X-ray oriented mounts (Figure 4.1, down) confirmed the presence

of palygorskite as the main mineral phase, since the diffraction at 8.37 °20
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maintained symmetrical until the application of temperature (550 °C), which
produced its collapse. At first sight, the diffraction peak at 7.32 °20 in G30's
randomly oriented mount (Figure 4.1, down), could be related to sepiolite.
Nevertheless, oriented mounts showed a swelling process typical of laminar
clay minerals. More particularly, there is a small diffraction with a maximum
detected at 6.20 °20. This diffraction expanded to 5.31 °20 in the glycolated
oriented mount, collapsing when heated at 550 °C. Nonetheless, the presence
of sepiolite cannot be discarded due to a small diffraction at 7.22 2°0 present
in air-dried and glycolated sample. In G30 sample, quantitative calculations
according to XRF and oriented mounts results showed that fluorapatite
accounted for ~7.0% (w/w) and calcite was present in a ~3.0% w/w. Quartz
reported to be a 26.0% (w/w), smectites and sepiolite accounted for ~6.0%
(w/w) and the rest of G30 sample was identified as palygorskite ~58.0% (w/w).
Pharmaceutical grade “Attapulgites” shows palygorskite amounts around
60% w/w, in agreement with previous studies (Viseras et al., 1999) and the
aforementioned results. G30 is, therefore, a usual “Attapulgite” excipient as
included in USP 42-37, 2019 and Ph. Eur. 9th (2018a,b). On the other hand, as
regarding the use in medical hydrology, quartz and carbonate minerals have
been traditionally used in some thermal centres (Mihelci¢ et al., 2012) and the
world-famous Dead Sea “black mud” is composed by > 60% of carbonate

minerals (Nissenbaum et al., 2002).

FT-IR spectra (Figure 4.2) showed vibrational bands of sepiolite (PS9)
and palygorskite (G30), respectively (McKeown et al., 2002; Chukanov and
Chervonnyi, 2016). The two most intense bands for both samples (1003, 969
cm™ for PS9 and 1012 and 974 cm™ for G30) are due to Si-O stretching
vibrations. A band at about 1200 cm™ due to Si-O-Si bonds between
alternative ribbons (periodical inversion of apical oxygen in tetrahedral
happening in fibrous clay minerals which is not present in other clay
minerals) (Mendelovici, 1973; Alkan et al., 2005). Additionally, fingerprint
region of both samples (1200-400 cm™) coincided with those of sepiolite and
palygorskite (Chukanov and Chervonnyi, 2016). Calcite presence in G30 was
confirmed by the small band at 1431 cm™ (the most intense one of calcite
infrared spectrum) (Sudrez and Garcia-Romero, 2006). Fluorapatite, quartz

and sepiolite were not detected in infrared results due to their low amount
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overlapping of vibrational bands with those of palygorskite. Al-Al-OH
deformation appears in G30 at 912 cm™ due to the dioctahedral character of
palygorskite. The intensity of this vibrational band varies between
palygorskites since it is directly related to aluminium content (Madejova and
Komadel, 2001).
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Figure 4.2. FT-IR transmittance spectra of clay mineral samples PS9 and G30

XRF results showed LOI values whose nature (water and/or organic
components) needed to be clarified. FT-IR spectra (Figure 4.2) showed lack of
vibrational bands in the region of C-C vibrations, confirming the absence of
organic matter. O-H bending modes produced by adsorbed and zeolitic water
create two bands at 1657 and 1625 cm™ in sepiolite (PS9), while for
palygorskite (G30) the aforementioned bands are unresolved, showing just a
single band at 1650 cm™'. Bands located between 3700 and 3200 cm™ can be
assigned to water OH groups stretching, including Al.-OH and Fe/Al-OH,
Al/Mg-OH, Fe/Mg-OH and Fe>-OH (Frost and Ding, 2003; Mora et al., 2010).
The small shoulder at 3581 cm™, present in G30 and absent in PS9, has been
ascribed to coordinated water present within fibrous clay mineral channels
(Augsburger et al., 1998). Nonetheless, some studies revealed a possible
correlation between the detection and intensity of this band and the presence

of Fe (Al-Fe-OH stretching) in palygorskite structure (Chahi et al., 2002;
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Sudrez and Garcia-Romero, 2006). The latter statement was in agreement with
G30 chemical composition (Table 4.2), since Fe was detected in higher amount
in comparison with PS9. The band at 3680 cm™! in PS9 can be ascribed to 3 Mg-
OH due to hydroxyls in the octahedral sheet (Alkan et al., 2005).
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Figure 4.3 and 4.4) showed mass losses coinciding with those of typical of
fibrous clay minerals (Foldvari, 2011). The first weight loss corresponded to
adsorbed water molecules and zeolitic water, usually called “free water”.
Second and third steps corresponded to bound water weight losses (bound
water I and 1II), also typical of fibrous clay minerals. Differential activation
energies of water molecules present in unfolded open channels with those in
folded ones, together with differential rates between separation and water
diffusion processes explains why bound water evaporation occurs in two

steps (Kiyohiro and Otsuka, 1989). Dehydroxylation and destruction of clay
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mineral framework occurred from 500 °C to 950 °C (
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Figure 4.3 and 4.4) for both sepiolite and palygorskite. Dehydroxylation of
PS9 occurred at higher temperature than for G30, due to higher amounts of

magnesium in sepiolite structure (Shuali et al., 1988).

Regarding the presence of impurities in G30, quartz suffers a
structural transition, from trigonal to hexagonal, which is detectable during
thermogravimetric analyses. It occurs around 500 °C and it is accompanied by
a slight weight loss. Minor amount of these impurities detected in G30, as well

as the overlap of this step with palygorskite dehydroxylation made
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impossible to discern its presence by thermal analysis. Calcite possesses a
weight loss from 800 °C, maximum exothermic peak around 930 °C (Foldvari,
2011), visible in the last part of the G30's TGA curve Figure 4.4. Fluorapatite
thermal alterations happen at temperatures higher than 1000 °C and were not

detected in the performed analyses (Tonsuaadu et al., 2012).

Regarding DSC analyses, PS9 showed a first endotherm between 25

and 143 °C (
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Figure 4.3). This step corresponds with evaporation of free water. The same

profile was found for G30, with water loss step starting at 28 °C and finishing
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at 141 °C (Figure 4.4). In both cases these endotherms coincided with the first
weight loss in TGA, though it seemed to be formed of two overlapped
endotherms, more marked in the case of G30 than in PS9. Since palygorskite
and sepiolite lose these two types of water in this temperature range, the
difference between them could explain the existence of two overlapped
endotherms (Frost and Ding, 2003). The enthalpy of the aforementioned
processes accounted for —1071.41 mJ for G30 and -1412.95 m]. These results
were in agreement with TGA results, in which the amount of weight loss is
higher in PS9 (7.45% w/w) than in G30 (7.07% w/w). Second part of DSC in
both PS9 and G30 also coincided with second weight loss in TGA analysis,
though they are formed of different small endothermic steps (Foldvari, 2011).
Once again, the resultant calculated enthalpies were in agreement with
weight losses indicated by TGA: -336.01 m]J (3.00% w/w) for PS9 and 302.73
m]J for G30 (2.52% w/w). As observed in previous studies with untreated
sepiolites and palygorskites, temperatures for the removal of water for

palygorskites are, in general, lower than for sepiolites.

According to thermal analysis results, sample PS9 comply with
pharmacopoeial requirements for “Magnesium silicate” monograph (loss on
drying 7.44% and loss on ignition 15.8% < 17-34% required in the USP (USP42-
NE37, 2019) and sample G30 with those requirements for “Attapulgite”
monograph (loss on drying 7.07% < 17.0% and loss on ignition 15.4% < 15.0—
27.0%) (Table 4.3).

Table 4.3. Thermal analyses for PS9 and G30 and normative limits (UUSP42-NF37 and/or
Ph.Eur.9th 2018a,b)

Interval Weight loss (% Pharmacopoeia Limits (%
Thermal event
O w/w) w/w)
Free water 30-125 74 Loss on drying <15
PS9 Bound Water I 125-325 3.0
Bound Water II 325-569 2.7 Loss on ignition < 17.0-34
Dehydroxylation 569-940 2.7
Free water 30-145 7.1 Loss on drying <17.0
G30 Bound Water I 145-274 2.5
Bound Water II 274-508 3.7 Loss on ignition < 15.0-27.0
Dehydroxylation 508-940 2.1

SEM microphotographs showed aggregates of particles in both

samples (Figure 4.5), with PS9 aggregates mean sizes smaller than those of
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G30. PS9 aggregates were formed of acicular particles (Figure 4.5B, D)
composed by sepiolite (EDX analysis, Figure 4.5B). No other crystal habits
were observed in this sample. G30 was a more heterogeneous sample. In
Figure 4.5F fluorapatite particles were mixed with palygorskite acicular
crystals (EDX spectra 2 and 3, respectively). The presence of carbonate
minerals was also confirmed (Figure 4.5G). In particular, the rhombohedral
particle seemed to correspond to dolomite in view of the high proportion of
Ca and Mg (spectrum 4), even if calcite was the main carbonate detected in
the mineralogical identification. Palygorskite fibers covering the crystal
explained the detection of Si. Lastly, microphotograph 4H and spectrum 5

corresponded to quartz impurities, also detectable.
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Figure 4.5. Microphotographs of PS9 and G30 with corresponding EDX analyses. A) General
view of PS9; B) Sepiolite fibers; C) and D) Detail of aggregation of sepiolite fibers; E) General
view of G30; F) Palygorskite fibers mixed with fluorapatite particles; G) Calcite crystals covered
by palygorskite fibers; H) Quartz crystals covered by palygorskite fibers
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4.1.2.2. Characterization of Spring Waters

pH and Conductivity

GR and ALI water samples presented pH and conductivity values
summarized in Table 4.4. In terms of pH, both waters were very similar, being
slightly alkaline. Regarding conductivity, GR showed to have higher
conductivity than ALI (Table 4.4). The measured values were within the range
of previous studies. It has been reported the conductivity of GR to be 1729.75
puS/cm (20 °C) (Aguzzi et al., 2013), 3452 uS/cm (25 °C) (Maraver Eyzaguirre
and Armijo de Castro, 2010) and 2650 puS/cm. Regarding ALI it has been
reported to possess 3008 puS/cm (25 °C) (Maraver Eyzaguirre and Armijo de
Castro, 2010). Differences are due to the natural variability of spring waters

and influence of temperature of measure.

Table 4.4. pH and conductivity results of spring waters employed in the study (mean values +
s.d.; n=6)
ALl GR

pH £s.d. 7.90+0.047  8.02+0.082
Conductivity (uS/cm) £s.d.  2251.5+6.74 2465.5+8.89

Elemental Composition of Spring Waters

Main elements present in ALI and GR spring waters were Ca, Mg, Na
and K (Table 4.5). Among minor/trace elements Zn and Li content highlighted
for both of them (Table 4.5). It was also remarkable the difference in Mn
content between ALI and GR (< 1 and 109 pg/L, respectively), though Rb, B,
Ba, Sb, Ni, Se were also detected.

Ca, Mg, Na and K content of both ALI and GR waters were in
agreement with previous studies (Maraver Eyzaguirre and Armijo de Castro,
2010; Prado-Pérez and Pérez del Villar, 2011). Since Alicin thermal system
depends on two main hydrogeochemical processes, dedolomitization and
CO: leakage (the former one involving Mg, Ca cations) (Prado-Pérez and
Pérez del Villar, 2011), it was expectable to detect remarkable concentrations

of these two elements in ALI spring water.
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Table 4.5. Elemental composition of spring waters ALI and GR determined by ICP-OES and
ICP-MS. (*) symbol indicates elements which presence in cosmetic products is limited
according to European Regulation (EC 1223/2009)

ALl  GR
Ca(mg/L) 34800 460.00
Mg (mg/L) 109.0  88.00
Na(mg/L) 5700 2740
K(mg/L) 460 680

I(ug/L)* <1 <1
Rb (ug/L) 5.0 18.0
Co (pg/L) * <1 <1
T1 (ug/L) * <1 <1
Al (ug/L) * <1 <1

As (ug/L) * <1 4.32
B(ug/L) 2500 12.00
Ba(ug/L)* 1880  13.00
Cd (pg/L) * <1 <1
Cu (ug/L) * <1 <1
Hg (ug/L)*  <0.5 <0.5
Mn (ug/L) <1 108.66
Pb (ug/L) * <1 <1
Li (ug/L)* 2442  65.00
Sb (ug/L)* <1 0.90
U (ug/L) 1.8 <1
Cr (ug/L) * 4.3 <1
Ni (ug/L)* 9.4 5.20
Fe (ug/L)  6.00  21.00
Se(ug/L)* 23  1.00

Elements considered essential or possibly essential for the human
body, such as B, Li, Ni, Zn, Mn, Fe and Se, were present in both waters (Table
4.5). These elements particular concentration would determine a possible
higher of lower absorption through the skin during thermal treatments. The
presence of the elements marked in the table with (*) symbol are limited in
cosmetic products according to the (EC 1223/2009). Nonetheless, in the very
same regulation, traces of these elements would be allow if they are inevitable
(because they are naturally present) and they do not compromise stability nor
safety of the product. Further studies are needed in order to discern if these
elements could be potentially absorbed through the skin, and their potential
bioavailability.
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4.1.2.3. Characterization of Hydrogels

Thermal Properties

Clay hydrogels are usually heated prior to their topical application to
obtain thermotherapic effects, since the typical high specific heat values and
low thermal conductivity of clays. Specific heats C, together with Tzomi» and
ts2c values of the studied gels are summarized in Figure 4.6. These data were

obtained by a linear regression of Eq. 4.2 (R? > 0.99, in all cases).

y =-0,0568x + 3,2195 P p
YRl 09993 —pf=—=—

k= 0,0568 c mcC,
0 5 10 15 20

t (min)

Taomin (°C) | tagec (min)
48 h 33.0+0.43 [21.9+048
PSOALI 6 months 36.9+0.37 |34.1+£0.42
12 months | 35.9+0.22 |29.1 +0.35

48 h 32.2+0.91 [20.3+0.86
PSSGR 6 months 349+058 [27.8+0.49
12 months | 351 +0.62 |27.1+0.56

48 h 31.2+1.15(195+1.37
G30ALI 6 months | 36.5+0.64 [32.7 + 0.63
12 months | 35.0 £ 0.66 |26.5+ 0.68

@OPS9ALI ®PS9GR BG30ALI ®G30GR

48 h 34.3+0.39 [247+0.25 --
G30GR 6 months | 35.6+0.71 [29.2+0.73 |
12 months | 35.7 +0.28 | 28.6 + 0.27 48h 6 months 12 months

Figure 4.6. Thermal properties of hydrogels. Right: T20 (°C) and tsamin; left: histogram of Cp
(J/K-g) obtained from linear fitting (mean values + s.d.; n=3)

All studied hydrogels showed adequate thermal performances for
topical application as thermotherapeutic agents, regardless of composition
and time. In other words, all hydrogels had ts2:c values higher than 20 min
and T2 values higher than 32 °C.

The thermal parameters obtained in this work were smaller than
those measured with smectite-rich hydrogels (Sanchez-Espejo et al., 2015).
The differences are ascribed to solid concentrations (50% w/w of smectite in
Sanchez-Espejo and co-workers vs. 10% w/w of sepiolite or palygorskite in

the present study). In fact, smectites performed lower cooling rates than
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fibrous clay minerals suspensions when compared at similar solid/liquid
ratios (Legido et al., 2007; Baschini et al., 2010; Karakaya et al., 2010; Glavas et
al., 2017).

Differences between hydrogels thermal performances at different
times were found. Cp values slightly increased with time (48 h vs. 6 and 12
months; histogram, Figure 4.6). The changes did not affect the usefulness of
the gels, as both Tzmin and ts2c were in all cases adequate for their use in

thermotherapy.

Rheological Measurements

Flow curves (shear rate vs. shear stress) of hydrogels PSO9ALI, PSOGR,
G30ALI and G30GR are plotted in Figures 4.7 to 4.9. All the hydrogels behave
as non-Newtonian, pseudoplastic materials. Rheological profiles of hydrogels
prepared with the same solid were almost identical, with minor differences
due to the liquid phases, in agreement with previous studies that concluded
that the solid phase of clay/spring water suspensions was the major factor
determining their rheological properties (Aguzzi et al., 2013). PS9 hydrogels
(Figure 4.7 and 4.8) showed apparent viscosities ten times higher than the
corresponding G30 hydrogels (Figure 4.9 and Figure 4.10). The difference
could be explained as a result of multiple factors. The ability of low sepiolite
concentrations to give high viscosity suspensions has been demonstrated in
previous studies (Simonton et al., 1988; Viseras et al., 1999; Cinar et al., 2009).
Previous comparative studies have revealed that sepiolite produced more
viscous and easy-to-obtain hydrogels than palygorskite or bentonite
(Simonton et al., 1988; Viseras et al., 1999). The presence of impurities in G30
modify rheological properties, in agreement with previous studies with
palygorskite suspensions (Neaman and Singer, 2000a; Bailey et al., 2015;
Khiari et al, 2019). Additionally, textural particularities of G30 fibers,
appearing as more compact aggregates than PS9 (Figure 4.5), also help to
explain the rheological differences and the higher surface of PS9 fibers
allowed higher water adsorption capacities, leading to more viscous systems.
Xu and Wang stated that bundles of particles disaggregate during high-speed
agitation, thus increasing the specific surface area, favouring the migration

and attaching of water cation species over the negatively charged clay
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surfaces (Xu and Wang, 2012). It is feasible that more compact aggregates of
G30 will offer a higher resistance to be disaggregated than PS9.
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Figure 4.7. Flow curves, apparent viscosities (Pa-s; 250 s''; 25 °C) and hysteresis areas (HA;
Pals) of PS9ALI hydrogels through time

The elongated and asymmetric particles of palygorskite and sepiolite
hinder settling and allow suspensions to be highly viscous and to maintain
stable through time (Simonton et al., 1988; Alvarez et al., 2011). Visual
observations of the hydrogels discarded any syneresis phenomenon during

the full time lapse of study. The rheological curves profiles remained similar
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within the first 60 days and showed major changes after 6 months (Figures 4.7
to 4.10). During the first 60 days all gel-like suspensions showed no or almost
negligible hysteresis areas. That is, the hydrogels did not perform time-
dependent rheological properties, meaning that the internal structure of these
suspensions recovers immediately once the stress removed. The stability of
gels during first 60 days was expected regarding the crystal habit and
structure of the solid phase, since fibrous clays do not suffer from osmotic
swelling as happens with layered clays (Simonton et al., 1988; Viseras et al.,
1999).

The studied hydrogels showed significant increase in apparent
viscosity at 6 and 12 months (ANOVA, post-hoc Scheffé) as well as thixotropic
behaviour with high and positive hysteresis area values. Thixotropy of
palygorskite and sepiolite hydrogels has been correlated with a coagulated
(agglomerated) state of the clay (Harvey and Lagaly, 2006; Viseras et al., 2007;
Cmar et al., 2009; Carmona et al., 2018) due to factors such as high
concentration of electrolytes and/or moderately attractive particle-particle
interactions. This time-dependent behaviour implies that, in practical use,
under stresses like rubbing or agitation, the gels easily flow and become less
viscous, thus facilitating their application over the skin (Lee et al., 2009).
Thixotropy does not only favours skin spreading (70-200 s) but also manual
mixing (100-200 s) and container filling and removal operations (400-2000
s1) (Scott, 1995; Neaman and Singer, 2000b). However, it is preferable that
thixotropy or other rheological features were controllable and foreseeable, to
achieve a quality control of the products. The measured changes in
rheological properties after long periods of time could be related to water
losses and resultant increasing in solid/ liquid ratios. These changes could be

difficult both to control and predict in clinical practice.

Dynamic yield stress values were calculated after model fitting of the
flow curves due to the absence of experimental spur points. Three models

were used (Bingham, Casson and Herschel-Bulkley).

Bingham model is the simplest and frequently used to describe the
rheological behaviour of concentrated suspensions of solid particles. It is

described by Eq. 4.5, where o0 is the yield stress and ns is the Bingham
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viscosity or plastic viscosity, which describes the slope of the Newtonian

portion of the curve, thus not being a real value of viscosity.
o =0, + UBV Eq 4.5

Casson model is a structured-based model that has all components in
the Bingham model raised to the power of 0.5, which produces a more gradual
transition between the yield and Newtonian regions (Eq. 4.6). It is very useful
to fit materials such as inks, food dispersions or slurries. Once again, oo

describe the yield stress, whereas 7)c is the Casson viscosity.

Vo=[oo+ncy Eq. 4.6

Unlike the previous models, Herschel-Bulkley equation describes
non-Newtonian behaviour once the yield stress overcome. Basically, it is a
powder-law model with a yield stress term (Eq. 4.7). In this model, K is the
consistency value (Pa-s") and # is a value that describes if the material is shear-

thinning (1 < 1) or shear-thickening (n > 1).
0'=0'0+K}"n Eq 4.7

Herschel-Bulkley equation was selected to model the flow curves and
to obtain the corresponding yield values (Table 4.6). This model gave the

highest R2djusted coefficients compared to Bingham and Casson equations.

PS9 hydrogels showed higher yield stresses than those with G30.
High yield stresses in suspensions have been related to higher time- stability
in terms of sedimentation/precipitation events (Marins et al., 2019).
Rheological features of the PS9 hydrogels were in the same order of
magnitude of those measured with hydrogels used in different Italian spa
centres (Sanchez-Espejo et al., 2014a; Sanchez-Espejo et al., 2015). Moreover,
the Italian spa gels showed lower yield stress and apparent viscosities despite
their high solid concentration (50% w/w). Both apparent viscosity and yield
values demonstrate the efficacy of PS9 to form gel-like systems. As well as
thixotropy, topical formulations are preferred to have high yield values since
in these conditions they can maintain themselves over the skin for longer
times without sliding (Lee et al., 2009). The type of spring water was not
exerting significant differences in the stability of the hydrogels.
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Figure 4.8. Flow curves, apparent viscosities (Pa-s; 250 s''; 25 °C) and hysteresis areas (HA;
Pals) of PS9GR hydrogels through time
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Figure 4.9. Flow curves, apparent viscosities (Pa-s; 250 s''; 25 °C) and hysteresis areas (HA;
Pa/s) of G30ALI hydrogels through time

The exact mechanism of gel formation in fibrous clay mineral systems
is still under discussion since both electrostatic and physical interactions have
been proposed (Viseras et al., 1999; Xu and Wang, 2012). Even if electrostatic
properties influence the gel formation of fibrous clays up to an extent, other
mechanisms would also dominate the remarked rheological differences of PS9
and G30 hydrogels. These mechanisms probably involve physical interactions
regarding fibers morphology, surface and/or dimension. It has been

demonstrated that higher specific surfaces lead to higher physical interaction
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between palygorskite fibers in suspension and therefore, higher viscosities
and yield stresses. SEM analyses performed shown PS9 particles to be less
compact than those of G30 (Figure 4.5). This fact imply a potentially higher
specific surface area and, therefore, higher physical interactions between
particles. The more intimate association of particles could explain the higher
viscosity and yield values of PS9 hydrogels. Moreover, the higher specific
surface area would allow potentially higher water adsorption capacity, thus

generating more viscous suspensions.

Control of pH and Water Content

pH evolution of hydrogels is plotted in Table 4.7. Values of pH
maintained between 7 and 8 during the whole studied time lapse. The
reported pH values were in agreement with ALI and GR pHs (Table 4.4) and
with the expected pH of sepiolite and palygorskite water suspensions.
Pharmacopeial specifications (USP42-NF37, 2019; Ph. Eur. 9th, 2018a,b)
indicate a pH ranging from 9 and 10.5 for smectites included in
pharmaceutical products but, for common clays, the pH range is not
regulated. Glavas and co-workers stated that a hydrogel pH range between 4
and 8 should be guaranteed to avoid skin irritation (Glavas et al., 2017).
Numerous are the literature references in which natural thermal-mud used
showed alkaline pH values, thus demonstrating this feature not to limit their
usefulness (Mihel¢i¢ et al.,, 2012; Aguzzi et al., 2013; Modabberi et al., 2015;
Rebelo et al., 2015, Sanchez-Espejo et al., 2015, Khiari et al., 2019).
Additionally, it has been reported that as higher the pH of a hydrogel, the less
its bacterial activity, allowing a higher stability and microbiological
preservation (Veniale et al., 2007). Natural skin pH tends to be slightly acidic,
particularly between 4.5 and 6.0 (Fluhr and Elias, 2002; Lambers et al., 2006).
Nonetheless, a healthy skin is able to revert any alteration in normal pH value
produced by cosmetic products within 90 min to 8 h (Moldovan and Nanu,
2010).
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Figure 4.10. Flow curves, apparent viscosities (Pa-; 250 s7'; 25 °C) and hysteresis areas (HA;
Pa/s) of G30ALI hydrogels through time
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Table 4.6. Herschel-Bulkley model fitting of hydrogels

Herschel-Bulkey Herschel-Bulkley
o0 163.3 o0 9.5
K 14.62 K 5.84
t0 t0
n 0.47 n 0.35
Rzadiusted 0.9873 Rzadjusted 0.9760
o0 220.1 o0 16.5
K 6.15 K 3.93
48 h 48 h
n 0.60 n 0.39
Rzadjusted 0.9874 Rzadjusled 09616
o0 287.8 o0 21.8
K 4.87 K 3.03
Im Im
n 0.60 n 0.42
Rzadjusted 0.9738 2] Rzadjusted 0.9504
00 3311 3 0 323
K 1.64 K 0.59
2m 2m
n 0.73 n 0.62
Rzadjusted 0.9689 Rzadjusled 0.9442
o0 483.5 o0 192.7
K 5.24 K 0.23
6m 6m
n 0.59 n 0.85
Rzadjustcd 0.9050 Rzadjustcd 0.9692
o0 934.7 o0 408.1
K 33.0 K 0.09
12m 12m
n 0.37 n 1.13
Rzadjusted 0.6919 Rzadjustcd 0.9793
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Excipients
Table 4.6. Continued (part 11)
Herschel-Bulkey Herschel-Bulkley
o0 176.2 o0 9.4
K 9.99 K 6.97
t0 t0
n 0.53 n 0.35
Rzadiusted 0.9919 Rzadiusled 0.9800
a0 195.8 o0 20.7
K 5.93 K 2.25
48h 48h
n 0.62 n 0.47
Rzadjusted 0.9899 Rzadjusted 0.9915
o0 280.6 o0 223
K 2.39 K 1.81
Im Im
n 0.73 n 0.48
R 2 £ 2
U R adjusted 0.9664 U R adjusted 0.9352
S
3 0 281.9 & 0 25.9
K 11.32 K 1.77
2m 2m
n 0.50 n 0.48
Rzadjusted 0.9592 Rzadjusled 0.9500
o0 565.8 o0 147.7
101.18 K 1.10
6m 6m
n 0.23 n 0.64
Rzadjusted 0.8402 Rzadjusled 0.9649
o0 999.8 o0 193.0
K 67.5 K 0.29
12m 12m
n 0.27 n 0.87
Rzadjusted 0.7098 Rzadjustcd 0.9725
Table 4.7. Control of hydrogel pH
t0 48h 1m 2m 6m 12m
7.60 = 7.74 £ 7.52 + 7.24 + 7.53 £ 7.90 £
PSOALI 0.037 0.018 0.047 0.028 0.063 0.078
7.93 + 7.87 £ 7.54 + 7.38 = 7.63 = 7.95 +
PSIGR 0.037 0.036 0.026 0.076 0.015 0.049
7.69 £ 7.89 £ 747 £ 7.50 £ 7.78 £ 7.94 +
ALI
G30 0.063 0.022 0.039 0.024 0.111 0.024
7.75+ 7.67 £ 7.56 £ 7.49 + 7.51 7.89 £
R
G30G 0.037 0.072 0.052 0.076 0.143 0.008

Hydrogels are sensitive to water losses due to manipulation,

particularly when they are subjected to filling and removal operations. The
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influence of water loss in hydrogel properties must be determined. In this
study, hydrogels were preserved in static conditions and room temperature,
meaning they were only manipulated during the sampling at the studied
intervals resulting in minor water content changes (Table 4.8). Apparently,
water loss values maintained until 2 months without significant differences
(p-value > 0.05). At 6 months, the decrease in water content was significant (p-
values £0.05 for PSO9GR, G30GR and G30ALI) but not for PS9ALI (results with
high standard deviation). At 12 months, all hydrogels showed significant
changes (p-values < 05). As previously stated in this paper, the type of spring
water (ALI or GR) did not influenced hydrogels rheological performances.
With this premise, water loss and yield stress results of PSOALI-PS9GR and
G30ALI-G30GR were grouped (PS9 and G30, respectively). Interestingly, a
direct and linear relation between water loss and yield stress was found
(Figure 4.11), which confirmed water loss as one of the main factors
influencing rheological changes of hydrogels. The higher slope of PS9 linear
relationship with respect to G30 demonstrated a higher sensibility to

concentration variations.

Table 4.8. Control of water content control of hydrogels

to 48h 1m 2m 6m 12m
PSOALI 89.50 + 90.53 + 89.59 + 88.99 + 88.20 + 85.48 +
0.0495 0.7027 0.3276 0.1005 5.0152 0.1631
PS9GR 89.15 + 89.35 + 89.19 + 88.94 + 87.78 + 84.48 +
0.0291 0.2357 0.1356 0.1806 0.8138 0.2651
G30ALI 89.63 + 89.77 + 88.71 + 89.81 + 84.33 + 82.17 +
0.0149 0.0187 0.4905 0.1464 0.6049 0.0277
G30GR 89.49 + 89.61 + 89.48 + 89.52 + 87.65 84.94 +
0.0439 0.0847 0.2467 0.1448 0.2531 0.0895

Different studies have revealed the changes that occur during time in
similar gels (clay/spring water suspensions) (Veniale et al., 2004; Carretero et
al., 2007; Viseras et al., 2007; Fernandez-Gonzalez et al., 2013; Glavas et al.,
2017). Particularly, changes in water-retention, absorption capacity, cooling
kinetics, grain size modifications or microorganism growth have been pointed
out (Carretero et al., 2007; Aguzzi et al., 2013; Fernandez-Gonzalez et al., 2013;
Rebelo et al., 2015; Pesciaroli et al., 2016). These changes affect the properties
and, unless they are necessary for the therapeutic effect (Marcolongo et al.,
2006; Haydel et al., 2007; Williams et al., 2008), they should be controlled
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and/or avoided. These unforeseeable alterations could jeopardize the
resultant quality properties. Moreover, they could also entail health risks for

the patients due to the possibilities of uncontrollable microbial content and

growth.
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Figure 4.11. Relationship of dynamic yield values (Pa) versus water loss (% w/w) of hydrogels
prepared with each type of clay (PS9 and G30)

4.1.3. Conclusions

Both clay minerals employed in this study PS9 and G30 showed high
pureness in sepiolite and palygorskite, respectively. PS9 corresponds to
“Magnesium silicate” or “Magnesium trisilicate” monographs (USP 42-37,
2019; Ph. Eur. 9th, 2018b). G30, despite the impurities detected, corresponds
to “Attapulgite” (USP42-NF37, 2019; Ph. Eur. 9th, 2018a). FT-IR and XRF
corroborate the absence of organic matter in both excipients. Loss of drying
and loss on ignition pharmacopoeial limits (USP 42-N37, 2019) were also
accomplished by PS9 (“Magnesium Silicate” monograph) and G30
(“Attapulgite” monograph).

Cooling rates of 10% w/w hydrogels prepared with PS9 and G30 and
two different spring waters were adequate for topical application as

thermotherapic agents. Rheology measurements showed that PS9 was more
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effective in the formation of gel-like systems than G30 and, consequently,
higher concentrations of G30 would be necessary to obtain hydrogels with

apparent viscosities and yield values similar to those of PS9 hydrogels.

Hydrogels prepared with the two studied excipients and two natural
spring waters showed adequate properties to be used in thermotherapy,
showing remarkable stability within 60 days. It is advisable not to use them
at longer times. After 6 months, unpredictable changes in rheology and water
content have been reported. According to the unpredictability and
uncontrollable nature of these modifications, it is estimated that, in order to
guaranty predictable quality of the studied hydrogels, they should be used
within the first 2 months from their preparation (preliminary estimated

expiration date).
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42. Wound Healing Activity of Nanoclay/Spring Water
Hydrogels

Chronic wounds are a current health problem with devastating
consequences for patients and contribute to major costs to healthcare systems
and societies. This type of wounds result from an impaired wound healing
process and are usually characterized by prolonged or excessive
inflammation, persistent infections and inability of the dermal and/or
epidermal cells to respond to repair stimuli (Fonder et al., 2008; Olsson et al.,
2017; Nussbaum et al., 2018). The USA total Medicare spending for all wound
types has been estimated to range from $28.1 to $96.8 billion. Diabetic foot
ulcers (one of the main chronic wounds) accounted for $6.1 to $18.7 billion
(Nussbaum et al., 2018), the main cost burden attributed to amputations
(Olsson et al., 2017).The development and implementation of new wound
healing management strategies and healthcare products is, therefore,
imperative. In recent years, different technological strategies have been
proposed, including clays, metals, polymer and lipid based systems among
others, as reviewed by Bernal-Chavez, Garcia-Villén and co-workers (Bernal-
Chavez et al., 2019; Garcia-Villén et al., 2020d). Particularly, clay based
dressings have been proved to be useful in wound healing (Tenci et al., 2017;
Garcia-Villén et al, 2019, 2020d). Among the different clay-based
formulations, those composed of a clay suspended in mineral medicinal
water, known as therapeutic muds, are widely used in clinical medical
hydrology (Mefteh et al., 2014; Garcia-Villén et al., 2018; Khiari et al., 2019).
The solid phase of these systems is frequently incorporated into the spring
water to obtain a semisolid formulation known as “artificial thermal mud”
(Viseras and Cerezo, 2006; Rebelo et al., 2011a, 2011b; Sanchez-Espejo et al.,
2014a). Thermal muds have demonstrated their clinical effectiveness against
dermatological affections such as psoriasis (Elkayam et al., 2000; Delfino et al.,
2003; Harari, 2012; Cozzi et al., 2015), atopic dermatitis, vitiligo, (Riyaz and
Arakkal, 2011; Huang et al., 2018), seborrhoeic dermatitis, fungal infections,
eczema (Comacchi and Hercogova, 2004; Williams et al., 2008; Lépez-Galindo
et al., 2011; Harari, 2012), or acne (Argenziano et al.,, 2004). These clinical
effects have been traditionally associated to the liquid phase. Avene and La

Roche-Posay spring waters increase the fluidity of plasma membranes on
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cultured human skin fibroblasts (Cézanne et al., 1993; Mahé et al., 2006;
Castex-Rizzi et al.,, 2011; Mahe et al., 2013) and have been useful in the
management of chronic inflammatory skin diseases. La Roche-Posay spring
water protected cultured human skin fibroblasts against lipid peroxidation
induced by ultraviolet A and B radiation (Moysan et al., 1995). Boron and
manganese-rich thermal waters are used for the treatment of ulcers and
chronic wounds (Chebassier et al., 2004b; Chiarini et al., 2006; Faga et al., 2012;
Liang et al., 2015; Nicoletti et al., 2017a).

The influence of the thermal mud’s solid phase in the resulting clinical
efficacy has not been studied in depth. The inorganic solid phase of thermal
muds is mainly composed of clay minerals (Khiari et al., 2014, 2019; Mefteh et
al., 2014; Sanchez-Espejo et al., 2014b, 2015). The clay mineral presence in
wound healing formulations is supported by their already demonstrated
biocompatibility with different types of skin cells (Lizarbe et al., 1987; Olmo
et al., 1987; Kommireddy et al., 2006). The combination of clay minerals with
other ingredients, such as polymers, allows the formation of scaffolding
materials. In these occasions, clay minerals did not only improved mechanical
strength and functionality of the polymers, but also acted as synergistic
ingredients for wound healing (Ishikawa et al., 2010a; Dawson and Oreffo,
2013; Aguzzi et al., 2016; Sandri et al., 2016). Biocompatibility of clay minerals
such as halloysite, montmorillonite, palygorskite, sepiolite, imogolite, have
been widely studied (Ishikawa et al., 2010b; Li et al., 2010; Vergaro et al., 2010;
Salcedo et al., 2012; Lai et al., 2013; Rotoli et al., 2014; Sandri et al., 2014, 2017;
Wang et al., 2015; Maisanaba et al., 2015; Shanmugapriya et al., 2018). Sasaki
and co-workers have reported that Mg?* and Si* ions released by a synthetic
Mg-rich smectite clay mineral can promote collagen formation and

angiogenesis on skin wounds (Sasaki et al., 2017).

Moreover, palygorskite (“attapulgite”) has been used as scaffolding
material when included in poly(lactic-co-glycolic acid) nanofibers being
crucial for mesenchymal cell adhesion and proliferation (Wang et al., 2015).
Sepiolite and palygorksite inhibit lipid peroxidation and possess anti-
inflammatory properties by reducing neutrophil migration and edema

(Cervini-Silva et al., 2015a, 2015b). Pharmaceutical grade palygorskite
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(Pharmasorb® colloidal) did not only demonstrate to be biocompatible but

also to protect fibroblasts from carvacrol cytotoxicity (Tenci et al., 2017).

As discussed, both spring waters and clay minerals have been
separately studied as potential wound healing ingredients. Synergistic effects
would be expectable when both ingredients are formulated as spring-
water/clay hydrogels. The role of these systems in wound healing studies
have been scarcely addressed. The existing studies include a clinic study of
diabetic gangrenous wounds treated with volcanic deposits muds (Nasirov et
al., 2009), black-mud Dead Sea effects in wounded mice (Abu-al-Basal, 2012)
and wound healing activity of emulsions prepared with a Brazilian clay
(Dario et al., 2014).

With these premises, spring water hydrogels have been recently
formulated and characterized, including mineralogical and chemical
composition, textural and thermal properties as a first step in the design of
pharmaceutical grade systems (Garcia-Villén et al., 2020c). The second step
would involve the study and evaluation of their biocompatibility. In this
regard, the simplest starting point would include in vitro biocompatibility

studies over skin cells like fibroblasts and in vitro wound healing studies.

Particularly, the in vitro biocompatibility and cell gap motility (wound
healing) properties of two selected Spanish medicinal waters (obtained from
Graena and Alicun de las Torres thermal stations), two clay minerals
(palygorskite and sepiolite) and their corresponding hydrogels were studied.
Additionally, particle size distribution and zeta potential measures as well as
cation exchange capacities of the solid phases were carried out. In vitro wound
healing tests were also evaluated by analysing fibroblasts F-actin
microfilament organization by means of phalloidin staining. To the best of
author’s knowledge, this is the first time that nanoclay/spring water mineral
medicinal hydrogels are evaluated in terms of in vitro cytotoxicity and wound

healing.
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42.1. Materials and Methods

4.2.1.1. Materials

Two pharmaceutical grade clays granted by TOLSA Company
(Madrid, Spain); magnesium aluminium silicate (PS9) and attapulgite (G30),
with mineralogical identification previously evaluated Table 4.9, were used
(Garcia-Villén et al., 2020c).

Table 4.9. Fibrous clay minerals (PS9 and G30) mineralogical composition (modified from
(Garcia-Villén et al., 2020c))

PS9 G30
Sepiolite 92% Palygorskite 58%
. . Muscovite 8% Quartz 26%
Mineralogical .
I Fluorapatite 7%
composition 3 A
Smectites and sepiolite 6%
Calcite/dolomite 3%

Table 4.10. Spring water characteristics and elemental composition determined by means of
ICP-OES and ICP-MS (modified from (Garcia-Villén et al., 2020c))

ALI GR
pH % s.d. 7.90 + 0.0472 8.02 + 0.0823
Conductivity (uS/cm) £s.d.  2251.5+6.74537 = 2465.5 + 8.89482
Ca (mg/L) 348.00 460.00
Mg (mg/L) 109.0 88.00
- Na (mg/L) 57.00 27.40
2 K (mg/L) 4.60 6.80
g B (ug/L) 25.00 12.00
g Ba (ug/L) 18.80 13.00
S Cr (ug/L) 43 1
Tg Zn (ug/L) 464.99 301.08
2 Mn (ug/L) <1 108.66
& Li (ug/L) 244.2 65.00
Ni (ug/L) 9.4 5.20
Fe (ug/L) 6.00 21.00
Se (ug/L) 2.3 1.00

According to previous studies and characterizations (Garcia-Villén et
al., 2020c), hydrogels were prepared mixing 10% w/w of each clay mineral
with the corresponding spring water by means of a turbine-high speed
agitator (Silverson LT, United Kingdom) at 8000 rpm for 10 minutes. The

obtained hydrogels are summarized in Table 4.11.
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Table 4.11. Hydrogels tested, identification codes and composition

Identification code Composition
PS9ALI 10% w/w PS9, 90% w/w ALI
PS9GR 10% w/w PS9, 90% w/w GR
G30ALI 10% w/w G30, 90% w/w ALI
G30GR 10% w/w G30, 90% w/w GR

4.2.1.2. Characterization of Inorganic Ingredients
Particle Size

Particle size distribution was determined by a Malvern Mastersizer
2000 LF granulometer (Malvern Instruments™). Measurements were
performed in purified water after dispersing the solids by midst sonication
for 30 seconds. The amount of sample added in each experiment was
determined by the real-time laser obscuration degree indicated by Mastersizer
2000 software. The optimal laser obscuration was delimited between 10-20%.
Three replicates were performed for each sample and statistical particle
diameters (dio, dso, doo) were calculated together with the SPAN factor as an
index of the amplitude of particle size distribution calculated according to Eq.
4.8.

SPAN= dgo-d1o Eq. 4.8

dsp

Cation Exchange Capacity

Cation exchange capacity (CEC) of PS9 and G30 was determined by
dispersing 1g of dry powder in 25mL of tetramethyl ammonium bromide
(TMAB) aqueous solution (1M). The resultant dispersions were shaken in a
Roller Mixer for 24 h and subsequently centrifuged (8000 rpm, 30 min) and
filtered (0.45 um pore size, HAWP-Millipore filter). Three replicates were
performed for each sample together with two blanks of pure TMAB (1M). The
CEC determination is based on the exchange between bromine (in the TMAB
solution) and cations present in the clay. The main exchangeable cations
released from the clay mineral, once the Br exchanged, are K*, Na*, Mg, Ca?".
Cations released, present in the resultant solution, were determined by ICP-
OES (Optima 8300 ICP-OES Spectrometer, Perkin Elmer, USA) and CEC was
calculated as the sum of exchangeable cations, expressed in mEq/100g of clay

mineral.
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Zeta Potential

Zeta-potential (C-potential) measurements determine the electrical
potential difference between the stationary layer of fluid surrounding the
solid particles and the bulk (electric double layer). Zeta potential of different
concentrations of PS9 and G30, suspended in Dulbecco’s modified Eagle
medium (DMEM), supplemented with 10% fetal bovine serum and 200 IU/mL
penicillin 0.2 mg/mL streptomycin, were also measured. Afterwards, C-
potential of the aforementioned suspensions were determined by using an
electrophoretic light scattering (ELS) Zetasizer Naso-ZTM (Malvern
Instruments). Samples were placed inside a folded capillary zeta potential cell
(DTS1061, Malvern Instruments). Three replicates were obtained for each
sample, analyses done at 25 + 0.5 °C. During the analyses, 20 points were

collected for each replicate and results expressed in mV.

42.1.3.In Vitro Tests of Inorganic Ingredients, Spring Waters and
Hydrogels

Biocompatibility Tests

Normal human dermal fibroblasts (NHDF) from juvenile foreskin
(PromoCell GmbH, G) were used. All cells were between 10%* and 13+
passages. NHDEF were grown in Dulbecco’s modified Eagle medium (DMEM,
Sigma Aldrich®Merck, Italy), supplemented with 10% fetal bovine serum
(FBS, Euroclone, I) and 200 IU/mL penicillin 0.2 mg/mL streptomycin (PBI
International, I), kept at 37 °C in a 5% CO: atmosphere with 95% relative
humidity (RH). Fibroblasts were seeded in 96-well plates (area 0.34 cm?/well)
at a density of 105cells/cm?. Cells were grown 24 h to obtain sub-confluence.
Then cell substrates were washed with saline solution and the cell substrates
were put in contact with the samples. Biocompatibility of all samples were
assessed after 24 h contact between samples and NHDF cultures. Powdered
PS9 and G30 clay minerals were used in concentrations of 1000, 500, 50 and 5
pg/mL. ALI and GR medicinal waters were used in concentrations 0.25, 2.5,
25 and 50% v/v. Regarding PS9ALI, PS9GR, G30ALI and G30GR, cell-contact
concentrations were prepared in order to have equal amounts of clay mineral
with respect to powdery samples, bearing in mind that hydrogels were

prepared with 10% w/w of the corresponding clay. Since the final amount of
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clay fibroblasts were put in contact with was the same as in the experiments
with pristine clays, same concentration codes (1000, 500, 50 and 5 ug/mL)
were used. Briefly, clay and hydrogels samples were dispersed in sterile
Hanks’ Balanced Salt Solution (Sigma-Aldrich) and mixed with Ultra-Turrax®
(S 25N,-18G, IKA stirring-probe) for 5 min, 150000 rpm. These initial
suspensions were subsequently diluted in order to obtain samples having
concentration in the range previously mentioned. Eight replicates were
assessed for all samples and for the control (NHDF cultures in pure DMEM
phenol red).

After the 24 hours of contact, growth medium and samples were
withdrawn from each well and MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) test was performed. This test is based on the
activity of mitochondrial dehydrogenases of vital cells that convert MTT in
formazan crystals. DMEM phenol red-free and 50 pL of MTT dissolution were
added in each well, final MTT concentration being 2.5 mg/mL. The MTT-
NHDF contact was maintained for 3h before the whole supernatant was
withdrawn and substituted by 100 pL of dimethyl sulfoxide solution (DMSO,
Sigma-Aldrich) to dissolve formazan purple-salts. The absorbance was
assayed at 570 nm by means of an ELISA plate reader (Imark Absorbance
Reader, Biorad, I), with a reference wavelength set at 655 nm. Cell viability
was calculated as % ratio of the absorbance of each sample and the absorbance

of the cells kept in contact with the growth medium (control).

Cell Motility Assay for Wound Healing

The gap closure cell motility assay is based on the employment of
Petri u-Dish®mm low (Ibidi, Giardini, I) in which a silicone insert is enclosed.
The insert is constituted of 2 chambers with a growth area of 0.22 cm? divided
by a septum with a width of cell-free gap of 500 + 50 um. NHDF were seeded
in each chamber at 10° cells/cm? concentration and were grown until
confluence in the same conditions described in the previous section. After 24
h fibroblasts reached confluence, the silicone inserts subsequently removed
with sterile tweezers, displaying two areas of cell substrates divided by the

500 um (x 50) gap.
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Cell substrates were washed with sterile phosphate buffer solution
PBS (10% v/v) to eliminate debris. Then, they were put in contact with a final
volume of 700 uL of phenol red DMEM in which samples were included at
determined concentrations. These concentrations were selected according to
MTT results. Particularly, PS9, G30, PS9ALI, PS9GR, G30ALI and G30GR
were used at 50 pg/mL and spring waters were used in concentrations 2.5%
v/v. Cells kept in contact with pure growth medium (GM) were used as

control.

Microphotographs were taken at prefixed time intervals (0, 24, 48 h)
to evaluate cell growth inside the gap. A Leica optical microscope (DMI3000-
B model) equipped with LAS EZ software was used. In order to analyze
results in a more objective way, the full-area of the wound healing space was
photographed in all samples. Then, the wound closure was monitored by
measuring the remaining gap with Image] software. The percentage of wound
closure was calculated according to Eq. 4.9, where WSo stands for “wound
space at time 0” and W52 is “wound space after 24h”, both of them measured

as an area (um?).

2).
% Wound Closed after 24 h=100- 201100 Eq. 4.9
0

4.2.1.4. Confocal-Laser Scanning Microscopy

An additional sequence of wound healing experiments was stopped
at 24 h of growth in order to study the morphology of fibroblasts during the
wound closure procedure. NDHF were washed three times with PSB (10%
v/v) and fixed with glutaraldehyde solution in PBS (3% v/v, 800 pL; Sigma-
Aldrich). The contact with glutaraldehyde was maintained for 2 h (4-8 °C), all
samples protected from light. Three PBS washes were once again performed
prior to fibroblast permeabilisation. Permeabilisation was performed by
adding Triton X-10 (0.1% w/v) for 10 minutes at room temperature. Triple PBS
wash was again performed. Fluorescein isothiocyanate (FITC, Aex=495 nm;
Aem=513 nm) labeled phalloidin (Phalloidin-FITC, Sigma-Aldrich) was used to
mark polymerized F-actin in the cytoplasm of NHDF (50 pg/mL, darkness, 40
min at room temperature). Procedure was defined according to fabricant
indications. After several PBS washings aiming to eliminate unbound

phalloidin-FITC, fibroblast nuclei staining was done. Blue fluorescence
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nucleic acid stain 4',6-Diamidino-2-phenylindole (DAPI, Sigma-Aldrich) was
used. This molecule binds to double-stranded DNA, thus labelling nuclei
(Aex=485 nm; Aem=552 nm). Contact between DAPI and cells was maintained
for 10 min at room temperature, in darkness. Finally, samples were washed
and preserved in PBS (10% v/v) to avoid dryness. Confocal-Laser Scanning
Microscopy (CLSM) microphotographs were obtained by a Leica TCS SP2
(Leica Microsystems, Milan, Italy). Images were processed with Image]

software.

4.2.1.5. Statistical Analysis

The statistical differences were determined by means of non-
parametric Mann-Whitney (Wilcoxon) W test. In all cases, SPSS Statistic
software was used and differences were considered significant at p-values <

0.05. Only significant differences are reported.
4.2.2. Results and Discussion

4.2.2.1. Characterization of Inorganic Ingredients
Particle size

The granulometric distribution of PS9 and G30 is plotted in Figure
4.12. Both samples were mainly unimodal and, therefore, homogeneous. PS9
showed to be finer than G30 (Table 4.12), the latter one slightly asymmetric.

Calculated SPAN factors showed that the amplitude of particle size
distribution for both samples had no significant difference (Table 4.12).

In terms of hydrogels, the finer the particles of the solid phase, the
higher the stability of the resultant semisolid system (no phase separation)
and better textural properties (smoothness). Mineralogical composition of
G30 (Table 4.9) included 26% w/w of quartz. The presence of this mineral
could influence rheology and textural properties of hydrogels. Particularly, it
infers an abrasive texture to the preparation if quartz particle sizes are big.
Particle sizes higher than 150 um could be abrasive, particularly when they
have remarkable hardness, such in the case of quartz (Quintela et al., 2014).
Despite the presence of 26% of quartz mineral in G30, its particles were

smaller than 100 pm (Figure 4.12), which means that resultant hydrogels
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possessed smooth textures, which are crucial for the acceptance of the patients
(Ganfoud et al., 2015).

Table 4.12. Statistical particles diameters, SPAN factor (average + s.d.; n=3) and main modes
of PS9 and G30 clay minerals

PS9 G30
d1o (um) 40+0.07 4.8+0.03
dso (um) 99+0.15 20.2+0.03
doo (um) 239+02 49.3+0.10

SPAN factor 20+0.02 22+0.01
Main mode (pm) 8.9 28.3

Cation Exchange Capacity

The individual exchangeable elements and total CEC of PS9 and G30
are summarized in Table 4.13. Total CEC values were inside the expected CEC
limits for sepiolite (9.18 mEq/100g) and palygorskite (16.29 mEq/100g)
(Alvarez et al., 2011; Santos and Boaventura, 2016). Sepiolite and palygorskite
CEC are usually < 25 mEq/100g (McLean et al., 1972) with higher values
usually related to impurities (Galan, 1996; Paolisso and Barbagallo, 1997;
Shariatmadari, 1999; Rytwo et al., 2000; Lemi¢ et al., 2005; Shirvani et al.,
2006b; Al-Futaisi et al., 2007; Chang et al., 2009; Rhouta et al., 2013; Zeng et al.,
2017; Lobato-Aguilar et al., 2018). The higher CEC showed by G30 with
respect to PS9 could be explained by the presence of 6% w/w of smectites

and/or sepiolite in G30, as previously described.

The main exchangeable cations for both clays were Mg? and Ca%,
which was in agreement with the chemical composition of PS9 and G30
showed by XRF (Garcia-Villén et al., 2020c), though Na* and K* were also
detected in small amounts. Na*, K*, Mg?* and Ca?" are essential elements since
they are widely found inside and outside human cells (Lansdown et al., 1999;
Gomes and Silva, 2007; Tateo et al., 2009). The presence of suitable levels of
ions such as calcium, magnesium, sodium and potassium in the wound bed
are important to enhance the healing process. They allow the activity of the
enzymes involved in the healing process, leading to the cascade of the

repairing and regenerative processes.
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Figure 4.12. Particle size analysis of PS9 and G30. Differential analysis (up) and cumulative
percentage of particles (down)

Specifically, calcium and magnesium levels should raise during the first 5
days of wound healing in order to promote granulation tissue formation and
epidermal cell proliferation (Dubé et al., 2010). Moreover, during the
restoration of the trans-epithelial potential of cells in the damaged tissue, Na,

K* and/or Ca?* play a crucial role (Ma et al., 2016). The bioavailability of these
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cations in the wound site should promote the healing process and contribute

to fasten the damaged area reparation.

Table 4.13. CEC results of PS9 and G30 (average mEq/100g + s.d.; n=3)

mEq/100g PS9 G30
Na* 0.70+0.045 1.68 +0.071
K* 0.33+0.023  0.13+0.032

Mg* 3.62+0.341 7.61+0.326
Ca* 453+0.123 6.87+0.186
Total 9.18 16.29

Mg?* cations, ALI and GR are rich of, demonstrated to possess
remarkable properties for tissue regeneration and repair, particularly,
promoting collagen formation and angiogenesis on skin wounds (Lansdown,
2002; Sasaki et al., 2017). For this reason, it is conceivable that ALI and GR
should perform wound healing effects, as previously remarked. The
maximum exchangeable amount of Mg from PS9 and G30 corresponded to
17.67 and 37.14 mg/L, respectively (Table 4.13). Magnesium concentration due
to the spring water was 5-12 mg/L and this proved to be effective during
wound healing by Sasaki and co-workers (Sasaki et al., 2017). Consequently,
both PS9 and G30 were considered as potentially effective minerals due to

their exchangeable Mg? content.

Normal homeostasis of mammalian skin is also maintained by
elements such as calcium, modulating keratinocyte and fibroblasts
proliferation and differentiation (Fairley et al., 1985). Certain skin disorders,
such as psoriasis, have been related to Ca? disorders in keratinocytes
(Karvonen et al, 2000; Gao and Jin, 2019). Extracellular calcium is a
determinant factor in the differentiation and maturation of fibroblasts and it
effectiveness is dose-dependent (Fairley et al., 1985) Another recent study on
wound healing demonstrated that calcium cations released from a calcium
alginate wound dressing promoted endothelial cell growth and proliferation
(Hotta et al., 2018).

Zinc is also important during wound healing steps (Fairley et al., 1985;
Dubé et al., 2010), though it was not detected as an exchangeable cation of PS9
nor G30 through the ICP-OES measurements performed. However both ALI
and GR waters contained Zn (Table 4.10).
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Potassium has also demonstrated to favour wound healing (fibroblast
differentiation, re-epithelialization, migration and proliferation of dermal
cells), so its presence both in spring waters and hydrogels is considered as a
positive feature (Shim et al., 2015; Hotta et al., 2018).

Zeta Potential

Zeta-potential results of PS9 and G30 at different concentrations are
presented in Figure 4.13. Regarding C potential of minerals in pH 7 buffer, PS9
and G30 results were in agreement with other sepiolite and palygorskite
samples previously studied (Berg et al., 2009; Middea et al., 2015; Li et al.,
2018; Di Credico et al., 2019). In particular, PS9 zeta potential in aqueous pH

7 solution were more negative (higher) than G30’s.

It has been demonstrated that surface charge of nanoparticles has the
potential to influence cell viability (Berg et al., 2009). The importance of clay
particles zeta potential during biocompatibility and wound healing tests lies
in the fact that cells possess a negative surface zeta potential. Negative zeta
potential is one of the most decisive factors of biocompatible materials,
showing higher cell viability (Honary and Zahir, 2013; Spriano et al., 2017). It
is known that particles with positive zeta potential interact and/or penetrate
cells easily due to their opposite charge, thus being one of the main strategies
to improve transfection efficiency (Takeuchi et al., 1996; Bengali et al., 2005).
Negatively charged particles have also proved to interact with cells up to a
certain extent and even be able to enter by endocytosis-mediated mechanisms
(Wang et al., 2008; Zhang et al., 2008), although this happens with higher
difficulty for negative particles than for positive ones. The uncontrolled
entrance of certain substances into the cells could jeopardize their viability,
thus inferring that positively charged materials are more likely to put the cell
viability at risk.

Another factor by which nanoparticles surface charge demonstrated
to influence cell viability is due to their agglomeration state (Takeuchi et al.,
1996). Berg and co-workers revealed that hepatocytes showed less viability
when exposed to metal nanoparticles with zeta potentials close to their
isoelectric point (Spriano et al., 2017). This change in zeta potential was also

strongly related to the agglomeration state of the very same particles. That is,
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as more neutral are the nanoparticles, the more easily they aggregates and,
subsequently, the faster their precipitation over the cell tapestry and/or their

interaction with the negatively charged cell membranes.

Cell medium such as DMEM have demonstrated to significantly
modify zeta potential of different suspended particles (Su et al., 2010; de
Souza e Silva et al., 2016; da Silva et al., 2019). These changes are ascribed to
the presence of a wide variety of charged molecules such as amino acids and
vitamins, among others. The interaction of clay particles with these molecules
changes zeta potential of the former ones. In fact, PS9 and G30 suffered a
significant change of zeta potential when added to full DMEM culture
medium (Figure 4.13). In this occasion, no significant differences were found
between PS9 and G30 values, thus confirming that the resultant surface
charges of the particles is governed by the culture medium. Therefore, during
biocompatibility and wound healing tests, clay particles should maintain a -
10 mV zeta potential. The reduction of zeta potential strength would reduce
the stability of the clay suspensions, turning them into less flocculated and
consequently, more prone to precipitation phenomena. Precipitation of clay
particles could hinder cell viability by cell suffocation. Nonetheless, the fact
that they still showed a negative surface charge would difficult the entrance

of clay particles inside cells. These results will be confirmed by MTT analysis.
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Figure 4.13. Zeta potential variations of PS9 and G30 (mean values + s.d.; n=3) in pH 7 buffer
and complete DMEM culture medium at different concentrations
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4.22.2.In Vitro Tests of Inorganic Ingredients, Spring Waters and
Hydrogels

Biocompatibility Tests

Biocompeatibility results on NHDF treated with medicinal ALTand GR
waters for 24h are plotted in Figure 4.14. No significant differences were
found, even when multiple comparisons were performed. In fact, ALI and GR
viability results were around 100% for all water dilutions. Therefore, mineral
medicinal waters studied in this work did not hinder dermal fibroblasts
viability, thus determining their biocompatibility. Internal comparisons
between ALI and GR concentrations were also performed. Mann-Whitney
marked differences in ALI viability results, between 50% vs. 0.25% and 25%
vs. 0.25% (Figure 4.14). Su and co-workers detected an optimal dilution of a
concentrated underground mineral spring water that made skin cells to grow
better in comparison with other dilutions (Fukushima et al., 2013). By the
same token, ALI concentrations higher than 25% (v/v) could allow slightly

better NHDF growth performances with respect to more diluted samples.

PS9 clay mineral and corresponding peloids PS9ALI and PS9GR are
plotted in Figure 4.15 (left) as well as G30 and its corresponding peloids
G30ALI and G30GR Figure 4.15 (right). In a general view, as lower the sample
concentration (either clay or thermal mud), the higher the cell viability. None
of the samples nor their concentrations presented a cellular viability below
80%. This fact indicated the absence of drastic cellular cytotoxicity within 24
h. With respect to PS9 and G30 clays, it was possible to observe a slight
reduction of the cellular viability (with respect to GM) as the clay
concentration increased. In fact, when «clay mineral concentration
corresponded to 1 mg/mL, cellular viability was closed to 80% (for both
pristine clays and thermal muds). Nonetheless, statistical analyses indicated
no significant differences between PS9 and G30 1000 pg/mL concentrations
vs. GM, which confirmed that PS9 and G30 were highly biocompatible against
NHDF cells. G30 5 pg/mL concentration showed significant differences vs.
GM.
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Figure 4.14. Biocompatibility tests (contact time 24h) of medicinal waters ALI and GR.
Viability (%) vs. medicinal water concentration (% v/v) toward NHDF. GM stands for
“growth medium” and referred to control test. Mean values + s.d.; n=8. Significant differences
are marked as (o) ALI 50% (v/v) vs. ALI 0.25% (v/v); (o) ALI 25% (v/v) vs. ALI 0.25% (v/v).
Mann-Whitney (Wilcoxon) W tests, p values < 0.05

Apparently, the lower the concentration of the clay, the better the cellular
proliferation. It has been suggested by some studies that the precipitation of
clay minerals could hinder cell viability by some sort of physical effect (Wang
et al., 2008; Salcedo et al., 2012). The biocompatibility of Veegum® HS
(Bentonite clay) was evaluated by Salcedo et al. finding that at 167 pug/mL of
Veegum® HS concentration, the viability of Caco-2 cells reduced
approximately to 50% (Salcedo et al., 2012). This effect was ascribed to the
precipitation of clay particles, which blocked cell membrane channels.
According to the authors, montmorillonite had a particle size ranging from
45-75 um (Salcedo et al., 2012), which is a particle size range very similar to
that of PS9 and G30. In these conditions, it was argued that if the precipitation
of clay particles occurred, cell viability could be compromised at
concentrations 2 160 pg/mL. On the contrary, neither PS9 nor G30 showed
fibroblasts viabilities lower than 50% even at the highest concentration tested,

thus demonstrating to possess a remarkable biocompatibility.
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Figure 4.15. Biocompatibility tests (contact time 24h) of PS9, PS9ALI and PSIGR (left) and
G30, G30ALI and G30GR (right). Viability (%) vs. clay concentrations toward NHDF. GM
stands for “growth medium” and referred to control test. Mean values + s.d.; n=8. Significant
differences were reported within the figure (down) as “sig” which refers to “p-values”
Internal statistical studies for PS9 and G30 results detected significant
differences in G30 1000 pg/mL vs. 50 pug/mL and 5 pg/mL. For PS9,
concentrations of PS9 1000 and 500 ug/mL differed both between them as well
as with 50 and 5 ug/mL (Figure 4.15). These findings mean that, for both clays,
smaller clay amounts in contact with fibroblasts were characterized by a
higher degree of fibroblast biocompatibility. The biocompatibility results
obtained for both clays were in agreement with the existing literature.
Sepiolite clay mineral (Pangel S9) has been previously tested by Fukushima
et al. towards fibroblasts and osteoblasts (Fukushima et al., 2013). In this case,
authors combined 10% of sepiolite with poly(butylene adipate-co-
terephthalate) reporting no cytotoxicity. A Tolsa’s Group sepiolite clay was
also employed by Fernandes et al. (Fernandes et al., 2013). In this case, they
reported a reduction of HeLa cell viability of 50% when sepiolite was present
in 1000 pg/mL concentration. No such a reduction was found in this work
when PS9 was used at the same concentration. Nonetheless, these differences
could be ascribed to differences in the type of cell culture (Toledano-Magafia

et al., 2015). Apart from anti-inflammatory, antibacterial and anti-oxidant
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properties of a natural Spanish palygorskite, its cytotoxicity against murine
macrophages has been reported to start from 300 pug/mL onwards (Cervini-
Silva et al., 2015a, 2015b). Particularly, authors reported a reduction of 20%
viability at the aforementioned concentration. Once again, in the present
study, G30 showed higher biocompatibility (at least against fibroblasts)
because, even at 500 pg/mL concentration, fibroblasts did not show a viability
reduction. In more recent studies, pharmaceutical grade palygorskite
(Pharmasorb® colloidal) was able to protect human dermal fibroblasts against
carvacrol cytotoxicity at clay concentrations ranging from 8 to 12 ug/mL
(Tenci et al., 2017).

Neither PS9ALI nor PS9GR showed significant differences between
GM and tested concentrations thus demonstrating the total biocompatibility
of these hydrogels. Statistically, PS9ALI and PS9GR thermal mud showed
similar significant differences between concentrations, following the same
trend previously described for PS9. In fact, 50 and 5 pg/mL clay
concentrations apparently favored cellular viability (Figure 4.15, left). The
agreement among PS9ALI, PS9GR and PS9 biocompatibility results allowed
the confirmation of their reproducibility. Both PSOALI and PS9GR, as well as
PS9, shared significant differences of concentration 50 pg/mL due to the

higher viability results obtained at this concentration (Figure 4.15, left).

Regarding G30ALI and G30GR peloids, Mann-Whitney statistical
analysis pointed out significant discrepancy in activity between G30ALI GM
and 1000 pg/mL concentration vs. 5 pg/mL and between G30GR 1000 pg/mL
vs. 50 pg/mL (as specified in Figure 4.15, right). Since same trend has been
reported for G30 samples, once again it was possible to confirm the

reproducibility of the results.

Despite the complexity generated by the statistical analysis, all solid
samples (Figure 4.15) showed a better result for 50 pg/mL concentration,
always with cellular viabilities higher than 100%. According to these findings,
50 pg/mL clay concentration was the safest/most ideal one for fibroblast
cultures, regardless of the type (PS9 or G30) or the origin of the clay (powder
or thermal mud). It is also important not to forget the fact that all the tested
concentrations were biocompatible for fibroblasts within 24 h of contact. Due

to the conclusions reached with MTT test 50 pig/mL was the clay concentration
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selected for further studies including cell motility assay (wound healing) and

proliferation CLSM tests. For spring waters, 50% v/v concentration was used.
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Figure 4.16. Optical microscopy of wound healing tests for control group (GM) and spring
waters (ALl and GR) at 50% (v/v) culture concentration

Cell Motility Assay for Wound Healing

Microscopy images of gap closure results are reported in Figure 4.16
to 4.18. Samples ALI and GR were tested for 50% (v/v) concentration, while
PS9, G30, PS9ALI, PS9GR, G30ALI and G30GR were tested at 50 pg/mL of
clay mineral. The microphotographs taken at zero time (0 h) showed for all
the samples the presence of defined gaps mimicking wounds. Normal
fibroblasts grown at confluence are clearly visible in each side of the wound.
The time 0 gaps were reported to measure approximately 500 um, which was
in agreement with the variability of the silicone inserts of the Petri u-Dishes
used (500 = 50 um). Insoluble clay particles are visible in the cultures treated
with PS9, G30 and hydrogels PS9ALI, PS9GR, G30ALI and G30GR, unlike
GM, ALI and GR. In all cases, after 24 h, fibroblasts started to invade the gap
and even established contact with the cells of the opposite side in certain

points of some samples. NHDF cells also maintained their typical fusiform
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morphology during the whole experiment. These facts confirmed that the
presence of spring waters, clay or hydrogels did not impair cell growth. This
was in line with the biocompatibility results previously discussed. In all cases,

fibroblasts crossed the empty zone after 48 h, thus forming anastomosis.

Time 0h 24 h _ 48 h

GM

PS9

PSOALI

Figure 4.17. Optical microscopy of wound healing tests for control group (GM), PS9 clay
mineral and corresponding peloids PSOALI and PSIGR, all of them with a clay concentration
of 50 ug/mL

In spring waters ALI and GR samples, fibroblasts of both sides of the
wound established contact within 24 h (Figure 4.16). In comparison with the
control (GM), it was clear that the addition of ALI and GR favored wound
closure, since the contact points between fibroblasts were more numerous.
According to the measurements of the wounded area performed by image
analysis, ALI and GR samples covered, respectively, 62.9 and 59.1% of the

initial wounded area, whereas GM covered about 31.8% of the wound (Figure
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4.19). After 48 h all the cell substrates reached the confluence, and this further

supports the biocompatibility of the hydrogels and their components in vitro.

Previous works have claimed that the presence of elements such as
B3 and Mn*2in keratinocytes culture mediums induced the migration of these
cells (Chebassier et al., 2004b). They tested boron and manganese at different
concentrations (500-1000 pg/L and 100-1500 ug/L, respectively). In fact,
keratinocytes in contact with these elements were able to cover the artificial
gap (scratch-assay method) with 20% more efficiency with respect to the
control group (without B* and Mn®?) in 24 h. ALI and GR chemical
composition has been previously reported by Aguzzi and co-workers (Aguzzi
et al., 2013) and Garcia-Villén et al. (Garcia-Villén et al., 2020c) (Table 4.10).
The absence of significant differences between GR, ALI and GM groups
further confirmed the biocompatibility of both mineral medicinal waters since
they did not hinder wound closure. The presence of B3*and Mn*2 in both GR
and ALI could explain why they did not interfere with cell motility during
wound healing in a significant manner. Other elements such as As®* and Fe?
(both presents in ALI and GR waters) have also demonstrated to improve
wound healing, particularly of the nasal mucosa (Staffieri et al., 2008). General
skin regenerative properties of spring waters have been reported in the
literature (Chiarini et al.,, 2006; Faga et al., 2012; Nicoletti et al., 2017b;
Davinelli et al., 2019). The study of Liang et al. demonstrated that skin
regenerative properties of Nagano spring water were related to the spring
water chemical composition, with no influence of microorganisms (Liang et
al., 2015). Another beneficial effect that could be ascribed to ALI and GR
according to their chemical composition is the protective effect against

oxidative stress due to the presence of sulfur (Guzman et al., 2015).
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Figure 4.18. Optical microscopy of wound healing tests for control group (GM), G30 clay
mineral and corresponding peloids G30ALI and G30GR, all of them with a clay concentration
of 50 ug/mL

Regarding clay samples PS9 and G30 (Figure 4.17 and Figure 4.18) it
was not possible to find zones with full fibroblast confluence after 48 h,
though both sides of the wound were able to establish contact at this time.
Fibroblast contacts of PS9 and G30 samples in the culture medium, were
slower with respect to GM. According to MTT results, which were also
performed for 24 h, pristine clays did not hinder cell viability. However, their
presence seems to impede fibroblasts mobility during wound healing assay,
slowing down the total gap closure with respect to GM and studied peloids.
In fact, the uncovered gap width after 24 h was significantly higher for PS9
and G30 with respect to the rest of the samples (Figure 4.19), thus indicating
a slower coverage of the wounded area. For these similar samples, the

majority of insoluble particles visible within the cell substrate were
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concentrated beside or over/inside fibroblasts. It is well-known that cell
membranes are negatively charged and can be penetrated by positive
substances. Negatively charged particles can also interact and event penetrate
cells by endocytosis mediated mechanisms (Lin et al., 2006; Wang et al., 2008;
Zhang et al., 2008). According to the zeta potential results previously reported
(Figure 4.13), PS9 and G30 had a negative net charge in the major part of the
pH range tested. These clay particles could interact between them (thus
forming bigger aggregates) and with cells by establishing interactions such as
Van der Waals forces. This hypothesis was the starting point of Abduljauwad
and Ahmed, who proposed that the interaction between clay minerals and
cells would hinder cell migration (Abduljauwad and Ahmed, 2019). They
evaluated the role of montmorillonite, hectorite and palygorskite particles in
cancer cell migration and demonstrated these materials could prevent cellular
metastasis. Results of scratch-induced wound healing assays reported by
these authors demonstrated that clay mineral particles significantly delayed
the gap closure in comparison with control experiments. For instance, while
the control showed full gap closure within 24 h, palygorskite showed a mean
gap closure of 59% =+ 3% after 24 h. Polymeric composite films containing
montmorillonite were evaluated by Salcedo and co-workers (Salcedo et al.,
2012) and Mishra et al. (Mishra et al., 2014). The scratch assay showed, in both
cases, that the presence of montmorillonite particles alone was able to alter
cell behaviour (Caco-2 and fibroblasts, respectively for each study), slowing
down the gap closure. Similar results were reported by Vaiana and co on
montmorillonite and keratinocytes (Vaiana et al., 2011). These results were in
agreement with PS9 and G30 performances during wound healing: though
clays were not cytotoxic, more time would be necessary to obtain complete
cell confluence within the artificial wound (gap) in their presence. The
biocompatibility and safety of natural clay minerals such as palygorskite
during wound healing is also supported by in vivo studies. A natural Brazilian
palygorskite was tested for in vivo wound healing of rats (de Gois da Silva et
al., 2014). In comparison with functionalized clay minerals, the natural one
provided more advanced and safer wound healing, since histological cuts
demonstrated the presence of dermal papilla and hair follicles after 14 days of
treatment (de Gois da Silva et al., 2014).
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Figure 4.19. Histogram of % wound reduction after 24 h, calculated according to Eq. 2. Mean
values + s.d. (n=6). Significant differences between samples and GM are marked with *

The presence of hydrogels promoted in vitro fibroblasts mobility
during wound healing processes. In fact, the coverage of the artificial gap was
faster for PS9ALI, PSOGR, G30ALI and G30GR with respect to GM and
pristine clays (Figure 4.19). It is worth to notice that all therapeutic muds were
used in concentrations equal to the powdered clay samples. That is, the
amount of peloid within the culture medium was higher in order to
compensate that they only possessed a 10% w/w of clay mineral. Whatsoever
the nature of the interaction between clay particles and fibroblasts,
responsible for the gap closure deceleration (observed in PS9 and G30 tests),
was reduced to the minimum when it comes to thermal mud formulations. In
fact, significant differences were found between gap closures of peloids vs.
GM, demonstrating that the evaluated hydrogels induced a positive effect

during wound healing.

These results are supported by previous studies in which clay
minerals have reported to exert neutral or positive wound healing effects
when combined with other substances (Ninan et al., 2015; Sandri et al., 2016).
For instance, no significant changes have been found during in vitro wound
healing  studies of  montmorillonite-chitosan-silver = sulfadiazine
nanocomposites with respect to the control. That is, the presence of the clay
mineral did not hinder gap-closure procedure and did not affect fibroblasts
phenotypes (Sandri et al., 2014). On the other hand, better skin re-
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epithelialization and reorganization have been found when halloysite and
chitosan were combined to form a nanocomposite with respect to the use of
both materials independently (Sandri et al., 2017). In vivo infected-wound
treatment with silver nanoparticles was improved by the use of
montmorillonite as a carrier, which reduced the drug cytotoxicity (Chu et al.,
2012). Montmorillonite also demonstrated to exert wound-healing effect
when combined with chitosan and polyvinyl-pyrrolidone polymers
(Shanmugapriya et al., 2018). The nanocomposites films containing bentonite
increased in vivo wound healing processes in mice when compared with the
formulations without the clay. For instance, wound closure after 16 days was
92-93% for samples without clay and 95-97% for those with montomorillonite
and all of them higher than the negative control at the same time (84%)

(Shanmugapriya et al., 2018).

Despite the scarce literature regarding the use of therapeutic muds in
skin regenerative properties, the existing studies were also in agreement with
the present observations. Thermal mud treatments with volcanic deposits of
Azerbaijan facilitated the healing of chronic gangrenous wounds of diabetic
patients (Nasirov et al., 2009). The major part of the patients subjected to
pelotherapy reached total wound recovery by the end of the treatment. Two
natural Dead Sea black mud samples were evaluated by Abu-al-Basal for their
in vivo wound healing properties (Abu-al-Basal, 2012). One of them was used
in its pristine state, while the other was formulated in form of facial mask by
adding plant extracts and vitamin E. Both samples accelerated wound healing
process by enhancing granulation, wound contraction, epithelialization,
angiogenesis and collagen deposition. Another in vivo wound healing study
was performed by Dario and co-workers (Dario et al., 2014). They evaluated
anatural peloid extracted from the Ocara lake (northeast of Brazil), which was
sieved, solid-state characterized and sterilized. The solid fraction was mainly
composed of quartz, illite and kaolinite and it was formulated as an emulsion.
The emulsion was put in contact with injured Wistar rats. The formulation
including the Ocara lake solid fraction induced histological changes in the
deep dermis that allowed an effective healing with respect to control groups.
On the other hand, there is evidence in literature about the anti-inflammatory

properties of peloids (Carretero, 2020). Moreover, recently a study focused on
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the fibrous clays suggests that sepiolite and palygorskite, the main
components of PS9 and G30, respectively, did not influence the in vitro NO
(inflammation signal) production of murine macrophages (RAW 264.7).
Furthermore both clays decreased the leucocyte infiltration shortly after
exposure in vivo on mouse ear edema (12-O-tetradecanoylphorbol-13-acetate
as inflammatory agent). In particular, sepiolite and palygorskite caused
decreases on the number of infiltrated cells per field (Cervini-Silva et al.,
2015b). Analogously, other clay minerals, as halloysite and montmorillonite,
proved macrophage cytocompatibility and negligible secretion of TNFa, as
pro-inflammatory cytokine (Sandri et al.,, 2020). The anti-inflammatory
properties of clays could control the inflammatory phase in the healing

process shortening healing time and avoiding the wound chronicity.

4.2.2.3. Confocal-Laser Scanning Microscopy
CLSM microphotographs results (Figure 4.20) showed fluorescence of

fibroblasts nucleus and cytoplasm. Green fluorescence is due to the binding
of phalloidin specifically with F-actin and the blue one is due to DAPI,
bounded to DNA. Morphology of fibroblasts during wound healing is very
important, since it gives information about migration and adhesion of cells.
F-actin filaments facilitate cell-cell interaction and tissue regeneration
(Lehtimaki et al., 2017). In all samples, regardless of the type of sample with
which fibroblasts were put in contact with, NHDF showed typical fusiform
morphology. Moreover, fibroblasts located in the wounded area, possessed
typical morphology of migrating cells. Therefore, it was possible to identify
retraction/protrusion parts of fibroblasts due to the position of F-actin. Typical
actin filament structures were detectable in all samples: lamellipodia,
filopodia and stress fibers (dorsal stress fibers and transverse arcs). Moreover,

fibroblasts in mitosis were also visible in some points.
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Figure 4.20. CLSM microphotographs during wound healing. NHDM were stained with
phalloidin-FITC (green, F-actin filaments) and DAPI (blue, nucleus). Green arrows indicate
the migration direction; different F-actin structures have been identified by L (lamellipodia), F
(filopodia), SF (stress fibres), DSF (dorsal stress fibres). Additionally, M stands for (mitosis)
and CP stands for (clay particles)

Regarding the speed of wound closure, the CLSM results were in
agreement with those obtained by optical microscopy. GM control after 24 h
demonstrated that NHDF are able to make contact and start to close the gap,
though yet some empty zones are clearly visible. The number of cells inside
the wound gap in ALI and GR samples was more numerous than in GM. P59

and G30 showed the worst result in terms of “gap closure”, which confirmed
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the previous results. Once again, it was possible to observe that the “slowing
down” effect of PS9 and G30 did not happen when both clays were
formulated in form of nanoclay/spring water hydrogels. Particularly,
hydrogels G30ALI, G30GR, PS9ALI and PS9GR induced a faster wound

healing with respect to the rest of the samples.

4.2.3. Conclusions

Fibroblast biocompatibility and wound healing efficacy of inorganic
hydrogels formulated with two nanoclays in two natural spring waters have
been studied. Both spring waters were fully biocompatible and favoured
wound healing, inducing faster gap-closure with respect to control. The
studied nanoclays did not interfere with cell viability to a great extent (= 80%
of cell viability), thus not being cytotoxic at the studied concentrations.
Nonetheless, they interfered with in vitro wound healing processes, slightly
delaying gap-closure when used as powders. This effect could be ascribed to
the presence of non-flocculated nanoclay particles in the culture medium.
Hydrogels formulated with the aforementioned ingredients did not hindered
gap-closure and reported a higher percentage of wound closure after 24 h

with respect to the control.

In conclusion, this study has demonstrated the usefulness and
potential of PS9 and G30 clay minerals as excipients in the preparation of
hydrogels intended for wound healing and other therapeutic uses. Maximum
in vitro wound healing effects were achieved by using PS9 in the formulation
of the hydrogels. These promising results encourage the use of clay minerals
as wound healing ingredients. Thermal centre’s treatments are mostly
focused in the physical effects of thermal muds, which are very effective
against musculoskeletal disorders. Nonetheless, the findings of this study
have opened new perspectives, since the addressed nanoclay/spring water

hydrogels could also be used to treat chronic wounds.
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43. Safety of Nanoclay/Spring Water Hydrogels: Assessment
and Mobility of Hazardous Elements

The concentration and bioavailability of impurities such as hazardous
elements in both health products and medicines is a main preformulation
concern during their development. Different health care products must
comply with specific normatives and guidelines, depending on the
administration route, and most of the times, on the region or country in which
they are written and applied. It is generally accepted that levels of elemental
impurities below toxicity thresholds could be considered as safe, with diverse
limits depending on the consulted normative. In Canada, natural health
products that do not require a medical prescription, are included in a guide
in which heavy metals (Pb, As, Cd, Hg, and Sb, among others) are banned or
limited to a maximum amount, in accordance with the administration route
(Government of Canada, 2012). In the USA, similar health products fail into
FDA legislation, which only considers Hg as a forbidden element and limits
the Pb concentration (FDA, 2017). On the other hand, European cosmetic
legislation is much more detailed and restrictive regarding the presence of

elemental impurities (EU, 2009).

Similar health products may also be considered into different
categories depending on the country. The boundaries between medicinal
products, natural health care products, cosmetics, and others, are not
internationally normalized, even if generally accepted definitions have been
achieved. In fact, the absence of clear boundaries made it necessary to address
some products on a case-by-case basis. Particularly interesting is the cosmetic
category, in which the presence of some ingredients, their origin, the
administration route, and the scope of the product could raise doubts about
their classification. A manual on the scope of the application of the cosmetics
regulation EC 1223/2009 has been published by the working group on
cosmetic products in order to shed some light on this matter (EU, 2017). The
global cosmetics market have grown by an estimated 5.25% in 2019 (L’Oréal,
2019), and, due to this continuous growth, the attention is being increasingly
focused on the quality and safety of these products. Cosmetics are, according
to the European Council Directive 2003/15/EC and the US Food Drug and

Cosmetic Act, those products or mixtures of substances prepared and
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destined to be applied in different parts of the human body in order to clean,
protect, maintain them in good conditions, improve their aspect, or
relieve/eliminate body odours (EU, 2003; United States Code, 2006). It has
been recognized and demonstrated that, although cosmetics are intended to
be applied on the surface of the body or mucous membranes, they may not
remain there exclusively, since some topically applied substances may
penetrate through the skin (Hostynek, 2003; Tateo et al., 2009; Borowska and
Brzoska, 2015). This fact is more pronounced for those cosmetics which are
intended to remain at their application site for several hours or days, without
subsequent rinse or wash. The European Union established a Regulation on
Cosmetic Products (1223/2009) where it states that “cosmetic products should
be safe under normal or reasonably foreseeable conditions of use. In
particular, a risk-benefit reasoning should not justify a risk to human health”
(EU, 2009). According to the European legislation, all cosmetic products
should be subjected to safety assessments, taking into consideration the
toxicology of all the ingredients used, as well as their chemical structure and

their potential to produce local and systemic side effects.

The use of clay minerals in health care comes from prehistoric times,
as reviewed in various paperwork and databases (Viseras and Loépez-
Galindo, 1999; Viseras et al., 2000; Lopez-Galindo and Viseras, 2004; Sanchez-
Espejo et al., 2014b; Health Canada, 2019). Some properties of these minerals
have made them one of the most frequently used materials in pharmaceutical
formulations and cosmetics, due to both their potential therapeutic activities
and their useful properties as excipients. These features depend on colloidal
dimensions and high surface areas of clay minerals, which give rise to optimal
rheological and sorption capacities (Lopez-Galindo and Viseras, 2004; Lépez-
Galindo et al.,, 2007, 2011). Kaolin, talc, smectites (montmorillonite and
saponite), and fibrous clays (palygorskite and sepiolite) are some of the clay
minerals most used in pharmacy. Hydrotherapy, and more particularly,
balneotherapy, is one of the most frequent uses of clay minerals from a
traditional and natural point of view. Clay minerals are used to prepare
semisolid suspensions (frequently known as thermal muds or peloids) after
the interposition of clays with spring waters, thus forming a nanoclay/spring

water hydrogel. That is, thermal muds are semisolid, topical, natural
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medicinal hydrogels prepared by the interposition of organic and inorganic

solids in mineral-medicinal water (Sanchez-Espejo et al., 2014b).

On the view of the uses and properties of these clay-based hydrogels,
they could be considered as cosmetics with skin-care functions such as
cleansing, degreasing, exfoliating, hydrating, invigorating, and firming
activities (Potpara and Duborija-Kovacevic, 2012; Centini et al., 2015; Khiari
et al., 2019). These clay-based products could also be considered as medicinal
products, as they have demonstrated activities against dermatological
affections such as psoriasis (Elkayam et al., 2000; Delfino et al., 2003; Cozzi et
al., 2015), atopic dermatitis, vitiligo, eczemas, seborrhoeic dermatitis, fungal
infections, or acne have also been treated by clay/spring water hydrogels
(Argenziano et al., 2004; Comacchi and Hercogova, 2004; Williams et al., 2008;
Riyaz and Arakkal, 2011; Harari, 2012). Moreover, in view of the current
Covid-19 worldwide state of emergency, Masiero and co-authors (Masiero et
al., 2020) have pointed out the already demonstrated positive effects of
balneotherapy and thermal muds over the human immune system. Therefore,
according to the guidelines of the borderline products manual (EU, 2017),
these formulations could fall either in the cosmetic or in the medicine
category. Nonetheless, they are usually prepared in thermal stations, without
a deep characterization of their therapeutical functions, activities, safety, or
quality control. This unclear boundary between cosmetic and medical
products showed by thermal muds, justifies the necessity of a harmonized
regulation that compel for a full characterization of these products. Either
way, since clay-based hydrogel formulations are intended to be applied over
the skin (either health, ill, or injured skin), safety assessments should be one

of the main milestones to be accomplished.

A remarkable feature of materials such as clays is the wide spectrum
of mineralogical and chemical composition they have, something that is
inevitable when it comes to natural products, most of the time accompanied
by other naturally-associated mineral phases. Even if nanoclay/spring water
hydrogels (thermal muds) are not legally considered as cosmetics or
medicines and, therefore, they are not subjected to any kind of compulsory
regulation; their accomplishment would highlight their quality constancy

attributes and safety. The use of pharmaceutical-grade minerals in the
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preparation of thermal muds would guarantee the compositional safety of the
gel-like system. In this regard, the chemical composition of the substances
present in the formulation is crucial, since hazardous elements such as heavy
metals and other elements are prohibited or limited in cosmetic products by
different regulations. For instance, the ICH Harmonized Guideline for
elemental impurities Q3D(R1) (ICH, 2019) published by the European
Medicines Agency and Regulation No 1223/2009, European Parliament (EU,
2009) are some of the regulations in which the discussion of this paperwork
will be based. The safety assessment of the elements, such as heavy metals in
cosmetics should start from the knowledge of the type and concentration of
ingredients contained in the product in order to evaluate their potential
intrinsic hazard (Bocca et al., 2014). The next step would include the analysis
and studies of the mobility of those elements, either beneficial or harmful, in
order to understand the potential biological and therapeutical effects of the
formulation. This is especially important when it comes to “technically

unavoidable” elements.

Recently, sepiolite and palygorskite (two inorganic excipients mainly
composed of clay minerals) were mixed with natural spring water to prepare
hydrogels intended for topical application. In previous studies, these
excipients have demonstrated remarkable purity in terms of mineralogical
composition (> 92% and > 58% of sepiolite and palygorksite richness,
respectively) and quality performance (Garcia-Villén et al., 2020c). Moreover,

these very same hydrogels have also proved to possess wound healing effects.

The aim of this paper was to prepare, characterize, and address the
elemental composition of nanoclay/spring water hydrogels made of sepiolite
and palygorskite clay minerals and natural spring water. Since the present
hydrogels are intended to be applied over potentially damaged or wounded
skin, the mobility of their elements was also characterized. The final objective
of this study was to assess the safety attributes of these formulations on the

basis of the content and bioavailability of the elemental impurities.
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4.3.1. Materials and Methods

4.3.1.1. Materials

Pangel S9 (PS9) and Cimsil G30 (G30) were kindly gifted by the
TOLSA Group (Madrid, Spain). PS9 (do 23.9 pm) and G30 (ds 49.3 um) were
mainly composed by sepiolite and palygorskite, respectively. According to
their composition and properties, previously characterized by Garcia-Villén
et al., they could be classified as “pharmaceutical-grade” excipients (Garcia-
Villén et al., 2020c). Their corresponding pharmacopoeial denominations are
“magnesium trisilicate” (PS9) and “Attapulgite” (G30) (Ph. Eur. 9th, 2018a, b;
USP42-NF37, 2019). Sepiolite was present in PS9 in >92%, muscovite being the
main mineralogical impurity detected. Palygorskite was present in G30 in
58%, accompanied by quartz (26%), fluorapatite (7%), smectites, and sepiolite
(6%) and carbonates (3%) as associated minerals. Both PS9 and G30 excipients
were dried in an oven at 40 °C for at least 48 h prior to being used in the
preparation of the hydrogels. Spring water from Alicin thermal station (ALI),
located in Granada (Spain) was used. ALI water is classified as hypothermal

with strong mineralization (Maraver Eyzaguirre and Armijo de Castro, 2010).

Nanoclay/spring water hydrogels were prepared according to a
process previously studied and optimized (Garcia-Villén et al., 2020c). Briefly,
clay minerals were mixed with ALI by means of a turbine high-speed agitator
(Silverson LT, Chesham, UK), equipped with a high-traction stirrer head of
square mesh, at 8000 rpm for 5 min. Samples were preserved in closed
polyethylene containers, from which aliquots were sampled in order to
monitor further analysis. Nanoclay/spring water hydrogels prepared had a
10% w/w of PS9 concentration (ALIPS9) and 20% w/w of G30 nanoclay

(ALIG30). Both of them were preserved and characterized in the same way.

4.3.1.2. Methods
Elemental Composition of Pristine Ingredients

Elements present in PS9 and G30 as well as ALI water has been
addressed by Inductively Coupled Plasma mass spectrometry (ICP-MS)

measurements. Solid samples were prepared by acid digestion in strong acids

(HNOs and HF at a 3:5 ratio) inside a Teflon reactor, thus the samples were
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subjected to high pressure and temperature by heating in a microwave oven
(Milestone ETHOS ONE, Sorisole, Italy). The quantification of the elements
was done by a NexION-300 ICP-MS spectrometer (Perkin Elmer, MS, U.S.)
equipped with a triple cone interface and a quadrupole ion deflector using
argon for plasma formation. Standard solutions of 100 and 1000 ppb were
prepared for each element (Multi-Element standards, Perkin Elmer, MS, U.S.),
and Rh was employed as an internal standard. All standards were prepared
from ICP single-element standard solutions (Merck, Darmstadt, Germany)
after dilution with 10% HNOs. Ultra-purified water (Milli-Q® grade,
18MQ-cm) was used during the whole experiment. The accuracy of the ICP-
MS equipment used ranges between + 2 and + 5% for analyte concentrations
between 50 and 5 ppm, respectively. The detection limits were <0.1 ppt for Ir
and Ta; < 1 ppt for Ba, Li, Cu, Mo, Sb, Sn, Ag, Au, Co, Ni, V, As, Cd, Pb, Zr,
Be and Nd; < 10 ppt for Cr, Hg and Te; < 1 ppb for P.

In Vitro Release of Elemental Impurities from Hydrogels

The element mobility from nanoclay/spring water hydrogels
(ALIPS9, ALIG30) was assessed by in vitro cation release studies performed in
a Franz diffusion cell system FDC40020FF (BioScientific Inc., Phoenix, US)
(COLIPA, 1997). This system is designed to recreate conditions of
formulations placed over the skin and mucosa membranes. Particularly, the
selected Franz diffusion cells possessed a contact area of 0.64 cm? and an
approximate total volume of 6.4 mL in the receptor chamber. In this study, the
aim is to explore the potential number of elements that would be released by
the formulation and that are potentially able to establish contact with the skin.
To do so, dialysis membranes (cut-off 12-14 kDa (31.7 mm), Medicell
International, London, UK) were placed and used to separate the donor and
receptor chambers, just acting as physical support for the hydrogel and not as
a permeation barrier. The membranes were boiled in ultra-purified water
(milli-Q® water) for 10 min in order to hydrate them. Over the membrane, in
the donator chamber, 0.025 g of each hydrogel was placed. The receptor
chamber of the Franz diffusion cells was filled with degassed, ultra-purified
water, which was maintained at a constant temperature of 32 + 0.5 °C (to
reproduce human skin temperature) through a thermostatic bath circulation.

The experiment lasted for 30 min, this being the typical time of topical
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nanoclay/spring water hydrogels application. At the end of the experiments,
the receptor aqueous phase was withdrawn and filtered through 0.45 pm
single-use, sterile filters. Then, the elemental composition on each sample was
assessed by ICP-MS, following the same protocol previously described for the
pristine materials. All samples (six replicates) were subjected to in vitro release
experiments 48 h after the preparation and after one month. During the
experiment, the manipulation of different materials and instruments could
contaminate the ultra-purified water of the Franz cell receptor chamber. To
eliminate this error, blanks were also analysed in order to monitor the
elements coming from the materials and the ultra-purified water itself. Briefly,
it consisted of analysing the ultra-purified water that was placed in the
receptor chamber of the Franz cell device. The concentration of the elements
detected in the milli-Q® water (which was considered the blank, data not
shown) were subtracted from the concentration detected in the receptor
chamber. This way, it will be possible to discern the real number of elements
exchanged/released from the semisolid formulation and, thus, able to

establish contact with the patient skin.

4.3.1.3. Results Discussion and Interpretation Bases and Criteria

Different regulations could be used for the interpretation of the
obtained results. In this paperwork, the discussion and interpretation of the

results will be centred on the documents summarized in Table 4.14.

The HC-SC guideline is focused on heavy metals (As, Pb, Cd, Hg, and
Sb). Other metal elements such as Se, Ba, and Cr are considered less significant
in terms of toxicity; therefore, no impurity limits are found for these elements
in this document (Government of Canada, 2012). The Natural and Non-
prescription Health Products Directorate (NNPHD) (Health Canada, 2015) is
a guidance document intended to give support to stakeholders “in assuring
that natural health products are produced in a high-quality manner”.
NNPHD is focused on natural and non-prescription health products, which
is the case of PS9, G30, and ALI ingredients and resultant hydrogels.
Acceptable limits for As, Cd, Pb, Hg, Cr, and Sb elemental impurities are
defined in this guide, including the limits for topical administration (Figure
4.21).
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Table 4.14. Documents used during the interpretation and discussion of the obtained results

Type of Document Region Year References
Regulation of the European Parliament and
Council of the European Union on cosmetic EU 2009 (EU, 2009)
products (EC 1223/2009)

Guidance on Heavy Metal Impurities in (Government of

Canada 2012

Cosmetics (HC-SC) Canada, 2012)
Quality of Natural Health I?ro.ducts Guide - (HealthCanada,
Natural and Non-prescription Health Canada = 2015 2015)
Products Directorate (NNPHD)
Guideline for Elemental Impurities Q3D(R1) EU 2019 (ICH, 2019)
10 ppm
®pp
Sb
As,
Hg Cd

Figure 4.21. Acceptable limits for heavy metals in topical products (HealthCanada, 2015)

The ICH guideline for Elemental Impurities Q3D(R1) refers to
medicinal products and classifies elements into four groups based on their
toxicity and likelihood of occurrence in these products (Figure 4.22). The
fourth group called “other elements” includes elements for which Permitted
Daily Exposure (PDE) limits have not been established. As a result of this,
these elements have not been included in this manuscript. Regarding the most
toxic elements, the Q3D(R1) guideline also reports the PDE limits by oral,
parenteral, and inhalation administration routes (ICH, 2019). PDE is the
maximum acceptable intake of the elemental impurity per day. Although this
guideline is not specific for cosmetics, the fact that it deals with elemental
impurities of drugs (which are intended to reach the bloodstream) makes it

useful to also ensure the safety of cosmetics.
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Relatively low toxicity through oral Ba, Cr, Cu, Li,

administration but may require consideration Mo, Sb, Sn
Class 3 through inhalation or parenteral.

Rotltg-de'pendent human toxicants. 2A elements . Co, Ni, V

require risk assessment across all routes of 2B: Ag, Au,

administration; 2B elements may be excluded I, Os, Pd, Pt,

from the risk assessment unless they are Rh, Ru, Se, Tl

intentionally added

Human toxicants with limited/no use in the As, Cd,

manufacture of pharmaceuticals. Present due to Hg, Pb
raw materials, such as mined excipients

Fiqure 4.22. Element classification of the ICH Q3D(R1) guideline. Based on ICH Q3D(R1)
(ICH, 2019)

Finally, the European Regulation EC 1223/2009, from all the
documents and guidelines included in this study, is the most restricting one
in terms of impurities present in cosmetics (EU, 2009). Only those elements
considered safe and innocuous for the human being are allowed in cosmetics,
while the rest of them are banned without any limit or maximum dose
established. Furthermore, according to article 17 of this regulation, “the
presence of traces of banned substances will only be allowed if they are
technically inevitable and do not impair the safety of the cosmetic product”.
In this regard, in vitro studies such as Franz cells could help to discern and
discuss this point since they allow the study of the mobility of the elements

present in the ingredients.

Dose of Nanoclay/Natural Spring Water Hydrogels

The toxicity of elemental impurities obviously depends on the
administration route of the dosage form. Nanoclay hydrogels prepared in this
study are intended to be topically applied over either the healthy or wounded
skin of patients subjected to balneotherapy treatments. In thermal stations,
natural or artificial clay-based/spring water formulations could be applied in
different forms. The most common one includes the administration of
semisolid systems at 45-50 °C on restricted body regions (mainly isolated
joints) with 210 cm of thickness or in the form of total/partial baths. Most of
these treatments usually last for 15 to 30 min (Meijide Failde et al., 2013;
Sénchez-Espejo, 2014; Gomes et al., 2015). The density of the hydrogels was
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obtained by the Minimum Square Method applied to experimental volume,
and mass hydrogels measurements (R? were > 0.998 in both cases): pALIPS9 =
1.0606 g/mL; ALIG30 = 1.0992 g/mL. These data would be used to calculate
safe doses of hydrogels in order to not exceed the PDE limits defined in the
Guideline for Elemental Impurities (ICH, 2019) for each element. Moreover,
despite the bioavailability of topically administered dosage forms hardly
reaching 100%, in the discussion, we will systematically consider the

maximum potential bioavailability in order to guarantee safe doses.
4.3.2. Results

4.3.2.1. Elemental Composition of Pristine Ingredients

The elemental composition of PS9, G30 nanoclays, and natural spring
water (ALI) is summarized in Table 4.15. Below, the results will be discussed
from the most innocuous to the most dangerous elements, as well as by the

amount in which they were detected.

Regarding PS9 and G30, Ba, Cr, and Li (Class 3) and V (class 2A), were
detected in remarkable amounts. The presence of Zr and Nd was also
reported. Except for Li, the amount of the aforementioned elements was
higher in G30 than in PS9, thus highlighting the presence of more impurities
in G30. This statement is in agreement with the solid-state characterization of
G30 made by Garcia-Villén et al. (Garcia-Villén et al., 2020c). The presence of
hazardous elements such as Pb, As, and Cd in fibrous clay minerals have been
reported as a common feature of natural deposits, though the present values

are minimal with respect to previously reported levels (Post and Crawford,
2007).

With respect to the ALI spring water, the main hazardous impurities
detected were Li and Ba, followed by Cr (class 3 elements in all cases).
Therefore, the major elements detected (Table 4.15) belong to class 3 or class
2A (ICH, 2019), which indicates that they are elements whose presence in the
raw materials should be borne in mind, though with relatively low toxicity.
Additionally, the presence of Cr, Zr, and Nd is not allowed in cosmetics,
according to the EC 1223/2009 (EU, 2009). From class 2B, only the presence of

Se and Tl is banned in cosmetics, though the three of them were detected as
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traces (Table 4.15). Ni, which belongs to class 2A and its not allowed in

cosmetics, was detected in significant amounts in G30, unlike PS9 and ALL

Table 4.15. Elemental composition of pristine ingredients (PS9 and G30 nanoclays and ALI
spring water) determined by ICP-MS. The elements are classified depending on regulations
(EU, 2009; ICH, 2019). "ND"” stands for “Not detected”

Element PS9
(ppm)
Ba 56.2
Cr 14.0
Cu 8.1
Li 149.0
Mo 0.2
Sb 0.3
Sn 10.8
Ag 0.04
Au
Ir 0.2
Se 0.9
Tl 0.2
Co 2.3
Ni 3.7
A% 249
As 2.0
Cd 0.02
Hg
Pb 3.2
P 0.3
Be 1.8
Zr 215
Te
Nd 8.0
Ta 0.9

G30

(ppm)

144.8

391.8

11.3

30.4
0.2

2.1

3.3

0.2
ND

0.9

1.5
0.1

7.4

50.7

249.1

1.3
1.5
ND
4.1
8.5
3.6
50.3
ND
30.2
0.7

ALI
(ppb)

18.8
43

2.5

2442
3.8

0.1

ND
0.1

ND

2.3
0.1

0.4
9.4

ND

0.2
ND

ND
0.1
0.01
0.2

ND
0.005

Comments

Class 3 in Q3D(R1); Not listed as

element in EC 1223/2009
Class 3 in Q3D(R1); Not allowed in EC
1223/2009
Class 3 in Q3D(R1); Allowed in EC
1223/2009
Class 3 in Q3D(R1); Not listed in EC
1223/2009
Class 3 in Q3D(R1); Not allowed in EC
1223/2009
Class 3 in Q3D(R1); Not listed in EC
1223/2009
Class 2B in Q3D(R1); Allowed in EC
1223/2009
Class 2B in Q3D(R1); Not listed in EC
1223/2009
Class 2B in Q3D(R1); Not allowed in EC
1223/2009
Class 2A in Q3D(R1); Not listed in EC
1223/2009
Class 2A in Q3D(R1); Not allowed in EC
1223/2009
Class 2A in Q3D(R1); Not listed in EC
1223/2009

Class 1 in Q3D(R1); Not allowed in EC
1223/2009

Not allowed in EC 1223/2009

Class 1 element group is formed by hazardous elements As, Cd, Hg,
Nd, Pb (Figure 4.21), all of them prohibited according to EC 1223/2009. As,
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Cd, and Pb were similar to the ones reported for natural products used in
cosmetics (Borowska and Brzoska, 2015). Unlike class 1 and EC 1223/2009, the
NNHPD (Health Canada, 2015) specifies the acceptable limits for heavy
metals in topical products (Figure 1), including Sb (class 3). All the
aforementioned elements were below the limits established by the NNHPD.

The rest of the elements (from P onwards, Table 4.15 are not classified
in Q3D(R1), thus not belonging to any specific group previously mentioned.
Among them, Zr highlights due to the high amount present both in PS9 and

G30 in comparison with the rest of the non-allowed elements.

4.3.2.2. In Vitro Release of Hazardous Elements from Hydrogels

The results obtained after the Franz cell studies regarding the release
of the elements from nanoclay hydrogels at 48 h and after one month are

summarized in Table 4.16.

Ba release was very variable between ALIPS9 and ALIG30, though
the higher values detected in ALIG30 could be ascribed to higher Ba presence
in the pristine material G30 in comparison with PS9 (Table 4.15). Cu mobility,
which was higher in ALIG30 due to a higher amount in G30, significantly
decreased after one month for both ALIG30 and ALIPS9.

The Li release was higher in ALIPS9 due to the higher Li levels in PS9
and maintained constant with time (no significant differences between 48 h
and 1 month). On the other hand, ALIG30 hydrogels showed a reduction in
Li release as time passed. The highest Mo was found in ALIG30—48 h and
significantly decreased after one month. On the other hand, ALIPS9
demonstrated a constant release of Mo through time. Sn, V, and Cd released
from both hydrogels came from clay minerals since none of these elements
were detected in ALI (Table 4.15). The V release increased with time, while Sn
showed the opposite trend.

Heavy metals Hg, Pb, and Sb, though present in the pristine materials,
were not released. Other not-allowed elements, such as Cr, Se, T1, Ni, P, Be,
Zr, Te, Nd, and Ta were neither release elements, which means that they do
not pose any problem in terms of safety. On the other hand, Cd and As were
slightly released, with higher results in the case of ALIG30 hydrogels. The
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absence of Cd in ALIPS9 is due to the extremely low amounts detected in PS9
and its absence in ALIL On the contrary, G30 possessed a higher amount of Cd
(Table 4.15), which explains the release results (Table 4.16). In conclusion, Cd
and As are the most crucial elements determining the safety of the hydrogels.
It is worth mentioning that with respect to the As and Cd amounts and

release, ALIPS9 hydrogel is considered the safest formulation.

Table 4.16. Release of hazardous elements after Franz diffusion cell tests. The concentrations
are expressed in 1g/100 g of hydrogel. Mean values + s.e. (n = 6). “ND” stands for “not
detected”

ALIPS9 ALIG30
Elements
48h 1 month 48h 1 month

Ba 5.6+1.55 1.8+0.934 8.3 +0.944 1.2 +£0.360

Cr ND ND
Cu 10.8 +3.293 3.6+2.17 20.6 +3.725 0.91 +£0.608
Li 20.5+3.293 17.7 £3.214 4.3 +0.362 1.7 £0.379
Mo 0.7 £ 0.095 0.61£0.125 1.8 £0.0572 0.21£0.123

Sb ND ND
Sn 28.7 +8.232 10.4 £2.138 50.4 +4.866 6.5+1.945

Ag, Au, Ir, Se, Tl ND ND
Co 0.26 +0.206 0.6 £0.093 1.1 £ 0.660 0.58 +0.237

Ni ND ND
\% 1.7 £0.310 1.8 £0.492 5.9 +0.306 7.5+0.315
As 0.1 +0.010 0.4 +0.039 0.08 +0.050 0.1+0.063
Cd ND 0.1 +£0.064 0.2 +0.0087

Hg, Pb
P, Be, Zr, Te, Nd, Ta ND ND

4.3.3. Discussion

4.3.3.1. In Vitro Release of Elements: Safety Concerns and Doses

The toxicity of elemental impurities obviously depends on the
administration route of the dosage form. The studied hydrogels are topically
administered, and the bioavailability of a certain element hardly reached
100%. Tateo and co-workers, in previous studies regarding elemental
percutaneous mobility, stated that the major part of the elements could cross
the skin (Tateo et al., 2009). Nonetheless, they reported that “none of these
elements reaches concentrations so high as to represent hazardous
conditions”. In the discussion, we systematically will consider a theoretical

100% bioavailability in order to guarantee safe doses in any case.

279



Chapter 4. Fibrous Clays in Wound Healing

According to the results, the maximum amount of Ba released came
from ALIG30, 48 h, and it counted for 8.3 pg/100 g of hydrogel. The oral PDE
of barium was established as 730 pg/day (ICH, 2019). If we consider the
maximum mobility and a 100% bioavailability of Ba through the skin, the
administration of ALIG30 and ALIPS9 hydrogels would be considered safe if
doses are less than 8.79 kg hydrogel/day (Table 4.16). In view of the high
amounts of hydrogels needed to pose a risk regarding Ba, it is possible to state
that both ALIPS9 and ALIG30 are safe with respect to this element.

Among the possible adverse effects associated with Cu, allergic
dermatitis is the most commonly experienced (Ababneh et al., 2013). Safe
amounts of hydrogels regarding Cu release (Table 4.16) have been calculated
according to parenteral PDE (Table 4.17). In view of the results, hydrogels
aged for one month could be considered safe in terms of allergenic copper
effects, since its mobility practically disappears. Moreover, ALIPS9 would be
more advisable than ALIG30; the amount of Cu being lower in the former one.
The amount of Cu released from extemporaneous formulated hydrogels
could limit their use in general baths, as the calculated safe dose (Table 4.17)

should be lesser than two kilograms of hydrogel.

Table 4.17. Theoretical safe doses of ALIPS9 and ALIG30 hydrogels based on elements with
defined parenteral Permitted Daily Exposure (PDE) levels. Calculations have been made by
using the higher mobility value reported by Franz cells (either ALIPS9 or ALIG30).
Additionally, safety doses are calculated assuming a theoretical dermal bioavailability of 100%

Element PD_EP,a o Maximum release detected Hydrogel safe
Limits dose/day
Ba 730 pg/day 8.3 ug/100g (ALIPS9 — 1month) <879kg
Cu 340 pg/day 20.6 ng/100g (ALIG30 — 48h) <1.65kg
Li 280 pg/day 20.5 ug/100g (ALIPS9 — 48h) <137 kg
Mo 1700 pg/day 1.8 pg/100g (ALIG30 — 48h) <944 kg
Sn 640 ug/day 50.4 ug/100g (ALIG30 — 48h) <1.27kg
Co 5 ug/day 1.1 ug/100g (ALIG30 — 48h) <454 ¢
\ 12 ug/day 7.5 ug/100g (ALIG30 — 1 month) <160 g
As 15 pg/day 0.4 ug/100g (ALIPS9 — 1 month) <3.75kg
Cd 1.7 ug/day 0.2 ug/100g (ALIG30 — 1 month) <850 g

Li is of relatively low toxicity by the oral route. Is a common metal
present in animal tissues and is used in certain kinds of treatments, such as
bipolar disorder or depression, among others. Recently, Yuan and co-workers

(Yuan et al., 2019) prepared a sponge scaffold with LiCl and evaluated wound
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healing activity in vitro. The presence of Li reduced inflammation and
improved angiogenesis, re-epithelialization, and expression of [3-catenin.
Seborrhoea dermatitis is another skin disorder that has been addressed by Li
as an active lithium gluconate/succinate, with successful results (Leeming,
1993; Dreno and Moyse, 2002; Dreno et al., 2003; Gupta and Versteeg, 2017).
The main problem of Li is the narrow therapeutic margin it possesses
(Grandjean and Aubry, 2009; McKnight et al., 2012). Parenteral Li PDE was
established to be 280 pg/day (ICH, 2019). Considering that all the released Li
would be able to reach the bloodstream once the hydrogel is applied, the
administration of < 1.37 kg hydrogel/day would guarantee safe doses of Li
(below the parenteral PDE, Table 4.17).

Mo could be considered as an essential element since its deficiencies
have been related to night-blindness, nausea, disorientation, coma,
tachycardia, tachypnea, and other biochemical abnormalities (ICH, 2019).
Nonetheless, excessive accumulation of Mo could also produce toxicity, so its
limits need to be controlled. In particular, Mo could be accumulated in the
skin, bound to dermal collagen. The amount of Mo released from ALIPS9 was
constant with time, while it significantly reduced after one month in ALIG30
(Table 4.16). Parenteral PDE levels of Mo are 1700 pg/day. Considering the
highest released amount of Mo (ALIG30—48 h), and supposing 100% of
bioavailability, 94 kg/day of hydrogels would be necessary to reach PDE
limits (Table 4.17). In view of these calculations, it is possible to guarantee that
ALIPS9 and ALIG30 are safe with respect to Mo levels.

Tin is an element widely used nowadays (Granjeiro et al., 2020). The
PDE limits of Sn have been established since it has been reported to increase
in vitro oxidative stress or DNA breakage (Bai et al., 2018). In view of tin’s
released amounts in ALIPS9 and ALIG30, its toxicity and PDE limits should
be borne in mind. In particular, this element showed lower release from both
hydrogels after one month of preparation. The inhalation and oral
consumption of Sn are the main routes for Sn intoxication (Boogaard et al.,
2003; Roopan et al., 2014; Tabei et al., 2015), thus meaning that the topical
application of these hydrogels would be a safe administration route. In fact,

in vitro cytotoxicity studies of these hydrogels were not shown to hinder
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normal dermal human fibroblast growth nor cell motility during in vitro

wound healing (Garcia-Villén et al., 2020a).

Ni has been widely detected in cosmetic products, together with Co
and Cr, among others (Hepp et al., 2014; Borowska and Brzoska, 2015). The
attention paid to Ni, Co, and Cr is based mainly on skin conditions, such as
contact allergic dermatitis, itching, and edema, among others (Schaumloffel,
2012; Zulaikha et al., 2015; Chou et al., 2016; Al Hossain et al., 2019; Pathania
and Budania, 2019; Roman-Razo et al., 2019). What is more, these elements
can be solubilized by sweat during prolonged contact (Larese Filon et al., 2004;
Schaumloffel, 2012). Pristine materials possessed higher amounts of Ni than
Co. Nonetheless, no Ni and Cr mobility was detected in Franz cell tests, thus
reducing the risk of contact skin alterations produced by ALIPS9 and ALIG30
hydrogels. The Co mobility in ALIPS9 increased with time, while in ALIG30,
it maintained constant (Table 4.16). The application of young hydrogels
(ALIPS9) would entail the lowest risk of skin allergies related to cobalt. Co is
an integral component of vitamin B2, which means that it is essential for the
human body. It is estimated that the average person receives about 11 ug
Co/day with normal diet, and the parenteral PDE is established to be 5 pg/day
(EU, 2009). Additionally, it has been demonstrated that Co is able to pass the
skin (Larese Filon et al., 2004; Filon et al., 2009), though its percutaneous
absorption was found to be very low (0.0123 pug-cm=2-h). Time of hydrogels
application in thermal stations takes at about 20-30 min, which is not enough
time for all the mobile Co (Table 4.16) to cross the human skin, thus making
the “hydrogel safe dose/day” (calculated assuming a 100% of bioavailability,
Table 4.17) to be remarkably higher in real conditions.

V is a ubiquitous element in the human body, though no essential role
has been found yet for this element. Although systemic toxicity of V has
already been accepted, its deficiency has also proved to be problematic since
it is associated to thyroid, glucose, and lipid metabolism malfunctions. It also
participates in the regulation of several genes and has been demonstrated to
influence cancer development, including skin cancers such as malignant
melanoma (Mukherjee et al., 2004; Pisano et al., 2019). V was a mobile element
in both hydrogels prepared. No V was detected in the ALL Franz cells results
ascribable to pristine clay minerals composition (Table 4.15). In ALIG30, the
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release of V was higher due to the higher amount of this element in G30 in
comparison with ALIPS9 (Table 4.16). Although antiproliferative properties
of V ions have been found (Pisano et al., 2019), neither ALIPS9 nor ALIG30
hydrogels impaired normal human fibroblasts in vitro proliferation, according

to previous studies (Garcia-Villén et al., 2020a).

As is a forbidden element in cosmetics (EU, 2009). Arsenic mobility is
reported to be very low in both hydrogels. It maintains constant through time
in ALIG30, while it increases in ALIPS9 after one month. This element is very
ubiquitous in the environment, so it is expected to be present in natural
ingredients such as clay minerals. This element is classified in the category 1A
in view of its carcinogenicity, as reported in the European Regulation EC
1272/2008 (EU, 2008). For greater clarity, substances belonging to the 1A
category are known to have carcinogenic potential to humans. It possesses a
pronounced affinity for skin and keratinizing structures, although it does not
act as a sensitizer due to poor skin penetrating ability. According to article 1
of the EC 1223/2009, “prohibited substances should be acceptable at trace
levels only if they are technologically inevitable with correct manufacturing
processes and provided that the product is safe”. Assuming 100%
bioavailability and using parenteral PDE levels, the maximum dose of
hydrogels that could be used without exceeding these levels is 3.75 kg-day~
(Table 4.17) (ICH, 2019). Moreover, the maximum mobility of As is far less
than the maximum permissible concentration of inorganic As in drinking
water (10 ug/L (US EPA, 2001, WHO, 2017) vs. 4.24 ug/L in ALIPS9 one

month).

Cd is another element whose presence in cosmetics is forbidden. Cd
did not show mobility from ALIPS9. Higher amounts of Cd in G30 justified
the higher mobility of this element in ALIG30. The low release of Cd from
fibrous clay minerals is in agreement with previous studies, which reported
irreversible interaction between Cd and the solid phase, thus hindering the
mobility of this element (Shirvani et al.,, 2006a). Regarding toxicity, Cd is
classified in the category 2 (suspected human carcinogen). It can accumulate
in the skin, having deleterious effects on this organ, as recently demonstrated
by an in vivo study (Tucovic et al., 2018). Nonetheless, the in vitro

percutaneous bioavailability of cadmium chloride salt tested through human

283



Chapter 4. Fibrous Clays in Wound Healing

skin was determined to be among 0.07% (from water) and 0.01% (from soil)
(Wester et al., 1992).

Other heavy metals such as Pb and Sb, though present in the pristine
materials (Table 4.15), were not mobile (Table 4.16). Hg and Au were not
detected in the pristine materials, and their absence after Franz cell diffusion
guaranteed the absence of contamination during preparation, conservation,
packaging, and manipulation of the hydrogels (art. 17 of the EC 1223/2009
(EU, 2009)). Additionally, the cytotoxicity of these hydrogels has been
previously tested in vitro (Garcia-Villén et al., 2020a), obtaining very positive

results, which supports the hypothesis of product safety.

4.3.3.2. Mobility of Hazardous Elements

The presence in a product of an elemental impurity will have safety
concerns only once released, with different mechanisms underlying the
release of each particular element, mainly depending on its position in the
structure of the hydrogel components. Nevertheless, it is possible to calculate
a parameter of general comparative interest; mobility of the elements from the
dosage form. The mobility of an element could be calculated as the ratio

between the element content/element released.

In view of the previously shown results, the mobility of hazardous
elements from ALIPS9 and ALIG30 hydrogels was minimal in the major part
of the cases (Figure 4.23). These results could be explained by the high
adsorption capacity of palygorskite and sepiolite clay minerals, their low
cation exchange capacity, and the gel network of hydrogels. The mobility of
tracers has been explained due to the formation of inner-sphere complexes
with clay and other associated mineral surfaces (Bradbury et al., 2005; Elzinga
et al., 2006; Altmann et al., 2012). It also seems clear that different ionic
equilibriums are established through time in both hydrogels (Figure 4.24). For
instance, Co, Ba, and Sn reduce their mobility while As and Cd increase it,
thus demonstrating that elements established different equilibriums within

the hydrogel.
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Figure 4.23. Element mobility (%) versus the total amount of element in ALIPS9 (A) and
ALIG30 (B). Only mobile elements are shown

Sn showed to be the most mobile element, followed by Cu (Figure
4.23). Sn was not detected in ALI, which indicates that the release of this
element came from PS9 and G30. On the other hand, Cu was detected in the
three ingredients. In ALIPS9, the third element with significant mobility was
Mo (Figure 4.23, A). Molybdenum was also detected as an element with
remarkable mobility in ALIPS9, while the mobility in ALIG30 was
significantly smaller. The differences in Mo amounts released (Table 4.16)
could be ascribed to the differential solid-liquid equilibrium established
within both hydrogels since both PS9 and G30 presented the same amount of
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this element (Table 4.15). The reduction of Mo mobility in ALIG30 indicates
that the G30 clay mineral has a better ability to retain the Mo in ALIL

Li, Ba, V, and Cd were the elements with the smaller mobility. V was
not detected in ALI, which means that the released amount was due to the
clay minerals. V and Li did not participate in the solid-liquid equilibrium
established between solid and liquid phases since their mobility was constant
with time. Although Ba was an element with minimal mobility, it reduced
with time in both hydrogels. The fact that G30 showed higher Ba amount than
PS9 together with the fact that Ba mobility in this hydrogel was smaller than
in ALIPS9 indicates that it is a structural element of G30. Moreover, the similar
release of Ba from ALIPS9 and ALIG30 means that, probably, the major part
of the Ba released came from ALI instead of PS9 and G30.

Cd and As were slightly mobile, with higher results in the case of
ALIG30 hydrogels. The absence of Cd mobility in ALIPS9 was due to the
extremely low amounts detected in PS9 and its absence in ALL On the
contrary, G30 possessed higher amounts of Cd (Table 4.15), which explains
the mobility results (Table 4.16). Cd and As were the most crucial elements
determining the safety of the hydrogels. It is worth to mention that, with
respect to the As and Cd amounts and mobility, ALIPS9 hydrogels could be

considered the safest formulation.

The mobility of Sn, Cu, Mo, and Ba from hydrogels reduced as time
passed. The mobility reduction could be explained by the irreversible
adsorption of the elements by PS9 and G30. In fact, fibrous clay minerals have
been proposed as environmental remediation ingredients and wastewater
treatments aiming to eliminate heavy metals with promising results (Wang
and Wang, 2010; Zhang et al., 2011; Guo et al., 2014; Cheng and Ye, 2015).

The spider diagram (Figure 4.24) clearly shows that, as a general
trend, palygorskite hydrogels reduced the mobility of hazardous elements
with time (with a reduction in area), whereas this was not obvious for sepiolite

hydrogels.
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At this point of the study, and looking at the safe dose calculations
(Table 4.17), the way to guarantee the absence of any intoxication risk would
be to apply the hydrogels locally (over restricted areas of the skin, wounds,
joints, etc. That is, hydrogel bath treatment should be avoided if potentially
toxic doses of the elemental impurities want to be minimized. Nonetheless,
bioavailability and percutaneous permeation studies would be highly useful

and valuable to establish safe usage guidelines for these formulations.

4.3.4. Conclusions

Elemental impurities in medicinal products have to be controlled
within safety limits with different guidelines and normatives being useful
from a pharmaceutical quality perspective. The essential role of clay minerals
in drug products and cosmetics is widely known. Nanoclay/natural spring
water hydrogels have been prepared by mixing a sepiolite and a palygorskite
with local spring water (Alicin de las Torres, Granada, Spain). Clay hydrogels
are traditionally used in balneotherapy or as natural cosmetics (masks,
shampoos, etc.). Since these formulations are intended to establish an intimate
contact with the skin (either healthy, sensitive, or damaged skin) their
composition is of high importance in terms of safety. In this study, special

attention has been paid to the presence of heavy metals and other hazardous
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elements. As expected, pristine materials possessed a wide variety of
hazardous elements such as Cd, Pb, or P, among others. Since these elements
are specifically forbidden in cosmetics according to the European Regulation
(EC 1223/2009), pristine materials do not accomplish cosmetic regulations on
their own. Nonetheless, the presence of certain substances in a cosmetic does
not imply that they are able to be absorbed or enter in contact with the skin.
In order to discern the potential bioavailability of these elements, their
mobility was evaluated by using Franz cells in vitro tests. Among all the
specifically forbidden elements in cosmetics, only As and Cd were detected
as mobile, though in very low amounts. Their mobility was so low that, taking
into account the corresponding PDE for the parenteral route and assuming
100% of bioavailability through the skin, the calculated safe doses were
approximately 1 kg of hydrogel per day. In conclusion, the present study
demonstrates that the composition and nature of the solid phases of the
hydrogel determine the mobility of the elements. Legally speaking, the
mobility of As and Cd could hinder the authorization of ALIPS9 and ALIG30
hydrogels as cosmetic products. Nonetheless, there is no sufficient evidence
to confirm that the presence of these elements is detrimental to their safety
and, though further studies are still necessary, ALIPS9 and ALIG30 hydrogels
could be used in practice. Finally, it is worth to mention that, despite that
ALIG30 showed higher ability to reduce the elements mobility, the ALIPS9
hydrogel would be easier to authorize as a medicine or cosmetic, since the
mobility of As and Cd in this hydrogel was minimum or absent. Future
perspectives of this particular study include the assessment of the
percutaneous mobility of the elements (bioavailability) both in vitro and in
vivo. These kinds of studies would help to better define the best techniques to
apply fibrous clay-based hydrogels to maximize benefits by minimizing the

risks.
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4.4. Correlation between Elemental Composition/Mobility
and Skin Cell Proliferation of Fibrous Nanoclay/Spring Water
Hydrogels

Inorganic hydrogels formulated with spring waters and nanoclays are
successfully used in the treatment of musculoskeletal disorders and skin
affections. There is a general agreement that their therapeutic activity against
musculoskeletal disorders is achieved through physical mechanisms such as
thermic activity, osmotic pressure and electric conductivity (Fioravanti et al.,
2007, 2011, 2017; Tateo et al., 2009; Cozzi et al., 2015). On the other hand, the
underlying mechanism of action responsible for the therapeutic skin effects
are usually ascribed to the chemical composition of the formulation (Andreoli
and Rascio, 1975; Sukenik et al., 1999; Tateo et al., 2009; Quintela et al., 2010;
Pesciaroli et al.,, 2016; Drobnik and Stebel, 2020), although the exact

therapeutic activities and mechanisms of action are still unknown.

Several dermatological affections have been successfully treated by
formulations that include clay minerals (Elkayam et al., 2000; Delfino et al.,
2003; Argenziano et al., 2004; Fioravanti et al., 2007; Harari, 2012). Currently,
special attention is being paid to wound healing treatments, in which clay
minerals have been demonstrated to be very useful (Sandri et al., 2016; Garcia-
Villén et al., 2019, 2020a, 2020d). During the administration of the formulation,
elements from the hydrogel could permeate and/or penetrate across the skin
barrier. In a previous study, hydrogels prepared with two different fibrous
nanoclays were shown to be fully biocompatible and to exert in vitro wound
healing activity (Garcia-Villén et al., 2020a). More particularly, it was
demonstrated that the fibrous nanoclay hydrogels promoted in vitro

fibroblast mobility during wound healing processes.

It is well known that adequate concentrations of certain elements,
including Ca, Mg, Na and K, in the wound bed are important for enhancing
the healing process (Fairley et al., 1985; Lansdown et al., 1999; Karvonen et al.,
2000; Lansdown, 2002; Dubé et al., 2010; Shim et al., 2015; Sasaki et al., 2017;
Hotta et al., 2018; Gao and Jin, 2019). Transition metals such as Cu, Zn, Mn,
Fe, Ag, and Au (among others) have also been demonstrated to play different

biological functions in tissue regeneration, as reviewed by Yang and co-
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authors (Yang et al., 2018). It has also been demonstrated that Zn:Ca ratios
reach their maximum during the proliferative stage of wound healing and
then decline during the remodelling stage (Lansdown, 2002). Moreover,
manganese-rich spring waters have been demonstrated to possess wound
healing activity (Chebassier et al., 2004b), and changes in Mg:Ca ratios are
essential for a proper wound healing cascade. Consequently, formulations
providing adequate bioavailability of elements with wound healing activity
will promote the healing process and speed up restoration of the damaged

area.

Based on these premises, the aim of this study was to assess the in
vitro release and mobility of elements with potential wound healing effects
from hydrogels formulated with spring waters and nanoclays that have
recently been demonstrated to enhance fibroblast mobility (Garcia-Villén et
al., 2020a). In vitro Franz cell studies were performed in order to reproduce
the topical administration of the formulations and elemental concentration
was measured by inductively coupled plasma techniques. The results will be
discussed on the basis of both the legal status of elements present in the

formulation and their potential therapeutic effects.

4.4.1. Materials and Methods

4.4.1.1. Materials

Nanoclay/spring water hydrogels were prepared by mixing Alicin
thermal station spring water (ALI, Granada, Spain) with two commercial
fibrous nanoclays; sepiolite (PS9) and palygorskite (G30). Nanoclays were
kindly gifted by the TOLSA group (Madrid, Spain).

Sepiolite hydrogel included in this study was prepared with a
concentration of 10% (w/w) of PS9 dispersed in ALI spring water (ALIPS9, 250
g in total). Additionally, two palygorskite hydrogels (250 g each), ALIG30@10
and ALIG30@20, were also obtained and their final concentration was 10%
w/w and 20% w/w of G30, respectively. The three formulations were prepared
by means of a turbine high-speed agitator (Silverson LT, Chesham, UK)
equipped with a high-traction stirrer head of square mesh and working at

8000 rpm for 5 min.
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4.4.1.2. Methods

Elemental Characterization of Pristine Materials

The elemental composition of ALIL PS9 and G30 was obtained by two
Inductively Coupled Plasma techniques: ICP-OES (Optima 8300 ICP-OES
Spectrometer, Perkin Elmer, Waltham, Massachusetts, USA) and ICP-MS
(NexION-300d ICP mass spectrometer, Perkin Elmer), equipped with a triple
cone interface and a quadrupole ion deflector using argon for plasma
formation. PS9 and G30 were subjected to acid digestion in strong acids
(HNOs and HF at a 3:5 ratio, Sigma-Aldrich, Missouri, U.S) inside a Teflon
reactor, placed in a microwave oven (Millestone ETHOS ONE, Sorisole, Italy).
Calibration curves for ICP-OES were obtained by means of standards solution
of 1000 ppm for each element. For ICP-MS, single-element standard solutions
(Merck, Darmstadt, Germany) were prepared after dilution with 10% HNOs.
Ultra-purified water (Milli-Q® grade) was used in both techniques.

In vitro Release of Elements

Element mobility from ALIPS9, ALIG30@10 and ALIG30@20 was
studied by in vitro release studies performed in Franz diffusion cells system
(FDC40020FF, BioScientific Inc., Phoenix, U.S) (COLIPA, 1997). This system is
purposely designed to reproduce dermal and/or mucosal administration
conditions. The Franz diffusion cells possessed a contact area of 0.64 cm? and
a total volume of 6.4 mL. Dialysis membranes (cut-off 12-14 kDa, 31.7 mm,
Medicell International, London) were used to separate the donor and receptor
chambers. The membranes were boiled in ultra-purified water (Milli-Q®
water, ISO 3696) for 10 min in order to hydrate them. Over the membrane, in
the donator chamber, known amounts of each hydrogel (approximately 0.025
g) were placed. The receptor chamber was filled with degassed, ultra-purified
water. The whole system was maintained at a constant temperature of 32+ 0.5
°C through thermostatic bath circulation. The experiment lasted for 30 min,
which is the typical time of topical nanoclay/spring water hydrogels
application. Experiments were performed in sextuplicate. At the end of the
experiments, the aqueous content of the receptor chamber was carefully
withdrawn and filtered through 0.45 pm single-use, syringe filters (Merck

Millipore, Madrid, Spain). Finally, the elemental composition on each sample
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was assessed by ICP-OES. Element release tests were performed after 48 h and
1 month after hydrogel preparation, in order to study the evolution of the
elemental mobility. Hydrogel batches were preserved in static conditions
inside closed polyethylene containers, which were placed inside a drawer
with an average mean temperature of 20 + 5 °C. Blanks were also analysed in
order to monitor the elements coming from the materials and the ultra-

purified water.

Biocompatibility of ALIG30@20
ALIPS9 and ALIG30@10 hydrogels (both with a solid concentration of

10%) have been demonstrated to be biocompatible against fibroblasts (Garcia-
Villén et al., 2020a). Moreover, in the very same study, the in vitro scratch
assay proved that the hydrogels were able to accelerate wound closure by
favouring fibroblast migration. Nonetheless, the ALIG30@10 hydrogel
showed insufficient viscosity, as proven in another study that included a full
rheological characterization of ALIPS9 and ALIG30@10 hydrogels (Garcia-
Villén et al., 2020c). The low consistency of a hydrogel could hinder its topical
administration due to excessive fluidity of the formulation. Consequently, the
ALIG30@20 hydrogel was prepared and its biocompatibility was evaluated.
To do so, the methodology described by Garcia-Villén and co-workers
(Garcia-Villén et al.,, 2020a) was used. Normal human dermal fibroblasts
(NHDFs, PromoCell GmbH, Heidelberg, Germany) were seeded and cultured
in Dulbecco’s modified Eagle medium (DMEM, Sigma Aldrich®Merck,
Milan, Italy), supplemented with 10% fetal bovine serum (FBS, Euroclone,
Milan, Italy), 200 IU/mL penicillin and 0.2 mg/mL streptomycin (PBI
International, I). Once cellular confluence was obtained (area 0.34 cm?/well,
density 10° cells/cm?), ALIG30@20 was added to the cell culture in
concentrations ranging from 1000 to 5 pug/mL and kept in contact with cells
for 24 h. Then, the MTT test (3-(45-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) was performed. DMEM phenol red-free and
50 pL of MTT dissolution were added in each well, the final MTT
concentration being 2.5 mg/mL. MTT-NHDF contact was maintained for 3 h
before the whole supernatant was withdrawn and substituted by 100 uL of
dimethyl sulfoxide solution (DMSO, Sigma-Aldrich®-Merck, Milan, Italy) to

dissolve formazan. The absorbance of each well was measured at 570 nm with
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an ELISA plate reader (Imark Absorbance Reader, Bio-rad, Hercules, CA,
USA), with the reference wavelength set at 655 nm. Fibroblast viability was
calculated with respect to the viability of the corresponding control
(fibroblasts cultured in fresh DMEM, abbreviated as GM). MTT tests over
ALIPS9, ALIG30@10 and ALIG30@20 were performed after 1 month of
hydrogel preparation.

Selection of Elements under Study

A wide variety of elements were analysed in this study. In order to
organize and facilitate the interpretation of the results, the discussion will be
centred on two main aspects: the potential wound healing activity of the
elements and their legal situation regarding cosmetics and medicines
regulations. The importance of the latter point lies in the fact that, depending
on the final therapeutic activity of the present hydrogels, they could be
considered as cosmetics or as medicines (EU, 2017) Elements will be classified
and addressed according to the European regulations and guidelines
summarized in Figure 4.25. The present study is focused on those elements
that are considered “safe” or “non-hazardous”. Additionally, elements
without toxicity limits (most of the time not mentioned in the aforementioned

regulations) were also included in this study.

* Regulation of the European Parliament and of the Council on
classification, labelling and packaging of substances and
mixtures.

« It includes a list of toxic elements and their toxicity properties,
such as carcinogenity, reproductive toxicants, etc.

: » Regulation of the European Parliament and Council of the
Regulation EC European Union on cosmetic products.

1223/2009 * Established which substances or elements are allowed or
banned in cosmetic products.

* Guideline for elemental impurities in drugs and medicinal
Guideline products.

(0XIDI0IEBRVLINORN - Tt classifies elements in different clases based on their toxicity

and likelihood of occurrence in drugs and medicinal products.

Figure 4.25. Main regulations and guidelines used for the selection of elements, interpretation
and discussion of results, ordered by year of publication or latest update.
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The guideline for elemental impurities Q3D(R1) (ICH, 2019) of the
European Medicines Agency is focused on toxic elements and classifies them
in three groups. In view of their limitations and toxicity, all of them with well-
defined “permitted daily exposure” (PDE) limits, these elements are not
addressed in this manuscript. Nonetheless, there is also a non-defined fourth
group that includes elements with low inherent toxicity, without PDE limits.
In conclusion, elements in this group should be controlled more for the quality
of the final product than for high toxicity and safety considerations. Examples
of these elements are Al, B, Ca, Fe, K, Mg, Mn, Na, W and Zn, which are the
subject of study of this research. For simplicity throughout the manuscript,
these elements are referred to as “class 4”. The European Regulation EC
1223/2009 (EU, 2009) was used to determine those elements whose presence

is either allowed or not mentioned in cosmetic products.
Statistical Analysis

Statistical analysis were determined by means of non-parametric
Mann-Whitney (Wilcoxon) W test. In all cases, SPSS Statistic software (IBM,

version 21, 2012, New York, U.S) was used and differences were considered

significant at p-values < 0.05.

4.472. Results

4.4.2.1. Elemental Characterization of Pristine Materials

Elemental composition of pristine components (PS9, G30 and ALI) is
reported in Table 4.18. According to the EC 1272/2008, any of the detected

elements are not considered as carcinogens.

Major elements in the pristine water (ALI) were Sr, S, Ca, Mg and Na
(from higher to lower concentrations). The high presence of S, Ca and Mg are
in agreement with the nature of the spring water source (Prado Pérez, 2011;
Prado-Pérez and Pérez del Villar, 2011). Ti, Mn, Mg, Sr, Zn and Al are the
major elements present in PS9 and G30. In particular, Zn, Mn, Mg and Al
belong to class 4 in the Q3D(R1) guideline (ICH, 2019). Regarding the cosmetic
regulation EC 1223/2009 (EU, 2009), aluminium is the only one specifically
allowed in cosmetics, the rest of them are not mentioned in this regulation.

Cu and Ag are elements present in the pristine ingredients that have a “special
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situation” as far as regulation is concerned, since their presence is allowed in
cosmetics (mainly due to their role as colorants) but they are classified as class
3 and 2B by the Q3D(R1).

4.4.2.2. In Vitro Release of Elements
Elements released from ALIPS9, ALIG30@10 and ALIG30@20 are

summarized in

Table 4.19. As expected from the nature and composition of the
pristine ingredients, the release of major elements (Ca, K, S, Mg, Na) was not
only confirmed but desirable due to their physiologic activities, which will be
discussed later. In particular, Ca showed significant release levels in all
hydrogels, which is in agreement with the high levels of this element in
pristine materials (Table 4.18). Moreover, S is the major element in ALI, which

explains the high release levels of this element from the formulations.

The release levels of Mg were very similar for the three hydrogels.
The release of Al increased with time in all cases, not being detected in any of
the young hydrogels. On the other hand, the amount of B released after 1
month was lower. The most remarkable release regarding trace elements was
shown by Zn and Sr, followed by Cu. Cu release significantly decreased after
1 month in the three hydrogels. As previously reported, the amount of Cu
detected in G30 was higher than PS9 (

Table 4.19). This was in agreement with the lower release of both
elements in ALIPS9 versus ALIG30@10 and ALIG30@20. Mn release increased
with time in ALIPS9 and ALIPS9@20, while it was under the detection limit
of the technique for ALIG30@10 experiments. Levels of Mn were the same for
both PS9 and G30 (and absent in ALI, Table 4.18) but ALIG30@20 showed a

remarkably higher release of this element.

The rest of the elements were not released or released in very low
amounts. Except for Au, Cu and Ag, the rest of the trace elements are not
included/mentioned in the EC 1223/2009 regulation. This means that their
safety has not been thoroughly assessed or their toxicity is considered non-
significant. It is worth mentioning that In and Re were not present in the

pristine materials and that they were also not detected during the in vitro
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release tests. This fact confirmed the absence of contamination with these
elements during ALIPS9, ALIG30@10 and ALIG30@20 formulation processes

and preservation.

Table 4.18. Elemental composition of PS9, G30 and ALI determined by ICP-OES and ICP-MS.
“ND” = “Not Detected”. Values marked as (*) were obtained from (Garcia-Villén et al., 2020D).

PS9
(ppm)
Al 15.9
B 0.3
Ca 2.8
Fe 5.2
K 6.0
Mg 122.0
Na 0.1
S 0.1
Mn 1770
W 0.9
Zn 81.2
Cu* 8.1
Ag* 0.04
Au* ND
Sc 2.7
Ti 689.6
Ga 8.2
Ge 3.2
Tb 43.2
Sr 244
Y 6.2
Nb 3.8
In ND
La 7.7
Ce 17.1
Pr 2.0
Sm 1.7
Eu 0.2
Gd 1.5
Dy 1.2
Ho 0.2
Er 0.6
Tm 0.1
Yb 0.5
Lu 0.1
Hf 44.7
Re ND
Bi 0.1
Th 4.6

G30
(ppm)
31.9
0.3
33.3
24.2
1.9
41.8
0.1
04
178.5
04

96.1

11.3
0.2
ND
79
1820.5
16.1
0.8
17.9
106.0
39.9
6.1
0.002
36.3
48.9
7.5
55
1.2
5.6
4.7
1.0
29
0.4
24
0.4
13.9
ND
ND
5.6

ALI
(ppb)
37
395
312,700
58
6836
114,267
49,150
388,367
ND
ND

3.3

2.5
0.1
ND
1.8
0.2
0.8
0.1
72
10,049
0.04
0.002
ND
ND
ND
0.003
0.001
0.001
0.003
0.002
0.002
0.002
0.002
ND
0.002
2.3
0.01
ND
0.1

Comments

Class 4 Q3D(R1); Allowed in EC 1223/2009
Class 4 Q3D(R1); Not listed in EC 1223/2009

Class 4 Q3D(R1); Not listed as element in EC
1223/2009

Not listed as element in EC 1223/2009
Class 4 Q3D(R1); Not listed in EC 1223/2009

Class 4 Q3D(R1); Not listed as element in EC
1223/2009
Class 3 Q3D(R1); Allowed in EC 1223/2009

Class 2B Q3D(R1); Allowed in EC 1223/2009.

Not listed in EC 1223/2009
Not listed as element in EC 1223/2009

Not listed in EC 1223/2009

Not listed as element in EC 1223/2009

Not listed in EC 1223/2009

Not listed as element in EC 1223/2009
Not listed in EC 1223/2009
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4.4.2.3. Biocompatibility of ALIG30@20

Biocompatibility results of ALIPS9@20 are reported in Figure 4.26. As
previously mentioned, G30 and ALIG30@10 results have already been
assessed by Garcia-Villén and co-authors (Garcia-Villén et al., 2020a). The
reduction in viability produced by the pristine G30 alone at 1 mg/mL was not
found in any of the hydrogels. In fact, the viability results of ALIG30@20
demonstrated, once again, that the type of formulation exerts a significant role
in the results. That is, despite all tests subjected to the same amount of clay
mineral in the culture, the hydrogels increased the biocompatibility. In
particular, ALIG30@20 showed cellular viabilities higher than 100% at every
concentration (p > 0.05 with respect to GM, Figure 4.26). In view of the
experimental results and the statistical analysis, it is possible to state that
ALIG30@20 exerts proliferative effects over fibroblasts at the tested
concentrations. No other internal statistical differences were found between
ALIG30@20 concentrations.

180 + | G30

*
W ALIG30@10
160 —+ W ALIG30@20 * *
' *

140
3120
2100
£ 80
S

60
40
20

0

GM 1000pg/mL  500pug/mL  50ug/mL  5pg/mL

Hydrogel/clay concentration

Figure 4.26. Biocompatibility tests of ALIG30@20 (blue). Viability (%) vs. hydrogel or clay
concentration (% w/w). GM (growth medium) indicates the control. G30 and ALIG30@10
results (taken from Garcia-Villén et al., 2020b) were included to compare viability results of
hydrogels with different concentrations. Mean values + s.e.; n = 8. Significant differences,
compared to GM, are marked with (*). Mann—Whitney (Wilcoxon) W tests, p values < 0.05.
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Table 4.19. Mobility of elements after Franz cell diffusion tests. Major elements are expressed
in mg/100 g of hydrogel, while the rest of the elements are expressed as jg/100 g of hydrogel.
Mean values + s.e. (n=6). “ND” stands for “Not Detected”. Elements marked with * were
obtained from (Garcia-Villén et al., 2020b).

mg/100 g

ug/100 g

Element

Ca

K

Mg

Fe

Al

Mn
w

Zn

Cu*
Ag*, Au*, Sc, Ti, Ge, Tb

Ga

Sr

Y, Nb, In, La, Ce, Pr,
Sm, Eu, Gd, Dy, Ho, Er,
Tm, Yb, Lu, Hf, Re, Bi,
Th

ALIPS9
48h 1m
8.1+
11.7+2.91
1.30
1.8+ 2.8+
0.843 0.628
3.7+
2.7+048
0.52
6.3+
54+1.40
1.65
14.8 + 55+
3.80 2.81
0.2+ 0.04 =
0.016 0.020
0.06 = 0.07 =
0.036 0.028
0.1+
ND
0.056
0.7 +
ND
0.39
ND ND
259 + 165.9 =
16.07 68.51
10.8 £ 3.6+
3.29 217
ND ND
0.08 =
ND
0.050
176.5 + 148.7 +
15.89 20.37
ND ND

ALIG30@10
48h 1m
149+ 304 +
1.758 7.379
27+ 19+
1.183 0.491
25+ 52+
0.237 1.433
8.8+ 105+
2.727 3.185
233+ 11.7 +
2.063 2.162

0.1+
0.021 ND
ND 0.02 +
0.018
ND 0.58 +
0.452
ND ND
ND ND
132.1+ 1814+
38.17 99.18
326+ 1.5+
11.59 1.01
ND ND
ND ND
904 + 65.9 +
18.67 10.39
ND ND

ALIG30@20
48h 1m
175+ 7.0+
3.51 1.25
34+ 26+
1.004 1.09
49+ 3.0+
0.23 0.48
124+ 6.43 +
1.136 0.469
104 + 6.7 +
2.34 2.29

03+
0.062 ND
0.1+ 0.01 +
0.054 0.009
ND 0.67 £
0.100
49+ 74+
2.64 3.69
ND ND
1648+ 1751+
53.09 80.91
20.6 £ 09+
3.725 0.61
ND ND
02+ 0.04 £
0.019 0.001
82.8 + 68.5
15.64 793
ND ND
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4.4.3. Discussion

4.4.3.1.Release of Elements and Potentially Useful Therapeutic
Activities

According to the ICH Q3D(R1) guideline, no PDE limits have been
established for class 4 elements (ICH, 2019). The presence of Al in cosmetics
is allowed according to EC 1223/2009 since it specifies that “natural hydrated
aluminum silicates (Al20s-25i022H20) containing calcium, magnesium or
iron carbonates, ferric hydroxides, quartz-sand, mica, etc. as impurities” are

allowed. Aluminum has shown to be released from 1-month-old hydrogels (

Table 4.19). The WHO has established a tolerable weekly intake of 7
mg/kg of body weight for aluminum (WHO, 1996). In view of the low
bioavailability of aluminum from cosmetic products (<0.07%) (Flarend et al.,
2001; Pineau et al., 2012; de Ligt et al., 2018), applications with more than 213
kg of hydrogel would be necessary to subject patients to potentially
dangerous Al doses. Therefore, it is possible to guarantee that ALIPSY,
ALIG30@10 and ALIG30@20 are totally safe regarding aluminum release.
Additionally, some Al* “misfolds cell membrane proteins”, which gives it

antibacterial activity (Morrison et al., 2016).

Ca, Fe, Mn, Zn and S are not listed in this regulation (EU, 2009), which
means that, legally speaking, the presence of these elements does not limit the
use of the present hydrogels as cosmetics from a legal point of view. Major
elements such Mg, Ca, Na and K are considered as “essential” for both
animals and human beings, and their presence in the pristine materials is
considered totally safe and, sometimes, even favorable in certain cases. The
usefulness of metals during wound healing has also been pointed out by some
studies. For instance, it has been demonstrated that wound supplementation
of Zn, Cu and Mg would be advisable during the healing process (Wlaschek
et al., 2019).

The amount of K in solids was higher than Na and Ca, though its
release from hydrogels was remarkably lower than that of Ca and Na. This
result is in agreement with the cation exchange capacity (CEC) of PS9 and G30
reported in previous studies (Garcia-Villén et al., 2020a), which showed

calcium as one of the main exchangeable cations. Additionally, Ca is the
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second most abundant element in ALIL It has been reported that low
concentrations of extracellular potassium may accelerate and favour
fibroblast differentiation, thus forming scar tissue (Grasman et al., 2019). Low
intracellular K* concentrations favour interleukin-8 expression, which plays
an important role in stimulating re-epithelialization, migration and
proliferation of dermal cells during wound healing (Hotta et al., 2018).
Therefore, a limited potassium release from both hydrogels would be

beneficial during wound healing treatments.

Sodium is the second/third element with higher in vitro release levels
(Table 4.19) and the third/forth element in terms of abundance in the pristine
materials (Table 4.18). Moreover, Na was one of the minor exchanged cations
of PS9 and G30. This apparently contradictory result has previously been
observed for other clay-based hydrogels subjected to the very same in vitro
release methodology (Khiari et al., 2019). This result could be related to the
hydrophilicity of the exchangeable cations of the clay, that follow the order
Ca? > Na* > K+ (Bish, 2006). The higher the hydrophilicity of the element, the
higher the ability of water to enter the interlayer space and the higher the
exchange capacity. The very same trend has been found for Ca, Na and K
release (Table 4.19) and CEC (Garcia-Villén et al., 2020a), despite this not being

the same exact order of abundance in the pristine materials (Table 4.18).

Mg release increased with time in ALIPS9 and ALIG30@10, whereas
it reduced in ALIG30@20 (Table 4.19). This element has been shown to easily
permeate the skin (Kass et al., 2017) and possess anti-inflammatory activity,
and is thus able to treat skin disorders such as psoriasis and atopic dermatitis
(Schempp et al., 2000; Chandrasekaran et al., 2016). The combination of Mg
and Ca has been reported to accelerate skin barrier repair, as well as skin
hydration by synergic effects (Denda et al., 1999). Moreover, apart from the
beneficial effects of Mg in the skin, this element, along with Ca, is also
essential for good bone and muscle health. Therefore, if any of these elements
are able to reach the bloodstream during the hydrogel treatment, they could
also help treat other systemic musculoskeletal disorders, such as fibromyalgia
(Engen et al., 2015).

Boron compounds have been demonstrated to be beneficial for

wound healing of burned skin and in diabetic wound healing processes, both
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in vitro and in vivo (Demirci et al., 2015, 2016). B has proved useful in several
metabolic pathways as well as in the increase of the wound healing rate
(Benderdour et al., 2000; Chebassier et al., 2004a). Release of B decreased with
time in the three hydrogels until it reached undetectable levels. Consequently,
if any benefit should be obtained from B, those benefits would be at its

maximum in young hydrogels.

ALI composition also played an important role in the levels of
elements released during the in vitro tests. In fact, the release of S can be
totally ascribed to the natural spring water composition (ALI) (Table 4.18).
The release of sulphur reduced with time in all cases (Table 4.19). Higher S
release was reported for ALIG30@10 48 h. For ALIPS9 and ALIG30@20, the
release amounts of S were very similar. Differences in ALIG30@10 and
ALIG30@20 can be ascribed to the clay mineral concentration. Balneotherapy
with sulphurous waters and peloids has been proven to help with several
disorders and diseases (Sieghart et al., 2015; Carbajo and Maraver, 2017).
Specifically, keratolytic, anti-inflammatory, keratoplastic and antipruritic
effects have been related to S (Rodrigues et al., 2017). Sulphurous mineral
waters may be absorbed through the skin causing vasodilation, analgesia,
immune response inhibition, and keratolytic effects that reduce skin
desquamation (Nasermoaddel and Kagamimori, 2005). Moreover, S could
potentiate angiogenesis (endothelial cell proliferation) and regulate skin
immunity. Consequently, the mobility of this element would be positive, since
it can ameliorate several skin disorders. In this particular case, to obtain the
maximum beneficial effects from sulphur, young hydrogels should be used,

when the mobility of this element is maximum.

Mn works as a coenzyme in several biological processes, such as the
transition between quiescent and proliferative phases of fibroblasts (Sarsour
et al., 2008). Nonetheless, Mn levels contained in healthcare formulations
should be controlled due to possible toxic brain accumulation (Horning et al.,
2015; Lucchini et al., 2018; Erikson and Aschner, 2019). Levels of Mn were the
same for pristine PS9 and G30 (while absent in ALI, Table 4.18). Consequently,
it is possible to state that the release of this element is solely due to the clay
mineral. Mn release increased with time in ALIG30@20, while it was not

measurable in ALIG30@10, probably due to the lower concentration of G30 in
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this formulation. A study on the bioavailability of manganese from soils
revealed that in acid soils, Mn bioavailability grows (Dini¢ et al., 2019).
Previously it has been shown that G30 and PS9 hydrogels prepared with ALI
water suffer from a reduction in pH values during the first 6 months (Garcia-
Villén et al., 2020c). This modification of the pH could be the explanation for
a higher release of Mn after 1 month in ALIPS9 and ALIG30@20. In terms of
safety, ALIG30@10 would be the safest formulation, since Mn release was not

detectable during Franz cells study.
Zinc is a class 4 element, but it is not listed in EC 1223/2009. The

ALIPS9 hydrogel showed an increase in Zn release with time, while
ALIG30@20 showed stable levels (Table 4.19). The increase in Zn release in
ALIPS9 and ALIG30@10 could also be related to pH changes in the
formulation with time, although the literature results are contradictory (Dini¢
et al., 2019). Regarding safety and regulations, Zn did possess a defined PDE
level in the Q3D(R1) (ICH, 2019) (13,000 ug/day for both oral and parenteral
routes). Moreover, the WHO defined a provisional maximum tolerable daily
intake amount of 18-60 mg/day for an adult of 60 kg. As previously
mentioned, it has been reported that this element could compromise renal and
hepatic functions when high doses reach the bloodstream. Nonetheless, Zn
has also been demonstrated to be essential for keratinocyte and fibroblast
proliferation, differentiation and survival. Its deficiency has been related to
different disorders such as acquired acrodermatitis enteropathica, biotic
deficiency, alopecia and delayed wound healing. Moreover, Zn concentration
is usually higher in the epidermis than in the dermis (Ogawa et al., 2016, 2018).
Consequently, the mobility of Zn from the studied hydrogels is seen as a
positive and potentially useful feature for wound healing. Moreover, the
released amount of Zn in Franz cells can be considered safe, since it was below
the WHO and PDE limits previously mentioned and they are intended to be

topically administered.

Together with Zn, Cu is a useful element in terms of wound healing
(Ogen-Shtern et al., 2019) and its presence is allowed in cosmetics by EC
1223/2009. This element has been demonstrated to increase the expression of
TGF-f1 in ex vivo skin models, thus leading to higher pro-collagen 1 and
elastin production by fibroblasts (Ogen-Shtern et al., 2019). Moreover, Cu has
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been demonstrated to enhance skin cell migration (keratinocytes and
fibroblasts), which is crucial for wound healing (Tenaud et al., 2000; Qiao et
al., 2019). ALIPS9 and ALIG30@10 were shown to favour fibroblast migration
in a previous study (Garcia-Villén et al., 2020a), which could be related to
copper release. Additionally, copper possesses an antimicrobial effect and has
been proposed as an ingredient for wound dressings (Ul-Islam et al., 2013). In
fact, some clay minerals with Cu were demonstrated to be the most effective
against Escherichia coli and Staphylococcus aureus. Release levels of Cu revealed
that, to obtain the aforementioned effects, extemporaneous hydrogels should
be used (Table 4.19).

Ga showed minimum mobility in both hydrogels (Table 4.19) and
significantly reduced mobility in ALIG30@20 after 1 month. Higher release
levels in ALIG30@20 versus ALIPS9 can be ascribed to a higher concentration
of this element in G30 pristine material (Table 4.18). This element is not
addressed in any of the aforementioned regulations (EU, 2009; Health
Canada, 2015, 2019; ICH, 2019) since it is currently considered a relatively
non-toxic element for humans. Antimicrobial activity of Ga has been reported
(Goss et al., 2018; Young et al., 2019), which could be of use for the treatment
of infected wounds. A biocompatible, gallium-loaded, antimicrobial, artificial
dermal scaffold has been recently proposed (Xu et al., 2019). Other biomedical
uses of Ga have also been previously reported due to its low toxicity
(Chitambar, 2010; Jalali et al., 2019; Kimura et al., 2019; Melnikov et al., 2019;
Nguyen et al., 2019; Song et al., 2019). In view of the existing bibliography and
the present results, extemporaneous ALIG30@20 hydrogels would be a proper

choice to obtain antimicrobial activity.

Strontium mobility was one of the most remarkable among the trace
elements, mainly because of its presence in ALIL The presence of this element
in cosmetics is not considered determinant in terms of safety, maybe because
symptoms of Sr overdose are not yet clear in humans. What is more, despite
the in vivo studies performed in animals, no Sr limits have been established
for humans (since dietary intake variations did not induced acute toxicity
symptoms) (Bartley and Reber, 1961; Kirrane et al., 2006). Wound healing
effects of strontium chloride hexahydrate has been evaluated in vivo. This

strontium salt was shown to reduce TNF-a expression in the wound site and,
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therefore, reduce inflammation (Berksoy Hayta et al., 2018), which is of special
use in chronic inflammatory disorders. The antioxidant effect is also related
to Sr, according to previous studies (Jebahi et al., 2013) that used strontium-
substituted bioglass for tissue engineering purposes. Strontium has also been
included in wound dressings as a wound healing promoter (Li et al., 2017)
and has been demonstrated to exert useful systemic effects when it reaches
the bloodstream (Cabrera et al., 1999; Buehler et al., 2001; Gunawardana et al.,
2004; Nielsen, 2004). In conclusion, the release of Sr release is desirable,

ALIPS9 being the formulation providing the highest levels of this element.

4.4.3.2. Mobility of Elements

The sole presence of an element or chemical compound in a
formulation does not mean that it would exert its therapeutic effect: it also
needs to be released and be able to reach the active site. Moreover, the release
process can be determined by different factors, one of them being its location
in the formulation (clay structure or the spring water) or the age of the system
(Sanchez-Espejo et al., 2015; Garcia-Villén et al., 2020b). Element mobility is a
normalized parameter that allows comparisons between released levels of
different elements. It can be calculated as the ratio between total concentration
in the formulation and the released concentration. Mobility values of elements
in ALIPS9 and ALIG30@20 hydrogels are plotted in Figure 4.27. In this figure,
the delimited areas within the graphic were defined in a speculative manner.
As can be seen from the dispersion (Figure 4.27), the majority of the elements

showed a mobility lower than 2%.

Even if Ca, S and Mg were present in remarkable amounts in the
studied formulations, their released levels were very low in proportion, thus
giving rise to low element mobility. This result demonstrates that, despite the
spring water having remarkable amounts of these elements, their mobility is
probably limited by the presence of the solid phase. Consequently, the solid
and the liquid phases of the formulations establish a very close interaction
that affects the final performance of the system, something that highlights the
necessity to fully characterize this kind of formulation. Another visible result
is the higher mobility of elements in ALIG30@10 with respect to ALIG30@20
and ALIPS9, which also demonstrates that the type and the concentration of
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the clay mineral exert a remarkable influence. Elements in the “medium
mobility” area (Figure 4.27) were located in this section since they have low

mobility (<1%) together with low concentration (<150 ppm) in the final

formulation.
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Figure 4.27. Percentage of mobility (logarithmic scale) versus total content of the element in
ALIPS9, ALIG30@10 and ALIG30@20 hydrogels (ppm). “High”, “Medium” and “Low
mobility” areas are hypothetical. Non-detected elements (mobility = 0%) do not appear in the
logarithmic scale.

In view of the mobility results, K, Na, B and Al are the elements with
the highest mobility. They showed relatively low amounts in the hydrogels
but their mobility was clearly significantly higher with respect to the rest of
the elements. We hypothesized that the high mobility of the aforementioned
elements could be related to both the hydrophilicity of cations (previously
mentioned in section 4.4.3.1) and to a small/absent interaction between the
pristine ingredients and, therefore, the released levels ascribed to the
influence of the liquid phase (ALI) more than to the solid phase. That is, even
if K, Na and B were not the main major elements in the pristine ingredients,
the low interaction between K, Na and B (coming from ALI) with fibrous clay
structure let these elements be relatively “free” within the system and,
therefore, more prone to move. This hypothesis is confirmed by the fact that
the mobility of elements in ALIG30@10 is higher than in ALIG30@20, due to

the lower amount of G30 in the former. In this formulation, the reduced
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amount of clay mineral implies less retention of the elements and, therefore,

higher mobility.
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Figure 4.28. Spider diagrams of element mobility. (A) ALIG30@10; (B) ALIPS9 (C)
ALIG30@20. For simplicity, the scale of the diagrams has been represented independently in
(D).

Spider diagrams represent more clearly the different mobility of
elements between the same hydrogels at 48 h and 1 month (Figure 4.28). This
comparison reveals that nanoclay/spring water hydrogels are “living
formulations” since their ingredients constantly interact with each other,
changing the final properties of the system. The area of ALIG30@10 (48 h and
1 month) is higher than the area of ALIPS9 and ALIG30@20, which is in

agreement with the previous mobility results (Figure 4.28). The “liveliness” of
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the hydrogels can be ascribed to the different elemental equilibriums
established between the solid and liquid phases in the formulation
(adsorption and desorption equilibriums). Upholding this hypothesis, the
solid phase mainly influenced the time-mobility of Cu, Mn, Ga, Al, B, and Fe,
either increasing or reducing the corresponding mobility, depending on each

particular case.

The reduction of some elements’” mobility with time (for instance B,
Mg, Al, Zn, Mn, and Na) could also be explained by the stabilization of the
system, and the clay better adsorbing/retaining these elements as time passes.
In fact, clay minerals have been widely used for decontamination purposes
due to their remarkable adsorptive properties (Adeleye et al., 1994; Vengris et
al., 2001; Missana et al., 2008; Sun and Selim, 2018). Moreover, rheological
changes have also been detected is these samples. A different structure of the
system network could modify the mobility of certain elements and vice versa
(Sanchez-Espejo et al., 2015). As can be seen in Appendix (Figure Al), both
ALIG30@20 and ALIPS9 suffered rheological changes within one month.
Moreover, it is also possible from these results to hypothesize that the
rheological performance of the system could also be influencing the element
mobility. ALIPS9 and ALIG30@20, having a much more structured internal
network (Figure A1), could hinder the mobility of elements that will find a
more intricate path to travel towards the exterior. On the other hand,
ALIG30@10 was shown to have a less structured gel network (see Garcia-
Villén et al., 2020c) for information on the rheology of ALIG30@10).

4.4.3.3. Biocompeatibility of ALIG30@20

In vitro biocompatibility of clay minerals has been widely studied
(Salcedo et al., 2012, 2014; Sandri et al., 2016; Tenci et al., 2017; Mousa et al.,
2018). Some clay minerals have already been shown to have proliferating
activity in cellular cultures, such as montmorillonite and halloysite (Cervini-
Silva et al., 2016; Carazo et al., 2017). Nonetheless, the induction of cellular
proliferation by palygorskite clay mineral is a rare result (Wang et al., 2015).
This result leads us to hypothesize that if ALIG30@10 was biocompatible and
able to induce fibroblast motility during in vitro wound healing (Garcia-Villén

et al., 2020a), ALIG30@20, with proliferative activity, is also a promising
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formulation for wound healing treatments, especially during the proliferative
stage. The different performance between these two hydrogels could be due
to physicochemical differences of the systems. That is, different rheological
behaviours as well as different chemical performances of both hydrogels
could be the factors governing the biocompatibility results. Moreover, the
present results could also be due to the combination of both physical and
chemical performances of the formulations. Table Al shows the theoretical
amount of mobile element released in the fibroblast culture during MTT tests.
These calculations have been made in order to correlate Franz cells results
with those of MTT.

Mn has been reported as an active ingredient of spring waters with
wound healing activity (Chebassier et al., 2004b). This, together with the Mn
released results in ALIG30@10 and ALIG30@20 (Table 4.19), leads us to
propose manganese as one of the possible factors explaining the proliferative
effect of ALIG30@20 versus ALIG30@10 (Figure 4.26).

Calcium and zinc have been demonstrated to actively participate in
cellular growth, in particular the Zn:Ca ratio, which was demonstrated to
increase Zn:Ca during cell proliferation and the decline Zn:Ca during the
remodelling phase (Lansdown et al.,, 1999; Lansdown, 2002; Zhang et al.,
2018). This is due to a redistribution of calcium within dermal cells during the
wound healing cascade (Lansdown, 1995), which is dependent on certain
trace elements such as zinc. In fact, extracellular calcium has been shown to
stimulate DNA synthesis in cultured fibroblasts in the presence of Zn (Huang
et al., 1999). This has been mainly ascribed to the cofactor role of Zn in
different enzymes involved in fibroblast growth. Moreover, Zn also plays an
important role as a structural component of essential proteins. Some in vitro
studies demonstrated that, even if proper growth factors and nutrients are
present in the fibroblast culture medium, deficiencies of Zn translate to
insufficient intracellular calcium and, ultimately, to impaired fibroblast
proliferation (O’Dell and Browning, 2011, 2013). From the release values of
these elements, the Zn:Ca ratio of ALIG30@10 was 0.00465 and 0.01060 for
ALIG30@20 (obtained from Table A1), which could be a significant factor
inducing the proliferation of fibroblasts in ALIG30@20. It is also worth

pointing out the fact that G30 showed a remarkable amount of Zn, thus being
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the ingredient providing this element. On the other hand, the major amount
of Ca is provided by ALIL Any of the formulation ingredients on their own
have been shown to induce cellular proliferation (see MTT results in Garcia-
Villén et al., 2020a and Figure 4.26). This indicates that both ALI and G30,
properly combined in a certain concentration, are necessary to induce
fibroblast proliferation. Consequently, the proliferative effect is ascribed to
the formulation itself, proving once again the major importance of
formulative studies. By the same token, the Ca:Mg ratio also changes along
the wound healing cascade. In fact, an increase in Mg levels is observed to
favour cellular migration. Grzesiak and Pierschbacher stated that the Mg:Ca
ratio was close to 1 during the migratory phase, and it reversed during the
rest of the process (Grzesiak and Pierschbacher, 1995). ALIPS9 and
ALIG30@10 hydrogels (aged for 1 month) showed Mg:Ca ratios (Table 4.19)
closest to 1, which is in agreement with the induction of fibroblast migration
already demonstrated for these formulations (Garcia-Villén et al., 2020a).
Nonetheless, the ALIG30@20 Mg:Ca ratio was significantly distant from this

value, which happens during the proliferative phase.

The present results ultimately lead us to think that, apart from the
amount of elements released from each hydrogel, their ratio and specific
identity highly influence the final therapeutic performance of the formulation.
Notwithstanding the fact that further studies are needed, it is noteworthy that
the present formulations have the potential to be combined and administered
at different times of the wound treatment by virtue of their chemical

performance.

4.4.3.4. Conclusions

The present study dealt with the in vitro release and mobility of
potentially bioactive elements present in semisolid gel-like formulations
obtained by mixing sepiolite and palygorskite with a natural spring water.
Hydrogels were subjected to in vitro Franz cell tests and the elements released
were analysed by inductively coupled plasma techniques. Then, the element
release and mobility were compared with in vitro biocompatibility tests of the

very same formulation. The results demonstrated that, unlike other
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formulations, the potential therapeutic activity of nanoclay/spring water

hydrogels should be studied in depth and characterized.

Clay/spring water hydrogels are “living formulations” since their
ingredients constantly interact with each other, changing the properties of the
system. For instance, the presence of an element in high concentration does
not mean it would be released in high amounts. Moreover, the high release of
bioactive elements is not a sine qua non to obtain maximum therapeutic effect.
In fact, the ALIG30@20 hydrogel, with lower elemental mobility, not only
proved to be biocompatible, but to exert potential proliferative effects over
fibroblast cultures. According to the present in vitro release studies, it is
possible to state that the ratios of the elements released play a significant role
in the final therapeutic activity of the formulation. Moreover, the importance
of formulative studies is again highlighted, since it is the optimal combination

of the correct ingredients that makes a formulation effective.

As a general conclusion, the present study demonstrates that
synergistic effects can be achieved from the formulation of the liquid phase in
a semisolid system, in which elemental composition of the solid phase and
structure of the system will determine elements’ mobility and, ultimately, the

therapeutic effects.
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45. Abbreviations

12m
Im

2m

6m

ALI
ALIG30@20
CEC
CLSM
CP
DAPI
DMEM
DMSO
DSC
DSF
EDX
ELS

F

FBS
FESEM
FITC
FT-IR
G30
G30ALI and ALIG30@10
G30GR
GM
GR
HC-5C
ICH
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12 months

1 month

2 months

6 months

Alictin de las Torres” spring water
Hydrogel of G30 and ALI water at 20% w/w
Cation Exchange Capacity

Confocal-Laser Scanning Microscopy

Clay particles
4',6-Diamidino-2-phenylindole

Dulbecco’s modified Eagle medium
Dimethyl sulfoxide

Differential Scanning Calorimetry

Dorsal stress fibres

Energy-dispersive X-ray spectroscopy
Electrophoretic Light Scattering

Filopodia

Fetal Bovine Serum

Field Emission Scanning Electron Microscope
Fluorescein isothiocyanate
Fourier-Transform Infrared spectroscopy
Attapulgite (palygorskite)

Hydrogel of G30 and ALI water at 10% w/w
Hydrogel of G30 and GR water at 10% w/w
Pure fibroblasts” growth medium (control)

Graena’s spring water

Guidance on Heavy Metal Impurities in Cosmetics

International Council for Harmonisation



ICP-MS
ICP-OES

MTT

ND
NHDF
NNPHD

PBS

PDE

PS9
PS9ALI and ALIPS9
PS9GR
Q3D(R1)
RAW 264.7
SEM

SF

TGA
TMBA
XRF

XRPD
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Inductively Coupled Plasma Mass spectrometer

Inductively Coupled Plasma Optical Emission
Spectroscopy

Lamellipodia
Mitosis

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide

Not detected
Normal Human Dermal Fibroblasts

Natural and Non-prescription Health Products
Directorate

Phosphate-Buffered Saline

Permitted Daily Exposure

magnesium aluminium silicate (sepiolite)
Hydrogel of PS9 and ALI water at 10% w/w
Hydrogel of PS9 and GR water at 10% w/w
Guideline for Elemental Impurities

Murine macrophages

Scanning Electron Microscopy

Stress fibres

Thermogravimetric Analysis

Tetramehyl ammonium bromide

X-ray Fluorescence

X-ray Powder Diffraction
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Conclusiones

La presente tesis doctoral planteaba como objetivo principal el disefio y
desarrollo de hidrogeles inorganicos de empleo en la curacion de heridas. La
fase solida de las formulaciones eran filosilicatos fibrosos (sepiolita y

palygorskita) y la fase liquida, agua mineromedicinal.

Para alcanzar dicho objetivo general se plantearon una lista de objetivos

especificos que incluian:

e la puesta punto de métodos de caracterizacion de hidrogeles
naturales similares a los que se pretendia formular.
e la puesta a punto de metodologias in vitro capaces de informar de la

eficacia en la curacién de heridas de un sistema.

El cumplimiento de estos dos primeros objetivos dio lugar a dos publicaciones
en las que se sentaron las bases de conocimiento experimental aplicado en
estudios posteriores de la tesis doctoral. Concretamente, un primer articulo
en el que se caracterizaron muestras complejas naturales con arcillas y materia
organica de interés terapéutico y un segundo articulo en el que se estudié un
sistema de liberacion modificada basado en una arcilla laminar. En estos dos

trabajos se puso de manifiesto que:

1) Resulta imprescindible determinar de forma precisa la identidad,
purezay riqueza de los componentes empleados a efectos de asegurar
la calidad de las formulaciones. En el caso de los materiales
mesoporosos empleados en esta tesis, esta caracterizacion requiere
metodologias especificas, incluyendo difraccion y fluorescencia de
rayos X.

2) Cuando los sistemas son termodinamicamente inestables, como es el
caso de sistemas dispersos de tipo hidrogel, resulta necesario
establecer la estabilidad fisica mediante estudios reoldgicos.

3) Los sistemas de empleo en la curacion de heridas requieren de
estudios especificos destinados a conocer su eficacia, asociada a la
capacidad del excipiente inorganico de modificar la liberaciéon de los

componentes activos y seguridad (biocompatibilidad dérmica).
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Conclusiones

Alcanzados estos dos objetivos transversales, se disefiaron hidrogeles

con arcillas de elevada pureza y agua mineromedicinal. El estudio de estos

sistemas permitié cumplir con el resto de objetivos de la tesis, incluyendo:

El  establecimiento de las propiedades fisicoquimicas,
geodisponibilidad y contenido inorganico relacionado con los efectos
terapéuticos (eficacia) o perjudiciales (seguridad) de los hidrogeles, a
partir de la composicion y geoquimica original de los componentes.
la determinacion de la liberacion y la movilidad (penetracion y
permeabilidad) in vitro de los elementos con interés terapéutico
(eficacia) o perjudiciales (seguridad).

la evaluacion de la biocompatibilidad in vitro de los ingredientes por
separado y de las correspondientes formulaciones para su uso en el
tratamiento de la curacion de heridas, incluyendo la evaluacion de la

eficacia terapéutica in vitro.

Los resultados obtenidos en esta fase del trabajo de tesis doctoral

dieron lugar a cuatro articulos en los que se pudo concluir lo siguiente:

4)

5)

6)

7)

8)

9)

Los dos excipientes minerales usados (PS9 y G30) son de elevada
pureza en el componente principal (sepiolita y palygorskita).

PS9 se corresponde con la monografia “Magnesium silicate” o
“Magnesium trisilicate” (USP 42-37, 2019; Ph. Eur. 9th, 2018b).

G30 se corresponde con la monografia “Attapulgite” (USP42-NF37,
2019; Ph. Eur. 9th, 2018a).

Las velocidades de enfriamiento de los hidrogeles preparados con
estos dos excipientes (10% m/m) eran adecuados para su empleo en
terapéutica termal.

PS9 era mas efectiva que G30 en la formacion de sistemas hidrogel,
alcanzando valores de los pardametros reoldgicos similares a
concentraciones sensiblemente menores.

La estabilidad fisica de los hidrogeles permitia su empleo durante al

menos dos meses desde su elaboracion.
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Conclusiones

10) Tanto los excipientes como los hidrogeles eran biocompatibles de
acuerdo con los ensayos realizados con fibroblastos.

11) Los hidrogeles favorecian la curacion in vitro de heridas sin interferir
con la morfologia de los fibroblastos.

12) Los excipientes sin formular retardan la curaciéon de heridas,
posiblemente debido a la presencia de particulas no floculadas en el
medio.

13) Cuando los excipientes se dispersan formando un hidrogel la
curacion se ve favorecida.

14) La liberacion y movilidad de los elementos presentes en los
hidrogeles, estudiada empleando celdas de Franz y técnicas de
espectroscopia de plasma inductivo demostré que los sistemas son
seguros.

15) La presencia en el hidrogel de un determinado elemento en
concentracion elevada no implica necesariamente su liberacion.

16) La liberacién elevada de un elemento desde el hidrogel tampoco es
necesariamente la razén de la eficacia terapéutica.

17) La eficacia en la curacion de heridas esta relacionada con las
proporciones relativas de ciertos elementos liberados desde los
hidrogeles.

18) Las formulaciones de estos sistemas deben ajustarse para optimizar
los efectos terapéuticos que seran resultado de la interaccién y
sinergia entre la fase liquida y so6lida del hidrogel y de la movilidad

relativa de determinados elementos.
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Figure A.1. Rheological characterization of ALIPS9 and ALIG30@20 hydrogels after 48 h and
1 month. Up: flow curves (from 70 to 800 s—1, mean values + s.d., n = 6). Down: hysteresis
areas (mean values + s.d., n = 6) and apparent viscosities (250 s=1, mean values + s.d., n=6).
Positive AUC values indicates thixotropic behaviour, while negative ones correspond to anti-
thixotropic profile.
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Material adicional del Capitulo 4

Tabla

Table A.1. Amount of mobile elements released from the corresponding hydrogels into fibroblast
cultures (MTT well-plate). Results were calculated from Franz experiments at 1 month and
expressed in nanograms. NM stands for “Not Released”.

Amount of hydrogel in cell wells during MTT test

Hydrogel El t
ycroge ement (ng) 1000 ug/mL 500 pg/mL 50 pg/mL 5 ug/mL

Al 2.25 1.13 0.11 0.01
B 0.79 0.39 0.04 0.004
Ca 161.5 80.7 8.08 0.81
K 55.3 27.6 2.76 0.28
Mg 73.8 36.9 3.69 0.37
ALIPS9 Na 125.7 62.8 6.28 0.63
S 109.4 54.7 5.47 0.55
Fe 1.46 0.73 0.07 0.01
Sr 297 1.49 0.15 0.01
Zn 3.32 1.66 0.17 0.02
Mn 0.01 0.01 0.0007 0.0001
Cu 0.07 0.04 0.0036 0.0004
Al 11.6 5.78 0.58 0.06
B NR NR NR NR
Ca 608.3 304.1 30.41 3.04
K 38.3 19.1 1.91 0.19
Mg 103.1 51.6 5.16 0.52
Na 210.7 105.3 10.53 1.05
ALIG30@10 S 234.0 117.0 11.70 1.17
Fe 0.42 0.21 0.02 0.002
Sr 1.32 0.66 0.07 0.01
Zn 2.83 1.41 0.14 0.01
Mn NR NR NR NR
Cu 0.036 0.018 0.002 0.0002
Al 6.72 3.36 0.34 0.03
B 0.001 5104 5-10° 5-10¢
Ca 165.2 82.6 8.26 0.83
K 259 12.9 1.29 0.13
Mg 29.7 14.8 1.48 0.15
Na 84.8 424 4.24 0.42
ALIG30020 S 79.4 39.7 3.97 0.4
Fe 0.09 0.04 4.4-10°3 4.4-104
Sr 0.69 0.34 0.03 0.003
Zn 1.75 0.88 0.09 0.01
Mn 0.07 0.04 0.0004 3.7-10+
Cu 0.01 0.005 4.6-10+ 4.6-10°
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and or any other University.

MARCO RUGGERI

Department of Drug Sciences, Faculty of Pharmacy, University of Pavia, Pavia, 27100, ltaly

Marco Ruggeri, Ph.D. student
Department of Drug Sciences,
University of Pavia,

V.le Taramelli 12,

27100 Pavia - Italy

ldel 04/11/2020 18:35



Re: Articolo Montmorillonite norfloxacine...

Asunto: Re: Articolo Montmorillonite norfloxacine...
De: Ferrari Franca <franca.ferrari@unipv.it>

Fecha: 04/11/2020 15:14

Para: César Viseras <cviseras@ugr.es>

AUTHORIZATION AND WITHDRAWAL FROM CO-AUTHORS OF A SCIENTIFIC PUBLICATION SUBMITTED AS PART OF A DOCTORAL
THESIS
TO: International School for Postgraduate Studies, University of Granada

Regarding the deposit and defense of the Doctoral Thesis of Ms. Fatima Garcia Villén entitled Aplicaciones Farmacéuticas de
aluminosilicatos mesoposoros: estudio de arcillas fibrosas (sepiolita y palygorskita) en geles con agua mineromedicinal (Pharmaceutical
Applications of mesoporous aluminosilicates: study of fibrous clay minerals (sepiolite and palygorskite) in spring water
hydrogels) which contains the publication/article Montmorillonite-norfloxacin nanocomposite intended for healing of infected
wounds. International Journal of Nanomedicine, 14, 5051-5060, 2019. DOI: 10.2147/IJN.S208713, | declare, as co-author that:

| ACCEPT and AUTHORIZE the use of this publication/article as part of the Doctoral Thesis.
Additionally, | declare that | have NEITHER ACCEPTED NOR AUTHORIZED NOR USED this publication/article as part of the documents
of a different Doctoral Thesis at the University of Granada or at any other University. Furthermore, | RESIGN myself to

accept/authorize/use it in a future Doctoral Thesis at the University of Granada and or any other University.

Franca Ferrari
Department of Drug Sciences, Faculty of Pharmacy, University of Pavia, Pavia, 27100, Italy

Mail priva di virus. www.avast.com

1de?2 04/11/2020 18:33



Fwd: Articolo Montmorillonite norfloxacine...

Asunto: Fwd: Articolo Montmorillonite norfloxacine...
De: angela faccendini <angela.faccendini@gmail.com>
Fecha: 04/11/2020 9:20

Para: cviseras@ugr.es

AUTHORIZATION AND WITHDRAWAL FROM CO-AUTHORS OF A SCIENTIFIC PUBLICATION SUBMITTED AS
PART OF A DOCTORAL THESIS

TO: International School for Postgraduate Studies, University of Granada

Regarding the deposit and defense of the Doctoral Thesis of Ms. Fatima Garcia Villén entitled Aplicaciones
Farmacéuticas de aluminosilicatos mesoposoros: estudio de arcillas fibrosas (sepiolita y palygorskita) en geles con
agua mineromedicinal (Pharmaceutical Applications of mesoporous aluminosilicates: study of fibrous clay
minerals (sepiolite and palygorskite) in spring water hydrogels) which contains the publication/article
Montmorillonite-norfloxacin nanocomposite intended for healing of infected wounds. International Journal of
Nanomedicine, 14, 5051-5060, 2019. DOI: 10.2147/1JN.S208713, | declare, as co-author that:

| ACCEPT and AUTHORIZE the use of this publication/article as part of the Doctoral Thesis.

Additionally, | declare that | have NEITHER ACCEPTED NOR AUTHORIZED NOR USED this publication/article as part
of the documents of a different Doctoral Thesis at the University of Granada or at any other University.
Furthermore, | RESIGN myself to accept/authorize/use it in a future Doctoral Thesis at the University of Granada
and or any other University.

ANGELA FACCENDINI

Department of Drug Sciences, Faculty of Pharmacy, University of Pavia, Pavia, 27100, Italy

Angela Faccendini, Ph.D. student

Department of Drug Sciences,
University of Pavia,

V.le Taramelli 12,

27100 Pavia - Italy

Phone:+39 331 213 9389

1de?2 04/11/2020 12:30



Re: Articolo Montmorillonite norfloxacine...

Asunto: Re: Articolo Montmorillonite norfloxacine...

De: Maria Cristina Bonferoni <mariacristina.bonferoni@unipv.it>
Fecha: 04/11/2020 20:20

Para: César Viseras <cviseras@ugr.es>

AUTHORIZATION AND WITHDRAWAL FROM CO-AUTHORS OF A SCIENTIFIC PUBLICATION SUBMITTED AS
PART OF A DOCTORAL THESIS

TO: International School for Postgraduate Studies, University of Granada

Regarding the deposit and defense of the Doctoral Thesis of Ms. Fatima Garcia Villén entitled Aplicaciones
Farmacéuticas de aluminosilicatos mesoposoros: estudio de arcillas fibrosas (sepiolita y palygorskita) en geles con
agua mineromedicinal (Pharmaceutical Applications of mesoporous aluminosilicates: study of fibrous clay minerals
(sepiolite and palygorskite) in spring water hydrogels) which contains the publication/article Montmorillonite-
norfloxacin nanocomposite intended for healing of infected wounds. International Journal of Nanomedicine, 14,
5051-5060, 2019. DOI: 10.2147/1JN.S208713, | declare, as co-author that:

| ACCEPT and AUTHORIZE the use of this publication/article as part of the Doctoral Thesis.

Additionally, | declare that | have NEITHER ACCEPTED NOR AUTHORIZED NOR USED this publication/article as part of
the documents of a different Doctoral Thesis at the University of Granada or at any other University. Furthermore, |
RESIGN myself to accept/authorize/use it in a future Doctoral Thesis at the University of Granada and or any other
University.

Cristina Bonferoni

1de? 05/11/2020 10:25
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ACEPTACION Y RENUNCIA DE LOS COAUTORES DE LA PUBLICACION

Publicacién: Design and characterization of spring water hydrogels with natural inorganic
excipients. Applied Clay Science, 197, 105772, 2020. DOI: 10.1016/j.clay.2020.105772

Los coautores:

D/D?. Rita Sanchez Espejo
D/D?. Alberto Lépez Galindo
D/D* Pilar Cerezo Gonzalez
D/D?. César Viseras

declaran que:

ACEPTAN y AUTORIZAN la utilizacién de dicha publicacion/articulo como parte de la
documentaciéon de depoésito y defensa de la tesis doctoral de D./D® Fatima Garcia Villén

titulada Aplicaciones Farmacéuticas de aluminosilicatos mesoposoros: estudio de arcnllas

fibrosas (seplollta y palygorsklta) en geles con agua mmeromedlcmal i |

| ‘ \ " P ] 1Ty T - [ i . | ‘

NO HAN UTILIZADO dlcha pubhcacnon/amculo como parte de la documentacwn de dep‘(’)sno

— |

y defensa de otra te51s doctoral y/ 0 RENUNCIAN a utlhzarlo en una futura tesis doctoral

|
\ i

En Granada, a 03 de noviembre de 2020

Fdo.:

l1del
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ACEPTACION Y RENUNCIA DE LOS COAUTORES DE LA PUBLICACION

Publicaciéon: Wound healing activity of nanoclay/spring water hydrogels. Pharmaceutics, 12, 5, 467,
2020. DOI: 10.3390/pharmaceutics12050467

Los coautores:

D/D?, Rita Sanchez Espejo
D/D*. Ana Borrego Sanchez
D/D. Pilar Cerezo Gonzélez
D/D* César Viseras

declaran que:

ACEPTAN y AUTORIZAN la utilizacién de dicha publicacion/articulo como parte de la
documentacién de deposito y defensa de la tesis doctoral de D./D?. Fatima Garcia Villén
titulada Aplicaciones Farmacéuticas de aluminosilicatos mesoposoros: estudio de arcillas
fibrosas (sepiolita:y palygorskita) en geles con agua mineromedicinal,

NOHAN UTILIZADO dicha publicacion/articulo como parte de la dptumentaéién de depdsito
y defensa de otra tesis doctoral y/ 0 RENUNCIAN a utilizarlo en una futura tesis doctoral.

En Granada, a 03 de noviembre de 2020

Fdo.:

1del



Re: Articolo Montmorillonite norfloxacine...

Asunto: Re: Articolo Wound Healing activity... De:
Silvia Rossi <silviastefania.rossi@unipv.it> Fecha:
04/11/2020 19:56

Para: César Viseras <cviseras@ugr.es>

AUTHORIZATION AND WITHDRAWAL FROM CO-AUTHORS OF A SCIENTIFIC PUBLICATION
SUBMITTED AS
PART OF A DOCTORAL THESIS

TO: International School for Postgraduate Studies, University of Granada

Regarding the deposit and defense of the Doctoral Thesis of Ms. Fatima Garcia Villén entitled
Aplicaciones Farmacéuticas de aluminosilicatos mesoposoros: estudio de arcillas fibrosas (sepiolita
y palygorskita) en geles con agua mineromedicinal (Pharmaceutical Applications of mesoporous
aluminosilicates: study of fibrous clay minerals (sepiolite and palygorskite) in spring water
hydrogels) which contains the publication/article Wound healing activity of nanoclay/spring
water hydrogels. Pharmaceutics, 12, 5, 467, 2020. DOI: 10.3390/pharmaceu cs12050467, |
declare, as co-author that:

| ACCEPT and AUTHORIZE the use of this publication/article as part of the Doctoral Thesis.

Additionally, | declare that | have NEITHER ACCEPTED NOR AUTHORIZED NOR USED this
publication/article as part of the documents of a different Doctoral Thesis at the University of
Granada or at any other University. Furthermore, | RESIGN myself to accept/authorize/use it in a
future Doctoral Thesis at the University of Granada and or any other University.

Silvia Rossi

Department of Drug Sciences, Faculty of Pharmacy, University of Pavia, Pavia, 27100, Italy

ldel 05/11/2020 10:26



Fwd: Articolo Wound healing activity....

l1del

Asunto: Fwd: Articolo Wound healing activity....
De: marco.ruggeri02@universitadipavia.it
Fecha: 04/11/2020 19:51

Para: César Viseras <cviseras@ugr.es>

Ecco l'altra autorizzazione,
Buona serata,
Marco

AUTHORIZATION AND WITHDRAWAL FROM CO-AUTHORS OF A SCIENTIFIC PUBLICATION SUBMITTED|AS
PART OF A DOCTORAL THESIS

TO: International School for Postgraduate Studies, University of Granada

Regarding the deposit and defense of the Doctoral Thesis of Ms. Fatima Garcia Villén entitled Aplicaciones
Farmacéuticas de aluminosilicatos mesoposoros: estudio de arcillas fibrosas (sepiolita y palygorskita) en geles con
agua mineromedicinal (Pharmaceutical Applications of mesoporous aluminosilicates: study of fibrous clay minerals
(sepiolite and palygorskite) in spring water hydrogels) which contains the publication/article Wound healing activity
of nanoclay/spring water hydrogels. Pharmaceutics, 12, 5, 467, 2020. DOI: 10.3390/pharmaceutics12050467, |
declare, as co-author that:

| ACCEPT and AUTHORIZE the use of this publication/article as part of the Doctoral Thesis.

Additionally, | declare that | have NEITHER ACCEPTED NOR AUTHORIZED NOR USED this publication/article as part of
the documents of a different Doctoral Thesis at the University of Granada or at any other University. Furthermore, |
RESIGN myself to accept/authorize/use it in a future Doctoral Thesis at the University of Granada and or any other
University.

MARCO RUGGERI

Department of Drug Sciences, Faculty of Pharmacy, University of Pavia, Pavia, 27100, Italy

05/11/2020 10:27



R: Articolo Wound healing activity....

1del

Asunto: R: Articolo Wound healing activity....
De: <g.sandri@unipv.it>

Fecha: 04/11/2020 18:57

Para: 'César Viseras' <cviseras@ugr.es>

CC: 'Fatima Garcia Villén' <fgarvillen@ugr.es>

k% ok

Prof. Giuseppina Sandri, PhD
Department of Drug Sciences,
University of Pavia,

Viale Taramelli 12,

27100 Pavia — Italy

Tel 00390382987728
e-mail giuseppina.sandri@unipv.it

PART OF A DOCTORAL THESIS
TO: International School for Postgraduate Studies, University of Granada
Regarding the deposit and defense of the Doctoral Thesis of Ms. Fatima Garcia Villén entitled Aplicaciones

agua mineromedicinal (Pharmaceutical Applications of mesoporous aluminosilicates: study of fibrous clay
minerals (sepiolite and palygorskite) in spring water hydrogels) which contains the publication/article Wound
healing activity of nanoclay/spring water hydrogels. Pharmaceutics, 12, 5, 467, 2020. DOI:
10.3390/pharmaceutics12050467, | declare, as co-author that:

| ACCEPT and AUTHORIZE the use of this publication/article as part of the Doctoral Thesis.

of the documents of a different Doctoral Thesis at the University of Granada or at any other University.
and or any other University.

Giuseppina Sandri
Department of Drug Sciences, Faculty of Pharmacy, University of Pavia, Pavia, 27100, Italy

Farmacéuticas de aluminosilicatos mesoposoros: estudio de arcillas fibrosas (sepiolita y palygorskita) en geles con

Additionally, | declare that | have NEITHER ACCEPTED NOR AUTHORIZED NOR USED this publication/article as part

Furthermore, | RESIGN myself to accept/authorize/use it in a future Doctoral Thesis at the University of Granada

AUTHORIZATION AND WITHDRAWAL FROM CO-AUTHORS OF A SCIENTIFIC PUBLICATION SUBMITTED AS

05/11/2020 10:20



Asunto: Fwd: Articolo Wound healing activity....

De: angela faccendini <angela.faccendini@gmail.com>
Fecha: 04/11/20209:18

Para: cviseras@ugr.es

AUTHORIZATION AND WITHDRAWAL FROM CO-AUTHORS OF A SCIENTIFIC PUBLICATION SUBMITTED AS
PART OF A DOCTORAL THESIS

TO: International-Sehoot-forPostgraduate Studies, University of Granada

Regarding the deposit and defense of the Doctoral Thesis of Ms. Fatima Garcia Villén entitled Aplicaciones
Farmacéuticas de aluminosilicatos mesoposoros: estudio de.arcillas fibrosas (sepialita y palygorskita) en geles
_con agua mineromedicinal (Pharmaceutical Applications of mesoporous aluminosilicates: study of fibrous clay
minerals (sepiolite and palygorskite) in spring water hydrogels) which contains the publication/article Wound
healing activity of nanoclay/spring water hydrogels. Pharmaceutics, 12, 5, 467, 2020. DOI:

10.3390/pharmaceutics12050467, | declare, as co-author that:

| ACCEPT and AUTHORIZE the use of this publication/article as part of the Doctoral Thesis.

Additionally, | declare that | have NEITHER ACCEPTED NOR AUTHORIZED NOR USED this publication/article as
part of the documents of a different Doctoral Thesis at the University of Granada or at any other University.

Furthermore, | RESIGN myself to accept/authorize/use it in a future Doctoral Thesis at the University of Granada
and or any other University.

ANGELA FACCENDINI

Department of Drug Sciences, Faculty of Pharmacy, University of Pavia, Pavia, 27100, Italy

Angela Faccendini, Ph.D. student
Department of Drug Sciences,
University of Pavia,

V.le Taramelli 12,

27100 Pavia - Italy

Phone:+39 331 213 9389

l1de2 04/11/2020 12:31



Asunto: Fwd: Articolo Wound healing activity....

De: DALILA MIELE <dalila.miele0O1@universitadipavia.it>
Fecha: 04/11/2020 22:38

Para: cviseras@ugr.es

Dalila Miele, PhD
Department of Drug Sciences
University of Pavia

Via Taramelli, 12

27100- Pavia, Italy

Tel +39-0382 987392

3k 3k 3k 3k 3k 3k 3k 3k ok 3k 3k ok 3k 3k 3k 3k 3k 3k %k 3k 3k %k ok 3k 3k 5k 3k 3k 5k 3k >k 5k 3k >k 3k 3k 3k 5k 3k 3k 3k 3k 3k 3k 3k 3k >k 3k 3k >k 3k 3k 3k 3k 3k 5k 3k 3k 5k 3k >k 5k 3k >k 3k 3k 5k 3k >k 5k 3k >k 3k 3k 3k 3k >k 3k 3k %k 3k 3k 5k 3k 3k 5k %k %k 3k %k %k %k k ok k

AUTHORIZATION AND WITHDRAWAL FROM CO-AUTHORS OF A SCIENTIFIC PUBLICATION SUBMITTED AS
PART OF A DOCTORAL THESIS

TO: International School for Postgraduate Studies, University of Granada

Regarding the deposit and defense of the Doctoral Thesis of Ms. Fatima Garcia Villén entitled Aplicaciones
Farmacéuticas de aluminosilicatos mesoposoros: estudio de arcillas fibrosas (sepiolita y palygorskita) en geles
con agua mineromedicinal (Pharmaceutical Applications of mesoporous aluminosilicates: study of fibrous clay
minerals (sepiolite and palygorskite) in spring water hydrogels) which contains the publication/article Wound
healing activity of nanoclay/spring water hydrogels. Pharmaceutics, 12, 5, 467, 2020. DOI:
10.3390/pharmaceutics12050467, | declare, as co-author that:

| ACCEPT and AUTHORIZE the use of this publication/article as part of the Doctoral Thesis.

Additionally, | declare that | have NEITHER ACCEPTED NOR AUTHORIZED NOR USED this publication/article as
part of the documents of a different Doctoral Thesis at the University of Granada or at any other University.
Furthermore, | RESIGN myself to accept/authorize/use it in a future Doctoral Thesis at the University of Granada
and or any other University.

DALILA MIELE

Department of Drug Sciences, Faculty of Pharmacy, University of Pavia, Pavia, 27100, Italy

1de1 05/11/2020 10:24
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ACEPTACION Y RENUNCIA DE LOS COAUTORES DE LA PUBLICACION

Publicacién: Safety of nanoclay/spring water hydrogels: Assessment and mobility of hazardous
elements. Pharmaceutics, 12, 8, 764, 1-17. DOI: 10.3390/pharmaceutics12080764

Los coautores:

D/D?.

Rita Sanchez Espejo

D/D.

Ana Borrego Sanchez

D/D2.

Pilar Cerezo Gonzalez

D/D2.

César Viseras

declaran que:

ACEPTAN y AUTORIZAN la utilizacion de dicha publicacion/articulo como parte de la
documentaciéon de depésito y defensa de la tesis doctoral de D./D*. Fatima Garcia Villén
titulada Aplicaciones Farmacéuticas de aluminosilicatos mesoposoros: estudio de arcnllas

LR

fibrosas (seplollta y palygorsklta) en geles con agua mmeromedlcmal |

s NO HAN UTILIZADO dlcha pubhcacmn/artlculo como parte de la documentacmn de depéslto

Fdo.:

y defensa de otra te51s doctoral y/ 0 RENUNCIAN a utlllzaﬂo en una futura tesis' doctoral A

En Granada, a 03 de noviembre de 2020

Fdo.: Fdo.:

K -—7'“

Fdo.: CEDK3L4

|/L¢u-

1del




R: articolo di Fatima

Asunto: R: articolo di Fatima

De: Luana Perioli <luana.perioli@unipg.it>
Fecha: 04/11/2020 12:14

Para: César Viseras <cviseras@ugr.es>

AUTHORIZATION AND WITHDRAWAL FROM CO-AUTHORS OF A SCIENTIFIC PUBLICATION SUBMITTED AS PART OF A DOCTORAL THESIS

TO: International School for Postgraduate Studies, University of Granada

Regarding the deposit and defense of the Doctoral Thesis of Ms. Fatima Garcia Villén entitled Aplicaciones Farmacéuticas de aluminosilicatos mesoposoros:
estudio de arcillas fibrosas (sepiolita y palygorskita) en geles con agua mineromedicinal (Pharmaceutical Applications of mesoporous aluminosilicates: study
of fibrous clay minerals (sepiolite and palygorskite) in spring water hydrogels) which contains the publication/article Safety of nanoclay/spring water
hydrogels: Assessment and mobility of hazardous elements. Pharmaceutics, 12, 8, 764, 1-17. DOI: 10.3390/pharmaceutics12080764, | declare, as co-author
that:

| ACCEPT and AUTHORIZE the use of this publication/article as part of the Doctoral Thesis.

Additionally, | declare that | have NEITHER ACCEPTED NOR AUTHORIZED NOR USED this publication/article as part of the documents of a different Doctoral
Thesis at the University of Granada or at any other University. Furthermore, | RESIGN myself to accept/authorize/use it in a future Doctoral Thesis at the
University of Granada and or any other University.

Luana Perioli
Department of I /] %',‘: [ 's, University of Perugia, via del Liceo 1, Perugia, 06123, Italy
o Quualda

ldel 04/11/2020 12:25
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cién: Correlation between elemental composition/mobility and skin cell proliferation of
nanoclay/spring water hydrogels. Pharmaceutics, 12, 9, 891, 1-20, 2020. DOL

10.3390/pharmaceutics12090891

Los coautores:

D/D?. Rita Sanchez Espejo
D/D? Ana Borrego Sanchez
D/D*. Pilar Cerezo Gonzalez
D/D* César Viseras

declaran que:

Fdo.:

ACEPTAN y AUTORIZAN la utilizacién de dicha publicacion/articulo como parte de la
documentacion de depésito y defensa de la tesis doctoral de D./D?. Fatima Garcia Villén
titulada Aplicaciones Farmacéuticas de aluminosilicatos mesoposoros estudio de arcnllas
flbir(‘)sas (seplollta y palygorsklta) en geles con agua mmeromedlcmal T : J j

‘ !: "}" i; ,‘“‘ I3 [‘ ‘;

NO HAN UTILIZADO dlcha publlcacwn/artlculo como pafte de la documentacwn de dep()51to
" y-defensa de otra tesis doctoral y/ o RENUNCIAN a ufilizarlo en'una futura tesis doctoral.

En Granada, a 03 de noviembre de 2020

Fdo.: Fdo.:

1del




Re: terza mail

Asunto: Re: terza mail

De: Sandri Giuseppina <g.sandri@unipv.it>
Fecha: 04/11/2020 7:43

Para: César Viseras <cviseras@ugr.es>

Ahia scusa

Provvedo

Dobbiamo anche sentirci per Ele
Piu tardi?

Inviato da iPhone

AUTHORIZATION AND WITHDRAWAL FROM CO-AUTHORS OF A SCIENTIFIC PUBLICATION SUBMITTED AS PART OF A DOCTORAL THESIS

TO: International School for Postgraduate Studies, University of Granada

Regarding the deposit and defense of the Doctoral Thesis of Ms. Fatima Garcia Villén entitled Aplicaciones Farmacéuticas de aluminosilicatos mesoposoros:
estudio de arcillas fibrosas (sepiolita y palygorskita) en geles con agua mineromedicinal (Pharmaceutical Applications of mesoporous aluminosilicates:
study of fibrous clay minerals (sepiolite and palygorskite) in spring water hydrogels) which contains the publication/article Correlation between elemental
composition/mobility and skin cell proliferation of fibrous nanoclay/spring water hydrogels. Pharmaceutics, 12, 9, 891, 1-20, 2020. DOI:
10.3390/pharmaceutics12090891, | declare, as co-author that:

| ACCEPT and AUTHORIZE the use of this publication/article as part of the Doctoral Thesis.

Additionally, | declare that | have NEITHER ACCEPTED NOR AUTHORIZED NOR USED this publication/article as part of the documents of a different Doctoral
Thesis at the University of Granada or at any other University. Furthermore, | RESIGN myself to accept/authorize/use it in a future Doctoral Thesis at the
University of Granada and or any other University.

Giuseppina Sandri

Department of Pharmaceutical Sciences, Faculty of Pharmacy, University of Pavia, viale Taramelli 12, Pavia, 27100, Italy

ldel 04/11/2020 12:32



Re: Articolo da Granada per Tesi di dottorato

Asunto: Re: Articolo da Granada per Tesi di dottorato
De: Lucia Cucca <lucia.cucca@unipv.it>

Fecha: 04/11/2020 9:23

Para: César Viseras <cviseras@ugr.es>

Gentilissimo buongiorno,

ecco la dichiarazione
Cordiali saluti

Lucia Cucca

AUTHORIZATION AND WITHDRAWAL FROM CO-AUTHORS OF A SCIENTIFIC PUBLICATION SUBMITTED AS PART OF A DOCTORAL THESIS

TO: International School for Postgraduate Studies, University of Granada

Regarding the deposit and defense of the Doctoral Thesis of Ms. Fatima Garcia Villén entitled Aplicaciones Farmacéuticas de
aluminosilicatos mesoposoros: estudio de arcillas fibrosas (sepiolita y palygorskita) en geles con agua mineromedicinal (Pharmaceutical
Applications of mesoporous aluminosilicates: study of fibrous clay minerals (sepiolite and palygorskite) in spring water hydrogels)
which contains the publication/article Correlation between elemental composition/mobility and skin cell proliferation of fibrous
nanoclay/spring water hydrogels. Pharmaceutics, 12, 9, 891, 1-20, 2020. DOI: 10.3390/pharmaceutics12090891, | declare, as co-
author that:

| ACCEPT and AUTHORIZE the use of this publication/article as part of the Doctoral Thesis.

Additionally, | declare that | have NEITHER ACCEPTED NOR AUTHORIZED NOR USED this publication/article as part of the documents
of a different Doctoral Thesis at the University of Granada or at any other University. Furthermore, | RESIGN myself to accept/authorize/use
it in a future Doctoral Thesis at the University of Granada and or any other University.

Lucia Cucca

Department of Chemistry, University of Pavia, viale Taramelli 12, Pavia, 27100, Italy

1de?2 04/11/2020 12:29



