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Abstract 

 

Among the various clay minerals, sepiolite, which is a natural fibrous silicate, is 

a potential promising nanocarrier for the non-viral transfer of bio-molecules. Indeed, 

sepiolite has been shown to interact with biological molecules such as lipids, 

polysaccharides and proteins. Here, we show that sepiolite efficiently binds different 

types of DNA molecules (genomic, plasmid, single strand and double strand 

oligonucleotides), introducing the first detailed study on the interaction mechanisms 

between sepiolite and DNA, as well as the physicochemical characterization of the 

resulting DNA-sepiolite bionanocomposites. The interaction mechanisms are 

suggested to be electrostatic interactions, van der Waals forces, cation bridges, and 

hydrogen bonding. Spectroscopy analysis showed that the binding of DNA to sepiolite 

was increased by polycations with valence dependent efficiency, and the DNA 

previously adsorbed could be recovered with an efficiency that could be modulated 

using a chelating agent (EDTA), preserving the DNA structure and biological activity. 

Fourier-transform infrared spectroscopy identified the external silanol groups as the 

main sites of interaction with the DNA. It was proved that it is possible to use sepiolite 

for extracting DNA from bacteria, for DNA purification and for purification from bacterial 

contamination. By combining fluorescence microscopy, transmission electron 

microscopy (TEM), time-lapse video microscopy and flow cytometry analysis (FACS), 

we show that sepiolite can be spontaneously internalized into mammalian cells through 

both endocytic and non-endocytic pathways. As a proof of concept, we show that 

sepiolite is able to stably transfer plasmid DNA into bacteria and mammalian cells. It 

was also proved that with the incubation of bacteria with the Sep/DNA 

bionanocomposite initially prepared in the presence of a low concentration of divalent 

cation, and using sonicated sepiolite (sSep), it is possible to increase the bacterial 

transformation efficiency from 20 to 30-fold compared to previously reported methods 

which are based in the “Yoshida effect”. Additionally, we show that the efficiency of 

sepiolite-mediated gene transfer can be optimized: the use of sSep and the exposure 

to the endosome disrupter chloroquine 100-fold and 2-fold stimulated DNA transfection 

efficiency, respectively. These results open the way to the use of sepiolite-based 

bionanocomposites as a novel class of hybrid nanocarriers for both potential gene 

therapy and the development of novel biological models of interest for academic and 

applied sciences. 



 7!

Résumé 

 

Le transfert d’ADN dans les organismes biologiques représentant un 

enjeu majeur, à la base de stratégies pour la thérapie génique et/ou le 

développement de nouveaux modèles biologiques d’intérêt, à la fois pour la 

recherche fondamentale et appliquée, en médecine, biotechnologique et 

agronomique. Le développement de nouveaux nano-vecteurs utilisant des bio-

nanocomposés, permet le développement de stratégies non-virales pour le 

transfert de gènes ; elles représentent des approches prometteuses pour le 

traitement de maladies génétiques, de pathologies cardiovasculaires, du SIDA, 

de la maladie d’Alzheimer, de différents types de sclérose et du cancer. 

 Les minéraux argileux (silicates naturels d’aluminium ou de magnésium) 

constituent un des plus abondants groupes de solides inorganiques 

interagissant avec la biosphère. En particulier, ils ont été proposés pour être 

impliqués dans la synthèse pré-biotique de biomolécules à l’origine de la vie. 

Grâce à leurs propriétés fonctionnelles, les matériaux «bio-nanohybrides» 

résultant de la combinaison de biopolymères avec des minéraux de l’argile 

pourraient représenter une approche attractive pour des applications 

biomédicales tels que le développement de biocapteurs, des matrices de 

régénération de tissus, de vectorisation de drogues, de vaccination et de 

pansements. 

 La détermination de la nature des interactions des biomolécules 

adsorbées sur les argiles minérales revêt donc une importance majeure pour la 

connaissance de phénomènes fondamentaux aussi bien que pour des 
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applications technologiques allant de la compréhension de l’origine de la vie et 

des écosystèmes du sol, jusqu’à l’ingénierie du génome. Dans le travail 

présenté ici, nous nous focalisons sur la synthèse et la caractérisation physico-

chimique d’un nouveau bio-nanocomposite, dans lequel l’ADN est assemblé à 

des nanofibres de l’argile connue comme sépiolite. En effet, la biocompatibilité 

associée à la taille nanométrique de la sépiolite confère aux nanoparticules 

dérivée de cette argile naturelle, des propriétés prometteuses pour son 

utilisation dans la vectorisation de drogues, et pourrait permettre de disposer de 

nouvelles stratégies de vectorisation de molécules biologiques telles que l’ADN. 

 La sépiolite est un silicate de magnésium naturel de formule théorique 

par unité cellulaire : Si12O30Mg8(OH,F)4(H2O)4,8H2O. La structure de la sépiolite 

montre une alternance de blocs et de tunnels dans la longueur des fibres. Les 

blocs sont constitués de deux couches tétraédriques de silice entourant une 

couche centrale d’oxyde-hydroxyde de magnésium. La discontinuité des 

feuillets de silice autorise la présence de groupements silanol (Si-OH) aux 

extrémités des canaux que sont les tunnels ouverts à la surface externe des 

particules de sépiolite. Les canaux et les tunnels contiennent deux types de 

molécules d’eau : a) les molécules d’eau coordonnée, fixées aux ions Mg2+ 

localisés à la bordure des feuillets octaédriques, et b) l’eau zéolithique, qui est 

associée aux mêmes ions par des ponts hydrogènes. Un des avantages des 

argiles fibreuses, comparé aux argiles plus « conventionnelles » basées sur des 

silicates lamellaires (smectites et vermiculites) est la grande densité de groupes 

silanol à la surface, 2 SI-OH groupes/nm2, ce qui permet la formation de ponts 

hydrogènes, en plus des interactions de van der Waals à l’interface polymère-

silicate. De plus, la sépiolite présente des capacités d’échange de cations (<20 
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mEq/100g) provenant de substitutions isomorphes partielles du magnésium par 

l’aluminium et d’autres métaux trivalents, dans les feuillets octaédriques. La 

surface chargée négativement pourrait donc permettre aussi des interactions 

ioniques lors de l’assemblage de la sépiolite avec des cations inorganiques, 

ainsi qu’avec des molécules chargées positivement. La nature de la surface de 

sépiolite, montrant des surfaces étendues chargées négativement, associée à 

sa morphologie fibreuse, font de la sépiolite une plateforme potentielle de co-

distribution de différentes sortes de molécules actives. En effet, la sépiolite a 

été montrée être capable d’interagir avec des polysaccharides, des lipides, des 

protéines et des virus, donnant naissance à une grande diversité de 

bionanocomposites. On peut souligner que la taille des nanofibres de la 

sépiolite sélectionnée dans ce travail, la rend compatible pour une 

internalisation dans les cellules de mammifères.  De plus, la sépiolite possède 

une fluorescence naturelle stable. En tirant avantage de cette fluorescence 

naturelle, il devrait donc être possible de sélectionner les cellules contenant de 

la sépiolite par les techniques conventionnelles de tri-cellulaire. Enfin, la 

sépiolite est un silicate naturel et abondant qui est considéré comme non 

toxique et non carcinogénique par l’agence internationale de recherche sur le 

cancer (dépendant de l’OMS) et les réglementations européennes. Les tests in 

vitro et in vivo, ainsi que les études épidémiologiques, ont confirmé qu’au moins 

la sépiolite du bassin du Tage en Espagne, ne présentait aucun risque pour la 

santé. 

 Dans ce travail nous montrons que la sépiolite fixe efficacement l’ADN, 

nous présentons une étude détaillée des mécanismes d’interaction entre la 

sépiolite et l’ADN, ainsi qu’une caractérisation physico-chimique du 
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bionanocomposite ADN-sépiolite résultant. Nous montrons également que la 

sépiolite peut être spontanément internalisée par dans les cellules. De  plus, 

nous présentons des preuves de concept montrant que ce système est capable 

de transférer de l’ADN de façon stable dans les cellules de mammifères et que 

l’efficacité du transfert de gène par la sépiolite peut être optimisée. En 

conséquence, la sépiolite pourrait constituer une plateforme prometteuse pour 

la vectorisation de différentes molécules biologiques, dans les cellules de 

mammifère. 

 La sépiolite utilisée dans ce travail est une forme commercialisée 

provenant des dépôts de Vallecas-Vicalvaro près de Madrid. Une première 

analyse en microscopie électronique à transmission (TEM) nous a permit 

d’établir la distribution de tailles de nos échantillons. La largeur moyenne des 

fibres était de 15 nm et environ 80% des fibres étaient de longueur comprise 

entre 200 et 400 nm (le maximum étant 800 nm). Par conséquent, la petite taille 

(associée à la faible toxicité décrite) des fibres de sépiolite, la rend 

potentiellement adéquate pour un accès intracellulaire dans les cellules de 

mammifères.  

 En tirant parti de la fluorescence naturelle de la sépiolite (dans le vert 

excitation à 488 nm et émission entre 498 et 530 nm ; dans le rouge, excitation 

à 532 nm et émission entre 542 et 685 nm) nous pouvons suivre son 

incorporation spontanée dans les cellules de hamster V79. L’analyse a été 

effectuée par microscopie confocale et confirmé en vidéo-microscopie. Cette 

analyse montre l’incorporation (mais aussi la décorporation) spontanée de la 

sépiolite. La cytométrie de flux (FACS) nous a permit d’établir une cinétique 
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d’incorporation : 45% et 55% des cellules étaient fluorescentes après 

respectivement 6 heures et 24 heures de contact avec la sépiolite. 

 Une analyse par TEM a confirmé l’internalisation de la sépiolite dans les 

cellules de mammifère et a révélé que les fibres de sépiolite cytoplasmiques 

étaient entourées de membranes endosomiques, suggérant une entrée par 

endocytose. Plus particulièrement, des structures classiques d’endocytose et 

de macropinocytose ont été observées à la jonction membrane/sépiolite. On 

peut aussi noter que quelques fibres de sépiolite n’étaient pas entourées de 

membranes endosomiques, suggérant une voie alternative à l’endocytose pour 

l’internalisation de la sépiolite. 

 L’implication de la macropinocytose et d’autres mécanismes 

d’endocytose a été confirmée par une analyse par FACS, en présence 

d’inhibiteurs : la chloroquine, qui bloque l’endocytose dépendante des 

clathrines, et l’amiloride qui inhibe la macropinocytose. Alors que la chloroquine 

ne réduit que de 20% l’internalisation de la sépiolite dans les cellules, 

l’amiloride la fait chuter de 50%, montrant que le mécanisme principal est la 

macropinocytose, de façon cohérente avec les observations en TEM. 

 Dans le but d’utiliser la sépiolite comme vecteur d’ADN, nous avons alors 

montré que l’ADN pouvait réellement se fixer sur la sépiolite. De façon 

intéressante, nous avons montré que les cations polyvalents stimulaient 

l’efficacité de fixation de l’ADN à la sépiolite. L’analyse en spectrométrie UV a 

montré en effet l’adsorption de l’ADN sur la sépiolite. De façon intéressant la 

présence de cations polyvalents (Mg2+, Ca2+, spermidine, spermine) stimulent 

fortement l’adsorption de l’ADN de façon directement corrélée à la valence des 
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cations. La vitesse d’adsorption semble très rapide car la plupart des molécules 

d’ADN sont instantanément adsorbées. Ce résultat suggère une prédominance 

des interactions électrostatiques entre la sépiolite et l’ADN avec les liaisons 

hydrogènes des groupements silanol localisés à la surface externe du silicate. 

 Pour les modifications de charge de surface, en présence des cations 

multivalents et de l’ADN, le potentiel zêta a été déterminé par une analyse 

électro-cinétique. De plus, une analyse par spectrométrie infrarouge par 

transformée de Fourrier (FITR) a montré que l’interaction de l’ADN avec la 

sépiolite se faisait par les groupements silanol externes mais pas avec les 

groupements hydroxyl des feuillets octaédriques de la sépiolite. 

 L’analyse par TEM et microscopie en force atomique (AFM) a confirmé 

que les fibres de sépiolite étaient recouvertes d’ADN, à leur surface externe. En 

cohérence avec l’analyse FITR, certaines molécules d’ADN montrent une 

fixation à l’extrémité des fibres et peuvent lier deux fibres différentes. 

 Nous avons alors comparé l’efficacité d’adsorption de différents 

conformations d’ADN: ADN linéaire duplexe (en moyenne 300 bp) contenant 

des séquences complexes (ADN de sperme de saumon), plasmides circulaires 

(5,7 kb), ADN linéaire duplex (dsDNA, 15 bp), ADN simple brin (ssDNA, 15 nt). 

A faible concentration (inférieur à 300 ng.µl-1), le comportement de toutes ces 

formes d’ADN était similaire. A plus haute concentration le ssDNA a montré une 

adsorption deux fois moins efficace. 

 Nous avons alors posé la question de la possibilité de désorption de 

l’ADN de la sépiolite. L’EDTA est un agent de chélation des ions métalliques 

tels que, entre autres, les ions Mg2+, Ca2+, Fe3+. En déplaçant et séquestrant les 



 13!

polycations nécessaires à la fixation de l’ADN sur la sépiolite, il pourrait 

permettre de récupérer l’ADN fixé. De façon intéressante, nous avons obtenu la 

désorption de l’ADN du bionanocomposite en incubant celui-ci avec de l’EDTA. 

En utilisant un ADN plasmidique, nous avons pu estimer la qualité de l’ADN 

récupéré après fixation à la sépiolite. La répartition des différentes isoformes 

d’ADN (super-enroulé, cercle ouvert, linéaire) ne s’est pas trouvé modifié par la 

fixation sur la sépiolite. Ceci montre que la sépiolite n’altère pas la qualité de 

l’ADN et que cette méthode peut être envisagée comme une nouvelle méthode 

de purification d’ADN. 

 Dans le but de tester la capacité du bionanocomposé à transférer de 

l’ADN dans les cellules de mammifères, un composé à été synthétisé 

(Sep/DNA) avec le plasmide pCMV qui code pour un gène conférant aux 

cellules la résistance à la G418. L’interaction du composé Sep/DNA avec les 

cellules a été vérifiée. Le composé Sep/DNA montre un retard d’internalisation 

comparé à la sépiolite seule, vraisemblablement due à la modification du 

potentiel zêta en présence d’ADN. Cependant, les fréquences d’internalisation 

deviennent similaires après 6 heures de contact avec les cellules. L’efficacité de 

transfert d’ADN dans les cellules a été alors mesurée en sélectionnant les 

colonies cellulaires résistantes à la G418, après exposition des cellules au 

Sep/DNA. Après 10 jours de sélection en présence de G418, la présence de 

colonies résistantes démontre la capacité de la sépiolite à transférer de façon 

stable un ADN exogène dans les cellules de mammifère. L’efficacité de 

transfection a alors été comparée en présence des différents cations. La 

présence de CaCl2 stimule légèrement la fréquence de transfection comparé à 

la spermidine et à la spermine, vraisemblablement en raison de la trop forte 
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affinité de l’ADN pour la sépiolite, dans ces conditions. Enfin, il faut noter que la 

sépiolite est capable de transférer de l’ADN dans différents types cellulaires de 

mammifères tels que les V79 (cellule de hamster) ou les U2OS (cellules 

humaines d’ostéosarcome). 

 La sépiolite a la propriété de s’agréger spontanément ce qui peut 

constituer une limitation pour une dissémination homogène. Dans le but de 

désagréger la sépiolite, nous l’avons appliqué des ultrasons (sSep). Des 

bionanocomposites ont été synthétisés avec le plasmide et la sépiolite soniquée 

(sSep/DNA). De façon spectaculaire, la sonication de la sépiolite stimule deux 

ordres de grandeur l’efficacité de transfection dans les cellules humaines. En 

effet, le nombre de colonies transfectantes (résistante à la G418) est passé de 

3 à 350 (par µg d’ADN) avec la sSep en comparaison de la sépiolite. La 

sonication de la sépiolite permet donc une stimulation de plus de 100 fois de 

l’efficacité de transfection. 

 La transfection dans les cellules de mammifères implique plusieurs 

étapes : l’interaction externe avec les cellules, l’internalisation et le re-largage 

de l’ADN dans la cellule. La chloroquine est une base faible peut pénétrer 

rapidement à travers la membrane plasmique et s’accumuler dans des 

vésicules acides en augmentant leur pH. En empêchant l’acidification des 

endosomes, elle inhibe les enzymes d’hydrolyse telles que les protéases et les 

nucléases capables de dégrader les protéines et les ADN. De plus, la 

chloroquine provoque un gonflement conduisant à la rupture des membranes 

des vésicules endosomiques, en augmentant la pression osmotique dans les 

compartiments acides. En raison de ces propriétés, la chloroquine a été 

montrée comme capable de stimuler l’efficacité de transfert de l’ADN. En 
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revanche la chloroquine peut affecter l’efficacité d’internalisation en bloquant les 

voies liées à la grande clathrine. Donc l’exposition à la chloroquine peut avoir 

deux conséquences opposées sur l’efficacité de transfection qui doit donc 

résulter de la balance entre ces deux phénomènes opposés. Cependant nous 

avions montré précédemment que l’endocytose clathrine-dépendante n’était 

utilisée que marginalement avec la sépiolite. Nous avons donc mesuré 

l’efficacité de transfection par sSep/DNA en présence d’amiloride ou de 

chloroquine. Alors que l’amiloride ne produit pas un effet significatif, le 

traitement à la chloroquine a stimulé la fréquence de transfection d’un facteur 2 

dans les cellules humaines. Ces données montrent que, dans les cellules 

humaines et avec le sSEP/DNA, la chloroquine promeut l’échappement des 

endosomes plus efficacement que l’inhibition de l’internalisation. 

 Au vu de nos résultats, nous avons aussi testé la possibilité de stimuler 

de transformation d’un plasmide dans les bactéries. Nous avons dans un 

premier temps visualisé l’interaction de la sépiolite avec les bactéries, par TEM. 

Dans nos analyses nous montrons des contacts entre la sépiolite et les 

membranes bactériennes. Dans la majorité des cas, ces contacts sont localisés 

à l’extérieur des bactéries mais dans certains cas, les fibres de sépiolite 

transpercent la bactérie. 

 A partir de ces données nous avons posé l’hypothèse que nous 

pourrions augmenter l’efficacité de transfection basé sur l’effet Yoshida. 

L’hypothèse en vigueur de l’effet Yoshida est que les forces de friction au 

moment de l’étalement bactéries au râteau sur le milieu agar favoriserait la 

pénétration de l’ADN. Dans cette méthode l’ADN n’était pas pré-assemblé à la 

sépiolite et celle-ci n’était pas soniquée. Nos résultats suggéraient qu’il était 
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possible d’augmenter l’efficacité de transformation bactérienne. En effet, nous 

avons montré que le pré-assemblage de l’ADN sur la sépiolite et la pré-

incubation du complexe Sep/DNA avec les bactéries, avant l’étalement sur les 

boites, stimule de plus de 10 fois l’efficacité de transformation des bactéries.  

 Nous avons alors analysé l’impact des différents cations sur l’efficacité 

de transformation. Nos résultats montrent que l’efficacité de transformation est 

inversement corrélée avec la valence des cations, ce qui pourrait provenir d’une 

plus forte interaction entre l’ADN et la sépiolite. Enfin, nos résultats montrent 

que l’utilisation de sépiolite soniquée (sSep) stimule encore de plus de 2 fois 

l’efficacité de transformation bactérienne. Au total, en comparaison avec les 

méthodes précédentes, les modifications que nous avons apporté (provenant 

des connaissances de récoltées dans l’étude présente) ont augmenté 

l’efficacité de transformation bactérienne de 20 à 30 fois. 

 Compte tenu du fait que nous avons déterminé les conditions de 

désorption de l’ADN de la sépiolite, nous avons testé la possibilité d’extraire de 

l’ADN plasmidique des bactéries. Une culture de bactéries contenant un 

plasmide a été réalisée; après lyse des bactéries le surnageant a été incubé 

avec de la sépiolite en présence de magnésium ; enfin l’ADN a été élué par une 

solution d’EDTA. Nous avons ainsi pu récupérer de l’ADN plasmidique (environ 

80 µg pour 20 ml de culture bactérienne saturée). De plus l’indice de pureté 

(A260/A280) était de 1,7, indiquant un bon niveau de pureté de l’ADN 

plasmidique. L ‘analyse, par électrophorèse et TEM, des différentes isoformes a 

montré une grande majorité des formes super-enroulées ce qui est indicateur 

d’un ADN plasmidique de bonne qualité. Enfin, l’ADN extrait peut être digéré 
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par une enzyme de restriction montrant ainsi qu’il est qualité propre à être 

utilisé pour des expériences de biologie moléculaires. 

 En conclusion, nous avons réussi à synthétiser un nouveau 

bionanocomposite, en assemblant de l’ADN sur de la sépiolite et nous avons 

caractérisé ce complexe par différentes méthodes complémentaires. Nous 

avons aussi montré que la sépiolite était capable de transférer stablement de 

l’ADN dans les cellules de mammifères et dans les bactéries, et nous avons 

développé des stratégies permettant de stimuler fortement l’efficacité de 

transfert. Grâce à ses caractéristiques la sépiolite représente un nano-vecteur 

prometteur. En effet, en plus des propriétés décrites et caractérisées ici, la 

sépiolite possède deux caractéristiques supplémentaires : premièrement, grâce 

à sa fluorescence naturelle, il doit être possible de trier les cellules contenant le 

complexe Sep/DNA par cytométrie de flux ; deuxièmement comme la sépiolite 

est capable aussi de fixer des protéines, elle pourrait donc permettre de co-

transférer des enzymes et de l’ADN, ce qui peut représenter un développement 

futur intéressant notamment pour de nouvelle stratégies de thérapie génique. 

 Grâce à son faible coût, la simplicité et la facilité des méthodes de 

synthèse décrites dans ce travail, les capacités de transfert de gène, les 

possibilités d’augmenter l’efficacité de transfert et les développements futurs 

prometteurs, la sépiolite représente donc une méthode attractive de transfert de 

gène dans les cellules de mammifères. 
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Abbreviations 
 

AIDS acquired immunodeficiency syndrome 

AFM atomic force microscopy 

Al-OH Aluminol groups 

AEC anion-exchange capacity 

ATP Adenosine triphosphate 

BDMA Benzyldimethylamine 

bp – base pairs 

CEC cation-exchange capacity 

CME clathrin-mediated endocytosis 

CNTs Carbon nanotubes 

CvME caveola-mediated endocytosis 

DEAE Diethylaminoethyl 

DMEM Dulbecco’s modified Eagle’s medium 

DNA Deoxyribonucleic acid 

dsDNA double-stranded deoxyribonucleic acid 

EDTA Ethylenediaminetetraacetic acid (C10H16N2O8) 

EGFP enhanced green fluorescent protein  

EMSA electrophoretic mobility shift assay 

FACS fluorescence activated cell sorting 

FBS fetal bovine serum 

FE-SEM field emission-scanning electron microscopy  

FTIR Fourier transform infrared 

GFP green fluorescent protein 

GTP guanosine triphosphate 

HDTMA hexadecyltrimethylammonium 

HEPES 4-2-hydroxyethyl-1-piperazineethanesulfonic acid 

HR homologous recombination 
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IARC International Agency of Research on Cancer 

IR Infrared 

LDH layered double hydroxide 

LDHs layered double hydroxides 

LB Luria-Bertani (medium for the growth of bacteria). 

MEM modified Eagle’s medium 

Mg-OH hydroxyl groups 

OD600 Optical density at 600 nm 

PMED particle-mediated epidermal delivery 

PEI polyethyleneimine 

PGEs pencil graphite electrodes 

PVA Polyvinyl alcohol 

RNA Ribonucleic acid 

Si-OH Silanol Groups 

Sep Sepiolite 

Sep/DNA sepiolite/DNA  

ssDNA single-stranded deoxyribonucleic acid 

sSep sonicated sepiolite 

SWCNTs single-walled carbon nanotubes 

siRNA small interfering RNA 

SMGT sperm-mediated gene transfer 

SPE solid phase extraction 

Tris tris(hydroxymethyl)methylamine 

UV ultra-violet 
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1. General introduction. 

 Transfer of DNA into biological organisms is a pivotal issue to design 

novel promising strategies for gene therapy and/or the development of new 

biological models of interest for both academic and applied medical, 

biological/biotechnological, and agronomic research. Remarkably, the 

development of novel nanocarriers, using bionanocomposites, for non-viral 

gene transfer constitutes a hopeful approach for treatment of genetic disorders, 

cardiovascular diseases, AIDS, Alzheimer, multiple sclerosis and cancer.1–5 

Clay minerals (natural silicates of aluminium and/or magnesium) 

represents one of the most abundant groups of inorganic solids in interaction 

with the biosfere.6 They have been implicated in the prebiotic synthesis of 

biomolecules at origins of life.7 Because of their functional properties, 

bionanohybrids materials resulting from the combination of biopolymers with 

nanoparticles, as for instance clay minerals8–12, represent seductive prospects 

for biomedical applications13,14 such as biosensors, scaffolds for tissue 

engineering, effective drug-delivery nanovehicles, vaccination, and wound 

dressings. 15–22 

Therefore, the determination of the nature of the interactions of 

biomolecules adsorbed on clay minerals is of crucial importance for biological 

fundamental knowledge as well as for applications spanning from the 

understanding of the origin of life, soil ecosystem, to genome-engineering.23 

Here, we focused on the synthesis and physicochemical characterization of new 

DNA-based bionanocomposites, in which nucleic acids are assembled to 

sepiolite nanofibrous clay. Indeed, its biocompatibility and nanoscale 

dimensions of sepiolite provide to this nanoparticulated natural silicate of very 
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promising properties for their application as drug delivery systems, and might 

also providing new strategies for vectorization of biological molecules such as 

DNA.  

Sepiolite is a natural hydrated magnesium silicate 24,25 of theoretical unit 

cell formula Si12O30Mg8(OH,F)4(H2O)4‚8H2O 26,27. The structure of sepiolite 

shows an alternation of blocks and tunnels that grow up in the fiber direction. 

The blocks are constituted by two layers of tetrahedral silica sandwiching a 

central magnesium oxide-hydroxide layer. The discontinuity of the silica sheets 

gives rise to the presence of silanol groups (Si-OH) at the edges of the 

channels, which are the tunnels opened to the external surface of the sepiolite 

particles 28. Tunnels and channels are filled with two types of water molecules: 

• coordinated water molecules, which are bonded to the Mg2+ ions 

located at the edges of octahedral sheets, and  

• zeolitic water, which is associated to the former ions through  

hydrogen bonding.  

One of the advantages of fibrous clays compared to “conventional” clays 

based on layered silicates (i.e. smectites and vermiculites) is the high density of 

surface silanol groups, ca. 2 Si–OH groups/nm2, which allows hydrogen 

bonding in addition to van der Waals interactions at the silicate interface 

interacting with diverse organic species24. Moreover, this silicate shows a 

cation-exchange capacity (<20 mEq/100 g) resulting from partial isomorphous 

substitutions of magnesium by aluminium and other trivalent metals in the 

octahedral sheet belonging to the structure of sepiolite. So, the  negatively 

charged surface could assure also ionic interactions in the assembly of sepiolite 

with inorganic cations, as well as molecular positively charged species. The 



 28!

nature of sepiolite surface showing large specific surface area, negatively 

electrical charge together its fibrous morphology make sepiolite as a platform 

for co-delivery of different kinds of bioactive species. Indeed, sepiolite has been 

shown to interacts with polysaccharides29,30, lipids15, proteins 31–33 and virus34 

giving rise to a great diversity of bionanocomposites14. It must be remarked that 

the length of nanofibers corresponding to the sepiolite selected in this work 

make it suitable for cellular intake, and interestingly have a natural and perfectly 

stable intrinsic fluorescence. Therefore, taking advantage of this natural 

fluorescence, it should be possible to select cells containing sepiolite by 

conventional cell sorting techniques. Finally, sepiolite is a natural and abundant 

silicate which is considered non-hazardous and non-carcinogenic by the 

International Agency of Research on Cancer (IARC) and the European 

guidelines.  

Toxicity of sepiolite clay mineral is controversial as it is apparently related to 

fiber length and crystallinity, which are determined by the geological origin of 

the silicate35. Consistently, in vitro and in vivo tests, as well as epidemiological 

studies, have also confirmed that at least sepiolite from Taxus Basin deposits in 

Spain does not constitute a health risk36. 

In this context, the Nanostructured Hybrid, Biohybrid and Porous Materials 

Group belonging to the Materials Science Institute of Madrid (ICMM-CSIC) has 

pioneered the innovative development of biohybrid materials based on layered 

and fibrous clay minerals combined with biopolymers8,15–17,29,31,32,34,37–39,39–42 

such as polysaccharides (chitosan, alginate, pectin, carrageenans...), proteins 

(gelatin, zein), lipids (phosphatidylcholine), and more recently DNA41 in 

collaboration with the group of Reparation, Recombination and Cancer 
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belonging to the Institute Gustave Roussy (IGR). Indeed, after preliminary 

results obtained at the ICMM-CSIC, the project in which Sepiolite/DNA 

(Sep/DNA) bionanocomposite would be synthesized, characterized and studied 

for possible biomedical applications will be then carried out at IGR, the results 

being integrated in the present PhD dissertation. 

In order to show the fundamentals and to update the basic concepts related 

with the multidisciplinary aspects of this Thesis, it will be necessary to introduce 

some basic concepts on different topics related with life and material science. 

Therefore, the present chapter (Chapter 1) will introduce and discuss the gene 

therapy and DNA transfection, clay minerals, bionanocomposites, the 

interaction between clay minerals and DNA, particularly between sepiolite and 

DNA, and finally, some aspects about bacterial transformation. In turn, Chapter 

2 deals with the used methods for synthesis, characterization and protocols 

developed in this Dissertation. 

The results with the main salient features of this investigation are presented 

and discussed in the following four chapters: Chapter 3 starts with a 

characterization of sepiolite fibers with atomic force microscopy (AFM) and 

transmission electron microscopy (TEM). By combining fluorescent microscopy, 

TEM, time-lapse video microscopy and flow cytometry analysis (FACS), the 

interactions of sepiolite fibers and mammalian cells were studied, including 

dose response of sepiolite dispersion in cancerous cells, the capacity of 

internalization and mechanisms of cellular entry. A detailed physicochemical 

characterization (using spectrophotometer, AFM, TEM, FTIR and zeta potential) 

of sepiolite-DNA interactions will be showed in Chapter 4. UV-vis spectroscopy 

will be used to prove that sepiolite efficiently binds different kinds of DNA 
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(genomic, plasmid, single strand and double strand oligonucleotides) with a 

controlled efficiency, and that it will be also possible to have a controlled 

desorption of previously adsorbed DNA onto sepiolite.  

Biological applications of Sep/DNA bionanocomposite are detailed in the 

following two chapters. In Chapter 5 the study of the internalization of Sep/DNA 

in mammalian cells is presented, in which will be also proved that the 

bionanocomposite is actually able for stably transfer plasmid, with a transfection 

efficiency that can be optimized, being this the main result of the Thesis. In 

addition, some other biological application of the sep/DNA bionanocomposite in 

bacteria, such as the improvement of bacterial transformation, and also DNA 

extraction from bacteria using sepiolite, are introduced in Chapter 6. 

 

1.1. Gene therapy and DNA transfection 

The application of the methods and principles of physics to the study of 

biological systems supposed an outstanding revolution for modern science. A 

paradigmatic case of this was the identification of deoxyribonucleic acid (DNA). 

Thus, in 1869 the Swiss physician Friedrich Miescher was the first one to 

achieve the isolation of what he called “nuclein”43. However, more than a 

century later, there are still a lot of open questions around the physical 

properties of DNA, for instance: How does DNA respond to force and negative 

torque? How does confinement of DNA in cellular nuclei affect the structure and 

dynamics of DNA?44 

The most remarkable success related to DNA description occurred in 1953, 

when the physicist Francis Harry Compton Crick, together with the biologist 
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James Dewey Watson, proposed in the journal Nature the double-helix model of 

DNA structure accepted until today45.  

Beside DNA, there is another type of nucleic acids: the ribonucleic acid 

(RNA). Both, the DNA and the RNA are polymeric chains in which the repeating 

units (known as nucleotides) are joined by covalent bonding between the sugar 

of one nucleotide and the phosphate group of the next one, and form into a long 

polymer or strand of DNA. The result is an alternating sugar-phosphate 

backbone. The DNA molecule comprises two helical chains each coiled round 

the same axis.  

In the DNA molecule, a single strand is irregular and if it consists of N 

monomers, there can be 4N different combinations of bases, so the molecule 

carries 22N bits of information. The sequence of the complementary strand is 

entirely determined by the template strand, and therefore double stranded DNA 

does not carry more information than single stranded, even though it uses twice 

the amount of material. In spite of this, almost all organisms encode their 

genetic information on double-stranded DNA44. Usually the DNA and RNA are 

referred as polynucleotides, and when we talk about small polymers, with only a 

few nucleotides, we referred them as oligonucleotides. 

The phosphate group is a strong acid, and this is the reason that the DNA 

and RNA are referred to as nucleic acids. Each monomer in the DNA or RNA 

provides a negative charge at physiological pH. The sugar chain is the 

backbone of the molecule. Each monomer is associated with a nitrogenous 

base. There are two kinds of bases called purines and pyrimidines. DNA has 
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two purines, adenine (A) and guanine (G) and two pyrimidines, thymine (T) and 

cytosine (C). RNA has the same except that uracil (U) replaces thymine. 

The fundamental role of nucleic acids is the storage and transmission of 

genetic information, since they are present in any life form. Each organism 

carries in each of their cells at least one copy of all its genetic information,  

required by it, and this is termed "genome". Genome size varies greatly 

between organisms. For example the genome of a virus may be only a few 

thousands of base pairs (bp), while the human genome contains about 2x109 bp 

of DNA distributed in 23 chromosomes. The genome of the bacteria E. Coli has 

a size approximately of 4.7x106 bp. 

Taking into account the key role of DNA molecule in the functioning of living 

organisms and also that, as a nucleic acid, is one the three chief molecules 

together with proteins and carbohydrates in living organisms, DNA applications 

vary from medical applications (e.g. DNA vaccines), forensics and advanced 

technology, to anthropology, basic sciences and DNA nanotechnology. Among 

most important opportunities in DNA nanotechnology is the fabrication of 

nanomachines with useful functions44, such as programmable DNA based 

motors that move on linear tracks46, DNA nanorobots that kill cancer cells47 and 

DNA nanohybrids for a next-generation of data storage devices48,49. 

In the last two decades, potential therapeutic bio-macromolecules like 

nucleic acids, including plasmids and small interfering RNA (siRNA), have been 

widely explored for treatment or prevention of various human diseases50, like 

cancer51–57, genetic disorders58–60 and cardiovascular diseases61–63. In terms of 
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delivery, therapeutic nucleic acids must be transported to the nucleus before 

producing their biological effects.  

Plasmids are small circular DNA molecules that are naturally maintained in 

bacteria. To describe non-viral DNA transfer in bacteria and non-animal 

eukaryotic cells (like yeast and plant cells) is used the term “transformation” (or 

bacterial transformation). Such a mechanism is thought to have been involved 

in gene transfers during evolution and particularly in transfers among unrelated 

organisms such as plants and bacteria64. 

The process of deliberately introducing foreign nucleic acids or even 

proteins such as antibodies into the nucleus of mammalian cells using a non-

viral method is called “transfection” (from a blend of “trans”- and “infection” 

terms). Transfection has origins as far back as the 1950s65. Transfectants are 

cells that have incorporated the foreign DNA. If foreign DNA is integrated in 

their genome, cells are called stable transfectant; and if DNA does not integrate 

in the genome but genes are expressed for a limited time such as three-four 

days, then cells are called transient transfectants.  

Gene therapy, in essence, is defined as the insertion, removal, or 

manipulation of one or multiple genes inside a cell to cure a specific disease66. 

It has long been regarded a promising treatment for many diseases, including 

inherited through a genetic disorder (such as hemophilia, human severe 

combined immunodeficiency, cystic fibrosis, etc) or acquired (such as AIDS or 

cancer)67. Gene therapy has three components68:  
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1. Identification of the gene that is mutated in the disease and obtaining 

a healthy copy of that gene. 

2. The carrier or delivery vehicle called vectors to deliver the healthy 

gene to a patient’s cells, and  

3. Additional DNA elements or proteins that turn on the healthy gene in 

the right cells and at the right levels.  

Figure 1.1 shows the percentage of indications addressed in gene therapy 

from 1996 clinical trials reported this year (2014). 

 

Figure 1.1 Indications addressed by gene therapy clinical trials (adapted 
from the Journal of Gene Medicine, © 2014 John Wiley and Sons Ltd in 
http://www.wiley.co.uk/genmed/clinical, update June 2014).  

 

1.1.1. Transfection methods. 

There is a broad range of different transfection methods, which were 

summarized in figure 1.2. Starting from viral vectors to non-viral delivery 
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systems, where two groups were identified: chemical and physical methods. 

Common transfection instrument-based methods include electroporation, 

biolistic technology, micro/nanoinjection and laserfection/optoinjection. Since 

chemical delivery typically relies on the use of electrostatic interactions between 

cationic compounds and the negatively charged backbone of nucleic acids, 

transfection reagents are commonly composed of cationic liposomes and 

cationic polymers, that form electrostatic complexes with the nucleic acids, 

being in this way two typical classes of non-viral chemical vectors methods69. 

They also include calcium phosphate precipitation for DNA transfection70. The 

use of nano-sized carriers or nanocarriers was included in the group of physical 

methods. This is the case of inorganic nanoparticles, magnetic nanoparticles for 

magnet-mediated transfection or magnetofection, and the recent use of clay 

minerals and layered double hydroxides (LDHs, also called anionic clays) to 

prepare DNA-based bionanocomposites suitable for DNA transfection.  
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Figure 1.2 Classification of different transfection methods. 

 

Gene delivery using physical principles has attracted increasing attention. 

These methods usually employ a physical force to overcome the membrane 

barrier of the cells and facilitate intracellular gene transfer. The simplicity is one 

of the characteristics of these methods67. The genetic material is introduced into 

cells without formulating in any particulate or viral system.  

Electroporation is a physical transfection method71, which exposes a cell to a 

high-intensity electric field that temporarily destabilizes the membrane. During 

this time the membrane is highly permeable to exogenous molecules present in 
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the surrounding media. DNA then moves into the cell through these holes, and 

when the field is turned off, the pores in the membrane reseal, enclosing the 

DNA inside. 

Hydroporation, also called hydrodynamic gene delivery method, is the most 

commonly physical method used for gene delivery to hepatocytes in rodents72. 

Similar to the mechanism of electroporation where membrane pores are 

generated by ion movement in an electric field, the hydrodynamics-based 

procedure generates membrane pores by a highly pressured solution in the 

liver72. Intra-hepatic gene delivery is achieved by a rapid injection of a large 

volume of DNA solution via the tail vein in rodents, that results in a transient 

enlargement of fenestrae, generation of a transient membrane defect on the 

plasma membrane and gene transfer to hepatocytes73. This method has been 

frequently employed in gene therapy research. In order to apply this simple 

method of gene administration to the clinic, efforts have been made to reduce 

the injection volume and avoid tissue damage67. 

Sonoporation utilizes ultrasound to temporally permeabilize the cell 

membrane to allow cellular uptake of DNA. This method has been applied in the 

brain, cornea, kidney, peritoneal cavity, muscle, and heart, among others. Low-

intensity ultrasound in combination with microbubbles has recently acquired 

much attention as a safe method of gene delivery74. The use of microbubbles as 

gene vectors is based on the hypothesis that destruction of DNA-loaded 

microbubbles by a focused ultrasound beam during their microvascular transit 

through the target area will result in localized transduction upon disruption of the 

microbubble shell while sparing nontargeted areas. The therapeutic effect of 
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ultrasound-targeted microbubble destruction is relative to the size, stability, and 

targeting function of microbubbles67. 

Biolistic transformation75 is the delivery of nucleic acids into cells via high 

velocity nucleic acid–coated metal microparticles (tungsten or gold), more 

commonly referred to as a gene gun. This method can also deliver DNA in vivo 

for gene therapy, as for example in particle-mediated epidermal delivery 

(PMED)76, shown to induce protective levels of antibody and T-cell responses in 

animals and humans against a wide variety of diseases, including influenza. 

Biolistic transformation could be also called ballistic DNA injection, particle 

bombardment or micro-projectile gene transfer67. The accelerating force for 

DNA-containing particles can be high-voltage electronic discharge, spark 

discharge or helium pressure discharge. One advantage of this method is that it 

allows delivering of precise DNA doses. However, genes express transiently, 

and considerable cell damage occurs at the centre of the discharge site67. This 

method has been used in vaccination against the influenza virus76 and in gene 

therapy for treatment of ovarian cancer77.  

Microinjection is the direct injection of naked DNA. The DNA is directly 

injected through a needle-carrying syringe into tissues. Several tissues have 

been transfected by this method: muscle, skin, liver, cardiac muscle, and solid 

tumors73. DNA vaccination is the major application of this gene delivery 

system78. The efficiency of needle injection of DNA is low; moreover, 

transfection is limited to the needle surroundings. Interestingly, some recent 

reports indicates a new low-invasive gene delivery method with the use of 

nanoneedle technology for DNA delivery using atomic force microscopy 

(AFM)79, which could be called nanoinjection. The nanoneedle is 200 nm in 
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diameter, 6 µm in length, is operated using an AFM system and could be 

inserted into the nucleus directly without causing significant cell damage80. With 

nanoinjection a highly efficient gene delivery of over 70% was achieved in 

human cells, which compared very favorably with other major nonviral gene 

delivery methods (lipofection approximately 50%, microinjection approximately 

10%)81. 

In the laserfection/optoinjection82–84, the procedure uses laser light to 

transiently permeabilize a large number of cells in a very short time. Various 

substances can be efficiently optoinjected, including ions, small molecules, 

dextrans, siRNA, plasmids, proteins, and semiconductor nanocrystals, into 

numerous cell types. 

The use of cationic lipids as transfecting agents of DNA has received an 

increasing attention in the last two decades85. Cationic liposomes include lipid-

mediated gene delivery, which is also referred to as lipofection, or liposome-

based gene transfection. It uses lipids to cause a cell to absorb exogenous 

DNA. Transfer of genetic material into the cell takes place via liposomes, which 

are vesicles that can merge with the cell membrane since they are both made of 

a phospholipid bilayer. 

Cationic polymers include polyethyleneimine (PEI) and dendrimers. 

Dendrimers have attracted intense interest since their emanating research in 

the 1980s and are extensively studied as efficient DNA delivery vectors in gene 

transfer applications86, due to their unique features based on the well-defined 

and multivalent structures87.Cationic polymers differ from cationic lipids in that 

they do not contain a hydrophobic moiety and are completely soluble in water. 

Given their polymeric nature, cationic polymers can be synthesized in different 
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lengths, with different geometry (linear versus branched). The most striking 

difference between cationic lipids and cationic polymers is the ability of the 

cationic polymers to more efficiently condense DNA. There are three general 

types of cationic polymers used in transfection: Linear (histone, spermine, and 

polylysine), branched and spherical.  

Calcium phosphate is the oldest and most inexpensive non-viral chemical 

procedure for DNA transfection.  The protocol involves mixing DNA with calcium 

chloride, adding this in a controlled manner to a buffered saline/phosphate 

solution, and allowing the mixture to incubate at room temperature. This step 

generates a precipitate that is dispersed onto the cultured cells. Cells via 

endocytosis or phagocytosis take up the precipitate. Additional modifications to 

the calcium phosphate method that can achieve higher efficiencies include 

glycerol shock88 and/or chloroquine treatment89. 

 

1.1.2. Nanocarriers for DNA transfection. 

Searching for efficient and safe transport nanocarriers to delivery 

biomolecules and drugs into cells has been challenging and exciting area of 

research90. Increasing efforts in research and development worldwide have 

been devoted to various inorganic materials as novel non-viral nanocarriers in 

the last decade91–93. Many inorganic materials, such as gold, carbon nanotubes, 

inorganic nanoparticles, silicon oxide, iron oxide and LDH, have been studied 

for this purpose90. 

 Although recent studies indicate that carbon nanotubes (CNTs) exhibit 

high toxicity94–96 and could be carcinogenic97, it was reported that CNTs also 

provide another promising vector system for the target delivery of drugs, 
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proteins and genes because of their good biocompatibility, low cytotoxicity, 

unique physicochemical properties in chemistry, electrics, optics and 

mechanics90. More importantly, CNTs offer some interesting advantages over 

spherical nanoparticles for biomedical and biological applications. For instance, 

their large inner volume allows the loading of small biomolecules while their 

outer surface can be chemically modified to render themselves various novel 

features that can be used to load proteins and genes for effective drug 

delivery98–100. 

 Inorganic nanoparticles generally possess versatile properties suitable 

for cellular delivery, including wide availability, rich functionality, good 

biocompatibility, potential capability of targeted delivery (e.g. selectively 

destroying cancer cells but sparing normal tissues) and controlled release of 

carried drugs90. They can be easily prepared and surface-functionalized. They 

exhibit good storage stability, are not subject to microbial attack74, show low 

toxicity and promise for controlled delivery properties, thus presenting a new 

alternative to viral carriers and cationic carriers. However, it is noted that the 

cellular transfer efficiency with existing inorganic nanoparticles is relatively 

low90.  

 Silica-coated nanoparticles are biocompatible structures that have been 

used for various biological applications including gene therapy due to its 

biocompatibility101. Mesoporous silica nanoparticles have shown gene 

transfection efficiency “in vitro” in glial cells102. Gold nanoparticles have been 

lately investigated for gene therapy. For instance, gold nanorods have been 

proposed to deliver nucleic acids to tumours74. The near-infrared light can 

penetrate deeply into tissues; therefore, the surface of the gold could be 
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modified with double-stranded DNA for controlled release103. After irradiation 

with near-infrared light, single stranded DNA is released due to thermal 

denaturation induced by a photothermal effect67.  

One interesting kind of nanocarrier, which increases transfection efficiency, 

are certain magnetic nanoparticles. The magnet-mediated transfection or 

magnetofection uses magnetic force acting on gene vectors that are associated 

with magnetic particles104,105. Then, application of magnetic force drives the 

nucleic acid–particle complexes toward and into the target cells, where the 

cargo is released. 

 

1.1.3. Nanocarriers based on clay minerals for DNA transfection. 

The potential to employ clay-based nanohybrids (bionanocomposites), for 

non-viral gene delivery is also being explored in recent years. The protective 

effect of clay nanoparticles has been convincingly demonstrated by the ability of 

clays to mediate the transfection of gastro-intestinal cells following oral delivery 

of DNA clay-complexes106.  

Gene delivery with montmorillonite indicated protection against DNA 

degradation within both the acidic environment of the stomach and the 

nuclease-rich intestinal environment107, and successfully delivered the DNA into 

cells of the small intestine. Another approach employed montmorillonite 

modified with alkylammonium cations to which is assembled DNA to achieve 

transfection of dermal fibroblasts, albeit at a low efficiency2. Authors propose 

that the presence of the hexadecyltrimethylammonium (HDTMA) cations 

intercalated into the interlayer of montmorillonite is able to act as a layer 

expander that facilitates DNA accommodation, however not experimental proof 
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of this intercalation is afforded. Anyway, DNA remains adsorbed on the 

organoclay and it was successfully transfected into the nucleus of human 

dermal fibroblast and expressed enhanced green fluorescent protein (EGFP) 

gene with green fluorescence emission2. 

An hybrid material using the layered silicate rectorite was developed as 

novel non-viral vector, which combines the advantages of both biopolymer and 

clay in a gene delivery system108. Rectorite was employed to enhance the utility 

of chitosan as a gene delivery vector. Incorporation of rectorite significantly 

improved the complexation of DNA compared with chitosan alone and 

enhanced the transfection efficiency to achieve 90% transfection after 5 days in 

vitro. Robust GFP expression in the gastrointestinal tract following oral delivery 

again indicated the protective effect of the clay on the plasmid108.  

Gene transfer using clay minerals was already reported in the production of 

transgenic animals. The sperm-mediated gene transfer (SMGT) is based on the 

intrinsic ability of sperm cells to bind and internalize exogenous DNA molecules 

and to transfer them into the oocyte at fertilization109. Recently, halloysite clay 

nanotubes were used as a transfection reagent to improve transgene 

transmission110, proving that nano-SMGT is able to transmit exogenous DNA 

molecules to bovine embryos. In this research, four transfection systems were 

used: naked DNA (without carrier), lipofection, chemical (with a polymer), and 

halloysite clay nanotubes. According to their results, nanotransfectants were 

more effective than other common transfection methods for SMGT110–114. 

Biocompatible nanoparticles, like inorganic LDHs, possessing negligible 

toxicity, high anionic exchange capacity, and pH dependent solubility, have 

attracted increasing attention as nano-carriers for drugs and bio-active 
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molecules1,111–114. A number of experiments have been reported involving the 

intercalation (loading) of nucleotides, oligonucleotides and genes into the LDH 

interlayer1,114,115, the cytotoxicity of LDH materials to the cells115,116, the cellular 

uptake of LDH nanoparticles1,116,117, and the in vitro gene transfection tests in 

different cell lines1,116 as well as target delivery by conjugating the antibody 

protein116. These investigations indicate that the use of LDH nanomaterial as 

delivery vectors can improve the cellular uptake of biomolecules118, and could 

be used as an effective gene delivery system119. Thus, for instance, it has been 

reported that by using LDH nanoparticles as vectors, the transfer of ATP into 

HL-60 cells can be speeded up by 25, 12 and 4 times as compared with the 

ATP solution delivery after incubation for 2, 4 and 24 h, respectively, at 37 ◦C 

and pH = 7.4118. 

 It was also reported the LDHs as DNA delivery vector in order to enhance 

anti-melanoma immune response120. Here, over 60% tumour-free and inhibition 

of melanoma growth was observed in mice that treated with DNA/LDH 

complexes, whereas no tumour-free mice were found in the control group. After 

treatment with DNA/LDH complexes, it was observed a significant delay in 

tumour growth and potent prolongation of mean survival time (from 35 to 50 

days). These results suggested that the LDHs mediated cellular transportation 

could significantly enhance the therapeutic efficacy of DNA immunization, as 

well as protective immunity against tumour119. 

 

1.1.4. Comparison of transfection methods. 

A comparison of viral and non-viral transfection methods, with advantages 

and disadvantages, are shown in table 1.1. Chemical methods for non-viral 
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transfection are also compared in table 1.2 and physical methods in table 1.3 -

1.4. Information about some methods were summarized, adapted and 

complemented from http://www.bio-rad.com, and https://www.mirusbio.com.  

Transfection 
method 

Advantages Disadvantages 

Viral vectors 

High efficiency; 
Simplicity of infection; 
Sophisticated endosomal 
releasing mechanisms121. 

Limited clinical application because strong 
immunogenicity and potential fatal adverse 
effects122–125; Possible oncogenic effects; 
Labor intensive; P2 containment required for 
most viruses; Institutional regulation and 
review boards required; Viral transfer of 
regulatory genes or oncogenes is inherently 
dangerous and should be carefully monitored; 
Host range specificity may not be adequate; 
Many viruses are lytic; Need for packaging 
cell lines. 

Non-viral 
nanocarrier 

Relatively low toxicity and 
immune response; 
biocompatibility and 
controllability. 

Generally poor efficiency126. 

 

Table 1.1 Comparison between viral and non-viral transfection methods. 

 

Transfection 
method 

Advantages Disadvantages 

Lipid-mediated 
gene delivery 

 
 

Deliver nucleic acids to cells in a 
culture dish with high efficiency; Easy 
to use, minimal steps required; 
adaptable to high-throughput 
systems; Using a highly active lipid 
will reduce the cost of lipid and 
nucleic acid, and achieve effective 
results. 

Not applicable to all cell types 

Cationic 
polymers 

Inexpensive, easy to perform and 
quick, can be applied to a wide range 
of cell types. 

In high concentrations can be toxic 
to cells; Transfection efficiencies will 
vary with cell type; Can be used 
only for transient transfection; 
Typically produces less than 10% 
delivery in primary cells. 

Calcium 
phosphate 

Inexpensive, high efficiency (cell type 
dependent), can be applied to a wide 
range of cell types, can be used for 
transient and stable transfection. 

Ineffective for hard-to-transfect 
cells;Very sensitive to changes in 
pH, often lacks reproducibility, and 
requires large quantities of DNA.  

 

Table 1.2 Comparison between chemical transfection methods. 
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Transfection 
method 

Advantages Disadvantages 

Electroporation Easy to perform, High efficiency in a 
wide range of cell types 

High cell mortality 

Hydroporation 

Simple, convenient, and efficient 
method for intracellular delivery in 
vivo in hepatic cells72.  

Other tissues have not been fully 
explored. Hydrodynamic impact 
at cellular level is not 
homogenous. High injection 
volume and tissue damage. 

Sonoporation 

Non-invasive and site-specific. Could 
make it possible to destroy tumour 
cells after systemic delivery, while 
leave non-targeted organs 
unaffected74. 

Gene delivery efficiency seems 
to be dependent on the intensity 
of the pulses, frequency and 
duration73. 

Laserfection/ 
Optoinjection 

Very efficient; works with many cell 
types; fewer cell manipulations 
needed. 

Requires the cells to be 
attached; expensive laser-based 
equipment needed. 

Biolistic particle 
delivery 

Simple, rapid, versatile technique; 
Cell type independent; Uses small 
amounts of DNA; Delivers single or 
multiple genes; No carrier DNA 
needed; Can deliver large DNA 
fragments; No extraneous genes or 
proteins delivered; Requires little 
manipulation of cells; High 
reproducibility; allows delivering of 
precise DNA doses. 

Generally lower efficiency 
compared to electroporation or 
viral- or lipid-mediated 
transfection; Limited bacterial 
transfection data; Preparation of 
microparticles; Instrument cost; 
Genes express transiently and 
considerable damage occurs at 
the centre of the discharge site. 

Microinjection 
Can be used for many animals. Laborious (one cell at a time); 

Technically demanding and 
costly. 

 

Table 1.3 Comparison between instrument-based transfection methods. 

 

 

 

 

 



 47!

 

Transfection 
method 

Advantages Disadvantages 

Inorganic 
nanoparticles 

mediated 
transfection. 

(Silica coated, 
gold) 

Wide availability, rich functionality, 
good biocompatibility, potential 

capability of targeted delivery (e.g. 
selectively destroying cancer cells 

but sparing normal tissues) and 
controlled release of carried drugs90. 

They can be easily prepared and 
surface-functionalized, exhibit good 
storage stability, are not subject to 
microbial attack74, show low toxicity 
and promise for controlled delivery 

properties. 

Relatively low cellular transfer 
efficiency. 

Magnet-
Mediated 

Transfection 

Rapid; Increased transfection 
efficiency by the directed transport, 
especially for low amounts 
of nucleic acids; High transfection 
rates for adherent mammalian cell 
lines and primary cell cultures 
(suspension cells and cells from 
other organisms also successfully 
transfected but need to be 
immobilized); Mild treatment of cells; 
Can also be performed in the 
presence of serum. 

Relatively new method; Requires 
adherent cells; suspension cells 
need to be immobilized. 

CNT´s 
mediated 

transfection 

Large inner volume which allows the 
loading of small biomolecules; the 
outer surface can be chemically 
modified to render themselves 
various novel features that can be 
used to load proteins and genes. 

High toxicity; could be 
carcinogenic. 

Clay minerals 
– based 

nanocarriers for 
transfection . 

Rich array of possible interactions 
between clay and DNA and other 
biomolecules with potential interest 
for the synthesis of new 
bionanocomposites for transfection; 
protective effect of clay nanoparticles 
against DNA degradation; negligible 
toxicity. The incorporation of certain 
clays could significantly improve the 
complexation of DNA. 

Low transfection efficiency; 
variable clay dose response in 
different cell lines; more work is 
needed to elucidate the 
mechanisms for the potential in 
vitro cytotoxicity of certain clay 
formulations, cellular uptake  and 
the controversial importance of the 
effect of particle size and surface 
area in cytotoxicity. 

 

Table 1.4 Comparison of different nanocarriers for non viral gene therapy. 
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1.1.5. Cellular internalization and intracellular fate of the nanocarriers. 

The success of any gene transfer procedure strictly depends upon the 

efficiency of nucleic acid internalization by the target cells. As a matter of fact, 

making gene transfer more safe and efficient remains the most relevant 

challenge to the clinical success of gene therapy127. 

The plasma membrane lipid bilayer, which is apolar and hydrophobic, 

constitutes an impermeable barrier to large and charged macromolecules such 

as DNA and RNA, since, at physiological pH, phosphates in the nucleic acid 

backbone are deprotonated and thus negatively charged. Nucleic acids are also 

unstable in physiological conditions and generally unable to cross the cell 

membrane. Therefore, the entry of these polyanions into the cells needs to be 

facilitated, usually by exploiting the same cellular mechanisms that normally 

allow macromolecule internalization. Alternatively, nucleic acids can be loaded 

vectored into the cells within biological particles that are naturally capable of 

crossing biological membranes, such as viruses127. 

Nanocarriers are promising tools for biology, because they provide a unique 

opportunity to overcome cellular barriers to improve the delivery of therapeutic 

nucleic acids and proteins128. These barriers include susceptibility of DNA to be 

degradated by endogenous nucleases in serum or blood, incapability of DNA to 

cross plasma membrane unassisted because their negative charges and 

hydrophilic behaviour. Then, an effective nucleic acid delivery nanocarrier must 

be able to perform several functions to achieve successful transfection: 

• Have a good biocompatibility and low cytotoxicity.  
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• Be available or readily synthesised with adequate particle 

size. 

• Bind nucleic acids. 

• Protect nucleic acids from enzymatic degradation. 

• Have an optimum zeta potential and surface functionalization 

to promote cellular uptake. 

• Have physicochemical stability during the whole delivery 

process. 

• Promote endosomal escape and release nucleic acids into the 

cytoplasm. 

• Promote nuclear entry. 

As the increasing of the delivery efficiency of nanocarriers remains an 

important challenge for the clinical development of non-viral vectors129, it is 

crucial to study one of the most important steps for non-viral gene delivery: the 

cellular process (including cellular uptake, transport, endosomal escape and 

nuclear localization).  

Between all intracellular events, the cellular uptake mechanism is the 

most essential to the nanocarrier efficiency and intracellular fate. Different 

cellular uptake pathways have different intracellular fates69. Some researchers 

have shown that cellular uptake could affect other cellular processes and, 

consequently, transfection efficiency130,131. Understanding cellular uptake 

mechanisms,! the intracellular fate of the nanocarrier, and their effects on 

transfection efficiency is crucial to engineering successful reagents or vectors 

for non-viral gene transfection132. 
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After the vectors attach to the cell membrane, there are various 

mechanisms of nanocarrier cell internalization that are dramatically influenced 

by its physicochemical properties (size, surface charge properties and shape) 

and the nature of the target cells130. The cellular uptake is divided in endocytic 

pathways and non-endocytic pathways, which are summarized in figure 1.3. 

Endocytic groups involves phagocytosis and non-phagocytosis pathways which 

encompasses macropinocytosis, clathrin- and caveola-mediated endocytosis133 

(CME and CvME respectively).  

 

 

 Figure 1.3 Different mechanisms for cellular uptake. 

As it is possible to observe in figure 1.4, different endocytosis pathways 

yield different intracellular fates for vectors, which could potentially explain why 

the same vector differs in its transfection efficiency in various cell modes. After 

their entry into the cells, vectors must escape from the endosome or avoid the 

endo-lysosomal (endosomal and lysosomal) pathway through certain 
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endocytosis pathways69. After escaping the endosome and then entering the 

cytoplasm, vectors must release DNA or siRNA and finally perform their 

function in the cytoplasm134. In addition, DNA has to be transported into the 

nucleus. 

 

Figure 1.4 Schematic representation of different endocytic pathways, 
from reference119. 

 

As it is also possible to observe in figure 1.4, after endocytosis the 

exogenous particles are immediately transported into the endocytic vesicles. 

Initially, the delivery vectors are trapped in the early endosomes where the pH 

drops from neutral to around pH 6. Early endosomes may fuse with sorting 

endosomes in which the internalized content can be recycled back to the 

membrane and transported out of the cell by exocytosis50. Nucleic acids that fail 

to be released from these acidic vesicles will ultimately be degraded136,137. 

Like some kind of cellular protection, exogenous particles, including 

delivery systems and nanocarriers are more often trafficked to late endosomes 
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which are rapidly acidified to pH 5–6. Subsequently, the late endosomes fuse 

with lysosomes concomitant with a further reduction to acidic pH (approximately 

pH 4.5) and degradation by proteases and other degradative enzymes.  

Therefore, the pH reduction and the enzymatic degradation process in 

endosomes/lysosomes is an efficiency-limiting step for successful nucleic acid 

delivery134. Ideal vectors should release their contents from these acidic 

compartments at an early stage to prevent the fate of lysosomal destruction. 

The transfection efficiency of nucleic acid delivery systems is correlated 

not only to the level of cellular uptake but also with their ability to escape from 

endosomal compartments138. The cellular endosome is a major barrier to 

efficient gene transfer, and therefore an endosome escape mechanism is a 

necessary feature of nonviral complexes. Some nucleic acid delivery systems 

successfully attain high cellular uptake, but fail to achieve good transfection, 

partly due to their deficiency of endosomolytic property139. 

Phagocytosis is a special type of endocytic pathway which plays a critical 

physiological role in the defence of the organism against nonself elements, 

infectious agents (most bacteria and some viruses) as well as exogenous inert 

particles including drug delivery nanoparticles133. It primarily exists in 

professional phagocytes such as macrophages, monocytes neutrophils, and 

dendritic cells140. Phagocytic pathway is mediated by cup-like membrane 

extensions that are usually larger than 1 µm to internalize large particles such 

as bacteria or dead cells. Understanding of the mechanism of phagocytosis is 

very helpful to the non-viral gene therapy of macrophage-dominated immune 

diseases such as rheumatoid arthritis. In addition, a phagocytosis-like 
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mechanism was proposed for the uptake of large lipoplexes and polyplexes that 

are larger than can be taken up by the classic CME pathway141. 

Compared with phagocytosis, other nonphagocytic pathways such as 

CME, caveolae-mediated endocytosis (CvME), and macropinocytosis occur in 

almost all kinds of cell types142. CME is the best-characterized type of 

endocytosis, which occurs constitutively in all mammalian cells, and fulfils 

crucial physiological roles, including nutrient uptake and intracellular 

communication. For most cell types, CME serves as the main mechanism of 

internalization for macromolecules and plasma membrane constituents133.  

This pathway is receptor-dependent, clathrin-mediated, and GTPase 

dynamin-required143. In this pathway, a series of downstream events are 

activated after the recognition of ligands by receptors on the cell surface. 

Clathrins assemble in the polyhedral lattice right on the cytosolic surface of the 

cell membrane, which helps to deform the membrane into a coated pit with a 

size about 100–150 nm144. This process is energy dependant mediated by 

GTPase dynamin. As the clathrin lattice formation continues, the pit becomes 

deeply invaginated until the vesicle fission occurs. In the next step of the CME 

pathway, the endocytosed vesicles internalized from the plasma membrane are 

integrated into late endosomes and finally transported to lysosomes69. 

Other pathways have been recently described, such as CvME, 

considered the major one. Caveolae are characteristic flask-shaped membrane 

invaginations, having a size generally reported in the lower end of the 50–100 

nm range145–148 typically 50–80 nm. They are lined by caveolin, a dimeric 

protein, and enriched with cholesterol and sphingolipids. Caveolae may 
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constitute 10–20% of the cell membrane which is an expression of its 

abundance in endothelial cells149. CvMEs receive increasing attention for drug 

delivery applications using nanocarriers133. 

Macropinocytosis is another type of clathrin-independent endocytosis 

pathway150, that non-specifically takes up a large amount of fluid-phase 

contents through the mode called fluid-phase endocytosis151. It occurs in many 

cells, including macrophages145. Macropinocytosis occurs via the formation of 

actin-driven membrane protrusions, which is similar to phagocytosis. However, 

in this case, the protrusions do not zipper up the ligand-coated particle; instead, 

they collapse onto and fuse with the plasma membrane133. The 

macropinosomes have no apparent coat structures and are heterogenous in 

size, but are generally considered larger than 0.2 µm in diameter150,152. This 

endocytic pathway does not seem to display any selectivity, but is involved, 

among others, in the uptake of nanocarriers133. 

The endocytosis inhibitors for the study of intracellular fates of complexes 

are also very important69 in order to distinguish between different pathways, and 

more importantly, for increasing the DNA delivery efficiency since they could be 

able to promote endosomal escape. For example, to distinguish the phagocytic 

and macropinocytic pathways with CME and CvME pathways, the commonly 

used inhibitors and methods for phagocytic and macropinocytic pathways are: 

inhibitors of sodium-proton exchange “amiloride and its derivatives”, F-

actindepolymerizing drugs “cytochalasin D and latrunculins”, inhibitors of 

phosphoinositide metabolism “wortmannin and LY290042”, and protein kinase 

C activator “phorbol esters”. Within these inhibitors, amiloride and its derivatives 

may be considered as the first choice for their fewest side effects69. Other 



 55!

inhibitors like monensin and bafilomycin A can inhibit the acidification of 

endosomes, thus preventing their maturation and fusion into lysosomes153.  

Chloroquine is a weak base that can rapidly penetrate the plasma 

membrane, accumulate in acidic vesicles and increase the pH of the acidic 

compartment154,155. Preventing endosome acidification subsequently inhibits 

hydrolytic enzymes such as proteases and nucleases156. In addition, 

Chloroquine also causes the swelling and rupture of endosomal vesicle by 

increasing the osmotic pressure inside the acidic compartment137. Since it can 

neutralize acidic compartment and induce rupture of endocytic vesicles, adding 

chloroquine has been shown to improve nucleic acid transfer157. 

Last but not least, the cell-dependence of inhibitors should be noted 

when experiments are carried out.  

 To date, two non-endocytic pathways were reported. First one is the 

most studied and characterized related to the formation of holes in the cell 

membrane, called “penetration”158,159. In this case, the vector could have the 

ability to be taken up without endocytic events160, and can directly penetrate cell 

membranes in a receptor-, and energy-independent way. An analogous case of 

penetration was also reported for direct translocation of CNTs through the 

plasma membrane161, which has been termed by some as the “nanoneedle” 

mechanism100,162–165. It was also reported that cells exhibited different uptake 

pathways (both energy-dependent and independent mechanisms) for CNTs 

with different dimensions in terms of diameter and length166,167 depending on 

nanotube length, degree of aggregation (and aggregate dimensions) and 
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surface coat, which could be critical parameters that can switch uptake 

mechanisms from one to another166. 

The second non-endocytic pathway is called “fusion”, which is special for 

lipoplexes, as it can cause a direct release of DNA to the cytoplasm before 

entering the endocytic pathways. However, more and more evidences suggest 

that fusion with the cell membrane contributes minimally to the overall uptake of 

lipoplexes, while the CME plays an important role in the uptake of lipoplexes168. 

There have been few studies on non-endocytic pathways, and more efforts are 

needed to have a comprehensive understanding of these pathways for the 

improvement of non-viral gene delivery. 

There are many factors that are involved in the selection of uptake 

pathways of non-viral gene complexes. These factors include particle size, 

particle surface charge, particle shape, cell type, and even culture condition. 

Because the complexes of different nanocarriers as vectors for DNA or siRNA 

are usually a group of heterogeneous particles with diverse sizes, surface 

charges, and shapes, several uptake pathways may be involved in the 

internalization of one kind of complexes into a single cell type69. Particle size is 

a very important factor for the pathway selection of complexes. 

Macropinocytosis is also very important for the uptake of large particles of 

polyplexes (>500 nm)132. Complexes with sizes smaller than 500 nm are mainly 

taken up by CME and CvME131. 

The charge density of a complex is also an important factor for its uptake. 

The cell membrane consists of a bilayer of lipid and anionic membrane proteins. 

These anionic proteins are very helpful to the uptake of cationic complexes. 

However, once the net positive charge falls to neutral, the uptake efficiency will 
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be inhibited a lot. This is because the neutral charge density will weaken the 

interaction between complexes and membrane proteins, and it will also increase 

the aggregation of complexes, which will make them large and hard to be 

internalized69.  

Consequently, driving forces for transfection such as electrostatic, 

hydrophobic and hydrophilic (polar) forces, are determined by surface 

functionalization, in order to load/carry biomolecules onto nanocarriers. In a 

similar way, functionalization can also alter the adhesive interactions with cell 

membranes, especially the electrostatic interaction. It was already reported that 

electrostatic interaction is the primary force to drive nanocarriers to approach 

the cell surface while hydrophobic and hydrophilic interactions help recognise 

the specific domains of cell surface90. The zeta potential is the critical parameter 

that indicates the strength of electrostatic interaction, which could vary from 6 to 

50 mV. A higher zeta potential provides a stronger driving force, leading to a 

fast approaching and quick adhering onto the surface of a cell. On the other 

hand, a lower zeta potential causes a slow approaching to the cells and thus 

nanocarriers may flow away from the targeted cells during the circulation. There 

may be an optimum zeta potential for the nanoparticle-biomolecule delivery to a 

specific cell under a certain condition90. 

For cellular delivery it is also very important to have the right balance 

between chemical stability and biodegradability. Excepting anionic clays i.e. 

LDHs (section 1.2.3), most of nanocarriers like inorganic nanoparticles are 

chemically stable, constituting an excellent feature so that their physicochemical 

properties can be kept unchanged during the whole delivery process. However, 

the chemical stability also keeps nanoparticles from being biodegraded in 
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plasma and cytoplasm of a human body. As a result, these nanoparticles will be 

either accumulated in cells, circulated in plasma or metabolised away. Most 

nanoparticles are believed to accumulate in the cells once they are 

endocytosed. This is because it would be difficult for such big nanoparticles to 

be exocytosed. In this case, the nanoparticles inside the cells act as an inducer 

of a time-bomb for the cell when more nanoparticles are endocytosed90. 

The influence of particle shape on endocytosis has been only recently 

investigated. The predominance of certain factors like the nature, size and the 

surface charge of the nanodevices; multiple endocytic pathways that can also 

be involved simultaneously (CME, CvME, macropinocytosis), could lead to 

differences between preferred optimal shape. For example, in some cases, it 

was found that spherical nanoparticles had a higher and faster rate of 

endocytosis compared to rods or disks, as demonstrated using different 

nanoparticles169,170. On the contrary, other studies suggested preferential 

uptake of rod-shaped171 or cylindrical172 particles. Thus, no general tendency 

can be determined yet. The influence of particle shape on the intracellular 

trafficking also deserves more insight133. 

We will now introduce the clay minerals as a novel physicochemical 

strategy for vectorization of biological molecules. 

 

1.2. Clay minerals. 

In Earth, the so-called clay minerals represents one of the most abundant 

groups of inorganic solids in interaction with the Biosphere6 . They are silicates 

of aluminum and/or magnesium structured in tetrahedral and octahedral 
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environments arranged as sheets that share oxygen atoms. Clay minerals have 

been implicated in the prebiotic synthesis of biomolecules and the origins of life. 

They are considered very interesting materials due to their wide variety, 

abundance in nature, low cost, low toxicity and environmental friendliness. They 

also present high reactivity and modification capacities, giving them a large 

number of applications ranging from more conventional (in ceramics and paper 

fabrication) to the newest (rheological agents, selective adsorbents and diverse 

advanced materials)173. The long history of the use of clay minerals in the 

context of human health and disease is largely attributable to its rich physical-

chemistry behaviour8,14, as well as their ability to interact with many compounds 

including those from biological origin, forming nanostructured hybrids 

materials13. 

Clay minerals showing two types of morphology have been used for the 

preparation of bio-nanohybrid material:  

• Layered silicate structures (phyllosilicates) that crystallize into micro- 

and nanometer-sized particles, a typical example is montmorillonite, 

which is an aluminosilicate belonging to the smectite minerals group 

that shows cation-exchange and expandability properties. In general, 

the plate-like particles of phyllosilicates are made up of a finite 

number of either 1:1- or 2:1-type layers. The small particle size 

combined with the permanent structural charge of certain clays, 

notably those in the smectite class such as montmorillonite, beidellite, 

saponite, and hectorite, results in significant surface reactivity which 

has profound implications in marine and terrestrial ecosystems, and 
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provides the basis for a wide range of industrial, environmental, and 

agricultural applications13,174. 

• Fibrous silicates (non-planar), includes sepiolite and palygorskite clay 

minerals. Sepiolite is an hydrated magnesium silicate whose main 

characteristics are determined by its textural behavior and surface 

reactivity24,25. The structure and morphology of palygorskite are 

strongly related to those of sepiolite, although it shows higher 

aluminium content and narrower structural tunnels25. Interestingly, 

both fibrous silicates act similarly assembling biopolymers via 

hydrogen bonding through the silanol groups located at the external 

edges of the fibers14,31.  

 

1.2.1 Kaolin group (kaolinite and halloysite). 

One of the relevant groups of clay minerals is the 1:1 phyllosilicates group in 

which are included kaolinite and halloysite. Elemental layeres of kaolinite are 

built-up by one tetrahedral silica sheet and one octahedral alumina sheet, the 

units of which stack to a greater degree than other clays173. The layers of 

kaolinite are held together by hydrogen bonding supplemented with dipole-

dipole and van der Waals interactions. The result is that kaolinite tends not to 

undergo interlayer expansion in water, though swelling can be induced in 

contact with certain compounds such as those able to form hydrogen bonds, 

supplemented by dipole–dipole and van der Waals interactions, with the inter-

layer surface. Most kaolinites carry a small amount of negative charge coming 

from isomorphic substitutions in the layer, which is comparable to, but much 

more smaller than montmorillonite175. 
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Of greater importance than the probable presence of negatively charged 

sites at the (siloxane) basal surface, is the variable charge that develops at the 

edge surface of kaolinite particles as the pH of the ambient solution is varied. 

This pH-dependent charge largely arises from the protonation (under acid 

conditions) and deprotonation (under alkaline conditions) of “under-coordinated” 

aluminol groups exposed at particle edges176. 

Halloysite is also a 1:1 aluminosilicate clay mineral with the empirical 

formula Al2Si2O5(OH)4. Halloysite naturally can occur as small cylinders, which 

average 30 nm in diameter with lengths between 0.5 and 10 micrometres. 

Compared with other tubule clay as imogolite, have smaller diameter and much 

lower loading capacity for macromolecules177. Two common forms are found178: 

• Hydrated (the clay exhibits a 1 nm spacing of the layers). 

• Dehydrated (meta-halloysite, the spacing is 0.7 nm) 

This clay mineral has also special relevance as container for delivery of 

diverse species including drugs and other bioactive species (self-healing, 

anticorrosion, antimicrobial agents, proteins, DNA, drugs, etc.) of interest in 

biomedical applications177. Due to the tubular microstructure and the 

biocompatibility of halloysite nanotubes, halloysite-polymer nanocomposites 

have demonstrated good drug encapsulation and sustained release abilities, 

gaining them extensive use as tissue engineering scaffolds and drug carriers179. 

1.2.3 Smectites. 

Smectites are the most important clay minerals group in terms of the clay–

polymer interaction.176. In smectites, the unit structure consists of layered 
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sheets each constituted by two tetrahedral silica sheets sandwiching an 

octahedral sheet formed from a metal cation such as Al3+ or Mg2+ (Figure 1.5a).  

 

 

Figure 1.5 A) Schematic representation of the structure of smectite crystals. B) 
Examples of different crystal structures of clay minerals showing the nature of 
their individuals layers. C) Potential interactions sites in smectite particle 
(surfaces, inter-layer pores and inter-particle spaces) for association with 
organic molecules involving diverse type of mechanisms (adapted from Dawson 
and Oreffo 2013). 
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The smectite sheets are therefore isostructural with talc or pyrophyllite, but 

whereas the 2:1 sheets of talc are electrostatically neutral, the layers of the 

smectites possess a net negative charge due to random isomorphic cation 

substitutions in the octahedral and tetrahedral sheets compensated by hydrated 

interlayer cations173. The magnitude of the negative layer charge in smectites is 

an average over the whole particle. The layer charge heterogeneity has 

implications for the synthesis of polymer– montmorillonite nanocomposites. 

Further, the (negative) basal charge of smectites is independent of suspension 

pH since it arises from isomorphous substitution within the structure. Morevoer, 

the necessity for compensating the charge with cations located in the interlayer 

region drives to interesting cation-exchange properties in these phyllosilicates. 

The weaker charge in smectites compared to illite and vermiculite allow easier 

accessibility of species to the interlayer region of smectites (Figure 1.5b)175. 

As well as the structurally generated negative surface charge, broken 

bonds at the crystal edges with unsatisfied valences yield localized positive 

charges (or negative charges at high pH), which play an important role in the 

colloidal properties of clay particle suspensions. The propensity for swelling and 

delamination of the charged smectite particles, gives rise to a rich selection of 

potential interactions between organic molecules and the clay particle surfaces, 

inter-layer pores and inter-particle spaces involving a range of mechanisms 

including cation exchange, hydrophobic interactions, hydrogen bonding, cation 

bridging, anion exchange and proton transfer depending on ambient pH, and 

the size and electrostatic properties of the interacting molecule (Figure 

1.5c)175,180. 
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Smectites have been applied to successfully treat the symptoms of gastritis 

caused by non-steroidal anti-inflammatory drugs6. Derives from their ability to 

absorb excess water and their aid in heces compaction, smectite is also used in 

the treatment of symptomatic diarrhea. The high adsorptive capacity of the silica 

gel that results in the acidic medium is thought to further aid anti-diarrheic 

action. As topical agents clay minerals (principally kaolinite, talc, and smectites) 

confer benefit by adhering to the skin, forming a protective film106. 

 

1.2.3 Micro and nano-fibrous clay minerals: sepiolite 

and palygorskite 

Fibrous clays minerals family members are sepiolite and palygorskite, also 

known as attapulgite, both of them with a crystalline structure related to 2:1 

phyllosilicates but where the disruption of the layers results to the presence of 

channels along the fiber lengths (Figure 1.7). Sepiolite is a natural hydrated 

magnesium silicate 24,25 of theoretical unit cell formula 

Si12O30Mg8(OH,F)4(H2O)4‚8H2O 26,27. Sepiolite shows an alternation of blocks 

and tunnels that grow up in the fiber direction. The blocks are constituted by two 

layers of tetrahedral silica sandwiching a central magnesium oxide-hydroxide 

layer. The discontinuity of the silica sheets gives rise to the presence of silanol 

groups (Si-OH) at the edges of the channels, which are the tunnels opened to 

the external surface of the sepiolite particles 28. Substitution of aluminum by 

magnesium in the octahedral layers yield a moderately high permanent surface 

charge which imparts a high adsorptive capacity176, given the channelled fibrous 

structure. Tunnels are filled with both the coordinated water molecules, which 

are bonded to the Mg2+ ions located at the edges of octahedral sheets, and the 
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zeolitic water, which is associated to the former by hydrogen bonding. One of 

the advantages of fibrous clays compared to layered silicates (smectites and 

vermiculites) is the very high density of silanol groups, ca. 2 Si–OH groups/nm2, 

which allows hydrogen bonding in addition to van der Waals interactions at the 

polymer- silicate interface 24,25, togheter with other interactions as shown in 

figure 1.6. 

 

 

 

Figure 1.6 Different mechanisms of sepiolite – organic interactions. Adapted 
from Ref. 25. 

 

Palygorskite shows an alike morphology than sepiolite but contains a higher 

content in aluminum replacing magnesium in the octahedral layers. Dimensions 

of the cross-section of sepiolite tunnels are 1.06 × 0.37 nm2 whereas in 

palygorskite are 0.64 × 0.37 nm2 , allowing the access of only small-size 

molecules such as water and methanol24. 
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Two types of water molecules are located inside the tunnels and the 

channels of both sepiolite and palygorskite silicates: coordinated water 

molecules, bonded to Mg2+ at the edge of octahedral sheets, and zeolitic water 

molecules, filling the intracrystalline cavities. The coordinated water is strongly 

bonded to the silicate making thermal treatments above 400 oC under dynamic 

vacuum necessary for its removal. Zeolitic water molecules are easily removed 

just by exposure to vacuum or by thermal treatment at about 100 oC. The loss 

of the coordinated water produces structural collapse of the structure (folding) 

and the fall down of the tunnels as revealed by XRD patterns and other 

techniques28. 

 Toxicity of sepiolite and palygorskite is controversial as it is apparently 

related to fiber length and crystallinity, which are determined by the geological 

origin of the silicate35. Sepiolite shows typical fiber length of about 1-2 µm, 

although in certain cases (e.g. China, Finland) the fibers are much longer. 

Typical dimensions of the cross-section of a sepiolite fiber from Vallecas-

Vicálvaro deposits (Spain) are 25 x 4 nm, which corresponds to about nine unit 

cells in width and only three in thickness9. In vitro and in vivo tests, as well as 

epidemiological studies, have also confirmed that at least sepiolite from Taxus 

Basin deposits in Spain does not constitute a health risk36. Studies carried out 

on humans exposed to sepiolite seem to bear out the fact that exposure to this 

mineral involves no risk181–183. 

 The International Agency for Research on Cancer (IARC), which 

belongs to the World Health Organization reviewed the literature and studies, 

and concluded the following: “there is inadequate evidence in humans to 

determine the carcinogenicity of sepiolite. There is limited evidence in 
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experimental animals for the carcinogenicity of long sepiolite fibres (>5 mm). 

There is inadequate evidence in experimental animals for the carcinogenicity of 

short fibres (< 5 mm)” (IARC Monographs on the evaluation of Carcinogenic 

Risks to Humans, Vol.68 of 1997). IARC’s overall evaluation concluded that 

‘sepiolite cannot be classified as carcinogenic to humans (Group 3)’25. 

 

Palygorskite crystals form planar or ball-like aggregates or bundles 

similar to those of sepiolite and fibrous aggregates less than 5 µm long, 

although they can exceptionally reach up to 100 µm in length184. The IARC 

classifies long palygorskite fibres (>5 µm) as Group 2B (possibly carcinogenic 

to humans) and short palygorskite fibres (<5 µm) as Group 3 (they cannot be 

classified as carcinogenic to humans) (IARC, 1997b)184.  

Sepiolite and palygorskite have a big versatility for assembling organic 

species to produce organic–inorganic hybrid materials, with a high impact in 

new applications. The assembly of organic species to sepiolite has a major 

interest in the introduction of functionality to enlarge the applications of the raw 

clay. Importantly the large surface conferred by its multi-layer fibrous structure 

and the great variety of sites for interaction with polar and ionic species (Figure 

1.7), making sepiolite a good candidate for being a platform for co-delivery of 

different kinds of macro-molecules. Indeed, sepiolite has been shown to 

interacts with polysaccharides29,185, virus34, lipids15 or proteins31–33. In many 

cases, such as gene therapy, the co-delivery of a RNA or a protein encoding for 

a nuclease cleaving the target endogenous sequence and the correction DNA, 

constitute promising strategies. More interestingly, sepiolite fibers present a 

nano-size dimension, which make them suitable for cellular intake, and have a 
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perfectly stable and natural intrinsic fluorescence. Taking advantage of this 

natural fluorescence, it is possible to follow the fate of sepiolite into cells, to 

select cells containing sepiolite and to achieve high contrast in electron 

microscopy, which facilitates their intracellular localization. This silicate is also 

biocompatible, abundant, and not expensive. 

 

Figure 1.7 Schematic representation of sepiolite structure and textural 
features (based on Ref. 24). 
 

1.2.4 Layered double hydroxides (LDH). 

 Another interesting type of materials related to clays are layered double 

hydroxides (LDH), also known as hydrotalcite-like, hydrotalcite-type or anionic 

clays. They are a class of anionic exchanging layered solids that naturally exist 

but that can be readily synthesised in laboratory and also at industrial level. The 

term LDH is used to designate synthetic or natural layered hydroxides with two 

or more kinds of metallic cations in the main layers and hydrated interlayer 

domains containing anionic species186,187. LDH has a general chemical formula: 
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MII
nMIII(OH)2(n+1)(Am−)1/m·xH2O, where n = 2 - 4, MII represents a divalent metal 

cation (Mg, Zn, Ca, Co, Fe, Ni, Cu, etc.), MIII represents a trivalent metal cation 

(Al, Fe, Cr, Ga, etc.), and Am− an anion (Cl−,CO3
2−, NO3

−etc)90. A typical 

example is magnesium – aluminium LDH or hydrotalcite: 

Mg6Al2(OH)16CO3·4H2O, which was the first member of its natural mineral family 

that was identified in Sweden in 1842. 

 The crystal structure of LDH is related to that of Mg(OH)2 in which the 

partial isomorphous substitution of Mg2+ ions by Al3+ gives to the brucite-like 

layers a positive charge and the resulting negative charge deficiency is 

relatively delocalized with respect to the inter-lamellar plane. In hydrotalcite the 

positive charge is balanced by carbonate anions, which are located in the 

interlayer region between the two brucite-like layers (Figure 1.8). This gallery 

also contains water molecules, hydrogen bonded to layer OH and/or to the 

interlayer anions. The electrostatic interactions and hydrogen bonds between 

the layers and the contents of the gallery hold the layers together, forming the 

three-dimensional structure187. 
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Figure 1.8. Schematic representation of the structure of magnesium – 
aluminium LDH (hydrotalcite). 

  

 More interestingly, not only can the layer cations of these materials be 

replaced among a wide range selection of cations, but also the anions located 

at the interlayer region can be exchange by diverse organic or inorganic, simple 

or complex anions, polyoxo species, anionic coordination compounds188, 

polymers189 and biopolymers190. Anions such as Cl− and NO3
− in the interlayer 

can be exchanged by biomolecules provided or anionic sites, such as amino 

acids and peptides191, polysaccharides190, nucleotide monophosphates and 

DNA chains etc.114 Furthermore, a unique property, which makes them diverse 

from other cationic-layered materials, is that they are capable of recovering the 

double-layered structure after thermal decomposition under mild conditions117. 

This property results of interest in view to prepare biohybrids that require the 

intercalation of large molecules containing anionic sites117. 
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LDH materials have found vast applications in the fields of catalysts, 

catalyst precursors, anion absorption and environmental remediation192, finding 

also in recent years promising usages in biomedicine90. Properties such as high 

chemical versatility, anionic exchange capacity (AEC), and low cytotoxicity, are 

leading to a promising future in drug delivery and release, opening up wide 

possibilities for researches and development for its clinical application. 

Compared with old-fashioned drug delivery methods which are suffering from 

problems such as drug degradation, poor bioavailability, and low circulation 

stability, the LDHs, as a new drug carrier, is much simpler to synthesize in the 

laboratory, have a high drug transportation efficiency, high drug loading density, 

low toxicity to target cells or organs and excellent protection to loaded 

molecules from undesired enzymatic degradation193. Recently LDHs have been 

employed for clinical disease diagnosis, chemical industry and as a drug carrier 

responsible for delivering therapeutic and bioactive molecules such as peptides, 

anti-inflammatory drugs, and even small nucleic acids to mammalian cells in 

vitro or in vivo with the purpose of crossing the cell membrane into the 

cytoplasm119. 

!!

1.3. Bionanocomposites: new tool and strategies for biomedical 

applications. 

 The development of functional hybrid materials, based on the bottom-up 

assembly at the nanometric scale of polymeric moieties with nano- and micro-

metric sized inorganic solids, is widely known especially for clay-based 

materials194. The growing relevance of the resulting nano-architectures is due to 
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the possibility to obtain advanced nano-structured materials whose properties 

cover a wide range of applications, including electrical, electrochemical, optical, 

optoelectronic, magnetic, catalytic, selective molecular adsorption, ionic-

molecular recognition or controlled release of bioactive species195–200. An 

outstanding example of these improvements is achieved by polymer-clay 

nanocomposites201–203. In fact, currently this class of hybrid materials receives 

increasing attention not only for applications related to improved mechanical 

properties but also due to its functional properties (e.g. thermal, barrier 

properties, electrical conductivity, etc.). 

 The term bionanocomposite – equivalent to nanobiocomposites 

employed by certain authors – is used to describe biohybrid materials in which 

the species of natural origin are biopolymers (polysaccharides, lipids, proteins, 

nucleic acids, etc.), assembled at the nanometer scale with inorganic solids of 

diverse structure and morphology. Some bionanocomposites often mimic the 

composition, structure, and behavior of natural hybrid materials present in 

different living organisms204–208. Many important advances using biomimetic 

approaches involve carbonates and phosphates, for instance to prepare 

artificial nacre, bone, and other bionanocomposites208–215 but silica, silicates 

and polysiloxanes also offer a viable alternative for preparation of biohybrids 

since their chemistry is extremely versatile, allowing the formation of 

hierarchical superstructures, supramolecular materials and other multifunctional 

bioinspired systems8,37,194,195,215–218. Among those, bionanocomposites in which 

the inorganic component is a silicate belonging to the clay minerals family are 

probably the most relevant9,14,40. 
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  Advanced applications8,9,198,200,219–221 show the benefit associated 

with the use of biological sources of polymers to generate the so-called green 

plastics or green nanocomposites, avoiding therefore the indiscriminate 

consumption of petroleum derivates and enhancing the biodegradability as 

opposed to the non- ecological conventional plastics222. Moreover, as indicated 

for biohybrids, in general bionanocomposites also lie on the borderline between 

the inorganic and the living world, being of extreme importance due to their non-

toxic, biocompatible, and biodegradable behaviour in view to become good 

candidates for biomedical applications (biosensors, tissue engineering, artificial 

bone, drug-delivery nanovehicles, vaccination, wound dressing, gene therapy, 

etc.)1–3,5,14,15,17,34,117,198,200,221,223–225. 

 The firstly reported clay-based bionanocomposites refer to the 

intercalation of chitosan in layered silicates226. At low concentrations of chitosan 

in slightly acid aqueous solutions the intercalation of the polymer progresses by 

a cation- exchange reaction until incorporation of a monolayer of the biopolymer 

in the interlayer region of montmorillonite. The use of high amounts of 

polysaccharide exceeding the cation-exchange capacity (CEC) may lead to the 

uptake of chitosan in a bilayer configuration, being the excess of intercalated 

biopolymer accompanied of counter-ions in order to compensate the excess of 

positively charged groups of chitosan chains. In this situation the initial CEC of 

the clay is reversed to an AEC in the resulting bio-nanocomposite. These AEC 

properties are of special interest for the development of active phases in 

electrochemical sensors for anions detection39. In the same way, it is possible to 

prepare bionanocomposites based on the assembly of chitosan to sepiolite29. 

The resulting materials show improved mechanical properties and also 
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functional properties related to their anionic exchange capacity, which could be 

of interest for electroanalytical applications. The basic assembly processes for 

the preparation of fibrous-clay-based bionanocomposites regard mostly 

adsorption favoured by interactions12,15,29,33,42 of the biopolymers and other 

biomolecules with the silanol groups on the external clay surface. 

 Bionanocomposites based on the assembling of collagen and gelatin to 

different types of inorganic substrates are of special relevance in biomedicine10. 

In sepiolite-gelatin bionanocomposites the clay play a significant role as it can 

control the cristallinity of the gelatin matrix, having an important impact on the 

mechanical properties of the resulting bionanocomposites. At 20% mass 

fraction of sepiolite the elastic modulus of the bionanocomposite increased by a 

factor of 2.2 as a result of both the mechanical reinforcement of the silicate 

inside the polymer matrix, but also as a result of the crystallinity variation 

induced by the clay particles33.This last group of bionanocomposites can be of 

interest for biomedical applications especially in tissue engineering related to 

the development of scaffolds for bone regeneration10. For tissue-engineering 

applications it is required that the bionanocomposites are provided of adequate 

macroporosity and good mechanical properties. The development of such types 

of fibrous clay-biopolymer nanocomposite materials exhibiting a hierarchical 

porosity, with micro and mesoporosity, together with macropores of tens and 

hundreds of micrometers requires their conformation as foams. Amongst the 

diverse foaming techniques the most common procedure in the case of 

bionanocomposites consists in the application of freeze-drying or supercritical 

drying processes to biopolymer-clay hydrogels42. In biomedical applications the 

resulting biohybrids can be of interest as carrier of pharmaceutical and 
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biological species42,211. Functional proteins and enzymes may also be 

introduced in the bionanocomposite foam by mixing them with the starting 

components prior to freeze-drying. In this last case, the biocompatibility of the 

foams helps to preserve the catalytic activity of entrapped enzymes allowing the 

development of bioreactors. A recent example of this application is a 

macroporous PVA foam in which the reinforcing agent is a phospholipid-

modified sepiolite used as support of urease enzyme, which introduces the 

catalytic functionality in the system227. 

 

1.4 Interaction of clay minerals with DNA: applications and 

their role with evolution of life.  

The knowledge of the interaction between nucleic acids and mineral 

surface has led to several applications and fundamental issues about evolution 

of life. Indeed, it has long been proposed that surface chemistry of clay 

minerals, could have played a crucial role in the prebiotic formation of 

molecules basic to life228. Moreover, mineral surfaces may also have been 

important for the prebiotic organization and protection of nucleic acids, which 

has bearing on the prebiotic origin of an RNA World229,230. In addition, the 

adsorption of DNA on mineral surfaces might favour horizontal gene transfer 

into living organisms, which may play a significant role in evolution of living 

species. 

On the other hand, the interactions of DNA and clay minerals have been 

extensively investigated in research, clinical diagnosis and ecosystem security 

among other fields of applications.  
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It is worth to mention that such interactions between biomolecules 

(particularly the DNA) and clay minerals show a complex and specific picture 

depending of a number of factors, which includes some internal characteristics 

(physical and chemical properties of clay minerals, proteins and nucleic acids; 

the length of DNA molecule) as well as some properties of the environment in 

which the interactions come into play (mineralogy of the sorbent, the ionic 

strength and pH of the medium)231. For instance, in the presence of monovalent 

cations, DNA adsorbs onto sand by means of physical attraction forces (van der 

Waals), whereas in the presence of divalent cations electrostatic interactions 

prevail because polyvalent cations act as a bridge232. In the particular case of 

the adsorption of proteins and nucleic acids (DNA, RNA) on natural clay 

minerals of layer phyllosilicates such as montmorillonite, kaolinite and illite, the 

interaction mechanisms are suggested to be cation exchange, electrostatic 

interactions, hydrophobic/hydrophilic interactions, ligand exchange, cation 

bridge, water bridge, hydrogen bond and van der Waals forces. Ligand 

exchange is a reaction process, in which the phosphate groups at the two ends 

of the nucleic acid molecules are directly bound to the hydroxyl group on the 

surface of clay minerals. The multivalent cations such as Ca2+ and Mg2+ existing 

in the medium may be responsible for cation bridge process233,234. 

The strands of DNA possessed a strong negative charge due to the 

phosphate groups. for instance pH and ion strength of absorption solution23. For 

some DNA molecules, the adsorption occurs in interlamellar channels by cation 

bridges between the negative phosphate groups of DNA and the negatively 

charged tetrahedral silica layer on the clay surface via exchangeable cations as 

media23. Nevertheless, large biomolecules are usually adsorbed at the planar 
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surface and broken edges of clay minerals. The Al3+ groups at the broken edges 

coordinate with water molecule. This leads to acidic binding sites due to 

enhanced ionization of water molecule23. Consequently, negatively charged 

substances tend to be bound at the edges X-ray diffraction analysis showed 

that the basal spacing of montmorillonite and kaolinite were not altered after the 

adsorption of DNA from Bacillus subtilis, indicating that this DNA did not 

significantly intercalate the clays235. Scanning and transmission electron 

microscopy showed that the binding of DNA from Bacillus subtilis was primarily 

on the edges of montmorillonite and kaolinite236. 

With the increasing commercial applications of transgenic plants, it is 

also necessary to study the interactions mechanisms of nucleic acid molecules 

and recombinant proteins released from transgenic plants on clay surface in 

soils. The binding of these biomolecules by clay minerals will influence cultures 

of soil microorganisms and reduce their availability as a source of carbon and/or 

nitrogen for microbe237,238. Early reports regarding DNA adsorption onto clay 

minerals were related with the adhesion of nucleic acids from vegetal, animal or 

microbial cells, which are released into the soil at their death239. The 

understanding of mechanisms involved in DNA adsorption onto soil particles 

could provide information for improving soil DNA extraction yields. This would 

also be useful for monitoring the fate of free DNA in the soil, including its ability 

to be transferred to soil microbes via transformation240. Many species of 

bacteria normally inhabiting soil and sediment have been reported to develop a 

natural state of competence by taking up extracellular DNA241,242. 

A better understanding of the fundamental processes involved in 

reversible DNA adsorption to mineral surfaces (such as silica) under different 
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experimental conditions (conformation of DNA buffer composition, pH, ionic 

strength, electrolyte type and valence, ) will help optimize methods for preparing 

nucleic acid samples243. The silica solid support is implemented either in the 

form of a filter membrane244 or as silica-coated magnetic particles245. The DNA 

adsorption to silica has been attributed to electrostatic interactions, hydrogen 

bonding, and was also attributed to an increase in entropy, whereby ordered 

water molecules that solvate the DNA and surface are released during the 

adsorption process246.  

The neutralizing bridges between the phosphate groups of DNA and the 

negatively charged tetrahedral silica layer on the clay surface lead to the 

indirect adsorption and contribute to increasing DNA's stability and resisting 

DNA-degrading enzymes247. DNA does not significantly intercalate into the clay 

layers through ionic exchange reaction and probably is primarily absorbed on 

the edges of the clay minerals or on the planar surfaces by ligand exchange, 

electrostatic forces and hydrogen bonding, etc. Thus, it has been found that 

more than 50% of salmon sperm DNA was directly adsorbed on the positive 

charged edges of montmorillonite by electrostatic forces248. Only 21.9% of 

salmon sperm DNA molecules were adsorbed onto kaolinite by electrostatic 

forces and ligand exchange suggesting that other interaction forces such as 

hydrogen bonding and hydrophobic force also played more important roles in 

the adsorption of DNA onto the kaolinite23. 

Imogolite (a hydrous aluminosilicate nanofiber having outer surface of Al-

OH groups) is one of the important clay minerals contained in volcanic ash 

soils249. A novel hybrid hydrogels were prepared from imogolite nanofibers and 

DNA by utilizing strong interaction between the Al-OH on imogolite surface and 
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phosphate groups of DNA250. DNA could be protected even under severe 

conditions by the hybridization with imogolite250. 

Recently, it was reported the protective effect of three kinds of clay 

minerals (rectorite, montmorillonite and sericite) against damage to adsorbed 

DNA induced by heavy ions like cadmium and mercury251. In this case there 

was also a strong evidence that the mechanisms for DNA adsorption on clay 

involve electrostatic forces, cation bridging and ligand exchange. 

In this context, the adsorption of extracellular DNA and RNA molecules 

and proteins on the surface active particles of clay minerals have also received 

much attention252,253. It was found in the bibliography several reports regarding 

the protection of adsorbed DNA against enzymes and the ability of adsorbed 

DNA to transform bacteria. For example, it was reported that the transforming 

ability of chromosomal and plasmid DNA bound on montmorillonite persisted for 

15 days in non-sterile soil under moist conditions254. Moreover, there is much 

evidence that extracellular DNA can persist for periods of time up to several 

months or years, and maintain its biological activities such as the ability to 

transform bacterial cells, to transmit the genetic information contained in their 

sequences and to interact with molecules in the soil environment23. Adsorption 

of DNA on soil components, particularly on clay minerals such as 

montmorillonite, illite, and kaolinite, is thought to be involved in protection of 

nucleic acids against nucleases, and could explain the high content of DNA in 

soils64. 

The level of protection of DNA by soil particles varied significantly with 

DNA configuration and the type of the adsorbent. Supercoiled plasmid DNA 
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associated with kaolinite was easily degraded by nucleases as compared with 

linear chromosomal DNA. DNA adsorbed on quartz was more resistant to 

degradation by DNase I than that adsorbed by minor mineral fractions of the 

sand in 20 mM MgCl2. Illite provided a lower level of protection for DNA 

molecules than montmorillonite and kaolinite. However, the protection of DNA 

by soil particles to enzymatic degradation is not totally understood, as is also 

the influence of parameters such as mineral constituents, organic matter, and 

particle size of soil colloids235. 

In fact, very little is known and there are still a lot of open questions about 

the protection mechanism itself, and the influence of parameters such as clay 

type, the size of DNA or its conformation. For instance, does adsorption 

physically prevent DNA from being attacked by nucleases? Or is protection 

related to adsorption of enzymes on clay, which induces conformation 

alterations leading to a decrease in activity? Moreover, how is the remaining 

clay-adsorbed DNA available for bacterial transformation, and what are the 

consequences of a partial protection on the transformation efficiency? Finally, 

will partial degradation have the same effect on transformation frequencies 

when the processing of the transforming DNA in the bacterial cell occurs via 

homologous recombination or autonomous replication?64 

Beside the protection against enzymatic attack, there are another 

important issue regarding the indispensable role of clay minerals in protecting 

the adsorbed DNA against ionizing radiations, which is strongly related to the 

conditions under life was created. Belongs to this topic the problem of the 

surviving of life buildings blocks in the presence of solar irradiation that at the 

primordial Earth was much more extreme than today. It is know that UV and X-
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ray emissions fade as a star ages. In particular, 4.5x109 years ago, X-ray 

radiation from the Sun was two orders of magnitude higher than today and, 

moreover, the Earth atmosphere was most probably unable to shield the solar 

radiation at these wavelengths. It is interesting to investigate the existence of 

survival conditions for biological molecules under harsh irradiation such as from 

a young Sun255. 

 Indeed, it was demonstrated the protective effect of montmorillonite and 

kaolinite on adsorbed DNA against ionizing radiation255. The clay adsorbed 

DNA is not damaged by X-rays for energy doses up to 5.8x104 erg. Clay 

minerals could have protected the building blocks of life on the primordial Earth 

when the solar X-ray emission was much stronger than today255. It was also 

checked experimentally the ability of the possibly widespread prebiotic, clay 

mineral montmorillonite to protect the catalytic RNA molecule from UV-induced 

damages256. When the effect of UV radiation on solutions of free and clay-

adsorbed DNA has been investigated, it turns out that nucleic acid which is 

adsorbed on clay (montmorillonite/kaolinite) undergoes less radiation damage 

than free nucleic acid257. Sepiolite and smectites were also researched on their 

abilities to form complexes with organic compounds which absorb UV-

radiation258,259.  

In synthesis, biomolecule–clay mineral complexes provide protection 

against strong radiation, photo-degradation and inactivation of the associated 

biomolecule23. Consequently, results obtained in different fields strengthen the 

hypothesis of a clay-surface-mediated origin of genetic material228. 

Complementing previous models of chemical evolution on mineral surfaces, in 

which selection was the consequence of the limited mobility of macromolecules 
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attached to the surface, it was also offered an alternative realization of prebiotic 

group-level selection: the physical encapsulation of local replicator communities 

into the pores of the mineral substrate260. They might have served as primitive 

vessels for amino acids, purines, and pyrimidines. They concentrated these bio- 

molecules on their surface and catalyzed the polymerization of biomolecules. In 

other words, clay minerals help synthesis and preservation of biopolymers 

which finally lead to the origin of life on the earth261. 

 

1.5 Interactions between sepiolite and DNA. The Yoshida 

effect and bacterial transformation. 

To date, studies about interactions between DNA and sepiolite lead to 

two applications. The first one is related to the use of sepiolite to design a novel 

electrochemical DNA sensor and anticancer drug sensor based on sepiolite and 

single-walled carbon nanotubes (SWCNTs)-modified pencil graphite electrodes 

(PGEs)262. The second, which appear in some papers, is related to the use of 

sepiolite for bacterial transformation based on the so-called “Yoshida effect”263–

268. 

In the first study it was reported the novel surface for the electrochemical 

detection of anticancer drug–DNA interactions based on Sep and SWCNTs-

modified PGEs262.  

As mentioned above, the second application of the interaction between 

DNA and sepiolite is taken as advantage for bacterial transformation.  

As it is already well known, the ability of introducing individual molecules 

of plasmid DNA into cells by transformation has been of central importance to 
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the recent rapid advancement of plasmid biology and to the development of 

DNA cloning methods264. Molecular genetic manipulation of bacteria requires 

the development of plasmid-mediated transformation systems leading to the 

introduction of exogenous plasmid DNA into bacterial cells. These 

transformation systems include techniques already introduced (see 1.1.1) such 

as: 

• Chemical transformation. The most widely used transformation 

methods today are CaCl2 treatment for E. coli and polyethylene 

glycol (PEG)-induced transformation of bacterial protoplasts. 

• Electro-transformation or electroporation. 

• Biolistic transformation. Tungsten particles and submicrometer 

particles produced with polyol gold particles were used in biolistic 

process for the transformation of prokaryotic cells. 

• Sonic transformation. 

• Tribos transformation or hydrogel exposure method, based on the 

Yoshida effect. Is a gene introduction method using sliding friction 

and nanosized acicular materials. 

    The last one was a conceptually novel transformation technique for the  

transfer of exogenous plasmid DNA into bacterial cells, based on novel 

phenomenon called the Yoshida effect (in honor of its discoverer). The Yoshida 

effect could be described as following: when a colloidal solution containing 

nano-sized acicular material and bacterial cells is stimulated by sliding friction at 

the interface between hydrogel and an interface-forming material, the frictional 

coefficient increases rapidly and the nano-sized acicular material and bacterial 

cells form a chestnut bur-shaped complex. This complex increases in size and 
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penetrates the bacterial cells, thereby forming a penetration-intermediate, due 

to the driving force derived from the sliding friction263.  

A hydrogel shear stress greater than or equal to 2.1 N is essential for the 

Yoshida effect to occur and has been observed with agarose, gellan gum, and 

κ-carrageenan. In addition, polymers such as polystyrene, polyethylene, 

acrylonitrile-butadiene rubber, and latex rubber, as well as silicate minerals 

such as quartz and jadeite, are all suitable interface-forming materials. With 

regard to nanosized acicular materials, the Yoshida effect has also been 

confirmed with multi-walled carbon nanotubes, maghemite (γ-Fe2O3), chrysotile, 

and sepiolite, having diameters of 10–50 nm264.  

In molecular biology, “competence” is the ability of a cell to take up 

extracellular DNA from its environment. It could be natural (a genetically 

specified ability of bacteria which is thought to occur under natural conditions as 

well as in the laboratory), and induced or artificial competence (which arises 

when cells in laboratory cultures are treated to make them transiently 

permeable to DNA). The great majority of bacterial species does not show a 

naturally occurring ability to take up DNA. This fact prompted an intense search 

for methods to induce competence by special treatment. The advantage of 

transforming bacterial cells based on the Yoshida effect is that competent cell 

preparation is not required. 

Most of the published work referred to the use of chrysotile asbestos 

fibers269–273, which had carcinogenic potential and biological activity274, and the 

authors suggest the usage of a specific apparatus for optimized application of 

sliding friction forces275, which could discourage possible users.  Due to the 
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obvious health risks associated with chrysotile, the usefulness of sepiolite which 

has been mentioned by Yoshida and colleagues as an alternative source of 

nanofibers, was then confirmed later in a simple and rapid method of bacterial 

transformation265. Reported results for transformation efficiency of E. coli was in 

the range of 1×105 transformants per µg of plasmid in the case of 8.9 Kbp 

plasmid (pWH1266) and 2 × 106 in the case of 2.7 Kbp plasmid (pUC19), with 

the following protocol265:  

• Autoclave a suspension of 0.01% sepiolite in deionized water 

supplemented with 5 mM HEPES and 200 mM KCl (sepiolite 

suspension).  

• Centrifuge 500 µl of a bacterial culture (0.5–1 OD). 

• Resuspend it in 100 µl sepiolite suspension. 

• Add 50 ng of transforming DNA. 

• Spread it on a 1–2% agar plate containing the appropriate selective 

agents. Spreading should be continued for approximately 30 s after 

liquid has soaked into the agar which is indicated by an increase in 

the frictional resistance.  

The important point here is that there is no previous pre-assembly step of a 

bionanocomposite Sep/DNA. 

In a following study, it was reported that many problems were confronted 

when this newest method was tried. Only a few transformants were obtained 

even when 100 ng of plasmid pET15b was used, and a successful result 

seemed difficult to repeat266. They increase the concentration of sepiolite to 

0.1% and made the sepiolite suspension in LB instead of HEPES with KCl;  
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increased the time of streaking the plate to spread the transformed cells up to 

100 s; and vortex the mixture (plasmid, sepiolite and cell in LB medium) 

vigorously in a microtube up to 10 min; to finnaly obtain 1.5 x 104 transformants 

per 100 µg of pET15b266. It was also reported the use of CNTs to obtain the 

same result compared to the use of sepiolite.  

Interestingly, they reported other different results that we will discuss in 

Chapter 6. They are266: 

• The transformation efficiency was reduced greatly, and even failed to 

produce transformants when ultrasonicated sepiolite was used, while 

the transformation efficiency was the highest when the sepiolite was 

untreated. 

• These results suggested that the fibers alone hardly influenced the 

success of the plasmid transformation.  

• Heterogeneous DNA still could enter the cell even without absorbing 

on the sepiolite fibers.  

• The transformation might need the larger size of sepiolite to destroy 

the cell wall for the plasmids to enter the cell envelope through the 

temporary nanochannels formed in the cell membrane. 

• Following the optimization described above, high-efficiency 

transformation could be reached and the results could be repeated 

well. 

• They propose that the mechanism for the DNA transformation based 

on sepiolite might be explained as follows: “the formation of 

nanochannels is driven by nanomaterials through the bouncing forces 

arising among the nanomaterials, bacteria and microtubes during the 
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vortex mixing step. The heterogeneous DNA can simultaneously 

enter the cells via the nanopores, so that it can be maintained and 

expressed. To produce enough bouncing forces, the nanofibers 

should be fixed on the large particles of the nanomaterial aggregates. 

Otherwise, only nano-size fibers failed to produce transformants”. 

Later, another study also based on Yoshida effect and using sepiolite to 

transform Pseudomonas was reported267. They also optimized the protocol of 

Yoshida271. The variables taken into account were the number of cells to be 

transformed (ranging from 107 to 1010 cfu/ml), the concentration of sepiolite 

(from 20 to 500 µg/ml) suspended in NaCl 0.9%, the amount of plasmidic DNA 

(from 10 ng to 1 µg) and the spread time (from 30 s to 3 min)267. An important 

variation was the fact that they resuspend the bacterial pellet in 100 µl of the 

transforming solution consisting of sepiolite (100 µg/ml) suspended in NaCl 

0.9% previously mixed with 100 ng of plasmidic DNA. The best result was close 

to 105 transformants per µg of plasmid DNA.  

The same author reported in a further work that sepiolite (which is also 

currently used as a dietary coadjuvant in animal feed, as it increases animal 

growth parameters and improves meat and derived final product quality) 

promotes the direct horizontal transfer of antibiotic resistance plasmids between 

bacterial species268. The conditions needed for plasmid transfer (sepiolite and 

friction forces) occur in the digestive tracts of farm animals, which routinely 

receive sepiolite as a food additive. Furthermore, this effect may be aggravated 

by the use of antibiotics supplied as growth promoters268. 
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Recently, another simple bacterial transformation method was reported, by 

simple spreading cells withusing magnesium- and calcium-aminoclays instead 

of asbestos, sepiolite or CNTs276. In this case, the transformation efficiency of 

E. coli XL1-Blue and S. mutans exhibited ~ 2 × 105 and ~ 6 × 103 transformants 

per µg of plasmid DNA using magnesium-aminoclay276. In contrast, 

transformation efficiency was higher in S. mutans than that in E. coli XL1-Blue 

for calcium-aminoclay276. 

 

1.6. Objectives of the Dissertation. 

The focus of this research is the synthesis and characterization of DNA-

based bionanocomposites in which nucleic acids (DNA) are assembled to the 

sepiolite (Sep) nanofibrous clay. The chief objective is to investigate the 

resulting Sep/DNA bionanocomposites as a nanoplatform for the potential use 

in non-viral transfer of bio-molecules both for gene therapy and for the 

development of novel biological models of interest in Academia and applied 

biotechnology. 

The starting point is the characterization of commercial sepiolite fibers from 

Vallecas-Vicálvaro deposits close to Madrid, Spain, in order to verify its 

potential use for intracellular uptake into mammalian cells. As a special and 

necessary task we will perform dose response experiments of sepiolite 

nanofibers in mammalian cells intending to establish the optimal working 

concentration. 

 With the goal of determining the nature of the interactions of DNA 

assembled to sepiolite, the adsorption of different DNA conformations (genomic, 
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plasmid, single strand and double strand oligonucleotides) onto sepiolite will be 

investigated, as well as the desorption of DNA initially adsorbed. Furthermore, 

the possibility to modulate the adsorption and desorption efficiency of DNA on 

and from sepiolite will be explored, which could be useful in order to extract 

DNA from bacteria.  

 The interaction of both, sepiolite nanofibers and Sep/DNA 

bionanocomposites with mammalian cells will be analyzed, including their 

cellular internalization pathways and intracellular fate, with the aim of verifying 

whether sepiolite can actually be used as a platform for DNA delivery into 

mammalian cells.  

 Special attention will be given to the assessment of the ability of sepiolite 

for stable transfer of plasmid DNA into bacteria, mammalian and human cells. 

The transfection efficiency of the bionanocomposite Sep/DNA will be estimated, 

and the ways in which the efficiency of sepiolite-mediated gene transfer in 

bacteria and mammalian cells could be optimized will be explored. 

 

 

 

 

 

 



 90!

Structure of Chapter 2 

 

2. Materials and methods. 

2.1. Starting materials and reagents 

2.1.1. Sepiolite. 

2.1.2. DNA. 

2.1.3. Other reactives and reagents. 

2.2. Synthesis of DNA-based bionanocomposites using sepiolite. 

2.2.1. Influence of cations in DNA adsorption onto sepiolite. 

2.2.2. Adsorption of different DNA molecules conformation. 

2.3. Desorption of DNA from Sep/DNA bionanocomposites. 

2.3.1. Desorption of DNA using various EDTA concentrations 

2.3.2. Desorption of DNA from bionanocomposites prepared in media 

containing different cations. 

2.3.3. Desorption of DNA from bionanocomposites prepared in media 

containing spermine. 

2.4. Characterization methods and instrumentation. 

2.4.1. UV-vis spectroscopy. 

2.4.2. Fourier-Transform Infrared Spectroscopy (FTIR). 

2.4.3. Zeta potential measurements. 

2.4.4. Transmission Electron Microscopy (TEM). 

2.4.4.1. Analysis of DNA, sepiolite and Sep/DNA complexes. 

2.4.4.2. Analysis of sepiolite and Sep/DNA complexes in cells. 



 91!

2.4.5. Atomic force microscopy (AFM). 

2.4.6. Fluorescence microscopy. 

2.4.7. Confocal microscopy. 

2.4.8. Time lapse video microscopy. 

2.4.9. Fluorescence-based flow cytometry: Fluorescence-activated cell 

sorting (FACS). 

2.4.9.1. Time kinetic for sepiolite uptake in mammalian cells. 

2.4.9.2. Time kinetic for Sep/DNA bionanocomposites uptake in 

mammalian cells. 

2.4.9.3. Endocytosis inhibition. 

2.5. Protocols. 

2.5.1. Cell culture. 

2.5.2. Cell transfection. 



 92!

 

2. Materials and methods. 

2.1. Starting Materials and reagents 

2.1.1. Sepiolite 

Pangel S9 consisting in a commercial sample of very high sepiolite 

content (>95%), provided with a cation exchange capacity (CEC) value close to 

15 mequiv/100 g was received from TOLSA S.A. (Madrid, Spain).  

The total specific surface area of this sepiolite was determined by N2 

adsorption-desorption isotherms and found to be 310 m2/g from Brunauer-

Emmett-Teller (BET) calculations, whereof the external specific surface area is 

165 m2/g. 

A sepiolite suspension of 2 mg/ml was prepared in 10 mM TrisHCl buffer, 

pH=7.5, under a vigorous vortexing at maximum speed during a minimum of 10 

min in order to properly disperse the clay.  

Another stock solution of 2 mg/ml was prepared using a sonicated 

sepiolite (sSep)  obtained after sonication of the sepiolite suspension, 3 times at 

30% of amplitude for 10 s each time using a Vibra cell 75042 from Bioblock 

Scientific, and then autoclaved for intracellular experiments. 

 

2.1.2. Deoxyribonucleic acid (DNA). 

Different types of DNA molecules were used:  

a) A commercial preparation of DNA, low molecular weight, from salmon sperm, 

was supplied by Sigma-Aldrich (31149-50G-F, lot# 0001393538).  The 



 93!

lyophilized DNA was dissolved in 10 mM TrisHCl, pH=7.5, to provide a 1.9 

mg/ml stock solution.  

b) circular DNA plasmid (5.7 kbp long, pCMV) was obtained by amplification of 

bacterial culture and purified using the commercial kit from Macherey-Nagel. 

DNA PUC19 plasmid was supplied by New England BioLabs at 1mg/ml (pUC19 

Vector #N3041S, lot# 0361204).  

c) single stranded DNA custom oligos 15nt long (ss-Oligo), were provided by 

Eurogentec (M13sense 5’-gtaaaacgacggcca-3’ and M13 antisense 5’-

tggccgtcgttttac-3’). The lyophilized solids were dissolved in MilliQ water to 

provide respective solutions of each single stranded DNA sense. 

d) double stranded DNA oligos 15bp long (ds-oligo) were obtained by an 

annealing reaction in the presence of 10X NEBuffer provided by New England 

Biolabs and heating for 3min at 95oC and then slow decrease of the 

temperature. Later on, the buffer was changed to 10 mM TrisHCl  pH = 7.5 

using the Micro Bio-SpinTM chromatography columns and their corresponding 

protocol. 

 

2.1.3. Other reactives and reagents. 

Spermidine trihydrochloride (S2501-5G), Spermine tetrahydrochloride 

(118F-008215), Trizma (T6066-1KG) were purchased from Sigma. 
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2.2. Synthesis of DNA-based bionanocomposites using sepiolite. 

2.2.1. Influence of cations in DNA adsorption onto sepiolite. 

The adsorption of DNA molecules onto sepiolite was firstly studied 

carrying out experiments of adsorption in isothermal conditions at 25 ºC.  A set 

of eight aliquots of 50 µl of sepiolite/DNA (Sep/DNA) mixtures were prepared 

containing in this order: 25 µl of the stock solution of the sepiolite suspension (2 

mg/ml); 5 µl of 10 mM TrisHCl for the case of Sep/DNA alone, and 5 µl of 10 

times concentrated solutions of 5 mM MgCl2, or 5 mM CaCl2, or 1 mM 

spermidine or 1 mM spermine for the respective case; and 20 µl of eight 

different concentration of salmon sperm DNA solution. The final sepiolite 

concentration was fixed to 1 mg/ml, and the final DNA concentration ranging 

from 70 to 800 ng. µl-1. Then the Sep/DNA mixtures were stirred for 24 h at 

25oC at 700 rpm using a Thermomixer (Eppendorf) and then centrifuged for 5 

min at 5000 rpm. Finally, the DNA concentration in the supernatants was 

measured using a Nanodrop ND1000 spectrophotometer (UV-vis 

spectroscopy). Experiments were carried out 3 times for each experiment. 

 

2.2.2. Adsorption of different DNA molecules conformation. 

Several adsorption isotherms were worked out using commercial salmon 

sperm DNA, plasmid (5.7 Kbp), 15 nt ss-oligos, and 15 bp ds-oligos. The 

reaction conditions was fixed to 10 mM TrisHCl, pH=7.5, 5 mM MgCl2. 

For each set of 3 experiments, a set of eight aliquots of 50 µl of Sep/DNA 

mixtures were prepared containing in this order 25 µl of the 2 mg/ml of the 

sepiolite suspension, 5 µl of 50 mM MgCl2 and 20 µl of eight different 
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concentration of DNA solutions (between 100 and 1600 ng.µl-1). All the 

Sep/DNA mixtures were stirred for 24 h at 25oC and 700 rpm using a 

Thermomixer from Eppendorf. Finally the mixtures were centrifuged for 5 min at 

5000 rpm, and the DNA concentration in supernatants was measured using 

Spectrophotometer Nanodrop ND1000 (UV-vis spectroscopy).  

 

2.3. Desorption of DNA from Sep/DNA bionanocomposites. 

2.3.1. Desorption of DNA using various EDTA concentrations. 

Initially, 12 aliquots of 0.5 ml of Sep/DNA samples were prepared using 

salmon sperm DNA at 640 ng.µl-1 in a sepiolite dispersion (1 mg/ml) in 10 mM 

TrisHCl and 5 mM MgCl2. Three samples were re-suspended in 0.1 ml solution 

of 10 mM TrisHCl, and the rest nine samples were re-suspended in 10 mM 

TrisHCl  and EDTA at 5, 10 and 50 mM (three samples by each different EDTA 

concentration). After 15 min of incubation at room temperature, all samples 

were centrifuged at 5000 rpm for 5 min, and the supernatant was analyzed 

using Spectrophotometer Nanodrop ND1000 (UV-vis spectroscopy). 

 

2.3.2. Desorption of DNA from bionanocomposites prepared in media 

containing different cations. 

Twelve aliquots of 0.5 ml of Sep/DNA samples were prepared using salmon 

sperm DNA at 640 ng.µl-1 in sepiolite dispersion (1 mg/ml) in 10 mM TrisHCl. 3 

were obtained with 10 mM MgCl2, 3 with 10 mM CaCl2, 3 with 1 mM spermidine 

and 6 with 1 mM spermine  (three samples by each different polyvalent cation). 
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After 120 min of incubation at room temperature, all samples were centrifuged 

at 5000 rpm for 5 min, and the supernatant was analyzed using UV-vis 

spectroscopy. Then, after three subsequent steps of re-suspension of the 

Sep/DNA bionanocomposite (first one in 0.1 ml of 10 mM TrisHCl and the other 

2 times the bionanocomposite was re-suspended in 0.1 ml of 10mM TrisHCl 

and 10 mM EDTA), the total amount of desorbed DNA was determined by UV-

vis using Spectrophotometer Nanodrop ND1000. 

 

2.3.3. Desorption of DNA from bionanocomposites prepared in media 

containing spermine. 

After a previous adsorption of salmon sperm DNA in 0.5 ml of volume 

reaction containing 500 µg of sepiolite, the pellet was re-suspended firstly in 

10mM TrisHCl in order to remove and analyze the DNA which was not strongly 

enough bounded to sepiolite, and then could be spontaneously desorbed by 

resuspension without chelation agent.  

After, the pellet was resuspended for second time but in this case with 10 

mM TrisHCl and 10 mM EDTA. A third resuspension was carried out also with 

10 mM TrisEDTA in order to verify the amount of bond DNA after the first 

resuspension in presence of chelation agent. The solution was then centrifuged 

and the supernatant (with desorbed DNA) was analyzed using  

Spectrophotometer Nanodrop ND1000 (UV-vis spectrophotometer).  
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2.4. Characterization methods and instrumentation. 

2.4.1. UV-vis spectroscopy. 

Ultraviolet-visible spectroscopy (UV-vis) is an analytical technique, 

referred to adsorption spectroscopy in the ultraviolet – visible spectral region. In 

this work a NanoDrop 1000 Spectrophotometer from Thermoscientific was used 

to determine the concentration and purity of double and single – stranded DNA 

in aqueous solution. 

 

Figure 2.1 NanoDrop 1000 Spectrophotometer. 

For nucleic acid quantification, measurements are based on the 

modification of the Lambert-Beer law, to use an extinction coefficient with units 

of ng- cm/µl. Using this extinction coefficient gives a manipulated equation:  

c = (A * e)/b 

Where c is the nucleic acid concentration in ng/microliter, A is the 

absorbance in AU, e is the wavelength-dependent extinction coefficient in ng-

cm/microliter and b is the path length in cm. The generally accepted extinction 

coefficients for nucleic acids are: Double-stranded DNA: 50 ng-cm/µl; Single-

stranded DNA: 33 ng-cm/µl. 
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The purity of DNA is obtained by the “260/280” ratio (ratio of sample 

absorbances measured at 260 nm and 280 nm respectively). A ratio of ~1.8 is 

generally accepted as “pure” for DNA. If the ratio is appreciably lower it may 

indicate the presence of protein, phenol or other contaminants that absorb 

strongly at or near 280 nm. The 260/230 ratio is a secondary measure of 

nucleic acid purity, the values for “pure” nucleic acid being often higher than the 

respective 260/280 values. They are commonly in the range of 1.8 - 2.2. If the 

ratio is appreciably lower, this may indicate the presence of contaminants.  

 

2.4.2. Fourier-Transform Infrared Spectroscopy (FTIR). 

FTIR spectra were recorded with a Bruker IFS 66v/S FTIR 

spectrophotometer. Samples of 10 mg of pure sepiolite and Sep/DNA 

(powdered materials collected after centrifugation and drying at room 

temperature) were prepared as self-supporting films avoiding the use of 

additives such as KBr, and then placed in the sample holder and scanned from 

4000 to 250 cm–1 with 2 cm–1 resolution. A set of samples studied by FTIR 

spectroscopy were prepared in 10 mM TrisHCl pH=7.5, sepiolite 1 mg/ml and in 

presence of 10 mM NaCl, 10 mM KCl, 10 mM MgCl2, 10 mM CaCl2, 1mM 

spermidine and 1 mM spermine. A second set of samples were prepared 

similarly but incorporating DNA (commercial salmon sperm DNA), with a mean 

final concentration 650 ng.µl-1, then stirred overnight at 25oC and 700 rpm using 

a Thermomixer from Eppendorf. Finally the mixtures were centrifugated for 5 

min at 5000 rpm, supernatants were removed and pellets were dried at room 

temperature. 
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2.4.3. Zeta potential measurements. 

A set of 1 ml samples were prepared in 10 mM TrisHCl pH=7.5, sepiolite 

1 mg/ml and in presence of 10 mM MgCl2, 10 mM CaCl2, 1mM spermidine and 

1 mM spermine. A second set of samples were prepared similarly but 

incorporating DNA (commercial salmon sperm DNA), with a mean final 

concentration 710 ng.µl-1. Zeta-potential measurements of 1 ml suspensions 

were performed on a Malvern ZetasizerNano ZS. Z-average values in intensity 

at pH 7 were used as mean hydrodynamic size (Dh), and the Z potential was 

measured in a 0.01 M KNO3 solution. HNO3 or KOH was added to the solution 

to alter the pH.  

 

2.4.4. Transmission Electron Microscopy (TEM). 

The transmission electron microscope uses an electron beam to 

bombard the specimen and produce a magnified image. It produces a projection 

of the entire surface of the sample including possible internal structures due to 

the interaction of the accelerated up electrons with the focused sample resulting 

in transmitted electrons passing through the thickness of the sample (the ones 

collected and analyzed with TEM).  

The microscope Zeiss 912AB possesses a high voltage electron emitter 

(thermionic emission by Lanthanum Hexaboride crystal or wolfram filament). 

After the beam passes through the condenser lens aperture it reaches the 

sample and three types of transmitted electrons are generated: elastic, inelastic 

scattered electrons and un-scattered electrons (see figure 2.2A). Elastic 

scattering is predominant when the electrons encounter heavy elements (like U, 
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Pt, Os, W) present in the sample changing its trajectory but maintaining its 

kinetic energy. 

 In another way the inelastic scattering is predominating when the 

electrons encounter light elements (C, O, N, H) changing slightly its trajectory 

and losing kinetic energy. Depending on the type, structure and thickness of the 

sample, two different types of sample preparation (or staining) were performed 

otherwise it would be invisible in TEM. The biological samples are composed by 

light elements thus without staining the images present low z-contrast. 

Figure 2.2 (A) Electron-matter interaction and (B) Schematic representation of a 
TEM column. 

 

(A)! (B)!
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The sample preparation techniques depend on the sample and 

addressed questions. Most of TEM methods have been developed in 

connection with the study of viruses or proteins sizes at least 300 or greater 

than 400 kDa. These biological macromolecules are usually observed in bright 

field with a so-called negative staining method.  

The TEM imaging of DNA or DNA-protein complexes is rare and has 

been made possible thanks to the development of specific methodologies using 

physicochemical properties of DNA. The negative charge of DNA required the 

use of a spreading agents like cytochrome c or positive ionization of carbon 

films. Dark field imaging mode is the mainly used observation technique. In the 

dark field mode the direct transmitted beam is excluded from the image 

formation process resulting in a dark background. For our analysis the high 

angle elastic scattered electrons (called scattering contrast) were mainly 

selected since was Off-axis Dark field mode was aimed to use.  

The TEM grid for sample preparation is a thin metal layer in which a 

carbon film was deposited for the adsorption of particles. After the carbon 

deposition, the grids were functionalized with Pentylamine. This is done by the 

glow discharge using a homemade device developed in Eric Le Cam‘s group 

(special equipment not commercially available designed by Dubochet et al. in 

1971). These molecules create a positively electrically charged surface allowing 

the DNA sample to spread out due to its negative charge.  

Then, a 5 µL diluted drop of the sample is deposited in the grid during 

one minute. Then a drop of uranyl acetate at 2% is deposited in the top of the 

sample during one minute and carefully with a filter paper the sample is soaked 

up by capillarity. In this case the heavy metal selectively coats the sample 
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allowing an ultra-structure observation. This is due to a chemical reaction 

between the heavy metal and the constituents of the material (for instance 

uranyl ions and DNA phosphate groups) – see figure 2.2A.  

 

2.4.4.1. Analysis of DNA, sepiolite and Sep/DNA 

bionanocomposites. 

Samples were prepared from 5 µL of sepiolite or sep/DNA solution  

deposited for 1 min on a 600-mesh copper grid covered with a thin carbon film, 

activated by glow-discharge in the presence of pentylamine277. Grids were 

washed with aqueous uranyl acetate 2% (w/v), dried with ashless filter paper 

and observed in the dark-field mode with a tilted illumination, using a Zeiss 

912AB transmission electron microscope. Images were recorded at 

magnifications of 50000×, 85000× and 140000× with a ProScan 1024 HSC 

digital camera and iTEM acquisition software (Olympus Soft Imaging Solution). 

 

2.4.4.2. Analysis of sepiolite and Sep/DNA bionanocomposites in 

cells. 

V-79 cells were prepared using 2,5% gluteraldehyde fixative solution in 

0.1 M cacodylate buffer solution (pH =7.4) for 1 h and then rinsed in the same 

buffer solution (3 x 5 min). A post fixative step was performed with 1% OsO4 in 

cacodylate buffer and then, the cells were water rinsed (3 x 10 min). Cells were 

dehydrated in ethanol solution (90% 2 x 10 min) and 100% (3 x 10 min).  The 

substitution was made in epon/acetone solutions in the volume ratio of 1/3, 1/2 

and 3/1 each of them for 1 h. At the last substitution step, a new bath of epon 
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was carried out for 1 h before the last one overnight. Cells were then 

encapsulated with new epon with Benzyldimethylamine (BDMA) harderner for 

polymerization at 60°C for 24 h. 

Sample preparation of cell thin sections for TEM observation, was 

performed using a Leica Ultracut UCT ultra-microtome. The experimental 

conditions were: use of a 35° diamond knife, section thickness of 90 nm with 1.6 

mm/s speed rate. Cell thin sections were deposited on carbon/collodion grids 

before staining with 2% uranyl acetate solution in water during 20 min and with 

lead citrate for 3 min. 

In order to investigate the sepiolite uptake mechanisms in cells, TEM 

analysis were performed on four types of samples. They correspond to sepiolite 

incubation times in cell culture that allow catching the first steps from the 

internalization by the membrane surface to the inner part of cytoplasm and 

nucleus, i.e. : 0, 0.5 , 1 and 6 h. The sepiolite fibers-cell interaction was 

analyzed by TEM using a 80 KeV 902 Zeiss TEM microscope equipped with an 

electron energy filter in column. Bright-field TEM imaging mode was carried out 

using zero loss energy filtering. 

 

2.4.5. Atomic Force Microscopy (AFM). 

The Atomic Force Microscopy278 (AFM) is a high-resolution imaging 

technique, that associates nanometric resolution and topographical 

characterization of single biological molecules in their physiological 

environment. The atomic force microscope belongs to the family of Scanning 

Probe Microscopy (SPM).278 
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  The SPM family members are all based on the interaction between a 

sharp probe and a surface. The AFM uses a very sharp tip radius of 10 nm 

typical curvature passing over a surface (commonly named cantilever, see 

Figure 2.3).  

The atomic force microscope provides a magnified image of surface 

topography by keeping constant the atomic force interaction between the tip 

and surface as the sample is moved in the X and Y directions. This sample 

movement is performed by a piezoelectric tube, which beside the XY motion 

also allows movement in the direction Z. The interaction is kept constant by a 

feedback system that accurately adjusts the value of the piezo Z, applying the 

appropriate voltage. The representation of these voltages becomes the 

topographic image of the sample. 

 

Figure 2.3. Schematic representation of the basic components of the 
mechanical part of the used AFM: the cantilever with the detection system, the 
sample and the piezoelectric tube to XYZ scanning. 

 

One of the essential parts of the AFM is the probe or tip that interacts 

with the sample surface. Normally, these tips are constructed on silicon or 
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silicon nitride using micro-fabrication techniques, and are located at the end of a 

micro-lever of around 100 to 200 µm length and 20 to 40 µm wide. The force 

constant (K) and the resonance frequency (ϖres) constitute the essential 

characteristics of the cantilevers and vary between 0.015 N/m and 100 N/m and 

between 5 and 500 kHz, respectively. 

 The motion of the cantilever is usually detected using a laser beam, 

which is reflected, at the end of the cantilever, and then the reflected beam 

goes to a photodiode segmented into 4 sections. The cantilever deflection is 

measured by the resulting signal from the difference in intensity between the 

upper and lower quadrants, and this signal is proportional to the normal force. 

Similarly, the torsion of the cantilever is measured by the intensity difference 

between the lateral quadrants and is proportional to the named lateral force. 

 The essential components of the AFM are typical the cantilever, the 

detection system of the cantilever deflection, the sample, and the piezoelectric 

tube which performs the XVZ scanning. A schematic representation, which 

shows these elements, can be seen shown in Figure 2.3. 

AFM imaging of sepiolite, DNA and Sep/DNA bionanocomposites was 

performed on a freshly cleaved mica surface treated with 50 µM spermidine for 

1 min. 279. Excess of spermidine solution was blotted with filter paper and 3-5 µL 

of 5 nM. The sample was deposited on the mica surface, incubated for 1-2 min, 

and rinsed with 25 µL of 0.2 % (w/v) uranyl acetate280. The surface was blotted 

and dried. Imaging was carried out in Tapping Mode, with a Multimode system 

(Bruker) operating with a Nanoscope V controller (Bruker) using silicon 

AC160TS cantilevers (Olympus) with resonance frequencies of ∼300 kHz. All 
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images were collected at a scan frequency of 1 Hz and a resolution of 1024 × 

1024 pixels. Images were analyzed with Nanoscope V software. A third-order 

polynomial function was used to remove the background.   

 

2.4.6. Fluorescence Microscopy. 

Cells were washed in PBS and fixed in 4% formaldehyde. Coverslips 

were mounted in mounting medium (Dako) supplemented with DAPI (Sigma). 

Images were acquired on an Axio Imager Z1 microscope using the Axio Vision 

software (Zeiss). 

 

2.4.7. Confocal microscopy. 

Images were acquired on a confocal Leica SpE with the objective 63x 

(ACS AP063.0x1.30 oil). The pictures were 1024 by 1024 pixels, taille pixel: 

174.6 µm. 

 

2.4.8. Time lapse video microscopy. 

One day before the acquisition, 105 of V79 cells were plated in Lab-Tek 

Chambered #1.0 Borosilicate Cover Glass System 155380 (2 chambers), in 

modified Eagle’s medium (MEM) containing 10% fetal bovine serum (FBS).  

Just before the acquisition, the cellular medium was changed with a new MEM 

with 10 ng.µl-1 sonicated sepiolite (sSep). Images were acquired every 6 min 30 
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sec within 18 hours 20 min on an Olympus Fluoview FV10i with the objective 

UPLSApo60x. 

 

2.4.9. Fluorescence-based flow cytometry: Fluorescence-activated cell 

sorting (FACS). 

2.4.9.1. Time kinetic for sepiolite uptake in mammalian cells. 

100 µl of sepiolite dispersion was prepared as following: 45 µl of sepiolite 

at 2 mg/ml and 55 µl of 10 mM TrisHCl. 8.9 ml of cellular medium (MEM) 

was added and gently homogenized. Finally, 3 ml of sepiolite at 10 ng.µl-1 in 

cellular medium was added in each set of 3 wells with 2 x 104 of V-79 cells 

in each well. Cells were collected after trypsinization and measured in FACS 

after 1, 4, 6 and 24 h of addition of sepiolite. Samples were analysed with a 

C6 flow cytometer using the C6 Flow software (BD Accuri). 10,000 cells 

were counted for each sample. 

 

2.4.9.2. Time kinetic for Sep/DNA bionanocomposites uptake in 

mammalian cells. 

100 µl of Sep/DNA dispersion was prepared as following: 45 µl of 

sepiolite at 2 mg/ml, 20 µl of 50 mM CaCl2, 5 µl of 10 mM TrisHCl and 20 µl 

of PUC19 plasmid at 400 ng.µl-1. Then 8.9 ml of cellular medium (MEM) 

was added and gently homogenized. Finally, 3 ml of sepiolite suspension at 

10 ng.µl-1 in cellular medium was added in each well with 2 x 104 of V-79 

cells in each well. Cells were collected after treatment with trypsin and 

measured in FACS after 1, 4, 6, and 24 h of addition of Sep/DNA complex. 
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Samples were analysed with a C6 flow cytometer using the C6 Flow 

software (BD Accuri). 10,000 cells were counted for each sample. 

 

2.4.9.3. Endocytosis inhibition. 

V79 hamster cells and U20S human cancer cells were incubated with 1 

ml of 100 µM amiloride at 37oC20,281. The treatment was performed 30 min before 

the addition of 10 ng.µl-1 sepiolite suspension to the cells. Amiloride HCl 

dihydrate (Catalog No. S2560) was provided by Selleck Chemicals 

(www.selleckchem.com), in a 10 mM / 1 ml stock solution. It was used for 

selective inhibition of macropinocytosis in mammalian cells.   

 For clathrin-dependent endocytosis inhibition, V79 hamster cells and 

U20S human cancer cells were incubated with 3 ml of 10 µM chloroquine at 

37oC. The treatment was performed 30 min before the addition of 10 ng.µl-1 

sepiolite suspension to the cells. Chloroquine diphosphate salt (C6628-25G lot 

# BCBK7067V), was supplied by Sigma Aldrich. A 100 mM stock solution was 

prepared by dissolving 200 mg chloroquine in 3.9 ml water by gentle vortex, and 

then sterilize filtering through a 0.22 µm filter. 

Measurements were performed by FACS in CyFlow Space from Partec. 

10,000 cells were counted for each sample. 
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2.5. Protocols. 

 

2.5.1. Cell culture. 

 Chinese hamster cells were grown in dishes as monolayers in modified 

Eagle’s medium (MEM) containing 10% fetal bovine serum (FBS). U2OS 

human osteosarcoma cells were grown in dishes as monolayers in Dulbecco’s 

modified Eagle’s medium (DMEM) from Life Technologies containing 10% (v/v) 

FBS. Cells were incubated at 37oC with 5% CO2 in air and 100% humidification. 

MEM, DMEM and FBS were purchased from Life TechnologiesTM. 

 

2.5.2. Cell transfection 

Sep/DNA bionanocomposite with 80 µg of sepiolite and 2 µg of bounded 

DNA was prepared in 70 µl solution in presence of CaCl2 in this order: 40 µl of 

sepiolite at 2 mg/ml, 14 µl of 50 mM CaCl2, 7.8 µl of 10 mM TrisHCl and 8.2 µl 

of pCMV plasmid encoding for the resistance gene to G418 at 490 ng.µl-1. For 

the comparison of efficiencies of bionanocomposites prepared in presence of 

spermidine and spermine, the procedure was the same but using 14 µl of 1 mM 

spermidine and 14 µl of 1 mM spermine, respectively. After 2 h of incubation at 

25oC and stirred at 700 rpm in Thermomixer from Eppendorf, 5.83 ml of cellular 

medium (MEM) was added and gently homogenized. Finally, 6 ml of 

bionanocomposite suspended in cellular medium was added in two wells (3 ml 

in each well) with 2 x 104 of V-79 cells in each well. After two days, cells were 

washed with PBS and new medium was added with antibiotic G418 at 600 
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ng.µl-1 in order to start the selection. After 10 days cells colonies were stained 

with Giemsa (25% in ethanol).  

For human cells, sep/DNA bionanocomposite with 80 µg of sepiolite and 3 

µg of bounded DNA was prepared in 70 µl solution in this order: 40 µl of 

sepiolite at 2 mg/ml, 14 µl of 50 mM CaCl2 and 16 µl of pCMV plasmid at 490 

ng.µl-1. After 2 h of incubation at 25oC and stirred at 700 rpm in Thermomixer 

from Eppendorf, 8.9 ml of cellular medium (DMEM) was added and gently 

homogenized. Finally, 9 ml of bionanocomposite suspended in cellular medium 

was added in three wells (3 ml in each well) with 1 x 104 of U2OS cells in each 

well. Experiment was done with both vortexed and sonicated sepiolite. After two 

days, cells were washed with PBS and new medium was added with antibiotic 

G418 at 800 ng.µl-1 in order to start the selection. After 10 days cells colonies 

were stained with Giemsa. Cell transfection was carried out in 6-well plates. 
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3.3.  Spontaneous internalization of sepiolite into cells. 
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3. Characterization of sepiolite fibers and its 

interactions with mammalian cells. 

 

3.1. AFM and TEM characterization of sepiolite fibers. 

A report on the use of atomic force microscopy (AFM) technique for the 

quantitative size evaluation of sepiolite fibers in three dimensions of a clay from 

Turkey was recently reported282. This AFM study revealed that the average fiber 

dimensions of the fibers of this Turkish clay were determined as 249 × 1127 × 

29 nm (width × length × height)282.  

 As it was already mentioned in section 1.2, the length of sepiolite fibers is 

determined by the geological origin of the silicate. Sepiolite fibers selected in 

this work were obtained from a commercial sepiolite from Vallecas-Vicálvaro 

deposits (close to Madrid, Spain) which is known to have relatively small fibers1. 

Thus, AFM has allowed to measure the fibers dimensions of the Spanish clay 

used in the present work, showing that they are smaller than Turkish ones 

(Figure 3.1). Indeed, it was possible to observe fibers smaller than 800 nm in 

form of aggregates. In order to carry out a more stringent analysis and in view 

to determine the fibers size distribution, we have also applied transmission 

electron microscopy (TEM). Measurements showed that the mean value for the 

fiber width was 15 nm, and around 80% of fibers were between 200 and 400 nm 

length, the maximal length being 800 nm (Figure 3.2). Therefore, the small size 

of sepiolite nanofibers from the clay from Madrid area make this silicate 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
1 Data from TEM and FE-SEM images of sepiolite from the Taxus Basin (Pangel S9). E. Ruiz-
Hitzky and P. Aranda, personal communication. 
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potentially suitable for intracellular uptake into mammalian cells, in addition to 

the low toxicity associated with the silicate composed of fibers of small size (at 

the nanometric scale). 

 

Figure 3.1 Atomic force microscopy (AFM) image of sepiolite fibers taken from 
dispersion of sepiolite at 1 mg/ml in water, stirred in Vortex for 5 min at 
maximum speed. 

 

 

Figure 3.2. Analysis of the size distribution of sepiolite fibers. A-D: TEM 
images of sepiolite fibers (1 mg/ml sepiolite dispersion in 10 mM TrisHCl, 
pH=7.5) E: sepiolite fiber length distribution (nm), F: sepiolite fiber width 
distribution (nm). 
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3.2. Sepiolite – mammalian cells interactions. 

 In order to verify whether sepiolite can actually be used as a biomolecule 

platform delivery into mammalian cells, we then analyzed its interaction and 

behaviour with mammalian cells, focusing the study mainly in its capacity for 

being internalized into cells. We took advantage of spontaneous fluorescence of 

sepiolite (in green, excitation at 488 nm and emission in 498 nm – 530 nm; in 

red, excitation at 532 nm and emission in 542 nm – 685 nm) to monitor its 

spontaneous uptake into cells. 

 A time-kinetic of sepiolite uptake in V-79 cells was carried out monitored 

by fluorescence-activated cell sorting (FACS),! which allows to monitor 

fluorescent cells upon contact with naturally fluorescent sepiolite (Figure 3.3).  

In this experiment we used different concentrations of sepiolite, i.e. 1, 5, 10, and 

50 and 100 ng.µl-1. 6 hours after the addition of sepiolite, around 10% of cells 

remained fluorescent at sepiolite concentration of 1 ng.µl-1, and from 30 to 50% 

with sepiolite at concentrations of 5 and 10 ng.µl-1, respectively (Figure 3.4). 

From the toxicity point of view, it is worth to mention that with the highest 

concentrations of sepiolite used in this experiment, i.e. 50 and 100 ng.µl-1, the 

last viable data was obtained at 6 hours after addition of sepiolite. At sepiolite 

concentration of 100 ng.µl-1 only 6.9% of cells were in the region corresponding 

to living cells, and after this time it was no possible to reach 10,000 counts of 

living cells with this two concentrations. A sepiolite concentration less than 50 

ng.µl-1 is not toxic for the cells, as they could be growing even with the presence 

of sepiolite several days before.  
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Figure 3.3 Dots-plots from fluorescence activated cells sorting (FACS) 
experiment, for data corresponding to 0.5, 3 and 6 hours after the addition of 
sepiolite into V79 cells at different concentrations (0 ng.µl-1, 10 ng.µl-1, and 50 
ng.µl-1). The zone P3 corresponds to green fluorescent cells (channel FL1A, 
530 nm) due to the presence of sepiolite. 10,000 cells were counted in all 
experiments. The working concentration for sepiolite was fixed to 10 ng.µl-1 for 
experiments with mammalian cells. 
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Figure 3.4 Results obtained with fluorescence activated cells sorting (FACS) for 
the time kinetics of sepiolite uptake in V79 cells for different sepiolite 
concentrations (one experiment). Sepiolite concentrations: A: 1 ng.µl-1, B: 5 
ng.µl-1, C: 10 ng.µl-1, D: 50 ng.µl-1, E: 100 ng.µl-1. 

  

3.3. Spontaneous internalization of sepiolite into cells. 

The data obtained with FACS show that sepiolite can indeed, interact 

with cells. However, to demonstrate the internalization, we performed different 

microscopy analysis. First laser confocal microscopy analysis detected sepiolite 

fibers inside the V79 cells at different concentrations (Figure 3.5 and 3.6). In 

figure 3.5 is possible to observe the big natural fluorescence of sepiolite fibers 

at different wavelength. Sepiolite is fluorescent in the green and red regions (in 

FACS experiment it was observed more fluorescence in green than in red), and 

not fluorescent in blue and infrared. Fluorescence becomes higher in 

aggregates of sepiolite fibers. 
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Figure 3.5 Laser confocal microscopy images of sepiolite fibers inside V79 cells. 
Concentration of sepiolite dispersion in MEM: 0, 5 and 50 ng.µl-1. Channels: IR 
(infrared), red, green and blue, at given excitation and emission wavelengths. 
Sepiolite has a natural fluorescence in green and red, and is not fluorescent in 
blue and infrared. The blue fluorescence represents the Daco-Dapi staining of 
the cells nucleus. In merged images, we confirm that sepiolite fibers were 
uptaken by the cells. Wavelengths of excitation and fluorescence emission are 
indicated. The scale bar represents 25 µm. 
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Figure 3.6. Laser confocal microscopy image of of sepiolite fibers inside V79 
cells. Concentration of sepiolite dispersion in MEM: 10 ng.µl-1(Left) and 50ng.µl-

1 (Right). 

 

 Fluorescence microscopy was also used to observe different 

sepiolite fiber localization in V79 cells (Figure 3.7). In the majority of cases, 

sepiolite fibers were found in the cytoplasm and close to the nucleus. 

After the analysis of FACS and fluorescence microscopy images, it was 

possible to select a working concentration for sepiolite dispersion in further 

experiments involving mammalian cells. It was shown that a concentration of 10 

ng.µl-1, at least 45% of cells becomes fluorescent after 6 hours of contact with 

sepiolite, and even one and two days after. According to the obtained results, 

the working condition for sepiolite-cells interaction experiments was fixed to 10 

ng.µl-1. Observation of cells by optical microscopy confirmed that cells are still 

growing in presence of sepiolite fibers, which is an indication of the low 

cytotoxicity of sepiolite from Madrid at that dose. 
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Figure 3.7. Fluorescence microscopy images of sepiolite fibers inside V79 cells. 
Concentration of sepiolite dispersion in MEM: A-B: 5 ng.µl-1, C:10 ng.µl-1 and D: 
50 ng.µl-1. 

 

 Spontaneous uptake of sepiolite fibers into cells was then confirmed by 

time-lapse video microscopy. Of note, this analysis showed both the intake and 

the outtake of sepiolite. Interestingly, the transfer of sepiolite fibers from one cell 

to another into cells was also observed, which could constitute a promising 

strategy for further intracellular applications.  

 To detail the cell structure and mechanisms involved, and to increase 

resolution analysis of the interaction of sepiolite with cells, we performed an 

analysis by TEM. V-79 cell were incubated with sepiolite at 10 ng.µl-1 in cellular 

medium, and then prepared for TEM analysis. Interestingly, TEM observation 

distinguished different steps for sepiolite internalization from the membrane 

surface (Figure 3.9) to the inner part of the cytoplasm, as shown in Figure 3.8 
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showing a set of three different cells with their corresponding sepiolite fiber 

localization. Importantly, after 0.5 hours of contact, sepiolite fibers mainly 

localized at cell surface, while after 1 hour, sepiolite localized both at surface 

and cytoplasm. Finally, after 6 hours of contact, sepiolite localized in cytoplasm 

with some internalization states into the nucleus. 

 

Figure 3.8. TEM images of a set of three different V79 cells (A, D and G) with 
zooming in respective internal sepiolite fiber localizations (10 ng.µl-1 sepiolite in 
5.106 cells). 
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 Remarkably, TEM analysis revealed that cytoplasmic sepiolites fibers 

were embedded into endosomes membrane (Figure 3.8C), suggesting the entry 

of the fibers by endocytosis, resulting from membrane invagination (Figure 

3.9C), and consistently with observations done by time lapse video microscopy.  

 

Figure 3.9 TEM images of V79 cells showing different cellular uptake 
mechanisms of sepiolite fibers. 

 

 More specifically, classical structures of endocytosis and 

macropinocytosis were observed at the junction cell membrane/sepiolite 

(Figures 3.9A-D). It should be noted that macropinocytosis occurs via the 

formation of actin-driven membrane protrusions called pseudopods133, which 

are clearly visible here (Figures 3.9A-D). These structures fuse with the plasma 
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membrane, leading to internalized sepiolite cavities inside the cytoplasm, either 

surrounded by a membrane  (white arrow in Figure 3.8C) or not (Figure 3.8B). 

It should be also noted that some internalized sepiolite fibers were not 

embedded into membranes, suggesting a non-endocytic pathway for the 

sepiolite uptake. Direct sepiolite fiber insertion (Figure 3.9C) inside the cells 

could result from a combination of two factors. The first one is related to the 

particular physical-chemistry properties (i.e., surface chemistry behaviour) of 

the sepiolite fibers, allowing them to adsorb lipids from the cellular membrane 

and then going inside the cells. Actually, phospholipds such as 

phosphatidylcholine show high affinity to bind the external surface of sepiolite 

fibers giving rise to biohybrid materials that mimics cellular membranes16,17,283. 

The second factor is related to the geometry of sepiolite fiber which, as occurs 

in other needle-like materials such as CNTs, allows a direct insertion bypassing 

the classic mechanisms19. This mechanism was also found in studies of 

internalization of functionalized CNTs, in which was observed a dependence 

with the fiber size and the surface charge in the internalization of CNTs in 

cells18,19.  

In order to confirm that macropinocytosis and other endocytosis 

mechanisms are involved in sepiolite internalization into the cells, we measured 

by FACS the percentage of fluorescent cells, upon incubation of them with 

sepiolite in the presence of endocytosis inhibitors: chloroquine, which blocks 

clathrin-dependent endocytosis20, and amiloride, which inhibits 

macropinocytosis281. Thus, 10 µM of chloroquine reduced sepiolite 

internalization into V79 cells of 20%, while 100 µM amiloride caused the 50% of 

inhibition. These data pointed out that sepiolite internalisation into cells mainly 
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results from macropinocytosis, which is also consistent with the sequence 

observed in the pictures obtained by TEM (see Figure 3.9D). 

Taken together all of these results it can be postulate that sepiolite 

nanofibers are spontaneously and efficiently internalized by the cells. Thus, 

since sepiolite can binds various biological molecules it can be concluded that 

this nanoparticulated silicate is a good candidate for uses as a nanocarrier, 

constituting a new form for vectorization of biological molecules like DNA.  

Aiming at using sepiolite for DNA transfer, the next step was to prove that 

DNA actually binds to sepiolite, and to ascertain the nature of the 

physicochemical interactions in the resulting sepiolite/DNA bionanocomposite 

materials (Sep/DNA). 
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4. Synthesis and physicochemical characterization of 

sepiolite-DNA (Sep/DNA) bionanocomposites.  

 

4.1.  Previous results. 

 With the aim to use sepiolite as an intracellular nano-platform for DNA 

transfer, the next step in this work was to prove that DNA molecules actually 

bind to sepiolite, and to study the nature of the physicochemical interactions 

between both components in the sepiolite/DNA (Sep/DNA) bionanocomposite. 

 In fact, in previous assays which are not included in this PhD 

dissertation, it has been verified diverse aspects concerning the viability of the 

DNA binding to sepiolite41. Adsorption isotherms were worked out, at acidic pH 

(in presence of 50 mM HAc/NaAc, pH 4.8), determining the amount of adsorbed 

DNA from UV-vis and elemental chemical analysis data. According to those 

previous results, nucleic acids (low molecular weight DNA from salmon sperm) 

were spontaneously adsorbed on the external surface of microfibrous sepiolite 

through hydrogen-bonding interactions with the external silanol groups present 

on this silicate. Adsorption isotherm (Figure 4.1A) was of the L-type, indicating a 

high affinity of DNA to be adsorbed in this inorganic solid. This affinity provokes 

the agglomeration of DNA biopolymer on the fibrous clay particles, as shown 

field emission-scanning electron microscopy (FE-SEM) images (Figure 4.1B 

and 4.2C).  
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Figure 4.1 Results from a previous study carried out at the ICMM-CSIC41 on 
DNA adsorbed onto sepiolite. A) Adsorption isotherm of salmon sperm DNA 
(50mM HAc/NaAc pH=4.8) on sepiolite at 30oC (equilibrium at 24 hours under 
agitation. B), C) FE-SEM images of the Sep/DNA bionanocomposite prepared 
in this acidic medium condition. 

 

 Based on those promising results, the present study intends to 

synthesize Sep/DNA bionanocomposites using a media close to neutral pH (ph 

7.5), as such conditions appears to be more suitable for biological and 

biomedical applications. 

B C 
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4.2.  Synthesis of Sep/DNA bionanocomposites. DNA adsorption onto 

sepiolite. 

 Adsorption isotherm experiments carried out at pH=7.5 also revealed an 

efficient adsorption of DNA onto sepiolite nanofibers (Figure 4.2A and 4.2B). At 

low initial concentration of DNA, up to 400 ng.µl-1, the adsorption behaviour can 

be considered as a convex simple-component Langmuir isotherm. At higher 

DNA concentrations (>400 ng.µl-1), the curves suggested a multi-layer 

adsorption and saturation. The saturation point was found for an initial DNA 

concentration of 630 ng.µl-1, corresponding to the maximum of spontaneous 

DNA adsorption onto sepiolite (around 80 µg of DNA adsorbed per mg of 

sepiolite). At the highest concentrations of added DNA (>630 ng.µl-1), the 

adsorption abruptly decreased. This shows that the adsorption process 

depends on both the initial DNA and sepiolite concentrations. For DNA initial 

concentration lower than 100 ng.µl-1, more than 30% of DNA was adsorbed. 

This value dropped to 12% for initial DNA concentration ranging from 200 ng.µl-

1 to 650 ng.µl-1, and less than 10% for initial DNA concentrations higher than 

650 ng.µl-1 (Figure 4.2B). 
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Figure 4.2 (A) Adsorption isotherm of DNA on sepiolite carried out in 
presence of various multivalent cations. Reaction conditions: 10 mM TrisHCl 
pH=7.5; sepiolite concentration fixed at 1mg/ml and the mass to 50 µg. 
Adsorption experiments at 25oC for 24 hours under agitation at 700 rpm in a 
Thermomixer from Eppendorf. (B) Same experimental data expressed in terms 
of initial DNA concentration vs. percentage of DNA adsorbed onto sepiolite.   

 

Importantly, supplying polyvalent cations, such as Mg2+, Ca2+, spermidine 

(triamine with formula C7H19N3) and spermine (tetraamine with formula 

C10H26N4) to the suspension, strongly increased the adsorption of DNA onto 

sepiolite (Figure 4.2A and 4.2B). This observation suggests that the presence of 

any of those cations favours the adsorption process probably as a result of 

cation bridges interactions284,285 together with electrostatic interactions between 

DNA and sepiolite surface. Indeed, divalent cations may interact with the Si-OH 

groups of the sepiolite surface and reduce electrostatic repulsion between the 

DNA and the sepiolite acting as bridges for bonding DNA molecules, as it has 

been reported for interactions of DNA with other type of silicate substrates286. 
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Moreover, the binding of the cations may depress intramolecular electrostatic 

repulsion among DNA molecules subunits, leading to a higher diffusion 

coefficient of DNA due to its more compact conformation 286.  

More specifically, divalent cations two-fold increased DNA adsorption 

(Figure 4.2A). In this case, the maximum of adsorption was found in samples 

prepared at 700 ng.µl-1 of initial DNA concentration, in the presence of MgCl2 

which leads to 160 µg of DNA adsorbed per mg of sepiolite. In the presence of 

CaCl2, DNA slightly bound more efficiently to sepiolite, compared to MgCl2. This 

could be attributed to the fact that Mg2+ forms weaker “outer-sphere” complexes 

with the phosphate backbone of plasmid DNA, and Ca2+ forms “inner-sphere” 

complexes with the phosphate backbone of plasmid DNA, which decreases the 

net negative charge and hence decreases the electrostatic repulsion between 

phosphates,  resulting in a more compact structure of the plasmid molecule286.  

Adsorption of DNA leads, from solutions of higher concentration, (>750 

ng.µl-1) to an abrupt decrease of DNA adsorbed in sepiolite. This observation 

suggests that at such concentration DNA may be composed of large 

agglomerates instead of individual DNA molecules, and single sepiolite 

nanofibers would interact with agglomerates instead with single DNA molecules 

which results in a lower efficiency in DNA adsorption. 

On the other hand, polyamine cations like spermidine (trivalent) and 

spermine (tetravalent) stimulated the adsorption more efficiently than divalent 

cations, as previously shown for mica surface287. In presence of spermidine, the 

adsorption curves remained with the same shape with a maximum in the 

adsorption that corresponds to the same initial DNA concentration than in 

experiments carried out in presence of divalent cations, but reaching around 
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200 µg of adsorbed DNA per mg of sepiolite. In this system it is possible to 

reach more than 100 µg of DNA adsorbed even when the initial DNA 

concentration is higher than 900 ng.µl-1 (Figure 4.2A). 

In the presence of spermine, the adsorption was significantly more 

efficient, and no decrease of the DNA adsorption was found for DNA initial 

concentrations higher than 750 ng.µl-1, in contrast to experiments carried out in 

the presence of divalent and trivalent cations. Conversely to the other systems 

the maximum in adsorption was found for an initial DNA concentration of around 

900 ng.µl-1, corresponding to 270 µg of DNA adsorbed per mg of sepiolite. 

These results may be explained by the ability of polyamines to condense DNA, 

which leads to a sharp increase of local DNA concentration close to sepiolite 

surface where these ions should be located. 

From the isotherm curves it is clear that the presence of multivalent 

cations also increased the percentage of initial DNA adsorbed onto sepiolite, 

keeping constant the same initial DNA concentrations (Figure 4.2B). In the 

presence of divalent and trivalent cations, 20% to 30% of DNA is adsorbed at 

initial concentrations ranging from 300 ng.µl-1 to 700 ng.µl-1 and increased over 

50% when the initial concentration is lower than 100 ng.µl-1. In the presence of 

the tetravalent cation, 30% to 40% of DNA was adsorbed onto sepiolite, at initial 

concentrations higher than 400 ng.µl-1; the percentage raising over 50% at initial 

concentrations below 300 ng.µl-1 (Figure 4.2B). 

The overall adsorption process appears to be very rapid. Indeed, for 50 

µg of sepiolite we observed only a slight increase of about 3% in the total 

amount of DNA adsorbed between few minutes and 24 hours after putting in 

contact the DNA with sepiolite in the presence of a divalent cation (MgCl2) 
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(Table 4.1). This result indicates that most of DNA molecules are adsorbed 

instantaneously onto the sepiolite, pointing out to a predominance of 

electrostatic interactions between sepiolite and DNA, together with hydrogen 

bonding with silanol groups located at the external surface of the silicate. 

 

Time (min) 0 30 60 90 120 180 1440 

Percentage of 

adsorbed 

DNA with 

respect to the 

initial content 

in solution. 

16.79% 16.99% 16.28% 17.59% 17.65% 19.07% 20.10% 

µg of DNA 

adsorbed by 

50 µg of 

sepiolite 

5.63 5.70 5.46 5.90 5.91 6.39 6.74 

 

Table 4.1 Time kinetics for DNA adsorption onto sepiolite (one experiment. 
Reaction conditions: 10 mM TrisHCl PH=7.5, 5 mM MgCl2, initial 
concentrations: sepiolite 1 mg/ml, DNA 670 ng.µl-1. 

 

4.3.  Influence of cations with different valence on DNA adsorption onto 

sepiolite. 

In order to examine further the effect of the cation valence on DNA 

adsorption onto sepiolite, it was tested the effect of increasing concentration of 

the studied cations in the medium, while keeping constant DNA concentration 

(Figure 4.3). Importantly, the efficiency of DNA adsorption appeared to be 

directly correlated to the cation valence. Indeed, tetravalent cation (spermine) 
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was more efficient than the trivalent cation (spermidine) and both were much 

more efficient than divalent cations (MgCl2 and CaCl2). For example, DNA 

adsorption was as efficient with 1 mM spermidine (trivalent cation), than with 

100 mM divalent cation (MgCl2 and CaCl2), and spermine (tetravalent cation) 

was even more efficient (Figure 4.3). 

 

 

Figure 4.3 Effect of the presence of cations with different valence on DNA 
adsorption. Reaction conditions: 10 mM TrisHCl pH=7.5, salmon sperm DNA 
and sepiolite concentrations fixed at 615 ng.µl-1 and 1 mg/ml, respectively. 50 
µg of sepiolite were used in each experiment. Adsorption took place at 25oC for 
24 hours under agitation at 700 rpm using a Thermomixer from Eppendorf. 

 

Surprisingly, the presence of monovalent cations (e.g. NaCl and KCl) 

slightly favoured DNA adsorption (Figure 4.3), which is not the case in other 

type of clay minerals, for which monovalent cations cause the screening of 

electrostatic interactions on montmorillonite286 or the decrease of the correlation 

force involved in DNA adsorption on mica288. At pH=7.5, both DNA and sepiolite 

surface are negatively charged, therefore the presence of monovalent cations 

could screen the interaction between silanol groups and negative charges on 

DNA phosphate backbone289 and so decreases the DNA adsorption. However, 

as previously advanced287, this charge screening effect could also reduce the 



 134!

electrostatic energy barrier between DNA and sepiolite, and then DNA 

adsorption increases, allowing the DNA molecule to approach the negative 

surface close enough for adsorption by van der Waals forces. 

Among the tested monovalent cations, KCl was slightly more efficient 

than NaCl. However, the use of 100 mM of KCl and 300 mM of NaCl leads to 

the same DNA adsorption efficiency than 5 mM of MgCl2. In addition, 

monovalent cations are three orders of magnitude less efficient than the 

tetravalent cation. For example the amount of DNA adsorbed in presence of 0.1 

mM spermine is almost the same as in the presence of 300 mM KCl (Figure 

4.3). Surprisingly, with EDTA (ethylenediaminetetraacetic acid with formula 

C10H16N2O8) a poor but significant residual efficiency of DNA adsorption was 

still preserved (Figure 4.3). 

The competition between monovalent and divalent cations was already 

studied in the case of DNA adsorption onto muscovite mica287,288. It is known 

that in this layered silicate there is a strong competition between these both 

types of ions, causing the monovalent cation a screening in the clay surface 

involving a decrease of the attraction force between DNA and mica. This 

attractive force results from the correlations interactions between counterions 

adsorbed on both mica and DNA surfaces. One of the major features of this 

correlation force is its dependence upon the valence of the counterions288. 

Indeed this force is attractive provided that the cations are divalent or of higher 

valence. The correlations of the monovalent cations do not contribute to the 

attraction force. 

Surprisingly, we did not observe the same behaviour with sepiolite 

(Figure 4.3). However, the competition between counterions with different 
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valence still occurs (see Figure 4.4), but to a lesser degree. Indeed, for a 

constant MgCl2 concentration, we observed a decrease of the amount of 

adsorbed DNA for increasing NaCl concentration (see Figure 4.4.A), which is a 

typical feature of Mg2+/Na+ counterion competition. Nevertheless, the valence of 

the counterion is not the only parameter involved in DNA adsorption since we 

observed a clear difference between NaCl and KCl. As it was shown previously 

in fig 4.3, KCl is more efficient that NaCl among the tested monovalent cations 

for DNA adsorption. Moreover, at high MgCl2 concentration, the DNA adsorption 

remains almost the same even when the KCl concentration rises to 300 mM 

(Fig. 4.4B). This result suggests a strong interaction between KCl and sepiolite 

surface. 

The weak competition between counterions for DNA adsorption onto 

sepiolite could lead to a higher stability of the Sep/DNA bionanocomposite when 

it would be in presence of different salts with different valences, as for example 

in the interior of cells. This property confers ability for intracellular applications 

of Sep/DNA. 
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Figure 4.4 Competition between monovalent and divalent cations in DNA 
adsorption onto sepiolite. A: Mg2+/Na+, B: Mg2+/K+ competition. Reaction 
conditions: 10 mM TrisHCl pH=7.5, Salmon Sperm DNA and sepiolite 
concentrations fixed at 615 ng.µl-1 and 1mg/ml, respectively. 50 µg of sepiolite 
were used in each experiment. Adsorption took place at 25oC for 24 hours 
under agitation at 700 rpm using a Thermomixer from Eppendorf. 
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4.4.  Adsorption efficiency of different DNA conformations. 

In further experiments we have compared the adsorption efficiency of 

different DNA conformations, i.e. sonicated linear double stranded DNA (mean 

of 300 bp), containing complex DNA sequences (from salmon sperm), circular 

plasmids (5.7 kbp long), double-strand linear oligo nucleotides, ds-oligo (15 bp) 

or linear single-strand oligonucleotides, ss-Oligo (15 nt) (Figure 4.5A and 4.5B). 

At initial DNA concentration lower than 300 ng.µl-1 and using 50 µg of sepiolite, 

the behaviour of all kinds of the studied DNA was quite similar. At initial DNA 

concentration lower than 100 ng.µl-1, the percentage of adsorbed DNA (from the 

initial sample) was greater than 50% (Figure 4.5A), reaching adsorption values 

higher than 70% at initial concentrations lower than 50 ng.µl-1 for double 

stranded DNA. However, at higher concentration, the adsorption isotherms 

clearly pointed out marked differences between the adsorption of double-

stranded and single–stranded DNA on the sepiolite (Figure 4.5B). 
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Figure 4.5 Comparison of adsorption of different DNA conformations onto 
sepiolite. (A) Same experimental data showed in (B) expressed in terms of 
initial DNA concentration vs. percentage of DNA adsorbed onto sepiolite. (B) 
Adsorption isotherm of different DNA conformations on sepiolite. Reaction 
conditions: 10 mM TrisHCl pH=7.5, 5 mM MgCl2, sepiolite concentration fixed at 
1 mg/ml. 50 µg of sepiolite were used in each experiment. Adsorption 
experiments were carried out at 25oC for 24 hours under agitation at 700 rpm 
using a Thermomixer from Eppendorf. 
 

The double-stranded DNA presented maximum adsorption at an initial 

concentration of around 700 ng.µl-1, which corresponds to a supernatant 

concentration of around 550 ng.µl-1, after the adsorption. Beyond this initial 

concentration value, the amount of adsorbed DNA decreases. With ss-Oligo 

DNA the maximum of adsorption was two-fold lower than that of double-

stranded DNA (Figure 4.5B), reached for an initial DNA concentration close to 

460 ng.µl-1, which corresponds to an equilibrium concentration of 370 ng.µl-1. 
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4.5.  DNA desorption from sepiolite.  

Envisaging some possible biomedical applications of the Sep/DNA 

bionanocomposites, it is important to study the release and recover of the 

previously adsorbed DNA from the sepiolite.  

With the aim to desorb the DNA from the sepiolite, first experiments were 

done by applying heat, here so-called "heating" method. A dispersion of the 

bionanocomposite was incubated for 5 minutes at 95 °C, following with an 

abrupt decrease of the temperature after those 5 min of incubation by 

immersing the sample in melting ice. Spectrophotometry analysis of the 

supernatant after centrifugation gave a mean value of 40% of DNA desorption, 

which confirms that certain amount of DNA could be desorbed from sepiolite 

just by heating.  

 Characterization of the recovered DNA using EMSA showed that a part 

of it was unable to maintain its double stranded conformation. Figure 4.6 shows 

in columns C and D the presence of single stranded DNA in samples recovered 

from bionanocomposites prepared in the presence of 5 mM MgCl2 and 5 mM 

CaCl2, respectively. TEM characterization of the desorbed DNA by heating also 

showed a lot of single stranded DNA together with double stranded DNA 

(Figure 4.7).  These results point out that the "heating" method is inadequate for 

further biological use of desorbed DNA. 
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Figure 4.6 Characterization with EMSA of the DNA desorbed by the "heating" 
method. (A) Plasmid (5.7Kbp) control; (B) plasmid DNA in the supernatant after 
synthesis of the bionanocomposite and before heating the re-suspended pellet; 
(C) plasmid DNA desorbed from bionanocomposite obtained with 5 mM MgCl2; 
(D) plasmid DNA desorbed from bionanocomposite obtained with 5 mM CaCl2. 
Last line in C and D represents single stranded DNA.  

 

 

Figure 4.7 TEM images of the DNA desorbed by the "heating" method. White 
arrows pointed to single stranded DNA. 

 

200!nm!
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The second method used for DNA desorption was the so-called 

"chelation" method. In this case the bionanocomposite is re-suspended in Tris-

EDTA. The simple resuspension of the bionanocomposite should not damage 

the DNA and could propitiate the quality and further biological efficiency of the 

desorbed DNA.  

As it is already known, EDTA is a type of chelating agent, i.e. it has the 

ability to "sequester" metal ions such as Mg2+, Ca2+, Fe3+ as well as other metal 

ions. After being bound by EDTA, metal ions remain in solution but exhibit 

diminished reactivity. It is worth to mention that the EDTA is used for treating 

mercury and lead poisoning, to remove excess iron from the body, and to bind 

metal ions in general in the practice of chelation therapy290,291. 

In our case, DNA desorption could occur by chelation of the cation 

bridges that bind DNA molecules to the sepiolite surface. Thus, if DNA was 

bounded to sepiolite through multivalent cations, the use of this chelating agent 

might facilitate desorption of DNA from sepiolite. In this way, it has been tested 

the "chelation" method using various concentrations of EDTA (0, 5, 10 and 50 

mM) (Figure 4.8).  
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Figure 4.8 Comparison of DNA desorption efficiency of EDTA at different 
concentrations by applying "chelation" method. Reaction conditions: Initially, 0.5 
ml of Sep/DNA samples were prepared using salmon sperm DNA at 640 ng.µl-1 

in a sepiolite dispersion (1 mg/ml) in 10 mM TrisHCl and 5 mM MgCl2. 
Resuspension in 0.1 ml solution of 10 mM TrisHCl, and EDTA at 5, 10 and 50 
mM. After 15 min of incubation at room temperature, all samples were 
centrifugated at 5000 rpm for 5min, and the supernatant was measured using 
the UV-vis. 

 

 Maximum DNA desorption was obtained when bionanocomposites 

prepared using DNA from salmon sperm in the presence of 5 mM MgCl2 were 

treated with 10 mM TrisHCl and 10 mM EDTA. Desorption decreases then for 

higher content of EDTA (Figure 4.8). This behaviour can be explained 

considering that chelation of magnesium ions by the EDTA occurs at 1:1 molar 

ratio, but an excess of EDTA could lead to further DNA re-adsorption. As it was 

already observed in Figure 4.3, EDTA slightly favour the DNA adsorption onto 

sepiolite by a suggested bridging between sepiolite and DNA through amino 

groups of EDTA. Another alternative effect of EDTA could be the extraction of 

Mg2+ ions located at the edges of the octahedral layers of sepiolite enhancing 

so the further re-adsorption of DNA. In fact, it can be admitted that a 
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spontaneous lixiviation of Mg2+ cations from sepiolite can take place when this 

mineral is dispersed in neutral or acidic solutions2.    

 In order to compare the efficiency of the “chelation” method in the 

desorption of DNA from the bionanocomposites prepared in diverse media 

containing different cations, EDTA was used in desorption experiments carried 

out in bionanocomposites prepared in the presence of divalent, trivalent and 

tetravalent cations. Thus, Sep/DNA bionanocomposites prepared from salmon 

sperm DNA in the presence of 10 mM MgCl2, 10 mM CaCl2, 1 mM spermidine 

and 1 mM spermine were submitted to three subsequent steps of resuspension, 

one in the presence of 10 mM TrisHCl, and twice with 10 mM TrisHCl and 10 

mM EDTA. Figure 4.9 shows both, the total amount of DNA initially adsorbed 

(represented in red bars) and the one desorbed after the desorption treatment 

(represented in green bars) in the four selected bionanocomposites correlated 

with the valence of the cation present during the adsorption process. However, 

the percentage of DNA that remain bounded to the sepiolite after the desorption 

process, clearly indicates that the efficiency in desorption was lower as the 

valence of the cation in the preparation medium was higher (e.g., 50.6% of 

desorption efficiency from the bionanocomposite prepared in the presence of 

spermine and 70 – 75% in bionanocomposites containing Mg2+ or Ca2+). 

 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
2 E. Ruiz-Hitzky, personal communication. 
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Figure 4.9 Comparison of the amount of desorbed salmon sperm DNA from 
bionanocomposites prepared in the presence of Mg2+, Ca2+, spermidine and 
spermine using the “chelation” method (re-suspension in TrisHCl EDTA). 

 

A more detailed analysis for each re-suspension was also carried out to 

understand if there are different ways for DNA to become adsorbed in sepiolite 

under the studied experimental conditions. Thus, bionanocomposites prepared 

by adsorption of salmon sperm DNA in 0.5 ml of volume reaction containing 500 

µg of sepiolite, were firstly re-suspended in 10 mM TrisHCl in order to remove 

and analyze the DNA which was weaker enough bonded to sepiolite for being 

spontaneusly desorbed just by re-suspension without any chelating agent. The 

suspension was centrifuged and the supernatant (i.e. the desorbed DNA) was 

analyzed using UV-vis spectrophotometry. The amount of DNA desorbed in this 

first re-suspension of the studied bionanocomposites is represented in blue 

colour in the graphics of Figure 4.10. The DNA recovered from 

bionanocomposites prepared in the presence of divalent cations (e.g., Mg2+ and 

Ca2+) corresponds to around a fourth part of the total adsorbed DNA (Figure 
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4.10). In contrast, for the bionanocomposites prepared in the presence of 

spermidine and spermine only a 20% and 13% of DNA is desorbed just by 

resuspension of the system in TrisHCl (Figure 4.10), confirming a higher 

efficiency in DNA bonding for these polyvalent cationic species.  

 The DNA recovered from the bionancomposites re-suspended for a 

second time in this case using 10 mM TrisHCl and 10 mM EDTA, is represented 

in red colour in the graphics of Figure 4.10.  This desorbed DNA is removed by 

"chelation" however, a third resuspension of the bionanocomposites was carried 

using 10 mM TrisHCl and 10 mM EDTA in order to assure a maximum removal 

of bonded DNA (percentage for this third treatment represented in green colour 

in the graphics of Figure 4.10). The total amount of desorbed DNA by 

"chelation" effect corresponds to the sum of the two last re-suspension 

treatments in the presence of EDTA and corresponds to 42% for 

bionanocomposites prepared in the presence of Mg2+, 48% for 

bionanocomposites prepared in the presence of Ca2+ and spermidine, and 36% 

for bionanocomposites prepared in the presence of spermine (Figure 4.10). 
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Figure 4.10 Percentage of DNA desorbed from sepiolite in each of the three 
subsequent re-suspension steps of the “chelation method” applied to Sep/DNA 
bionanocomposites prepared in the presence of MgCl2, CaCl2, spermidine and 
spermine at the concentration indicated in the graphics. 

 

 These last results indicate that it is remarkable the amount of DNA that 

still remains strongly adsorbed to the sepiolite, which represents around one-

third of the initially adsorbed DNA, even a half in the case of the 

bionanocomposite prepared in the presence of spermine. This behaviour could 

be an evidence of a possible multilayer DNA formation on sepiolite surface, 

being evident a very strong interaction between the first layer of DNA directly 

adsorbed on the sepiolite surface. 
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 Considering the difficulty for remove DNA from the bionanocomposite 

prepared in the presence of spermine (1 mM), a last experiment was carried out 

in order to compare the desorbed amount of DNA when the first re-suspension 

was made with TrisHCl and EDTA instead of only TrisHCl (Figure 4.11), and it 

was also added a fourth re-suspension step also using EDTA. From the data 

represented in Figure 4.11 it is deduced that the use of EDTA in the first re-

suspension leads to a recover amount of about the double of the DNA 

compared to that obtained when the sample is re-suspended only in TrisHCl. In 

that case, with only two re-suspension treatments it is possible to recover a half 

of the DNA in the sample. This observation could be useful if there is interest in 

recovering higher amounts of DNA and thus the preparation of successive re-

suspensions in TrisHCl and EDTA could be used to recover larger amounts of 

DNA from these bionanocomposites. 

It was also analyzed the quality of the desorbed DNA using EMSA. In this 

case, a Sep/DNA bionanocomposite prepared from plasmid DNA (5.7 Kbp) and 

in the presence of 5 mM Mg2+ and 5 mM Ca2+ ions was treated using the 

"chelation" method (one re-suspension step) to desorb the DNA which was 

analyzed by electrophoresis (Figure 4.12). 
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Figure 4.11 Percentage of DNA desorbed from sepiolite in four subsequent re-
suspension steps applied the “chelation” method to Sep/DNA 
bionanocomposites prepared from salmon sperm DNA in presence of 1 mM 
spermine. First resuspension (represented in yellow) was in 100 µl of TrisHCl 
(up) and in 100 µl of TrisEDTA (down). Sep/DNA samples were prepared in 
presence of 1 mM spermine with the same protocol described in figure 4.9 and 
4.10 captions. 
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Importantly, the different isoforms (super-coiled, linear, open circle) of the 

plasmid DNA, particularly the supercoiled form, were maintained also in the 

DNA recovered from the sepiolite (Figure 4.12). This result is of great relevance 

and it is a proof of the efficiency of the “chelation” method for recovering the 

adsorbed DNA. Moreover, the preservation of the DNA structure confirms that 

sepiolite is a good support for the DNA because their assembly does not 

provoke any alteration of its structure. 

 

Figure 4.12 Characterization with EMSA of desorbed DNA using the "chelation" 
method. A: Plasmid (5.7 Kbp) control; B: plasmid DNA in the supernatant after 
synthesis of the bionanocomposite prepared with 5 mM MgCl2 and before re-
suspending the pellet in TrisHCl and EDTA; C:  plasmid DNA desorbed from the 
bionanocomposite obtained with 5 mM MgCl2; D: plasmid DNA desorbed from 
bionanocomposite obtained with 5 mM CaCl2.  

 

 A study of the kinetics of the DNA desorption process from sepiolite was 

also carried out. Desorption also appeared to be very rapid. Indeed, a difference 

of less than 5% was observed in desorption efficiency, between immediate 
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desorption and that observed after 2 hours of incubation of Sep/DNA with the 

chelating agent (TrisEDTA) (Table 4.2). This result also supports the 

electrostatic nature of the interaction sepiolite–DNA. 

Time 

(min) 

Mass of initially 

adsorbed DNA (µg) 

Mass of DNA 

desorbed (µg) 

% of DNA 

desorption 

0 5.919 4.255 71.89 

15 5.459 4.01 73.46 

30 5.899 4.025 68.23 

60 5.629 3.72 66.09 

120 5.699 3.945 69.22 

 

Table 4.2 Time of DNA desorption from sepiolite in Sep/DNA 
bionanocomposites prepared from salmon sperm DNA in presence of 5 mM 
MgCl2 (one experiment). Reaction conditions for initial adsorption: 50 µl sample, 
10 mM TrisHCl pH=7.5, 5 mM MgCl2. Initial concentrations: sepiolite 1 mg/ml, 
DNA 670.68 ng.µl-1. Reactions conditions for desorption: 50 µl sample, 10 mM 
TrisHCl pH=7.5, 5 mM EDTA. 
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4.6.  Physicochemical characterization of Sep/DNA bionanocomposites. 

In order to confirm the modifications of sepiolite surface charges, in 

presence of multivalent cations and DNA molecules, the zeta potential was 

determined by an electrokinetic study in the presence of different salts with and 

without DNA (Table 4.3). The analysis of the zeta-potential of sepiolite with 

different salts in the medium confirmed that the presence of multivalent cations 

depressed the negative charge of the sepiolite, being the trivalent and 

tetravalent cations (spermidine and spermine, respectively) were the most 

efficient ions in this shielding effect, leading to a more complete surface charge 

inversion. Anyway, the presence of DNA able to interact with the external 

surface of sepiolite fibers leads to the formation of bionanocomposites provided 

of a net negative charge either in the presence or not of polyvalent cations. 

These results suggest that the interaction of DNA with the sepiolite surface 

implicates diverse mechanisms, being a complex assembling process. 

Importantly, this global negative charge of the Sep/DNA bionanocomposites is a 

favourable situation in view to have a system for DNA delivery into cell nuclei. 
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Sample 

composition 

Zeta- 

Potential 

(mV) 

Bionanocomposite 

Zeta- 

Potential 

(mV) 

Sepiolite 1 mg.ml-1 

10 mM TrisHCl 

pH=7.5 

-11.7 

Sepiolite 1 mg.ml-1 

DNA 710 ng.µl-1 

10 mM TrisHCl pH=7.5. 

-26.5 

Sepiolite 1 mg.ml-1 

10 mM TrisHCl 

pH=7.5 

10 mM MgCl2 

-4.33 

Sepiolite 1 mg.ml-1 

DNA 710 ng.µl-1 

10 mM TrisHCl pH=7.5 

10 mM MgCl2 

-9.48 

Sepiolite 1 mg.ml-1 

10 mM TrisHCl 

pH=7.5 

10 mM CaCl2 

-5.08 

Sepiolite 1 mg.ml-1 

DNA 710 ng.µl-1 

10 mM TrisHCl pH=7.5 

10mM CaCl2 

-10.0 

Sepiolite 1 mg.ml-1 

10 mM TrisHCl 

pH=7.5 

1 mM spermidine 

+6.28 

Sepiolite 1 mg.ml-1 

DNA 710 ng.µl-1 

10 mM TrisHCl pH=7.5 

1 mM spermidine 

-12.5 

Sepiolite 1 mg.ml-1 

10 mM TrisHCl 

pH=7.5 

1 mM spermine 

+12.8 

Sepiolite 1 mg.ml-1 

DNA 710 ng.µl-1 

10 mM TrisHCl pH=7.5 

1 mM spermine 

-8.09 

 

Table 4.3 Zeta-potential values of 1 ml suspensions of different sepiolite – 
polycations – DNA (from salmon sperm) complexes. Measurements were 
performed on a Malvern Zetasizer Nano ZS. Z-average values in intensity at 
pH=7 were used as mean hydrodynamic size (Dh), and the zeta-potential was 
measured in a 0.01 M KNO3 solution. HNO3 or KOH was added to the solution 
to alter the pH. 
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The precise characterization of the interactions between DNA and the 

sepiolite surface, it was then carried out by Fourier transform infrared 

spectroscopy (FTIR). This technique has been previously employed to ascertain 

the interaction of diverse biomolecules such as polysaccharides30, proteins31 

and phospholipids15 with silanol groups at the external surface of sepiolite. 

Thus, in Sep/DNA bionanocomposites it has been also analyzed how the DNA 

adsorption specifically affected the intensity of the 3720 cm-1 band, assigned to 

the stretching OH vibrations of Si-OH located at the external surface of 

sepiolite24,28. Indeed, the interaction of adsorbed DNA with these groups 

perturbed such band, producing a shift toward lower frequency values, being 

then not observable in the spectrum of certain of the samples due to the 

overlapping with the broad band associated with the stretching OH modes of 

water molecules belonging to the sepiolite. Changes in the frequency of this 

band have been correlated with the interactions of diverse type of other species 

with the silanol group16,17,29. Moreover, the intensity of the perturbation of this 

specific band was also correlated with the presence of multivalent cations 

(Figure 4.13), consistently with the efficiency of DNA adsorption onto sepiolite 

(compare Figures 4.2, 4.3 and 4.13).  

The decrease in the intensity of the IR band associated with the O-H 

stretching vibration mode of silanol groups may occurs in different extent which 

can be correlated with the degree in the surface coverage by the assembled 

species. In contrast, the band assigned to the stretching OH vibration mode of 

Mg-OH groups appearing at ca. 3680 cm-1 remains practically unaltered even at 

high amounts of adsorbed DNA. This null or very small alteration is expected as 

these type of hydroxyl groups are located inside the structural blocks of 
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sepiolite, far from its surface, and the adsorbed species cannot accede to them. 

In addition, as the dimensions of the cross-section of tunnels were about 1.1 × 

0.4 nm2, the DNA molecules showing a bigger size may mostly remain at the 

external surface of the fibers, the tunnels being practically inaccessible to them, 

as occurs in the case of many other polymeric species15–17,29,292.  

 

 

Figure 4.13 Comparison between Fourier transform infrared 
spectroscopy (FTIR) spectra of sepiolite, Sep/DNA bionanocomposites 
prepared without cations, and Sep/DNA prepared in the presence of 
monovalent (A: NaCl, B: KCl), divalent (C: CaCl2, D: MgCl2), trivalent (E: 
spermidine) and tetravalent (F: spermine) cations.  
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Sep/DNA bionanocomposites were also characterized by AFM and by 

TEM techniques. With AFM it was possible to observe some DNA plasmids (5.7 

kbp) in a control sample (figure 4.14A) and also some DNA plasmids  bonded to 

different sepiolite fibers (Figure 4.14B) forming a Sep/DNA bionanocomposite 

(sepiolite 1 mg/ml and PCMV plasmid with 5.7 Kbp at 10 ng.µl-1). Difficulties of 

this technique rely in the high amount of time spent in finding single molecule of 

Sep/DNA complexes, due to the presence of aggregates. In phase-mode it is 

also possible to see the DNA on the sepiolite fiber (Figure 4.15). 

 

 

 
Figure 4.14 Atomic force microscopy (AFM) images. (A) control images 

of PCMV plasmid 5.7 Kbp (5 ng.µl-1). (B) Sep/DNA bionanocomposite (sepiolite 
at 1 mg/ml and PCMV plasmid with 5.7 Kbp at 10 ng.µl-1).  
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Figure 4.15 AFM images of Sep/DNA bionanocomposite (sepiolite at 1 mg/ml 
and PCMV plasmid with 5.7 Kbp at 20 ng.µl-1) in phase-mode. 

 

Figure 4.16 shows the control images of DNA using TEM. It is possible to 

observe the shape of condensed DNA in presence of spermidine (figure 4.8C) 

and spermine (figure 4.8D). 

 

Figure 4.16 Transmission electron microscopy (TEM) control images of DNA. A: 
plasmid 5.7 Kbp, B: linearized plasmid 5.7 Kbp using EcoRI restriction enzime, 
C: Condensed plasmid 5.7 Kbp in presence of 1 mM spermidine, D: Condensed 
GFP plasmid in presence of 1 mM spermine. 
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By application of TEM it is possible to get more complementary 

information about the sepiolite - DNA interactions, as it is possible to get more 

images in less time. Figure 4.17 shows the interaction of DNA molecules with 

sepiolite fibers, and in Figure 4.18 it is possible to detail these interactions in 

single molecule images. 

 

 

 
Figure 4.17 Dark field TEM images of plasmids 5.7 Kbp bounds on sepiolite 
fibers. (sepiolite at 1 mg/ml and PCMV plasmid with 5.7 Kbp at 10 ng.µl-1 and 
20 ng.µl-1 in E and F). 
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Figure 4.18 Dark field TEM images of single molecule sep/DNA 
bionanocomposites (plasmid 5.7 Kbp bounded to one sepiolite nanofiber). 

 

Consistently with the FTIR spectrometry analysis, AFM and TEM 

analysis show that the DNA preferentially bound to sepiolite at the edge of the 

nanofiber and to its external surface. It appears that certain DNA molecules are 

bounded at one of their extremities, not to their entire length (Figure 4.18). It 

has been also observed that two different nanofibers could be linked throughout 

one DNA plasmid (figure 4.17b and 4.17c). When increases the DNA 

concentration, sepiolite nanofibers could be totally coated with DNA molecules 

(figure 4.17F). Finally, Figure 4.18D-F shows single molecule Sep/DNA 

complexes with linearized plasmids. 
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Structure of Chapter 5 

 

5. Biological applications in mammalian cells: DNA transfection. 

5.1.  Sep/DNA - mammalian cells internalization 

5.2.  DNA transfection experiments. 

5.3.  Improvement of DNA transfection efficiency 
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5. Biological applications in mammalian cells: DNA 

transfection. 

 

5.1. Sep/DNA - mammalian cells internalization. 

For these experiments, the corresponding Sep/DNA bionanocomposite 

sample was prepared in the presence of 10 mM MgCl2 or CaCl2 solutions using 

the PUC19 plasmid for FACS, and the pCMV plasmid encoding for both, the 

resistance gene to G418 and the green fluorescent protein (GFP) for 

transfection experiments, respectively. 

We first analyzed the interactions between the Sep/DNA bionanocomposites 

and the mammalian cells, in order to investigate if the presence of DNA at the 

external surface of the sepiolite could affect the internalization of nanofibers into 

cells.  A time-kinetic of sepiolite and Sep/DNA uptake in V-79 hamster cells was 

carried out monitored by FACS. Both Sep and Sep/DNA tested concentration 

were 10 ng.µl-1.  

 The Sep/DNA interaction with cells was efficient but delayed compared to 

sepiolite alone. Indeed, the time-kinetic analysis by FACS showed that only 5% 

of cells become fluorescent after 1 hour of contact with Sep/DNA 

bionanocomposite, while 20% of cells become fluorescent with sepiolite alone. 

After 4 hours of contact with Sep/DNA the intake appeared close to the 

frequency of fluorescent cells with sepiolite alone (26.6% and 36.6% 

respectively), then reached 35% of fluorescent cells after 6 hours (Figure 5.1). 
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These kinetics differences might result from the alteration of the zeta potential 

by the binding of the DNA onto sepiolite. Nevertheless, the uptake of Sep/DNA 

into cells becomes very efficiently after 6 hours of contact.  

 

Figure 5.1 Results obtained with fluorescence activated cells sorting (FACS) for 
time kinetics for sepiolite and sep/DNA in V79 cells. 

 

5.2.  DNA transfection experiments. 

 Since the pCMV plasmid also encoding the resistance gene to G418 

antibiotic, the “selection method” was chosen to identify the stable transfectants 

and to estimate the transfection efficiency of the bionanocomposite Sep/DNA in 

mammalian cells.  

 First, in order to know the appropriate dose of the antibiotic, i.e. the 

minimum dose of the antibiotic for eliminates all the non-resistant cells, but not 

transfected cells, a dose response to G418 in V79 cells was carried out. It is 

observed that 600 ng.µl-1 was the minimum dose of G418 able to eliminate all of 
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non resistant V79 cells. The image of the corresponding experiment is shown in 

Figure 5.2.   

 

Figure 5.2 Dose response of V79 hamster cells after incubation for 10 days with 
G418 antibiotic. G418 concentrations: A: Control; B: 400 ng.µl-1; C: 500 ng.µl-1; 
D: 600 ng.µl-1; E: 800 ng.µl-1; F: 1000 ng.µl-1. 

 

 We have then measured the efficiency of DNA transfer into mammalian 

cells by the action of the Sep/DNA bionanocomposites, which was prepared 

with in the presence of 10 mM MgCl2 and 10 mM CaCl2 solutions. The V79 cells 

were incubated with the bionanocomposite and 48 hours after, new cellular 

medium (MEM) was added in the presence of G418 antibiotic. Transfected cells 

were selected by the resistance to G418 conferred by the transferred plasmid 

bound to the sepiolite. After 10 days of selection with G418, stable resistant 

colonies were obtained (Figure 5.3). These data show that the Sep/DNA 

bionanocomposite is able to transfer the plasmid DNA bearing G418 resistance 
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genes into cells and to obtain stable transfectants after several days of 

selection. 

 

Figure 5.3 Picture of colonies of transfected V79 cells with Sep/DNA prepared 
with 10 mM MgCl2 (A) and 10mM CaCl2 (B). First day: 105 cells were plated in 
each well. Second day: 3 ml of new medium was added in presence of 
Sep/DNA bionanocomposite with 40 µg of sepiolite and 1 µg of bounded DNA 
presence of 10 mM MgCl2 (A) and 10 mM CaCl2 (B). After two days, cells were 
washed with PBS and new medium was added with antibiotic G418 at 600 
ng.µl-1 in order to start the selection. After 10 days cells colonies were stained 
with Giemsa (25% in ethanol). 

 

 We then compared the effect of the presence of different cations on the 

transfection efficiency. Thus, various bionanocomposites were prepared in the 

presence of 10 mM CaCl2, 0.2 mM spermidine and 0.2 mM spermine. The use 

of CaCl2 slightly stimulated the efficiency of transfection (Figure 5.4A-B 

compared to spermidine (Figure 5.4C-D) or spermine (Figure 5.4E-F), 

presumably due to the strong interaction of DNA on sepiolite in these 

conditions. 
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Figure 5.4 Picture of colonies of transfected V79 cells with Sep/DNA prepared 
with 10 mM CaCl2 (A-B), 0.2 mM spermidine (C-D) and 0.2 mM spermine (E-F). 
First day: 105 cells were plated in each well. Second day: 3 ml of new medium 
was added in presence of Sep/DNA bionanocomposite with 40 µg of sepiolite 
and 1 µg of bounded DNA in presence of CaCl2 (A-B), 0.2 mM spermidine (C-D) 
and 0.2 mM spermine (E-F). After two days, cells were washed with PBS and 
the new medium was added with antibiotic G418 at 600 ng.µl-1 in order to start 
the selection. After 10 days cells colonies were stained with Giemsa (25% in 
ethanol). 

 

 Interestingly, Sep/DNA can be used in different kind of cell lines. Indeed, 

human osteosarcoma cells (U2OS) were also transfected by the bio-

nanocomposite. The dose response in this cell line for G418 is shown in Figure 

5.5.  It was observed that 800 ng.µl-1 was the minimum dose of G418 to 

eliminate all of the non-resistant U2OS cells (higher compared with the dose in 

V79). The stable transfectants obtained after selection with this dose of G418 

are shown in Figure 5.6.  
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Figure 5.5 Dose response of U2OS human osteosarcoma cells after incubation 
for 10 days with G418 antibiotic. G418 concentrations: A: 600 ng.µl-1; B: 800 
ng.µl-1; C: 1000 ng.µl-1; D: 1200 ng.µl-1; E: Control. 

 

 

Figure 5.6 Stables colonies of GFP positives U2OS cells after transfection with 
Sep/DNA bionanocomposite in 48 hours, and then after 10 days of selection 
with G418 at 800 ng.µl-1. Incubation with bionanocomposite obtained with: A -C: 
10 mM CaCl2. 
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Importantly, several negative controls were carried out: DNA alone, DNA in 

presence of tested cations (10 mM CaCl2, 0.2 mM spermidine and 0.2 mM 

spermine), or sepiolite alone, and did not produced any colonies in any of the 

three times repeated experiments. 

 

5.3. Improvement of DNA transfection efficiency. 

 As it was observed and discussed before and in Chapter 3, sepiolite 

spontaneously aggregates, leading to bright and non-homogenous fluorescent 

particles into cells, (Figures 3.5 - 3.7). This aggregation can constitute a 

limitation for efficient widespread transfection. We thus used sonicated sepiolite 

(sSep), in which aggregates should have been dispersed under the action of 

ultrasound irradiation. Then the bionanocomposite was synthetized with the 

plasmid and sonicated sepiolite (sSep/DNA). 

 We have then verified that cells efficiently internalize sSep (figure 5.9A,B) 

and sSep/DNA bio-nanocomposite. Interestingly, in contrast with non-sonicated 

sepiolite, the presence of sSep in cells is characterized by a diffuse signal 

(figure 5.7B) and by the lack of big aggregates (figure 5.7A, 5.8B). 
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Figure 5.7 Fluorescence microscopy images of sonicated sepiolite (sSep) at 10 
ng.µl-1 in V79 cells. A: Laser confocal microscopy image of in phase mode. B: 
fluorescence microscopy image.  

 

 

Figure 5.8 Laser confocal microscopy images. Comparison of sepiolite (A) and 
sSep (sonicated sepiolite) (B), both at 10 ng.µl-1 in V79 cells.  

 

 Strikingly, sonication of sepiolite prior assembled with DNA, strongly 

increases the efficiency of stable gene transfection in U2OS cells, by two orders 
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of magnitude (Figure 5.9). Indeed, the mean stable transfection efficiencies 

were 3 and 350 stable transfectant colonies per µg of DNA, with non-sonicated 

and sonicated sepiolite, respectively, i.e. more than 100-fold of stimulation.  

 

Figure 5.9 Comparison of number of colonies of transfected U2OS human cells 
with Sep/DNA (with vortexed sep in A, B and C), and sSep/DNA (with sonicated 
sep in D, E and F). First day: 105 cells were plated in each well. Second day: 9 
ml of new medium was added (3 ml in each well) in presence of Sep/DNA 
bionanocomposite (A-C) and sSep/DNA (D-E) with 80 µg of sepiolite and 3 µg 
of bounded DNA in presence of CaCl2. After two days, cells were washed with 
PBS and new medium was added with antibiotic G418 at 800 ng.µl-1 in order to 
start the selection. After 10 days cells colonies were stained with Giemsa. 

 

 Thus, because the low cost of sepiolite and the easy and convenient 

synthesis methods designed in the present work, the use of sSep becomes an 

advantageous efficient method for gene transfer delivery. In addition because 

sepiolite might bind different molecules many strategies aiming at the co-

transfer of different kinds of bio-molecule can be designed.  
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 Transfection is a complex process involving multiple steps, such as 

cellular binding, internalization and delivery into the cells.  In our case, since 

endocytosis plays a pivotal role in sepiolite internalization, the endosomal 

escape could be a major factor that might affect the transfection efficiency. 

 Chloroquine is a weak base that can rapidly penetrate the plasma 

membrane, accumulate in acidic vesicles and increase the pH of the acidic 

compartment293. Preventing endosome acidification may subsequently inhibit 

hydrolytic enzymes such as proteases and nucleases294. In addition, 

chloroquine also causes the swelling and rupture of endosomal vesicle by 

increasing the osmotic pressure inside the acidic compartment295. Since it can 

neutralize acidic compartment and induce rupture of endocytic vesicles, adding 

chloroquine has been shown to improve nucleic acid transfer294,296. 

 Unfortunately chloroquine can also inhibit the internalization of 

endogenous molecules by blocking the clathrin mediated endocytosis pathway. 

However, we have shown that in our case, chloroquine has a very moderate 

effect on the efficiency of sepiolite uptake (see the end of Chapter 3). Thus 

upon chloroquine exposure the transfection efficiency should results from the 

balance of two opposite process: the potential inhibition of cellular uptake 

versus the disruption of the endosomes and the protection against nuclease 

degradation.  

Interestingly, treatment with chloroquine two-fold increased transfection 

efficiency, using sSep/DNA into human U2OS cells (Figure 5.10D-F). Amiloride 

only led to a slight increase (1.5-fold) in transfection efficiency in U2OS cells 
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(Figure 5.10G-I). Thus, in the current conditions, chloroquine promotes 

endosomal escape more efficiently than internalization inhibition. 

 

 

Figure 5.10 Comparison of number of colonies of transfected U2OS human 
cells with sSep/DNA (A-C), and sSep/DNA after incubation with 10 µM 
chloroquine (D-F) and 100 mM Amiloride (G-I). 
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Structure of Chapter 6 

 

6. Biological applications in bacteria. 

6.1. Sepiolite – bacteria interactions. 

6.2. Bacterial transformation. 

6.3. DNA purification and extraction from bacteria. 
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6. Biological applications in bacteria. 

 

6.1.  Sepiolite – bacteria interactions. 

 Experiments were also carried out in order to verify whether sepiolite can 

interact with prokaryotic cells, and then if it can be used as a nano - bio - 

platform to transform bacteria.  

 First, a set of experiments was performed in order to know the dose 

response and the kinetics response of sepiolite for binding to bacteria. Different 

amounts of sepiolite powder were added in 6 tubes to overnight saturated 

bacterial cultures and 6 tubes with LB as control. Pictures were taken every 10 

min, and the optical density at 600 nm was determined by using 

spectrophotometric measurements in order to obtain qualitative information 

regarding the amount of bacteria in the culture. From those pictures it can be 

established that from 40 mg and higher amount of sepiolite (which corresponds 

to a concentration of 20 mg/ml) it is possible to clarify 2 ml of the saturated 

bacterial culture (Figure 6.1). Moreover, from results of optical density 

measurements it was observed that with less sepiolite concentration (10 mg/ml 

and higher, i.e. 20 mg of sepiolite in 2 ml of LB), it is possible to sediment 

almost all the bacteria after 20 min of addition of sepiolite just by gravity (Figure 

6.2). 
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Figure 6.1 Pictures of the experiment of dose response and time kinetics of 
sepiolite in bacterial culture. 
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Figure 6.2 Time kinetics for bacterial sedimentation with sepiolite fibers. In Y 
axis it is shown the optical density at 600 nm from spectrophotometry 
measurements. 

 

 Figure 6.3 shows the response to the addition of sepiolite on bacterial 

culture in measurements after one hour of contact with the silicate. For sepiolite 

concentrations of 20 mg/ml and higher, there is almost no bacteria detected in 

the LB medium. This result evidences that sepiolite can interact with bacteria, 

and then as the bacteria becomes heavier, it can be sedimented faster in the 

bottom of the tube. 
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Figure 6.3 Optical density measured at 600 nm of the bacterial medium one 
hour after the addition of variable amounts of sepiolite. 

 

 In order to visualize, as well as to get more details regarding the 

interaction between sepiolite and bacteria, we performed an analysis by TEM. 

The sample for visualization is prepared from a logarithmic-phase culture of XL2 

bacteria (OD600 0.5-1) in 10 ml of LB. In this experiment, 500 µl of the culture 

were centrifuged at 3000 rpm for 5 min, and then the pellet was re-suspended 

in 200 µl of a sepiolite suspension containing 1 mg of clay per ml. Finally, 5 µl of 

sample were placed in a carbon grid for TEM examination. 

 From the TEM characterization it was possible to confirm the interaction 

between sepiolite fibers and the bacterial membrane. Almost all bacteria were 

found with sepiolite nanofibers in contact with their cell membrane (Figure 6.4A-

D).  
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Figure 6.4 TEM images of sepiolite nanofibers in contact with XL2 bacteria 
(overnight culture of XL2 in 20 ml of LB, then 500 µl of bacteria in LB with 
0D600 between 0.5 and 1 centrifuged at 3000 rpm for 5 min and resuspended 
in 200 µl of sepiolite at 1 mg/ml; 5 µl of this sample were placed in a carbon grid 
and measured with TEM). 

 

Figures 6.5A and 6.6A shows the image of a complete bacteria with zooms in 

their respective contact regions (Figures 6.5B, 6.5C and 6.6B-E), where it is 

possible to detect that nanofibers interacts mostly with the edge of the bacteria 

and occasionally pierce its lateral surface.  
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Figure 6.5 TEM image of a complete XL2 bacteria (A) with zoom in contact 
regions (B and C). 

 

 

Figure 6.6 TEM image of a complete XL2 bacteria (A) with zoom in contact 
regions (B to E). 

 

6.2. Bacterial transformation. 

From these data, we hypothesized that it might be possible to improve 

bacterial transformation, which was previously based on the Yoshida Effect. As 

it was already described in section 1.5, current hypothesis is that the sliding 
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friction forces, arising between the surface of the agar and the stir stick when 

bacteria are spread, results in penetration of bacterial cells265. This leads to 

inoculation of the transforming DNA, which is adsorbed by the mineral 

nanofibers. The suggested mechanism was that inside the cell, the DNA is 

probably displaced by competition with small nucleic acids275 so that it can be 

maintained and expressed. Using the corresponding protocol265, we obtained 

from 3x104 to 6x104 transformants per µg of PUC19 plasmid.  

After the physicochemical characterization of the Sep/DNA 

bionanocomposite, and according to the results obtained by TEM, we should be 

able to improve the transformation efficiency. First, the hypothesis we suggest 

that the bacterial transformation efficiency depends not only on the friction, but 

should also be proportionally correlated to the DNA previously adsorbed onto 

sepiolite nanofibers. Second, as discussed in Chapter 5, sepiolite 

spontaneously aggregates and this aggregation can constitute a limitation for 

efficient widespread transformation. The sonication of sepiolite leads to the 

dispersion of the aggregates, and then the active surface, which adsorbs DNA, 

increases and should increase the efficiency of contact with bacteria. 

 In the referred work265, the bacterial pellet was resuspended  in a solution of 

100 µl of  5 mM HEPES pH 7.4 and 200 mM KCl, containing 10 µg of sepiolite, 

and then adding 50 ng of PUC19 plasmid encoding resistance to ampicillin, and 

immediately spread on agar plate containing ampicillin265. Therefore, in this 

method DNA is not previously assembled to sepiolite, prior spreading of the 

bacteria. In our case, we follow the same protocol but using the current buffer 

for Sep/DNA employed along in this work (i.e. 10 mM TrisHCl pH=7.5), and in 

the presence of a divalent cation at lower concentration (5 and 10 mM of MgCl2 
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instead of 200 mM KCl as used in reference265). Thus, 50 ng of PUC19 plasmid 

was previously adsorbed in 10 µg of sepiolite dispersed in a solution of 100 µl of 

10 mM TrisHCl pH 7.5 in the presence of 5 mM MgCl2. The bacterial pellet was 

then re-suspended in the pre-assembled bionanocomposite suspension and 

immediately spread on agar plate. Following this protocol we obtained 

transfection efficiencies similar to that reported by Wilharm et al.265 (Figure 6.7). 

 

Figure 6.7 Left: Picture of the agar plate with transformants using the protocol 
reported by Wilharm et al.265, with 5 mM HEPES and 200 mM KCl pH 7.4. 
Right: Picture of the agar plate with transformants using the same protocol but 
with 10 mM TrisHCl and 5 mM MgCl2 pH 7.5. Around 1,500 colonies were 
obtained in both cases, with 50 ng of DNA, which mean 3x104 transformants 
per µg of DNA. 

 

We can propose that if the Sep/DNA complex is incubated with bacteria then 

given more time to the bionanocomposite for interacting in homogeneous way 

with more bacteria would result in an improvement of the transformation 

efficiency. To probe this hypothesis, the two experiments above mentioned 

were repeated, but in this case following by 1 hour of incubation with LB at 37oC 

after the re-suspension of bacterial pellet. The incubation 
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bacteria/bionanocomposite prior spreading resulted in an increase of the 

transformation efficiency in 5-fold for the protocol reported by Wilharm et al.265, 

and 10-fold using our method (Figures 6.8 and 6.9). 

 

Figure 6.8 Improvement of bacterial transformation efficiency by incubation of 1 
hour of sepiolite and DNA with bacteria at 37oC , following the protocol reported 
by Wilharm et al.265 using 5 mM HEPES and 200 mM KCl pH 7.4 (image of the 
plate agar at left), an improvement of 5-fold was obtained, reaching 2x105 
transformants per µg of DNA (with the same amount of bacteria, sepiolite and 
DNA used by Wilharm et al.265 but incubating one hour in presence of LB, the 
obtained colonies are the sum of the two agar plates showed at right). 
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Figure 6.9 Improvement of bacterial transformation efficiency by incubation of 1 
hour of Sep/ DNA with bacteria at 37 oC, following our method using 10 mM 
TrisHCl pH=7.5 and 5 mM MgCl2, an improvement of 10-fold was obtained, 
reaching 4x105 transformants (the sum of the colonies which grown in the two 
plates showed at right compared with the colonies which grown in the plate at 
left without incubation). 

 

 This improved protocol was followed to study the influence of the diverse 

polyvalent cations used in this work to the bacterial transformation efficiency. 

Thus, various bionanocomposites were prepared in the presence of 5 mM 

MgCl2, 5 mM CaCl2, 0.5 mM spermidine and 0.5 mM spermine. Results 

regarding the number of obtained colonies are shown in Table 6.1. The amount 

of adsorbed DNA varies depending on the nature of the cation present in the 

following sequence: MgCl2 < CaCl2 < spermidine < spermine. However, the 

bacterial transformation efficiency decreased with higher valencies (MgCl2 > 

CaCl2 > spermidine > spermine). Therefore, these results indicate that the 

efficiency can be correlated with the inverse of the cation valence, which may 
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be due to the stronger interaction between sepiolite and DNA when the 

adsorption is performed in the presence of cations of higher valence.  

Sep/DNA prepared 
in presence of: 

Transformants 
per µg of DNA. 

5 mM MgCl2 3.7 x 105 
5 mM CaCl2 2.5 x 105 
0.5 mM spermidine 4.8 x 104 
0.5 mM spermine 2.6 x 104 

 

Table 6.1 Comparison of bacterial transformation efficiency of Sep/DNA 
bionanocomposites prepared in presence of different polyvalent cations. 
Efficiency is correlated with the inverse of the cation valence, which is possible 
ascribed to the stronger interaction between sepiolite and DNA with higher 
valence. 

 

 Finally, we also verified the influence of a previous treatment of 

sonication of the sepiolite suspension to corroborate if it can also increase the 

bacterial transformation efficiency. Using the same experimental conditions 

above mentioned, two bionanocomposites were prepared in the presence of 10 

mM MgCl2, but in one case using sepiolite and in the other one a sample of 

sonicated sepiolite. Remarkably, sonication of sepiolite prior assembly with 

DNA, more than 2-fold increases the bacterial transformation efficiency (Table 

6.2). Indeed, we obtain 4x105 and 9x105 colonies with non-sonicated and 

sonicated sepiolite, respectively. In conclusion, compared to the previously 

reported protocol265 we optimized transformation efficiencies by 30-fold. 
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Protocol 
Transformants 
per µg of DNA. 

Wilharm et al.265. 3 x 104 
Our method (without 1 h incubation) 3 x 104 
Wilharm et al.265. (with 1 h incubation) 2 x 105 
Our method (with 1 h incubation) 4 x 105 
Our method using sSep 9 x 105 

 

Table 6.2 Comparison of our method with and without the use of sonicated 
sepiolite, and the protocol reported by Wilharm et al.265, with and without 1 h of 
incubation, in bacterial transformation efficiency.  

 

 As it was already mentioned in the introduction, Rodriguez-Beltrán et 

al.297 mixed sepiolite and DNA in presence of NaCl and reported around 105 

transformants per µg of plasmid DNA297. In contrast, the low efficiency obtained 

in the protocol followed by Tan et al.266 could be attributed to the fact that they 

made the sepiolite dispersion in LB instead of a buffer with the presence of 

cations. Additionally, according to our results we can obtain the following 

conclusions: 

• For the bacterial transformation it is necessary to adsorb first the DNA 

onto sepiolite, i.e. to prepare the bionanocomposite Sep/DNA in the 

presence of a low concentration of a divalent cation, such as MgCl2 or 

CaCl2 in a concentration ranging from 5 to 10 mM. Following this method 

it is possible to adsorb the same or more amount of DNA compared to 

that adsorbed in the presence of monovalent cations at high 

concentrations (e.g. 200 mM KCl).  

• Our results suggest that the Sep/DNA bionanocomposite is internalized 

into bacteria by means of the Yoshida effect (driven by friction forces), 

and not by spontaneous internalization of Sep/DNA bionanocomposite 
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neither by internalization by vortexing (which is not healthy for the 

bacteria).  

• The bacterial transformation efficiency will be improved if sepiolite is 

previously sonicated, and with at least 30 min of incubation of Sep/DNA 

with bacteria in LB at 37 oC after re-suspending the bacterial pellet. The 

disaggregation of sepiolite fibers submitted to the sonication process, 

results in Sep/DNA bionanocomposite of smaller size which could 

facilitate the bacteria to internalize smaller complex following the Yoshida 

effect but without big damage of membrane and bacterial structure. The 

incubation could give more time to the bionanocomposite to interact in 

homogeneous way with more bacteria and then improve the 

transformation efficiency. 

 

6.3. DNA purification and extraction from bacteria. 

In all the measurements of the DNA concentration in the supernatant 

(Chapter 4), the Index of Purity was determined by the ratios A260/A280 and 

A260/A230. In the case of plasmids and oligonucleotides, initial DNA samples 

were pure, with ratios A260/A280 ≈ 1.8 and A260/A230 ≈ 2.0. The commercial 

salmon sperm DNA was not pure since the initial ratios were A260/A280 ≈ 1.4 and 

the A260/A230 ≈ 2.2, revealing the presence of contaminants. Interestingly, in the 

DNA remained in the supernatant, the ratio A260/A280 = 1.81 and A260/A230 = 2.07 

indicating the increase of the purity of the DNA. This suggests that the sepiolite 

could be also used for purifying DNA from contaminants. In addition, according 

to the results showed in Chapter 4, since we are able to modulate the efficiency 
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of DNA adsorption and desorption from sepiolite, we should be able to perform 

a plasmid DNA extraction from bacteria.  

To test this hypothesis, in a first step a plasmid was amplified in bacteria. 

After cells lysis and denaturation step using classical methods, the extract was 

then incubated with sepiolite and DNA was recovered using EDTA (Figure 6.10 

lane C). Interestingly, efficient DNA recovery from bacteria was observed with 

sepiolite. The efficiency of DNA extraction was 78.9 µg for 20 ml of cultured 

bacteria at saturation. In addition the index of purity A260/A280 of 1.7 before 

precipitation indicates a good purity index. Consistently, the ratio of the different 

isoforms of the DNA (supercoiled versus open circle and linear) was not altered, 

compared to that of the commercial initial plasmid DNA.  

 

Figure 6.10 Gel electroforesis of extracted PUC19 plasmid from bacteria using 
sepiolite. A: step ladder. B: commercial PUC19 plasmid. C: extracted PUC 19 
plasmid. D: extracted PUC19 plasmid digested with EcoRI. 

 

Finally, the quality of the plasmid extracted from bacteria was confirmed by 

digestion with a restriction enzyme (Figure 6.10 lane D) and by TEM (Figure 

6.11). The fact that the enzyme efficiently cleaved the DNA indicates that the 
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DNA extracted with sepiolite is suitable for further molecular biology 

experiments. 

 

Figure 6.11 TEM image of extracted PUC19 using sepiolite. 

 

Based on the above mentioned results we can propose the following 

protocol for DNA extraction using sepiolite: 

• Overnight saturated culture of cells at 37 °C in 20 ml of LB (Luria-Bertani) 

medium, with 20µl of the adequate antibiotic and at constant shaking 

(200–250 rpm).  

• Centrifugation at 4,500 g for 15 min at 4 °C. 

• Carefully re-suspension of the pellet of bacterial cells in 4ml of 

Resuspension Buffer (S1). 

• Addition of 4ml of Lysis Buffer to the suspension (S2). 

• Gently mixing by inverting the tube 6–8 times. 
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• Incubation of the mixture at room temperature (18–25 °C) for 2– 3 min 

(max. 5 min). 

• Addition of pre-cooled Neutralization Buffer (S3 at 4°C) to the 

suspension. Immediately gently mixing of the lysate by inverting the flask 

6–8 times until a homogeneous suspension containing an off-white 

flocculate is formed. Incubation of the suspension on ice for 5 min. 

• Filtration of the suspension using Waterman paper. 

• Addition of concentrated MgCl2 to the filtered suspension in order to 

obtain a final MgCl2 concentration of 20 mM.  

• Addition of Binding solution in order to have a final sepiolite 

concentration of 1 mg/ml. At this step the DNA is adsorbed onto sepiolite. 

• Stirring of the suspension for at least 90 min. 

• Centrifugation at 4,500 g for 5 min (discard supernatant). 

• Re-suspension with 12 ml of washing solution and replacing the tube. 

• Centrifugation at 4,500g for 5min (discard supernatant). 

• Resuspension in 1ml of Elution Buffer. 

• Ethanol precipitation into 1 ml of 10 mM TrisHCl pH=7.5.  
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After following this protocol, the DNA yield is around 80 µg. The used 

solutions were: 

• Re-suspension Buffer (S1): 50 mM TrisHCl, 10 mM EDTA, 100 µg / ml 

RNase A, pH 8.0.  

• Lysis Buffer (S2): 200 mM NaOH, 1% SDS. 

• Neutralization Buffer (S3): 2.8 M KAc, pH 5.1.  

• Binding solution: 10 mM TrisHCl, 20 mM MgCl2, 4 mg/ml sepiolite 

suspension, pH=7.5.  

• Washing solution: 10 mM TrisHCl, 20 mM MgCl2, pH 7.5. 

• Elution Buffer: 10 mM TrisHCl, 20 mM EDTA, pH 7.5.  

All the above mentioned results constitute a novel application of fibrous clay 

minerals such as sepiolite, which appears as a useful tool for extracting DNA 

from bacteria, as well as a specific adsorbent for impurities accompanying DNA 

samples, such as proteins and other diverse type of biomolecules.  
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7. Conclusions and Perspectives. 

 

 In this Dissertation, bionanocomposites (Sep/DNA) based on the 

microfibrous silicate sepiolite and DNA were successfully prepared by direct 

assembly of both components, being characterized by using a combination of 

techniques including, AFM, TEM, UV-vis spectroscopy, Zeta-potential and 

FTIR. The DNA adsorption efficiency can be modulated by supplying multivalent 

cations in the reaction medium. It has been also showed that sepiolite can be 

spontaneously internalized into mammalian cells, mainly by endocytosis and 

macropinocytosis. Sepiolite is able to stably transfert DNA into bacteria and 

mammalian cells, and, moreover, it is possible to design strategies aiming an 

increase in the efficiency of DNA delivery. Therefore, because of its 

characteristics, sepiolite might represent a promising nano-carrier for DNA 

assembly and its further transfer into mammalian cells. In detail, the conclusions 

are: 

• Sepiolite from Vallecas-Vicálvaro deposits could be spontaneously 

internalized into mammalian cells, mainly by endocytosis. Dose response 

experiments of sepiolite nanofibers in mammalian cells determined that 

the working concentration should be less than 50 ng.µl-1. Higher 

concentrations could be toxic for the cells.  

• DNA could spontaneously bind onto the external surface of the sepiolite. 

DNA adsorption efficiency could be modulated with polyvalent cations. 
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Our results suggest that the nature of the interactions of DNA assembled 

to sepiolite is mainly electrostatic. 

• The DNA previously adsorbed onto sepiolite could be recovered, 

maintaining its biological activity. DNA desorption efficiency could be 

modulated using a chelation agent such as EDTA.  

• It was proved that it is possible to use sepiolite for extracting DNA from 

bacteria, for DNA purification and for purification from bacterial 

contamination. 

• Sepiolite constitutes a very promising nano-platform for vectorization of 

different molecules into bacteria and mammalian cells. With Sep/DNA 

bionanocomposites is possible to transform bacteria and obtain stable 

transfectants in mammalian cells.  

• It is possible to design strategies for increasing the efficiency of DNA 

delivery. 

Beside the properties revealed and analyzed in the present work, 

sepiolite possesses two additional properties that can potentially be helpful for 

genome engineering. Firstly, thanks to its natural fluorescence it should be 

possible to select cells containing Sep/DNA, by cell sorting. Secondly, targeted 

genome editing constitutes a promising approach for the in situ correction of a 

mutated gene, leading to the restoration of normal gene functions. Such 

strategies rely on homologous recombination (HR). Because HR can repair 

DNA double strand breaks (DSB), one promising strategy to increase the 

frequency of gene targeting is to generate a DSB in the target sequence. The 

development of engineered sequence-specific nucleases (zinc finger, TALE or 

sgRNA-Cas9 nuclease) now allows to generate the required DSBs in a given 
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locus of the mammalian genome298. Several studies have reported the 

feasibility of such approach ex vivo in human stem cells and primary cells, and 

in the liver of a mouse model of hemophilia B299, thus providing a proof of 

concept for treatment of monogenic disease by genome editing with engineered 

nucleases. However, the delivery of a plasmid coding for the nuclease might 

result in chronic expression of the nuclease, upon integration of the plasmid 

DNA into the cell genome, jeopardizing genome integrity through off target 

cleavage by the nuclease. Such limitation should be avoid by transferring the 

nuclease under its protein forms, which should be sufficient to cleave the target 

sequence but cannot be integrated into the genome and which should be 

degraded according to its half time turn over, avoiding thus chronic expression. 

Therefore, a promising strategy would be to co-transfer into cells of the 

correcting sequence (DNA) and the nuclease (protein). Since sepiolite can 

binds both DNA and proteins, it might constitute an advantageous carrier for the 

co-delivery of these two different kinds of biological molecules. 

  Because the low cost of sepiolite, the easy and convenient synthesis 

methods designed in the present work, the possibilities to improve the 

transfection efficiency and the promising developments, sepiolite becomes an 

attractive tool for DNA delivery into mammalian cells. Therefore, after these 

preliminary results that show sepiolite DNA interaction leading to, increased 

DNA transfer efficiency, the selection cells containing sepiolite and co-delivery 

with biological molecules represent exciting challenges for future prospects. 
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experiments. The working concentration for sepiolite was fixed to 10 ng.µl-1 for 
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sepiolite was fixed to 10 ng.µl-1 for experiments with mammalian cells. 
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Figure 4.2 (A) Adsorption isotherm of DNA on sepiolite carried out in presence 
of various multivalent cations. Reaction conditions: 10 mM TrisHCl pH=7.5; 
sepiolite concentration fixed at 1mg/ml and the mass to 50 µg. Adsorption 
experiments at 25oC for 24 hours under agitation at 700 rpm in a Thermomixer 
from Eppendorf. (B) Same experimental data expressed in terms of initial DNA 
concentration vs. percentage of DNA adsorbed onto sepiolite.    
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Figure 4.3 Effect of the presence of cations with different valence on DNA 
adsorption. Reaction conditions: 10 mM TrisHCl pH=7.5, salmon sperm DNA 
and sepiolite concentrations fixed at 615 ng.µl-1 and 1 mg/ml, respectively. 50 
µg of sepiolite were used in each experiment. Adsorption took place at 25oC for 
24 hours under agitation at 700 rpm using a Thermomixer from Eppendorf. 
 
Figure 4.4 Competition between monovalent and divalent cations in DNA 
adsorption onto sepiolite. A: Mg2+/Na+, B: Mg2+/K+ competition. Reaction 
conditions: 10 mM TrisHCl pH=7.5, Salmon Sperm DNA and sepiolite 
concentrations fixed at 615 ng.µl-1 and 1 mg/ml, respectively. 50 µg of sepiolite 
were used in each experiment. Adsorption took place at 25oC for 24 hours 
under agitation at 700 rpm using a Thermomixer from Eppendorf. 
 
Figure 4.5 Comparison of adsorption of different DNA conformations onto 
sepiolite. (A) Same experimental data showed in (B) expressed in terms of 
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Adsorption isotherm of different DNA conformations on sepiolite. Reaction 
conditions: 10 mM TrisHCl pH=7.5, 5 mM MgCl2, sepiolite concentration fixed at 
1mg/ml. 50 µg of sepiolite were used in each experiment. Adsorption 
experiments were carried out at 25oC for 24 hours under agitation at 700 rpm 
using a Thermomixer from Eppendorf. 
 
Figure 4.6 Characterization with EMSA of the DNA desorbed by the "heating" 
method. (A) Plasmid (5.7Kbp) control; (B) plasmid DNA in the supernatant after 
synthesis of the bionanocomposite and before heating the re-suspended pellet; 
(C) plasmid DNA desorbed from bionanocomposite obtained with 5 mM MgCl2; 
(D) plasmid DNA desorbed from bionanocomposite obtained with 5 mM CaCl2. 
Last line in C and D represents single stranded DNA.  

Figure 4.7 TEM images of the DNA desorbed by the "heating" method. White 
arrows pointed to single stranded DNA. 

Figure 4.8 Comparison of DNA desorption efficiency of EDTA at different 
concentrations by applying "chelation" method. Reaction conditions: Initially, 0.5 
ml of Sep/DNA samples were prepared using salmon sperm DNA at 640 ng.µl-1 

in a sepiolite dispersion (1 mg/ml) in 10 mM TrisHCl and 5 mM MgCl2. 
Resuspension in 0.1 ml solution of 10 mM TrisHCl, and EDTA at 5, 10 and 50 
mM. After 15 min of incubation at room temperature, all samples were 
centrifugated at 5000 rpm for 5min, and the supernatant was measured using 
the UV-vis. 

Figure 4.9 Comparison of the amount of desorbed salmon sperm DNA from 
bionanocomposites prepared in the presence of Mg2+, Ca2+, spermidine and 
spermine using the “chelation” method (re-suspension in TrisHCl EDTA). 

Figure 4.10 Percentage of DNA desorbed from sepiolite in each of the three 
subsequent re-suspension steps of the “chelation method” applied to Sep/DNA 
bionanocomposites prepared in the presence of MgCl2, CaCl2, spermidine and 
spermine at the concentration indicated in the graphics. 
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Figure 4.11 Percentage of DNA desorbed from sepiolite in four subsequent re-
suspension steps applied the “chelation” method to Sep/DNA 
bionanocomposites prepared from salmon sperm DNA in presence of 1 mM 
spermine. First resuspension (represented in yellow) was in 100 µl of TrisHCl 
(up) and in 100 µl of TrisEDTA (down). Sep/DNA samples were prepared in 
presence of 1 mM spermine with the same protocol described in figure 4.9 and 
4.10 captions. 

Figure 4.12 Characterization with EMSA of desorbed DNA using the "chelation" 
method. A: Plasmid (5.7 Kbp) control; B: plasmid DNA in the supernatant after 
synthesis of the bionanocomposite prepared with 5 mM MgCl2 and before re-
suspending the pellet in TrisHCl and EDTA; C:  plasmid DNA desorbed from the 
bionanocomposite obtained with 5 mM MgCl2; D: plasmid DNA desorbed from 
bionanocomposite obtained with 5 mM CaCl2.  

Figure 4.13 Comparison between Fourier transform infrared spectroscopy 
(FTIR) spectra of sepiolite, Sep/DNA bionanocomposites prepared without 
cations, and Sep/DNA prepared in the presence of monovalent (A: NaCl, B: 
KCl), divalent (C: CaCl2, D: MgCl2), trivalent (E: spermidine) and tetravalent (F: 
spermine) cations. 
 
Figure 4.14 Atomic force microscopy (AFM) images. (A) control images of 
PCMV plasmid 5.7 Kbp (5 ng.µl-1). (B) Sep/DNA bionanocomposite (sepiolite at 
1 mg/ml and PCMV plasmid with 5.7 Kbp at 10 ng.µl-1). 
   
Figure 4.15 AFM images of Sep/DNA bionanocomposite (sepiolite at 1 mg/ml 
and PCMV plasmid with 5.7 Kbp at 20 ng.µl-1) in phase-mode. 
 
Figure 4.16 Transmission electron microscopy (TEM) control images of DNA. A: 
plasmid 5.7 Kbp, B: linearized plasmid 5.7 Kbp using EcoRI restriction enzime, 
C: Condensed plasmid 5.7 Kbp in presence of 1 mM spermidine, D: Condensed 
GFP plasmid in presence of 1 mM spermine. 
 
Figure 4.17 Dark field TEM images of plasmids 5.7 Kbp bounds on sepiolite 
fibers. (sepiolite at 1 mg/ml and PCMV plasmid with 5.7 Kbp at 10 ng.µl-1 and 
20 ng.µl-1 in E and F). 
 
Figure 4.18 Dark field TEM images of single molecule sep/DNA 
bionanocomposites (plasmid 5.7 Kbp bounded to one sepiolite nanofiber). 
 
Figure 5.1 Results obtained with fluorescence activated cells sorting (FACS) for 
time kinetics for sepiolite and sep/DNA in V79 cells. 

Figure 5.2 Dose response of V79 hamster cells after incubation for 10 days with 
G418 antibiotic. G418 concentrations: A: Control; B: 400 ng.µl-1; C: 500 ng.µl-1; 
D: 600 ng.µl-1; E: 800 ng.µl-1; F: 1000 ng.µl-1. 

Figure 5.3 Picture of colonies of transfected V79 cells with Sep/DNA prepared 
with 10 mM MgCl2 (A) and 10mM CaCl2 (B). First day: 105 cells were plated in 
each well. Second day: 3 ml of new medium was added in presence of 
Sep/DNA bionanocomposite with 40 µg of sepiolite and 1 µg of bounded DNA 
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presence of 10 mM MgCl2 (A) and 10 mM CaCl2 (B). After two days, cells were 
washed with PBS and new medium was added with antibiotic G418 at 600 
ng.µl-1 in order to start the selection. After 10 days cells colonies were stained 
with Giemsa (25% in ethanol). 

Figure 5.4 Picture of colonies of transfected V79 cells with Sep/DNA prepared 
with 10 mM CaCl2 (A-B), 0.2 mM spermidine (C-D) and 0.2 mM spermine (E-F). 
First day: 105 cells were plated in each well. Second day: 3 ml of new medium 
was added in presence of Sep/DNA bionanocomposite with 40 µg of sepiolite 
and 1 µg of bounded DNA in presence of CaCl2 (A-B), 0.2 mM spermidine (C-D) 
and 0.2 mM spermine (E-F). After two days, cells were washed with PBS and 
the new medium was added with antibiotic G418 at 600 ng.µl-1 in order to start 
the selection. After 10 days cells colonies were stained with Giemsa (25% in 
ethanol). 

Figure 5.5 Dose response of U2OS human osteosarcoma cells after incubation 
for 10 days with G418 antibiotic. G418 concentrations: A: 600 ng.µl-1; B: 800 
ng.µl-1; C: 1000 ng.µl-1; D: 1200 ng.µl-1; E: Control. 

Figure 5.6 Stables colonies of GFP positives U2OS cells after transfection with 
Sep/DNA bionanocomposite in 48 hours, and then after 10 days of selection 
with G418 at 800 ng.µl-1. Incubation with bionanocomposite obtained with: A -C: 
10 mM CaCl2. 

Figure 5.7 Fluorescence microscopy images of sonicated sepiolite (sSep) at 10 
ng.µl-1 in V79 cells. A: Laser confocal microscopy image of in phase mode. B: 
fluorescence microscopy image.  

Figure 5.8 Laser confocal microscopy images. Comparison of sepiolite (A) and 
sSep (sonicated sepiolite) (B), both at 10 ng.µl-1 in V79 cells.  

Figure 5.9 Comparison of number of colonies of transfected U2OS human cells 
with Sep/DNA (with vortexed sep in A, B and C), and sSep/DNA (with sonicated 
sep in D, E and F). First day: 105 cells were plated in each well. Second day: 9 
ml of new medium was added (3 ml in each well) in presence of Sep/DNA 
bionanocomposite (A-C) and sSep/DNA (D-E) with 80 µg of sepiolite and 3 µg 
of bounded DNA in presence of CaCl2. After two days, cells were washed with 
PBS and new medium was added with antibiotic G418 at 800 ng.µl-1 in order to 
start the selection. After 10 days cells colonies were stained with Giemsa. 

Figure 5.10 Comparison of number of colonies of transfected U2OS human 
cells with sSep/DNA (A-C), and sSep/DNA after incubation with 10 µM 
chloroquine (D-F) and 100 mM Amiloride (G-I). 

Figure 6.1 Pictures of the experiment of dose response and time kinetics of 
sepiolite in bacterial culture. 

Figure 6.2 Time kinetics for bacterial sedimentation with sepiolite fibers. In Y 
axis it is shown the optical density at 600 nm from spectrophotometry 
measurements. 

Figure 6.3 Optical density measured at 600 nm of the bacterial medium one 
hour after the addition of variable amounts of sepiolite. 
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Figure 6.4 TEM images of sepiolite nanofibers in contact with XL2 bacteria 
(overnight culture of XL2 in 20 ml of LB, then 500 µl of bacteria in LB with 
0D600 between 0.5 and 1 centrifuged at 3000 rpm for 5 min and resuspended 
in 200 µl of sepiolite at 1 mg/ml; 5 µl of this sample were placed in a carbon grid 
and measured with TEM). 

Figure 6.5 TEM image of a complete XL2 bacteria (A) with zoom in contact 
regions (B and C). 

Figure 6.6 TEM image of a complete XL2 bacteria (A) with zoom in contact 
regions (B to E). 

Figure 6.7 Left: Picture of the agar plate with transformants using the protocol 
reported by Wilharm et al.265, with 5 mM HEPES and 200 mM KCl pH 7.4. 
Right: Picture of the agar plate with transformants using the same protocol but 
with 10 mM TrisHCl and 5 mM MgCl2 pH 7.5. Around 1,500 colonies were 
obtained in both cases, with 50 ng of DNA, which mean 3x104 transformants 
per µg of DNA. 

Figure 6.8 Improvement of bacterial transformation efficiency by incubation of 1 
hour of sepiolite and DNA with bacteria at 37oC , following the Protocol reported 
by Wilharm et al.265 using 5 mM HEPES and 200 mM KCl pH 7.4 (image of the 
plate agar at left), an improvement of 5-fold was obtained, reaching 2x105 
transformants per µg of DNA (with the same amount of bacteria, sepiolite and 
DNA used by Wilharm et al.265 but incubating one hour in presence of LB, the 
obtained colonies are the sum of the two agar plates showed at right). 

Figure 6.9 Improvement of bacterial transformation efficiency by incubation of 1 
hour of Sep/ DNA with bacteria at 37 oC, following our method using 10 mM 
TrisHCl pH=7.5 and 5 mM MgCl2, an improvement of 10-fold was obtained, 
reaching 4x105 transformants (the sum of the colonies which grown in the two 
plates showed at right compared with the colonies which grown in the plate at 
left without incubation). 

Figure 6.10 Gel electroforesis of extracted PUC19 plasmid from bacteria using 
sepiolite. A: step ladder. B: commercial PUC19 plasmid. C: extracted PUC 19 
plasmid. D: extracted PUC19 plasmid digested with EcoRI. 
Figure 6.11 TEM image of extracted PUC19 using sepiolite. 
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 ABSTRACT   

Bio-nanohybrids prepared by assembling natural polymers (polysaccharides, proteins, nucleic acids, etc) to nanosized 
silicates (nanoclays) and related solids (layered double hydroxides, LDHs) give rise to the so-called bionanocomposites 
constituting a group of biomaterials with potential applications in medicine. In this way, biopolymers, including 
chitosan, pectin, alginate, xanthan gum, Ț-carrageenan, gelatin, zein, and DNA, as well as phospholipids such as 
phosphatidylcholine, have been incorporated in layered host matrices by means of ion-exchange mechanisms producing 
intercalation composites. Also bio-nanohybrids have been prepared by the assembly of diverse bio-polymers with 
sepiolite, a natural microfibrous magnesium silicate, in this case through interactions affecting the external surface of this 
silicate. The properties and applications of these resulting biomaterials as active phases of ion-sensors and biosensors, for 
potential uses as scaffolds for tissue engineering, drug delivery, and gene transfection systems, are introduced and 
discussed in this work. It is also considered the use of synthetic bionanocomposites as new substrates to immobilize 
microorganisms, as for instance to bind Influenza virus particles, allowing their application as effective low-cost vaccine 
adjuvants and carriers. 

Keywords: biohybrids, bionanocomposites, clay minerals, sepiolite, biopolymers, medical applications, Influenza 
vaccines. 
 

1. INTRODUCTION  
The development of functional hybrid materials, based on the bottom-up assembly at the nanometric scale of polymeric 
moieties with nano- and micro-metric sized inorganic solids, is widely known especially for clay-based materials.1 The 
growing relevance of the resulting nanoarchitectures is due to the possibility to obtain advanced nanostructured materials 
whose properties cover a wide range of applications, including electrical, electrochemical, optical, optoelectronic, 
magnetic, catalytic, selective molecular adsorption, ionic-molecular recognition or controlled release of bioactive 
species.2-7 Not only is the hybrid materials class receiving increasing attention due to its functional properties, but also 
for its capacity to substantially improve the mechanical, rheological, thermal, and barrier properties as compared to 
conventional materials. An outstanding example of these improvements is achieved by polymer-clay nanocomposites8-10 
and more recently by the so-called bio-nanocomposites in which the polymer is of biological origin.11-14 These materials 
also present an important role in the development of biomimetic and bioinspired materials.15-18 Actually, Nature creates 
such fine structures based on building block combinations and self-assembly processes. Therefore, those observed 
structures in biological systems have been recognized as practical tools and inspiration for fabrication of advanced 
materials.19 Many important advances using biomimetic approaches involve carbonates and phosphates, for instance to 
prepare artificial nacre, bone, and other bionanocomposites20-27 but silica, silicates and polysiloxanes also offer a viable 
alternative for preparation of biohybrids since their chemistry is extremely versatile, allowing the formation of 
hierarchical superstructures, supramolecular materials and other multifunctional bioinspired systems.1,11,19,27-31 The 
present contribution focuses on the diverse approaches to prepare biohybrid materials specifically based on clay 
minerals, by assembling of smectites and sepiolite to molecular and polymeric species of biological origin, with the aim 
of developing suitable nanostructured materials for potential biomedical applications. 
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2. ASSEMBLING BIOPOLYMERS TO CLAY MINERALS: BIONANOCOMPOSITES 
It is widely known that synthetic polymers derived from petroleum are commonly used for nanocomposites preparation. 
The use of biopolymers, instead of synthetic polymers, represents a major advantage as these materials combine diverse 
biopolymers (proteins, lipids, polysaccharide, etc.) with inorganic solids (silica, silicates, phosphates, carbonates, etc.) 
giving rise to more ecological materials. These bionanocomposites often mimic the composition, structure, and behavior 
of natural hybrid materials present in different living organisms.15-18,21 Scientific research in the field of biohybrid 
materials, and particularly in bionanocomposites, is experiencing a remarkable growth, which is pointed out by the 
exponential evolution of scientific publications in the last years, as typically shown for emerging lines (Figure 1). 
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Figure 1. Evolution of the publications number of bio-hybrids/bio-nanocomposites. Data from SciVerse Scopus (September, 
2012). 

 
The bio-hybrid nanocomposites lie on the borderline between the inorganic and the living world, being of extreme 
importance due to their non-toxic, biocompatible, and biodegradable behavior, properties that place this class of 
materials as good candidates for potential biomedical applications (tissue engineering, artificial bone, genetic therapy, 
etc.) among other advanced applications.5,6,11,12,32-34 Another important point refers to the benefit associated with the use 
of biological sources of polymers to generate the so-called green plastics or green nanocomposites, avoiding therefore 
the indiscriminate consumption of petroleum derivates and enhancing the biodegradability as opposed to the non-
ecological conventional plastics.35 In this context, our group has pioneered the innovative development of biohybrid 
materials based on layered or fibrous clay minerals combined with biopolymers such as polysaccharides (chitosan, 
alginate, pectin, carrageenans…), proteins (gelatin, zein), nucleic acids (DNA) and lipids (phosphatidylcholine).11,21,36-46  
 
Typical clay minerals used in the preparation of these bionanocomposites are smectites (montmorillonite, hectorite, 
saponite, beidellite, etc.) which are 2:1 layer silicates whose structure is formed by the repetition of octahedral alumina 
sheets sandwiched between two tetrahedral silica sheets (Figure 2a). Isomorphic substitutions of silicon, aluminium and 
other metal atoms in those sheets by ions with lower charge result in a net negative charge that is compensated by cations 
in the interlayer region. Smectites show swelling capability and the interlayer cations can be easily exchanged with other 
cations, including organic cations and positively charged biomolecules. Other clay minerals that deserve more and more 
interest for bionanocomposite preparations show microfibrous morphologies, such as palygorskite and sepiolite (Figure 
2b). Sepiolite is a hydrated magnesium silicate47,48 whose structure is composed of ribbons of a 2:1 phyllosilicate 
structure with a discontinuous sheet of octahedral magnesium oxide hydroxide sandwiched by tetrahedra silica sheets. 
These building blocks form channels and tunnels that are accessible to water and other small molecules.49 Sepiolite also 
exhibits free silanol groups (Si-OH) along the external surface of these channels, which are susceptible to interact with 
diverse functional groups via hydrogen bonding. This silicate shows a low cation exchange capacity related to the 
existence of isomorphic substitutions as occurs in smectites, being also able to interact with charged species. 
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Figure 2.  Structural representation of smectite layered silicate (a) and microfibrous clay sepiolite (b). 

 
 
The firstly reported clay-based bionanocomposites refer to the intercalation of chitosan in layered silicates.38 At low 
concentrations of chitosan in slightly acid aqueous solutions the intercalation of the polymer progresses by a cation-
exchange reaction until incorporation of a monolayer of the biopolymer in the interlayer region of montmorillonite. The 
use of high amounts of polysaccharide exceeding the cation-exchange capacity (CEC) may lead to the uptake of chitosan 
in a bilayer configuration, being the excess of intercalated biopolymer accompanied of counter-ions in order to 
compensate the excess of positively charged groups of chitosan chains. In this situation the initial CEC of the clay is 
reversed to an anion-exchange capacity (AEC) in the resulting bio-nanocomposite. These AEC properties are of special 
interest for the development of active phases in electrochemical sensors for anions detection.50 In the same way, it is 
possible to prepare bionanocomposites based on the assembly of chitosan to sepiolite.39 The resulting materials show 
improved mechanical properties and also functional properties related to their anionic exchange capacity, which could be 
of interest for electroanalytical applications.  
Another group of bionanocomposites refers to the assembling of collagen and gelatin to different types of inorganic 
substrates.40 In the case of clay-based bionanocomposites it has been observed that sepiolite can control the cristallinity 
of the gelatin matrix, having an important impact on the mechanical properties of the resulting bionanocomposites. At 
20% mass fraction of sepiolite the elastic modulus of the bionanocomposite increased by a factor of 2.2 as a result of 
both the mechanical reinforcement of the silicate inside the polymer matrix, but also as a result of the crystallinity 
variation induced by the clay particles.51,52 This last group of bionanocomposites can be of interest for biomedical 
applications especially in tissue engineering related to the development of scaffolds for bone regeneration.40 For these 
types of applications it is required that the bionanocomposites are provided of adequate macroporosity and good 
mechanical properties. The development of such types of bionanocomposite materials exhibiting a hierarchical porosity, 
with micro and mesoporosity, together with macropores of tens and hundreds of micrometers requires their conformation 
as foams. Amongst the diverse foaming techniques the most common procedure in the case of bionanocomposites 
consists in the application of freeze-drying or supercritical drying processes to biopolymer-clay hydrogels.46 In this 
context, we have applied this methodology to the development of diverse ultra-light foams based on bionanocomposites 
that combine polysaccharides and proteins with clay minerals, mainly sepiolite. Several patents53-55 based on these results 
indicate the different fields of application of this class of materials, including acoustic and thermal insulation, and 
packaging materials. In biomedical applications these biohybrids can be of interest as carrier of pharmaceutical and 
biological species. In this way, biohybrid foams can serve as support of biological entities or even living organisms to 
cellular solids as for instance microalgal cells.23,46 Functional proteins and enzymes may also be introduced in the 
bionanocomposite foam by mixing them with the starting components prior to freeze-drying. In this last case, the 
biocompatibility of the foams helps to preserve the catalytic activity of entrapped enzymes allowing the development of 
bioreactors. A recent example of this application is a macroporous PVA foam in which the reinforcing agent is a 
phospholipid-modified sepiolite used as support of urease enzyme, which introduces the catalytic functionality in the 
system.56  
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3. BIOMIMETIC & SUPPORTED MEMBRANES  
Inspiration from naturally occurring structures is an interesting source of active and multifunctional smart materials 
systems. In this context, the biological cell membrane is of special interest because it hosts a great variety of molecules 
acting as receptors in the interaction with the external environment and therefore, can inspire diverse functional 
architectures for the development of novel biotechnological tools. Thus, bioinspired materials based on solid supported 
bilayer lipid membranes are applied in technological fields such as biosensors, artificial photosynthesis, or drug delivery. 
The key to their success lies in the close resemblance to cell membranes and the accompanied capacity to accommodate 
biological entities with diminished loss of biological activity. Our group has developed a new class of biohybrid 
materials based on the interaction of phospholipids with clay minerals that results in biomimetic interfaces which allow 
for the association of different types of biological species such as enzymes, proteins, virus particles, or toxins and their 
exploitation in technological relevant areas such as biosensing, influenza vaccination, or as toxin sequestrants. Lipid 
adsorption on montmorillonite can be performed either from liposome suspensions or from organic solutions (Figure 3). 
The acidic character of interlayer water bonded to exchangeable cations may interact with the phosphate group of the PC 
molecule and turn the entire lipid molecule cationic which would enable the cation exchange mechanism.44 In the case of 
sepiolite the assembling with the PC molecules occurs via hydrogen bonding with the silanol groups on the external 
surface of this fibrous clay, making possible the incorporation of PC as mono- or bilayer that cover the external silicate 
surface.44  The resulting materials can be used as biomimetic interfaces (biointerfaces) for adsorption of enzymes, such 
as the cytoplasmic enzyme urease and the membrane-associated enzyme cholesterol oxidase. The excellent enzyme 
stabilization properties of the sepiolite supported lipid matrices were explored for the construction of urea sensors and 
cholesterol bioreactors.45 In the case of the cholesterol bioreactor, the presence of superparamagnetic magnetite 
nanoparticles previously assembled to sepiolite,57 allows the easier recovery of the bioreactor from the reaction media 
with the help of a magnet.58  

 

 

Clay SurfaceClay Surface

A B

 
Figure 3. Scheme of PC adsorption on a clay surface from aqueous solution by liposome deposition (A) and from ethanol 
phase by molecular self-assembly (B). Adapted from Ref. 59. 

 

 

 

4. DNA AND VIRUSES SUPPORTED ON CLAYS 
A further step in the development of clay-based materials at the frontier of biological and mineral worlds refers to the 
interaction of DNA and virus particles with clay minerals. Thus, nucleic acids (low molecular weight DNA from salmon 
sperm) can be spontaneously adsorbed on the external surface of microfibrous sepiolite through hydrogen-bonding 
interactions with external silanol groups present on this silicate following a L-type adsorption isotherm (Figure 4A).60 
These interactions provoke the agglomeration of the fibrous clays and the DNA biopolymer as shown in figure 4B. We 
have observed a protection of the adsorbed DNA towards the degradation by the action of DNase enzyme. This type of 
supported DNA-clay systems is potentially of interest in view to carry out non-viral gene transfection.  
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Figure 4. Adsorption isotherm (298 K) of DNA on sepiolite from aqueous solution (A) and FE-SEM image of the DNA-
sepiolite nanocomposite (B).   

 

Unmodified sepiolite is not able to retain viral particles, as the virus agglomerated in large clusters on the mineral 
surface. However, bionanocomposite consisting in the assembling of negatively charged natural polysaccharides (e.g., 
xanthan) or phospholipids (e.g., PC) with sepiolite allows for the incorporation of Influenza virus particles resulting in 
novel bio-hybrid systems. For instance, xanthan-sepiolite bionanocomposites are able to assemble Influenza viral 
particles with a homogeneous distribution on the modified fibres.43 The presence of negatively charged sites from the 
xanthan biopolymer assembled to the silicate sepiolite facilitates its binding to virus particles. The integrity and 
bioactivity of these supported viral particles are preserved and water dispersions can be directly used as intranasal or 
intramuscular flu vaccines and experiments carried out in mice demonstrate that the virus/bio-nanocomposites induce the 
formation of specific antibodies and protect against Influenza virus infection acting as a new and efficient co-adjuvant of 
vaccines.43 In an alternative approach, sepiolite-PC biohybrids can be also used as biomimetic interfaces for the 
immobilization not only of the entire viral particle but also of specific surface antigens as the haemagglutinin (HA) or 
neuraminidase (NA) from influenza virus.61 It could be shown that the sepiolite supported lipid membrane afforded an 
environment where those surface proteins showed comparable activity to its native environment and therewith, one can 
speak about biomimetic association of HA and NA on the sepiolite-lipid hybrid.59 A more practical issue in vaccine 
manufacturing is the thermal stability of the associated antigenic compound, which may become especially critical in 
countries of the Third World, where the cold-chain for vaccine preservation is not always assured. It could be shown, 
that influenza virus adsorbed on the sepiolite biohybrid preserved its neuraminidase activity as well as its immunogenic 
potential until 50 ºC in a higher extent than the free virus and the viruses stabilized on the conventional carriers based on 
aluminum hydroxide gels.61 Moreover, these results may be of interest for other novel biomedical applications of these 
biohybrids such as uses in the development of biosensors, bioreactors, or drug-delivery systems. 

 

 

5. CONCLUDING REMARKS   
Biohybrids resulting from the assembly of biopolymers and particulate inorganic solids such as clay minerals, are 
versatile materials that show biocompatibility, which is of great interest in view of diverse potential biomedical 
applications. For instance, bionanocomposites can be conformed as highly porous and bio-compatible hybrid materials 
showing good mechanical properties, which may be of potential interest as scaffolds in tissue engineering for bone 
repair. In other cases, they can be used as support of different biological entities including cells and viruses. Clay-lipid 
biohybrids are versatile, safe, non-toxic, and biocompatible materials that behave as biomimetic lipid interfaces 
resembling cellular membranes, having a possible contribution in the development of biosensors, enzymatic bioreactors, 
or as adjuvant of vaccines. Sepiolite spontaneously adsorbs DNA protecting it against degradation by the action of 
DNase enzyme, which can be of potential interest in applications as non-viral agents for gene-therapy. However, this 
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type of biohybrid materials is still far from actual uses in biomedicine. The interaction mechanisms between the 
biological entities and the substrates are still largely unknown and both fundamental and applied (eg. in vivo assays) 
research are required to prove their activity, effect and efficiency. 
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ABSTRACT 
Nonextensive statistical mechanics as in Tsallis formalism was used in this study, along with the dynamical Hamilto-
nian rod-like DNA model and the maximum entropy criteria for Tsallis’ entropy, so as to obtain length distribution of 
plasmid fragments, after irradiation with very high doses, assuming that the system reaches metaequilibrium. By inten-
sively working out the Grand Canonical Ensemble (used to take into account the variation of the number of base pairs) 
a simplified expression for Fragment Size Distribution Function (FSDF) was obtained. This expression is dependent on 
two parameters only, the Tsallis q value and the minimal length of the fragments. Results obtained from fittings to 
available experimental data were adequate and the characteristic behavior of the shortest fragments was clearly docu-
mented and reproduced by the model, a circumstance never verified from theoretical distributions. The results point to 
the existence of an entropy which characterizes fragmentation processes and depending only on the q entropic index. 
 
Keywords: Nonextensive Statistics; Tsallis Entropy; DNA Fragment Distribution; Theoretical Distribution; Fragment 

Minimum Length; DNA Data Analysis 

1. Introduction 
A wide range of studies related to the biological action of 
ionizing radiation at the cellular level identified the DNA 
molecule at the top in the hierarchy of possible biological 
targets. Molecular damages in DNA define the subse-
quent fate of the cell and could lead to reproductive cell 
death, apoptosis, mutations and cancer transformations. 
After treatment of cells by ionizing radiation there is a 
broad spectrum of radiation-induced damages which can 
finally lead to the different endpoints. DNA radiation 
induced effects are mostly: breaking of one strand, called 
Single Strand Break (SSB), breaking of the two strands, 
Double Strand Breaks (DSB), nitrogen base damage, and 
clustered DNA damages (in case of heavy charged parti-
cles).  

DSB, including the clustered DNA damages, is the 
most harmful effect since it has a non-negligible pro- 
bability in inducing cell death, mutation or carcinogene- 
sis. Studying how DSBs occur and the mechanisms by 
which the cell repairs them, has caught the attention of 
many investigators, mainly because of many possible 
applications as e.g. in the improvement of cancer treat-

ment protocols. There are many studies attempting an 
understanding of DSBs by using several techniques to 
measure the number and size of fragments after irradia- 
tion. The two most successful techniques are pulsed field 
gel electrophoresis and atomic force microscopy (AFM). 
The latter being more recent, enabling better resolution, 
and as such, has been intensively and extensively used. 

From a theoretical point of view there are several ap-
proaches in obtaining distribution of fragments. One of 
the most used models is the Random Breaking Model 
(RBM) [1]. It describes the distribution of fragments at 
high doses, but fails for shorter fragments, and does not 
account for the correlation between fragments. Since cor- 
relations are present in the formation of DSBs [2], said 
correlations between the fragments would also be ex- 
pected. It has already been shown in [3] that long-range 
correlations between fragments imbedded in a random 
walk kinematics strongly suggest that DNA constitutes a 
system driven by nonextensive statistics, with FSDs de-
scribed by power laws with fractionary exponents (but 
not by exponential functions as in extensive statistics), 
where the exponents are functions of both the long-range  
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potential and the system degree of freedom. There is a 
pioneering work applying nonextensivity when the dis-
tribution function is obtained by maximizing Tsallis’ 
entropy, providing new interesting results at high doses 
[4]. Monte Carlo based methods yield good data repro-
ducibility for a wide range of doses, but usually needing 
5 or more parameters. However, these methods fail in 
correctly reproducing smaller fragments at high doses [5]. 
It is noted, for instance, that besides the shortcomings in 
coping with the region of smaller fragments, the distribu-
tion obtained in [4] has a parameter which does not have 
a precise physical meaning. 

Following here this last approach [4], fragment distri-
bution length based on the maximization of Tsallis’ en-
tropy was obtained, by taking into account not only 
length of the fragments but also their energy values as 
well. 

Firstly, the theoretical background is exposed in the 
Method section, beginning with the Tsallis’s entropy as 
a start point for all the subsequent developments. Non-
extensive Statistical Mechanics is briefly revisited in 
order to lay the foundation for its using, and at the end of 
the section it is proposed a physical model for the DNA 
fragmentation at very high doses, which allowed us to 
obtain the FSDFs. In the Results section, the FSDFs are 
tested with available experimental data from literature, 
which comprises several types of ionizing particles and 
at several doses, leading to an empirical simplification of 
the formula obtained. A parametrization of one of the 
model’s parameter as function of dose is proposed, by 
considering plasmids in a HEPES buffer. In Conclusions 
the significance and the novelty are highlighted.  

2. Method 
Tsallis’ entropy (Sq) is a generalization of Boltzmann- 
Gibbs entropy (SBG), which has succeeded in the descrip-
tion of many systems previously seeming to elude con-
ventional statistical mechanics. Its form is [6]:  

1
1

1

W
q
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i

q

p
S k

q
 

�
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�

¦
,               (1) 

where q is a real number greater than zero. For q ĺ 1 
holds Sq ĺ SBG. The probability that the system is in the 
ith microstate is pi and k is the Boltzmann’s constant. The 
value of q can be derived from the dynamics of the sys-
tem provided exactly known. Alternatively, q could be 
extracted from experiments by fitting procedures. This 
entropic form in Equation (1) implies that if A and B are 
two independent systems, in the sense that , 
one is led to 

A B A B
ij i jp p�  p
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This formulation implies that the Tsallis’ entropy is 
generally non-extensive, while that of Boltzmann-Gibbs’ 
is extensive. Not only the entropy formulation changed, 
but also the ways by which mean values are calculated. 
For the sake of simplicity and for our purposes we used 
the so-called “q-mean value” for the energy, 
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 ¦ ,               (3) 

although this choice in Equation (3) is not unique (in 
reference [7] a detailed discussion of all possible choices 
can be found). For the grand canonical ensemble the ob-
tained distribution function is [8]: 
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where ȕ' was used instead of ȕ to remark that ȕ' is not the 
reciprocal of kT [7]. 

Nonextensive statistical mechanics works in the me- 
taequilibrium, i.e. when the system is in a metastable 
state (including equilibrium as a special case), which is 
often achieved in stationary regimes or in non-equilib- 
rium organized states. Before the irradiation of the sam-
ples all fragments have approximately the same lengths. 
As doses increase fragments with all possible lengths are 
produced. At very high doses the most likely fragments 
are the smaller, while the remaining show a very low or 
nearly null probability. In this paper it is assumed that the 
system reaches metaequilibrium during irradiation, when 
it organizes itself by gathering energy with radiation.  

Our system is considered as an ensemble of plasmids, 
each one having N base pairs closely related to its length 
through L = Na, where a is the distance between base 
pairs; under normal conditions a = 0.34 nm. In the frag-
mentation process at high doses, energy is distributed 
among the system’s constituents faster than when low 
doses are involved. This fact allows considering solu- 
tions as if plasmids were imbedded in a thermal reservoir 
at an effective temperature. Furthermore, recalling that 
one is dealing with a highly excited system, energy ne- 
cessary to remove a base pair from the plasmid is con-
sidered, a kind of base pair chemical potential, constant 
and independent of the base pairs specificities. This cir- 
cumstance shows why the grand canonical ensemble is 
most appropriate. Thus, the distribution should be the 
same as in Equation (4). To find p(N) (the probability to 
find a fragment with N base pairs) it is necessary to 
compute energy values of the plasmids, which can be 
obtained from the DNA coupled road model [9] without 
considering folding motion (mostly valid for supercoiled 

q

k
. (2) 
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plasmids). The basic ingredient of this road like model 
consists in approaching the DNA as a set of coupled 
disks (which are the base pairs) with longitudinal (un) 
and rotational (ĳn) degrees of freedom. In this way, one is 
able to take into account the size of the fragments as well 
as their energies. 

The Hamiltonians are specified by the following ex-
pressions, where the sum runs through all values of the 
base pairs; M denotes the mass of each base pair and I 
refers to their moment of inertia. Thus, 

s rH H H � ,                 (6) 
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s n

n

Mu K
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where Ks is the longitudinal stiffness constant and Kr is the 
stiffness associated with rotations. Solutions obtained by 
solving the dynamical equations are plane waves. Plas-
mids in metaequilibrium are constantly excited by radia-
tion from the environment, generating wave trains tra- 
veling in both directions. They are expected to overlap, 
forming standing waves. For the longitudinal case 

� � �02 cos cosn su u Kna tG Z K � �

�

.     (9) 

For rotational coordinates a similar expression is ob-
tained; K is the wave number (K = 2ʌ/ma) and m ranges 
in principle from 2 to 2N. Substituting the stationary so-
lutions in the Hamiltonian and transforming summations 
into integrals, plus assuming that the plasmid is a closed 
structure and also that for n > 12 (the resolution of the 
AFM, approximately) holds sin(ʌ/n) § ʌ/n, we obtain   

� 2 2
0 0

ʌ2 s rH K u K N
m

M � .         (10) 

However, the system cannot absorb an arbitrarily large 
amount of energy. There should be a specific mmin, as 
well as given values for the amplitudes and stiffness   
constants, so that the plasmid is broken into a number of 
fragments approximately equal to the number of nodes 
2N/mmin, and this would occur when įs – įr = ʌ. The lon-
gitudinal and rotational waves must be in phase or in 
counter phase, since nodes must match in order to fulfill 
the equilibrium condition: u ĺ 0 and ĳ ĺ 0, simulta- 
neously. Therefore, the energy in Equation (10) have to 
be equal to the number of nodes mentioned above multi-
plied by the dissociation energy of two consecutive base 
pairs ȝN. Substituting in Equation (5), and integrating in 
L instead of summing in N it is obtained  

� �
minmin
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where Lmin/2 is the length of the shortest fragment. As 2/m 
decreases swiftly to zero, it can be neglected when com-
pared to unity, thus allowing obtaining the probability 
distribution 
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(12) 
where q must be in the range (1 - 3/2). 

3. Results 
The most accurate experimental results for length distri-
butions of fragments are reported in the form of histo-
grams with 50 nm width bars. Fittings performed to the 
experimental data showed that ȕ'ȝN/a ĺ í�, although 
there is a wide range of values for which the fitting re-
sults change slightly. Calculating this limit in Equation 
(12) leads to the final simplified equation for the Frag-
ment Size Distribution Function (FSDF), which only 
depends on the Tsallis q value and on the minimal length 
of the fragments (Lmin/2):  

� � � �� �
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2
min minmin

2 2 3 2 2d 2 1
1

qq q L Lp L L L
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(13) 

Substituting Lmin = P1, and q = P2, the fitting was 
performed for a total of 20 experimental results reported 
in the literature. It should be noted that the fragment size 
pattern obtained for a given dose also depends on the 
solution where the plasmids were diluted. The experi-
ments analyzed here were carried out by using two dif-
ferent solutions: water and HEPES buffer. They differ 
significantly as to the diffusion length of the free radicals 
created in the ionization of the medium, being much 
higher in water. Therefore, one needs a much lower dose 
in water to achieve effects similar to those with the 
HEPES buffer.  

m

�

 

ª º§ ·c;  � � �¨ ¸« © ¹¬
¦³ »

¼
, (11) 

Figure 1, panel a, shows the experimental distribution 
of fragments and the theoretical fitting for irradiation of 
plasmids (80% in supercoiled conformation) with 12C 
ions at 8 Gy in water [10]. There is, in panel b, another 
experiment with Ni ions at 3000 Gy, with supercoiled 
plasmids in HEPES buffer [5]. R2 is the squared correla-
tion coefficient. It can be seen that the model is capable 
of reproducing the initial peak of the experimental dis-
tribution. 

Figures 2 and 3 show results for irradiations with 
electrons and neutrons, resp ctively, at several doses.  e 
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(a)                                        (b) 

Figure 1. Irradiation with 12C ions at 8 Gy in water [10] (a), with Ni ions at 3000 Gy in HEPES buffer [5] (b). 
 

 

     
(a)                                        (b) 

     
(c)                                        (d) 

 
(e) 

Figure 2. Irradiations with electrons at 5000 Gy [4] (a); 6000 Gy [11] (b); 7000 Gy [4] (c); 8000 Gy [12] (d) and 10,000 Gy [12] 
(e). 
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(a)                                        (b) 

     
(c)                                        (d) 

Figure 3. Irradiations with neutrons at 5000 Gy [4] (a); 7000 Gy [4] (b); 7500 Gy [13] (c) and 10,000 Gy [13] (d). 
 
Figure 4 shows the results at 10,000 Gy for gammas and 
Ar ions. In order to appraise to which extent fitting qua- 
lity varies with dose, the dose range was divided into five 
equal intervals and within each of these the average value 
of R2 was calculated. Figure 5 shows how the fitting is 
linearly improved with the increasing doses, indicating 
that the model functions better when doses are higher. 

The behavior of Lmin with dose in a total of 13 experi-
ments with better resolution (bar width equal to 50 nm) 
was studied, and those performed with buffer were cho-
sen. For dose values pertaining to more than one experi-
ment, an average of Lmin was computed. This allowed 
obtaining a parametrization in the form of a linear func-
tion with R2 = 0.65 (Figure 6): 

� � � �min 39.7 2.0   0.00089 0.00029L D r � r ,    (14) 

where D is the dose.  
If one substitutes the parametrization in Equation (14) 

into Equation (13), aiming at achieving new fittings, the 
obtained values of q are very close to the original, except 
in one case. This can be seen in Figures 7 and 8 where the 
experiments were listed on the horizontal axis; signifi-
cantly, only the 11th experiment differs from the original. 
The error bars correspond to the uncertainty provided by 
the fitting. 

Another result obtained by fitting reveals that in 70% 
of the cases q is in the interval q = 1.40 ± 0.03, inde-

pendently of the type of ionizing particles. The remaining 
30% is distributed almost uniformly from 1.16 to 1.37, as 
shown by the histogram in Figure 9. Therefore, the pa-
rameter q is predominant in a narrow interval. Related to 
the q values, an interesting feature emerge; that of the 
entropy Sq, associated with the distribution of the frag-
ments by length and energy, when considering the dis-
tribution function in Equation (4) and the limit ȕ'ȝN ĺ 
í� (a must be positive and must not vanish). One can 
observe in Figures 10 and 11 that for q values around 
those predominantly obtained by fitting, the entropy is 
almost independent of the remaining two parameters 
(Lmin and a). The results point to the existence of entropy 
characterizing the fragmentation process and depending 
strongly on the q entropic index and weakly on the others 
parameters. 

4. Conclusions 
A novel approach has been established in order to com-
pute fragment length distribution at very high doses. A 
new Fragment Size Distribution Function was obtained 
using a nonextensive grand canonical ensemble, with 
good fitting results of experimental data at different 
doses. This is the first time a FSDF for DNA under ra-
diation is obtained departing from a physical model and 
with a potential-like decay for long fragments without 
the a priori conjecture of having this kind of behavior.  
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(a) 

 
(b) 

Figure 4. Irradiation at 10,000 Gy with gamma (a) [14] and 
Ar ions (b) [14]. 
 

 
Figure 5. Linear fit with 2

fitR  = 0.88. 
 

 
Figure 6. Lmin parametrization in Equation (16). 

 
Figure 7. q variation with parametrization in Equation (16). 
 

 
Figure 8. R2 variation with parametrization in Equation (16). 
 

 
Figure 9. Histogram of the q values obtained by fitting. 

 
Interestingly, the theoretical distribution was able to re-
produce the initial peak, sometimes present in irradiation 
with heavy ions (Figure 1); hence, it does not merely 
reproduce the potential-like decays, constituting thus an 
improvement of the former models. The present study 
also found that information on the fragmentation process, 
via Sq, depends heavily on q, while dependence on the 
remaining parameters, as Lmin and a, is considerably 
weaker, irrespective of what kind of particle is involved 
in the irradiation, provided q is approximately higher 
than 1.37 (occurrence of 70 % in all the examined cases). 
Although the model improves the data description as 
doses increase, it is clear that the necessity to analyze 
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A cross-section formula for single strand brakes via radiation in the DNA molecule is reviewed and
discussed, showing that it describes well-existing data for a wide range of linear energy transfer (LET).
Recently published DNA fragment-size distributions (FSDs) data, obtained by irradiation of plasmids
with electrons and neutrons, are presented. These results are analyzed and interpreted on the basis of
a model developed by the Sao Paulo group, in which by introducing a long-range correlation among
the jumps in a random walk, a power-law function is obtained for the probability distribution. The
power-law exponent is a function of both the correlation potential and the degree of freedom of the
system. It is shown that plasmidial DNA behaves as a nonextensive system, with FSDs described by
power laws but not by exponential functions (as in extensive statistics). A pronounced crossover for
electron-irradiation data and a change from 1 to 3 in the degree of freedom for neutron irradiation at
a high dose were observed. A likely interpretation for these two features is presented and discussed.
Perspectives for further developments in this area are presented and addressed.

Keywords: DNA-radiation interaction; Strand-break cross section; Strands fragment-sizes; Power law
distributions

1. Introduction

This work is part of a project developed in collaboration with Universities from Havana and
Sao Paulo. The project is intended, first, to develop a model aimed at the calculation of
cross-sections for radiation-induced single strand breaks (SSB) and double strand breaks
(DSB) formation in DNA molecules; secondly, to improve the description of the DNA
double-strand mechanical properties by incorporating long-range correlations among the DNA
constituents; finally, to set up novel fundamentals in order to advance the study of dosimetry
at the nanoscale (nanodosimetry).
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In this sense, we will discuss selected issues on the present status of calculations for indirect
interactions cross-sections in irradiated DNA, aimed at a further development of a model which
intertwines statistical behavior and long-range correlation on the cross-section approach. It
will also be shown that the distributions of fragments size of irradiated DNA molecules follow
power laws, which would provide important information on fine mechanical DNA properties.

2. An existing model approach for SSB cross-sections

We show in figure 1 a small portion of DNA irradiated in the cell interior. The water in
the cytosol and the DNA molecules are the most important targets for the radiation energy
deposition. Damage in biomolecules, including the DNA, occur when they receive any type
of ionizing radiation. These damages can be produced by direct ionization of the biomolecule
(direct interactions) or by the formation of damaging reactive radicals (indirect interactions).

Figure 1. Radiation interaction with DNA.

Figure 2. SSB and DSB probability rates.
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We note, initially, that the two main types of radiation damage in the DNA molecule are SSB
and DSB. Figure 2 shows the experimental results from the literature [1] for the probabilities
at which these two kinds of damage can occur. It is also noticeable how the SSB is more
probable than DSB at different energies.

We note that when DNA damages are not (or deficiently) repaired, particularly those arising
from DSB, cell death or mutation could be induced, where the latter could lead to cancer
formation. The high LET radiations are the main cause of this kind of damages. In view of this,
the complete understanding of radiobiological effects depends crucially on the cross-sections
for the production of these kinds of damages, discriminating between direct and indirect
interactions of radiation with the DNA. On the basis of this circumstance, we argue that
cross-sections for the induction of SSB and DSB should be considered as important ingredients
for the planning of any radiotherapy treatment. However, finer calculations of these cross-
sections rely on precise information about the DNA mechanical properties leading to DSB,
an issue discussed below.

However, existing calculation results are restricted to cross-sections for DNA SSB because
they can be easily observed and quantified by using the electrophoresis technique [2]. In this
sense, use is made of some important aspects of the Bethe theory for the ionizing process, for
example, the ionizing rate and distribution along the radiation track [3], plus the assumption
that the direct interaction between the incident particle and the DNA molecule is negligible
in comparison to the indirect effect, when radiation energies are not much higher than some
tenths of MeV.

Figure 3. The cross-section for the SSB as a function of the LET [2, 3].
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Thus, the SSB cross-section for an incident radiation with LET equal to ε is given by the
following expression [4]:

σSSB = αε

1 + βε
, (1)

where

β = ξk, k = 1
εa

, α = kσdri. (2)

Here, ξ (expressed in length dimension) is a proportionality factor depending on range
properties of the ions and on the solution’s physical characteristics; εa is the average energy
transferred to an atom of the medium during its ionization process; σd is the cross-section
for the damage induced by the incident radical. This quantity is related to the structure of
the DNA molecule and to its chemical interactions with the radical produced in the medium.
It also depends on the properties of the target molecule. ri is the radical average range; it
depends on the distance the produced radical will reach away from the ionizing track and
depends on the medium properties too. k is related to the minimum energy necessary for the
radical production.

The radiation-induced damage has, therefore, a cross section which is approximately linear
at low LET and deviates from linearity as the LET increases.

The result (equation (1)) is compared in figure 3 with data from the literature [5] obtained
for incident particles with different LET values. We fitted the curve defined by equation (1)
to these data, obtaining for the parameters α and β the following results: α = (1.6 ± 0.2) ·
10−3 µm3/KeV, β = (1.2 ± 0.2) · 10−2 µm/KeV. The nice fitting obtained is an indication
of the reliability of the model developed elsewhere [4].

3. Results for DNA fragments size distributions

The knowledge of mechanical properties of DNA [6] is required to understand the structural
dynamics of cellular processes, such as replication and transcription, as well as in providing
a conceptual framework for mechanical assays of enzymes that act on DNA [7]. However, a
complete description of DNA mechanics must also consider particular characteristics arising
from scaling and possible nonlinearity aspects of the DNA complex structures. In fact,
biological molecules are highly deformable, hence highly nonlinear objects, and DNA should
not be an exception to this rule. Hence, a stringent but destructive test of the correlations
(short or long range) among the parts of an object simply is the random breaking of the
whole object and measuring the size of its pieces, as proposed and elaborated by Brouers and
Sotolongo-Costa [8]. The corresponding fragment-size power law contains the information
we are looking for.

Now we show, in this regard, experimental results for DNA fragment-size distributions
(FSDs), where DNA fragmentation is a consequence of the DSB production. Irradiation of
DNA with high doses of ionizing radiations, as neutrons and electrons, is quite effective to
induce this kind of damage, as recently performed by Pang et al. [9, 10].

Figures 4–7 show the results obtained from irradiation of plasmidial DNA with electrons
and neutrons. In these plots, we show FSDs for different incident energy doses. On the X-axis,
we have the size of the fragments (&), which was measured by atomic force microscopy and
expressed in units of base-pairs [9, 10]. On the Y -axis appear a number of fragments with
a given length. Each figure presents three different plots for the same data set: log–linear,
log–log and linear–linear. We show, by means of a model approach, that their analysis through
fitting procedures is best described by assuming a power-law distribution function (see below).
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Figure 4. Distribution of DNA fragments size (!), irradiated with an electron dose of 200 Gy (data points).

Figure 5. Same as in figure 4 for a neutron dose of 5000 Gy. All fittings were performed with single functions.
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Figure 6. Same as in figure 5 for a neutron dose of 7500 Gy.

Figure 7. Same as in figure 5 for a neutron dose of 10 KGy.
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4. Model approach for DNA FSDs

By introducing a long-range interaction potential among DNA constituents, it is possible
to obtain a power-law function for the probability distribution of fragment sizes, where the
power-law exponent is determined by both the correlation potential and the degree of freedom
of the macromolecule [11].

Actually, in a system constituted of elements interacting by means of short-range forces,
each of these elements interacts only with the elements of the system in its close vicinity.
This is known as a simple random walk, and the most notorious example in this category is
the Brownian motion. Because of the short-range character of the interaction, each particle
undergoes random jumps to one of its nearest neighbor sites, and the jumping lengths are small.
Let us assume, on the other hand, that the elements of a distribution (e.g. DNA fragments with
sizes represented by l) exhibit long-range interaction, described by a correlation potential
behaving proportionally to 1/rγ . In our analogy with the Brownian motion, r is the modulus
of a vector connecting two successive jumps of the walk, and l = n · a (n is an integer) is the
net displacement with a distribution given by [12]

p(l) ∼ l−β (3)

with

β = f + 1
2

· (2 − γ ), (4)

where f is the degree of freedom associated with the system (see more on this below).
This last result shows explicitly that the power-law exponent is determined by both

the correlation potential (represented by γ ; it is an intrinsic property of the DNA double
strand, associated with its nonextensive/nonlinear character) and the geometrical structure of
the system (revealed by its degree of freedom f ), which is a property related to the size of the
fragments. To some extent, f depends on the type and intensity of the radiation, that is, the
ability of the radiation process to produce short or long fragments.

The data obtained with electrons (figure 4) are particularly revealing, where two components
show up distinctly, indicating that the DNA FSD obtained with electrons presents two different
fragmentation regimes. The system ‘cross’ from one regime ‘over’ to another regime. This is a
well-known crossover (see, e.g. [13, figure 2]). For neutrons, a single power law is sufficient.

In table 1, we show the fitting results for the power-law exponents. We also analyzed these
same sets of data by means of expressions for fragment size distribution function (FSDF)
obtained by Sotolongo et al. [8], using the thermostatistics approach proposed by Tsallis [14] –
the two approaches provided very similar fitting results (differences <0.5%).

We can see again the two obtained exponents for irradiation at low LET radiation with elec-
trons and the jump of the power-law exponent by a factor of 2 when the neutron-irradiation dose
reached 10 KGy. These results are compelling evidence of both nonextensivity and crossover
at the nanoscale.

Table 1. Power-law exponents
obtained by fittings to the

data [11].

Dose (Gy) β (eq. 3)

200(e) 0.97/0.69
5000(n) 1.05
7500(n) 1.10
10,000(n) 2.36
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The results presented above constitute a stringent but destructive test of correlations among
the DNA fragments. The statistical behavior we could see strongly suggests, although does
not prove, the existence of long-range correlations in the DNA.

5. Conclusions

From the material presented, analyzed, and discussed in this review, it becomes clear that

• the cross-section for the SSB formation in DNA, developed by the Sao Paulo group [2],
works very well in a wide LET range;

• power laws emerge whenever a long-range correlation is imposed among the elements of a
system and when its evolution is treated by a conventional random walk kinematics;

• the FSDs are described by power laws with fractionary exponents;
• a crossover is observed in data sets obtained with low LET radiation with electrons, since

this type of radiation probes the DNA without destroying most of its mechanical properties;
• when applied to DNA FSDs, the random walk plus long-range correlations formalism

strongly suggests that this macromolecule constitutes a system governed by nonextensive
statistics.

6. Final remarks and perspectives

The FSD is determined, qualitatively speaking, by the combination of two quantities:

(1) the number of DSB, since each of these events locally disrupt the double-stranded
chain, and

(2) the probability distribution of the DSB’s all along the chain extension.

The second quantity is predominantly of statistical nature (e.g. extensive or non-extensive),
whereas the first is proportional to the cross-section for the DSB formation, σDSB. Also, this
cross-section is responsible for introducing the dependence with dose. However, since a DSB
is formed by two closely located SSBs, we have that

σDSBα(σSSB)2.

Therefore, the σSSB cross-section is one of the ingredients for the build-up of the size
distribution. In this sense, we envisage the following perspectives for future studies.

• To develop a model calculation for SSB and DSB cross-sections by taking into account
the size correlations among the several parts of the double strand when hit by radiation of
different LETs. To obtain more DNA cross-section data for SSB and DSB, combined with
FSDs, for radiations with quite distinct LETs, ranging from alpha particles to X-ray. For the
cross-section calculations, which takes into account the long-range correlation, one should
propose to describe the direct interaction cross-section by an expression of the Markov
chain type. This is a chain of probabilities conditioned to the energetic residuum of the
former reaction.

• This work, by contributing to the unraveling of DNA properties, could propitiate new
insights into the key aspects of radiotherapy, particularly those associated with the interplay
damage/repair in the DNA of tumor cells.
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