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Relacion de acronimos

DIRB (Dissimilatory iron reducing bacteria): Bacteria reductora desasimiladora de
hierro.

BIM (Biologically induced mineralization): Mineralizacion inducida bioldgicamente.

BCM (Biologically controled mineralization): Mineralizacién controlada
biologicamente.

SDM (Single domain magnetite): Magnetita de dominio Unico.

OALI (Oxic-anoxic interphase): Interfase dxica-anoxica.

MAB (Magnetite assay for biogenicity): Prueba de biogenicidad para magnetite.

CSD (Cristal size distribution): Distribucion del tamaio del cristal.

SFD (Shape factor distribution): Distribucion del factor forma.

HRTEM (High resolution transmission microscopy): Microscopia de transmision de alta
resolucion.

DSC (Differential Scanning Calorimetry): Calorimetria diferencial de barrido.

SAED (Selected area electron difracttion): Difraccion de electrones de areas

seleccionadas.

FESEM (Field emission scanning electron microscopy): microscopia electronica de

barrido de campo de emision.

ICP-MS (Inductively coupled plasma mass spectrometry): Espectrometria de masas con

fuente de plasma de acoplamiento inductivo.

EDAX y EDX (Energy dispersive X-ray spectroscopy): Microandlisis de rayos X de

energia dispersiva.
HAADF (High-angle annular dark field): Alto angulo anular campo oscuro.

TGA (Thermogravimetric analyses): Analisis termogravimétrico.
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Capitulo I: Introduccion






I.1. Generalidades de biomineralizacion

La biomineralizacién es el proceso por el que los organismos, tanto procariotas
como eucariotas, producen minerales. Este proceso ocurre, por un lado, como resultado
de su actividad celular, la cual provoca los cambios fisicoquimicos necesarios para que
se produzca la formacion del mineral y el crecimiento cristalino y, por otro, por el
aporte de superficies (pared celular, membranas, polimeros extracelulares, restos de
lisis, entre otros) que acttian como nucleos de cristalizacion, disminuyendo la barrera
energética que es necesario superar para que se produzca la nucleacion de una fase
mineral. La biomineralizacion ocurre en microorganismos, animales y plantas y los
minerales producidos suelen tener una funcién muy especifica como, por ejemplo, la
magnetita de los dientes de los quitones que sirve para endurecer la superficie del diente
y que no se desgaste (Lowenstam, 1967). A lo largo del tiempo, el nimero de
biominerales descubiertos ha ido incrementandose, contabilizandose en la actualidad

mas de 60 en 55 phyla (Mann, 2001).

Los organismos con capacidad de precipitar minerales estan presentes en todos los
taxones, desde las bacterias a los cordados. Sin embargo, existe una marcada diferencia
en cuanto a la formacidon de estos biominerales entre los distintos grupos taxondémicos

(Simkiss y Wilbur, 1989).

Por lo que respecta a la distribucién de los biominerales entre los principales
grupos de organismos, se encuentra que los animales son el grupo mayoritario capaces
de formar treinta y siete minerales diferentes. El segundo grupo lo forman las bacterias,
capaces de sintetizar veinticuatro minerales distintos, las plantas vasculares que forman

once y, finalmente los hongos y los protozoos, que forman diez tipos de minerales. Los



minerales de carbonatos, fosfatos, silicatos y 6xido de hierro, se forman por especies

pertenecientes respectivamente a 26, 23, 21 y 17 phyla (Lowentsan y Weiner, 1989).

La mayor parte de los biominerales cuentan con el calcio como cation
mayoritario, siendo el hierro el segundo mas comun. Si agrupamos segun los aniones,
los mé&s numerosos serian los fosfatos, seguidos de oxidos y carbonatos. A nivel
general, los polimorfos del CaCOs;, aragonito y calcita son los que estan mas
ampliamente distribuidos en todos los phyla mientras que los haluros aparecen en muy
pocos grupos y los sulfuros y ciertos 6xidos, hasta ahora, s6lo se han encontrado en los

procariotas.

Dentro de las funciones que pueden tener los biominerales, la mas importante es
la formacion de esqueletos/exoesqueletos. Esta funcion es muy evidente en organismos
eucariotas unicelulares y en muchos phyla de invertebrados. Los minerales mas
abundantes en los esqueletos son los carbonatos de calcio, el fosfato célcico y la silice.
Los esqueletos de carbonatos y fosfatos son los mas fuertes y ligeros, y estan formados
por compuestos de polimeros bien ordenados intercalados con la fase mineral. Otra
funcion muy importante de los depdsitos de biominerales es la de actuar como almacén
de iones que se pueden utilizar posteriormente en momentos de gran demanda
fisiologica. Una demanda de cationes extraordinaria es algo que ocurre, por ejemplo,
durante el tamponado de soluciones bajo condiciones aerobias y anaerobias, cuando se
reparan los esqueletos, cuando se biomineraliza un nuevo exoesqueleto después de la
muda, en los momentos de estrés reproductivo y en la formacion de cascaras de huevo.
El Ca es el i6n que mas se almacena. Otras funciones de los biominerales son la
formacion de dientes, espiculas, dispositivos para detectar la gravedad (otolitos,
estatolitos...), dispositivos de flotacion, lentes y dispositivos de orientacion en el campo

magnético (Lowenstam y Weiner, 1989).



En los organismos pluricelulares, la mineralizacion depende de un tejido en
particular. Esta especificidad celular estd muy bien representada en aquellos organismos
en los que las células depositan un mineral en una region mientras que otro mineral se
forma de manera simultinea en otra parte del organismo. Un buen ejemplo es el
deposito de carbonato célcico en la concha de los moluscos por el epitelio del manto
mientras que se deposita magnetita y SiO; por el epitelio que forma la radula (Simkiss

y Wilbur, 1989).

Existen dos modelos mecanisticos que separan en dos tipos los procesos de
biomineralizacién: 1) mineralizacién inducida biologicamente (BIM) (Lowenstam,
1981); y 2) mineralizacion controlada bioldgicamente (BCM) (Frankel y Bazylinski,
2003). A la mineralizacidon controlada bioldgicamente se le ha llamado en el pasado
mineralizacion mediada por matriz (Lowestam, 1981) y biomineralizacion organizada
por barrera (Mann, 1986) destacando que las membranas son importantes en el proceso
de biomineralizacion. Hay varias diferencias importantes entre BIM Y BCM en las que

nos fijaremos a continuacion.

I.1.A. Mineralizacion inducida biologicamente

El mineral precipita debido a cambios quimicos producidos en el ambiente donde
vive el organismo ocasionados por el metabolismo del mismo y por el aporte de nucleos
de cristalizacion, es decir, de superficies que “favorecen” la precipitacion, tal y como se
explicara mas adelante. Debido a esto, los biominerales se depositan, practicamente
siempre, externos al organismo que los induce. La mineralizacién ocurre en un ambiente
abierto y no en un espacio delimitado para este proposito. No existe una maquinaria

celular o macromolecular especializada para inducir la biomineralizacion.

En la BIM se dan dos tipos de procesos, activos y pasivos (Fortin y Beveridge,

2000; Southam 2000). Los mecanismos activos se refieren a la formacion del mineral



causada por la actividad metabolica del organismo. Los mecanismos pasivos se refieren
a la formacion de minerales gracias a las paredes o membranas celulares y/o restos
celulares, que actian como nucleos de cristalizacion (Fortin y Beveridge, 2000;

Southam, 2000).

Respecto a los mecanismos pasivos, la mayoria de exopolimeros y superficies
celulares estdn cargadas negativamente, lo que provoca la unidon de cationes por
interacciones electrostaticas inespecificas contribuyendo a la sobresaturacion local
(Beveridge, 1989; Konhauser, 1998; Banfield y Zhang, 2001; Béauerlein, 2003;
Bazylinski et al., 2007). Esta unién también ayuda a estabilizar las superficies de las
particulas minerales que se estan formando, ya que disminuye la energia libre critica
necesaria para la formacion de nucleos cristalinos. Gracias a la presencia de estos
mecanismos pasivos, la tasa de mineralizacién puede incrementarse en varios ordenes
de magnitud respecto a una situacion en la que no estuvieran presentes estas superficies.
Los minerales formados tienen una gran variedad de tamafios y de morfologias y suelen

agregarse al azar (Lowenstam y Weiner, 1989).

La mineralizacion inducida bioldégicamente parece el proceso dominante entre los
procariotas y los hongos, y ocurre con frecuencia entre algunos eucariotas unicelulares
(Lowenstam y Weiner, 1989). Un hecho caracteristico de la mineralizacion inducida
bioldgicamente es que la mineralogia de la fase sdlida resultante depende en gran
medida de las condiciones ambientales en que un organismo vive. De esta manera, un
mismo organismo en distintas condiciones puede dar lugar a distintos minerales
(Lowenstam y Weiner, 1989). Por ejemplo, los liquenes producen minerales a partir de
los cationes liberados por la disolucion del substrato en el que se encuentran, disolucion
causada por acidos que ellos mismos producen. Asi, dependiendo de la mineralogia del

sustrato, los liquenes pueden inducir la formacion de distintos minerales. Por ejemplo,



la especie Pertusaria corallina forma habitualmente weddellita, o un oxalato de
manganeso sin nombre especifico, pero cuando el sustrato es una roca volcanica rica en

hierro, el liquen forma ferrihidrita (Jones et al., 1986).

Entre los animales, la mineralizacion inducida bioldégicamente, es un proceso
bastante frecuente. Como ejemplos de ésta nos encontramos con los cristales de calcita
formados en el esqueleto axial de los Pennatulidos (Ledger y Franc, 1978) y los cristales
de weddelita y brucita que se forman entre las capas de depdsitos de calcita
biologicamente controlados en la mandibula o el pico de Nautilus (Lowenstam et al.,

1984),

Entre las algas también encontramos muchos ejemplos de biomineralizacién
inducida, siendo el carbonato el biomineral formado en la mayoria de los casos
(Borowitzka, 1982). Ademas, combinan los procesos de mineralizacion inducida con el
de mineralizacion controlada biologicamente. Por ejemplo, mientras que las algas
pardas como Padina forman cristales de aragonito sin ningun control sobre el proceso,
las algas rojas Galaxura y Liagora y, particularmente las algas verdes Halimeda,
forman cristales por un proceso mucho mas controlado, de manera que los cristales se
depositan entre las células, en un espacio que puede estar parcialmente comunicado con
el ambiente marino (Hillis, 1959). Estos cristales formados estan en asociacion con la
membrana celular. Hay otros ejemplos de biomineralizacion en algas. En muchos de
ellos, el alga tiene cierto grado de control sobre el biomineral formado, al estar
implicadas en dicha formacion estructuras celulares, como la pared celular en el caso
de Chara (Spear et al., 1969) y la membrana citoplasmatica en el caso de algas verdes

como Penicillus, Rhipocephalus y Acetabularia (Bohm et al. 1978).

Entre las bacterias, los procesos de mineralizacion inducida biologicamente

estan ampliamente extendidos, siendo también muy amplio el nimero de biominerales



producidos mediante este proceso en todo tipo de ambientes: aerobios, anaerobios e
interfase oOxica-anoxica (OAI). Los biominerales que estan mas distribuidos a nivel
geologico son los hidroxidos férricos (ferrihidrita) (Konhauser, 2007), aunque otros
minerales de hierro como la, magnetita, goethita, hematita, también estdn muy
ampliamente distribuidos. Los 6xidos de manganeso también son muy comunes, asi
como las arcillas, la silice amorfa, los carbonatos, fosfatos, sulfatos y sulfitos
(Konhauser, 2007). A continuacién se amplia informacion sobre diferentes minerales

producidos por bacterias.

En primer lugar nos referiremos a los carbonatos, que pueden ser inducidos por
una gran cantidad de microorganismos. Esta precipitaciéon de carbonatos ocurre como
consecuencia de cambios en las condiciones quimicas del medio debido a diferentes
procesos metabolicos entre los que se incluyen fotosintesis, amonificacion,
metanogénesis, reduccion desasimiladora de nitrato, la degradacion de urea o acido
urico y la reduccion desasimiladora de sulfato (Castanier et al., 2000; Riding, 2000). En
estos procesos la precipitacion ocurre por aumentos de la alcalinidad del sistema
causados por la fijacion de CO, y/o aumentos de pH debidos a la liberacion de i6n
amonio, CO,; o consumo de protones en el metabolismo bacteriano. En estas
condiciones, si hay calcio presente en el medio, se inducira la formacion de carbonatos
de calcio, refiriéndonos a este mineral por ser uno de los mas estudiados en la literatura,
aunque la precipitacion de carbonatos de magnesio y manganeso también es un proceso
habitual. Se han estudiado numerosos microorganismos capaces de inducir la formacion
de CaCO;. Entre ellos destacamos bacterias del género Pseudomonas (Baskar et al.,
20006), Bacillus (Castanier et al., 2000), Vibrio (Rivadeneya et al., 1993) y Streptomyces
(Cafaveras et al., 1999), bacterias reductoras de sulfato y cianobacterias (Wright, 1999),

Myxobacteria (Ben Chekroun et al., 2004; Gonzalez-Muioz et al., 1996) y Halobacillus



(Rivadeneyra et al., 2004). Las bacterias quimioheterdtrofas han contribuido en gran
medida a la formacion de carbonatos en sedimentos, superando a la de cianobacterias y
otros microorganismos fotosintéticos. Ademas, se ha demostrado que los minerales de
carbonato calcico no so6lo son inducidos por el metabolismo bacteriano, sino que
también se pueden formar en presencia de células muertas, como resultado de un
aumento local de saturacion del sistema con respecto a la fase mineral relevante,
provocado por membranas y restos celulares. En este sentido cabe destacar los trabajos
de Gonzalez-Mufioz ef al., 1996 y Benzerara et al., 2004.

La produccion de carbonatos por microorganismos, segun una mineralizacién
inducida, tiene importancia ambiental en procesos como, entre otros, la retirada de CO,
atmosférico (Braissant et al., 2002; Ehrlich, 2002), la formacién de rocas y sedimentos
(Riding, 2000; Ben Chekroun et al., 2004) y los ciclos biogeoquimicos de los elementos
(Banfield y Nealson, 1997; Ehrlich, 2004). Ademads, también en clinica podria ser
relevante, por aparecer concreciones de carbonatos en algunas patologias (Keefe,
1976). En biotecnologia se aprovecha este proceso en la biorremediacion de aguas
contaminadas (Warren et al., 2001; Fujita et al., 2004; Mitchell y Ferris, 2005, 2006;
Kohler et al., 2007) y la conservacion de piedra ornamental (Rodriguez-Navarro et al.,

2003, Jimenez-Lopez et al., 2007 y 2008).

En la literatura se pueden encontrar trabajos sobre otros biominerales inducidos
por microorganismos, aunque las referencias no son tan abundantes como en el caso de
carbonatos. Un primer ejemplo es el caso de la formacion biologica de fosfatos. La
precipitacion bacteriana de fosfatos es un proceso muy comun y lo realizan bacterias de
varios géneros. La precipitacion de apatito (Cas(PO4);(OH,F,Cl) se ha observado, entre
otros microorganismos, en Streptococcus salivarius, Actinomyces naeslundii y

Bacterionema matruchotti (Rizzo et al., 1962). Los fosfatos también pueden aparecer en



la naturaleza como sales de calcio, aluminio, hierro o magnesio. Otro ejemplo de
mineral de fosfato es la estruvita (MgNH4POQO,), que es sintetizada por Staphylococcus
aureus (Beavon y Heatley, 1962), Bacillus pumilus (Nelson et al., 1991), Pseudomonas
calciprecipitans (Shinano y Sakai, 1975) y Myxococcus xanthus (Gonzalez-Mufioz et

al., 1996, 2008; Omar ef al., 1998) entre otros.

También los sulfuros y sulfatos pueden ser formados por microorganismos. Por
ejemplo, las bacterias reductoras de sulfato liberan sulfuro de hidrogeno, sobresaturando
el medio con respecto a diferentes fases de sulfuros, que podran precipitar si estd
presente el 16n metalico correspondiente. Algunos ejemplos son sulfuro de hierro (FeS),
pirita (FeS;), greigita (FesS4) e incluso magnetita intracelular de dominio magnético
unico (Fe;O4) (Sakaguchi et al., 2002). Otras cepas de sulfato reductoras pueden
producir mackiwanita (Fe,Ni); + xS (donde x = 0 a 0.11), millerita (NiS), galena (PbS) y
esfarelita (ZnS) (Machel, 2001). Otros microorganismos de chimeneas hidrotermales
marinas se encontraron asociados con calcopirita (CuFeS;), pearcita (Agis7-
xCuy31xAs2S11) y proustita (Ag;AsSs). Otras especies como Synechococcus son capaces
de precipitar sulfatos como el yeso (CaSQOy4) (Schultze-Lam et al., 1992), la celestita
(SrS0O4) o la estroncita (SrCOs3). Myxococcus xhantus es capaz de formar barita (BaSOy)

(Gonzalez-Mufioz et al., 2003).

Otro mineral muy comun en la corteza terrestre es el silicio. Algunas bacterias y
hongos son capaces de captar silicio intracelular, dentro de ciertos limites (Heinen,
1960). Sin embargo, lo que ocurre mas frecuentemente es que los microorganismos
silicifican al estar en un ambiente sobresaturado de silicio, es decir, se ven envueltos en
una solucion de oligomeros de silicio que polimerizan y finalmente precipitan. Colonias
enteras se encuentran cementadas en una matriz silicea que puede llegar a tener varios

micrémetros de espesor (Konhauser, 2007). Esto puede ocurrir de tres formas
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diferentes: por union a hidrogeno, como Calothrix (Phoenix et al., 2002); por puentes de
cationes, se da en Bacillus subtilis (Phoenix et al., 2003); o por interacciones

electroestaticas directas, como en Sulfurihydrogenibium azorense (Lalonde et al., 2005).
I.1.B. Mineralizacion controlada biolégicamente

En la BCM los minerales normalmente se forman sobre o dentro de matrices o
vesiculas organicas dentro de la célula. El organismo ejerce un grado de control
significativo sobre el proceso de nucleacion y crecimiento del mineral y, por lo tanto,
sobre la composicion, tamafio, habito, y localizacion intracelular de las particulas

(Bazylinski y Frankel, 2003).

Para entender mejor la biomineralizacidon controlada hay que tener en cuenta que
todos los sistemas celulares tienen tres caracteristicas comunes: (1) su composicion
consiste principalmente en proteinas disueltas en una solucién salina y englobadas
dentro de membranas lipidicas, (2) para mantener el equilibrio osmoético y que se
puedan dar otras reacciones metabodlicas la composicion salina debe ser diferente en el
exterior e interior de las membranas lipidicas y (3) el transporte activo a través de las
membranas ayuda a mantener la estabilidad osmotica. En este sentido, mientras el Mg
es acumulado intracelularmente, el Ca es expulsado y los aniones fosfato y bicarbonato
se mueven libremente a través de las membranas, actuando como los tampones

inorganicos mas importantes en las células.

Como se ha mencionado anteriormente, en la mineralizacion controlada
biologicamente los organismos ejercen un gran control sobre la nucleacion y
crecimiento de las particulas minerales. En la mayoria de casos, los minerales son
directamente sintetizados, s6lo en circunstancias determinadas, en un lugar especifico

dentro, o en la superficie de la célula. El mineral que se forma se aisla primero del

11



ambiente exterior por una barrera a través de la cual los iones no pueden difundir
libremente (Wilbur y Bernhart, 1984; Simkiss, 1986). Las bicapas lipidicas, tanto en las
membranas celulares como en vesiculas localizadas dentro o fuera de las células, son
las mas utilizadas para delimitar estos espacios. Otros materiales utilizados para este
proposito son las macromoléculas insolubles, como proteinas y/o polisacaridos que
forman ladminas impermeables, como, por ejemplo, la periostracina (Herbert et al.,
1979).

En los microorganismos, el ejemplo mejor caracterizado de BCM es la
formacion de magnetosomas por bacterias magnetotacticas, un grupo de
microorganismos en que los cristales de magnetita producidos por BCM parecen tener
una funcion especifica y cuyo proceso de formacion se verd detalladamente maés
adelante.

Sin embargo, este tipo de biomineralizacion es mucho mas comun en los
organismos superiores, en los que se producen varios minerales diferentes con unas

funciones muy especificas.

Las cascaras de huevo de aves son estructuras calcificadas que funcionan como
barrera protectora para el contenido del huevo y permiten el desarrollo extrauterino del
embrion (Nys et al., 2004). Consiste en una parte mineral mayoritaria (>95%)
compuesta de cristales de calcita y una matriz organica impregnada (1-3.5%) hecha de
un material compuesto con excelentes propiedades mecanicas (Nys et al., 2004; Arias et
al., 1993; Simkiss y Wilbur, 1989). La parte mineral consiste en cristales columnares de
calcita (capa en empalizada, 200 pm de grosor) formados a partir de nticleos separados
(cuerpos mamilares) y cubiertos por una cuticula. La disposicion y el tamafio de los

cristales de calcita cambia a lo largo del corte, siendo pequefios y orientados al azar en
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la superficie interna y mas grandes y orientados segun direcciones preferentes cerca de

la superficie externa (Hamilton et al., 1982; Silyn-Roberts y Sharp , 1985).

La formacién de la cascara de huevo es un proceso muy bien regulado espacio-
temporalmente, dando como resultado un material con composicion y unas
caracteristicas ultra/microestructurales muy bien definidas que son muy comunes en
todas las especies de aves (Hernandez-Hernandez et al., 2009).

Por otro lado, las valvas de moluscos se componen de materiales compuestos
muy sofisticados formados por cristales de CaCO3; embebidos en una matriz organica.
Las valvas estan compuestas de de capas superpuestas con una composicion
monomineral (calcita o aragonito) y formadas por cristales de tamafo y morfologia
uniforme colocados de manera ordenada segun diferentes microestructuras o
arquitecturas de la concha (Taylor y Kennedy, 1969; Carter, 1990). Las
microestructuras especificas de la concha son caracteristicas de las capas calciticas (ej.
prismaticas en hoja) o aragoniticas (ej. nacar, ldmina cruzada). En estos biomateriales,
el mineral y la matriz organica estan intimamente asociados y ordenados
jerarquicamente en todas las escalas (de nano a milimétrica) (Lowenstam y Traub,
1984; Cartwright y Checa, 2007). Para una especie determinada de molusco, las
caracteristicas microestructurales de la valva son definidas y constantes, indicando que
el animal controla el proceso de mineralizacion de manera exhaustiva (Rodriguez-

Navarro et al., 2006; Checa et al., 2009) (Addadi y Weiner, 1992).

La mineralizacion de las valvas ocurre en un ambiente cerrado delimitado por el
manto, en el que una soluciéon de composiciéon compleja se secreta por el tejido. Esta
solucién es el fluido extrapaleal y contiene iones de calcio y carbonato para la
precipitacion de cristales de carbonato calcico, asi como los precursores organicos

necesarios para la formacion de la matriz organica. Hay pruebas gracias a experimento
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de cristalizacion de CaCOjs in vitro de que las proteinas de la matriz organica juegan un
papel muy importante en el control de la mineralizacion de la valva y de que regulan
especificamente el crecimiento del cristal definiendo la fase polimérfica y la morfologia
de los cristales de carbonato célcico que constituyen las capas de las valvas de los

moluscos (Belcher et al., 1996: Falini et al., 1996; Nudelman et al., 2006)

Estos dos minerales, calcita y aragonito, también forman los sensores de
gravedad de animales terrestres como marinos. Estos sensores (estatolitos, estatoconios,
otolitos y otoconios) se encuentran sumergidos en un fluido denso rodeados por unas
células con extensiones en forma de pil/i. Cuando hay un cambio en la aceleracion linear
del organismo, el movimiento del cristal es detectado por estas células que transmiten la

correspondiente sefial eléctrica.

La calcita formaba también las lentes de los ojos compuestos de los trilobites.
Los cristales de calcita son birrefringentes, sin embargo, en este animal, los cristales de

calcita se encontraban alineados de tal manera que el animal podia ver correctamente.

Por otro lado, el fosfato de calcio es el mineral que aparece mas frecuentemente
en organismos superiores. Esto es debido a que los dientes y los huesos estan formados
por una variedad de fosfato calcico, el hidroxiapatito (Ca;o(POs4)s(OH);). El hueso,
aparte de un biomineral, es un mineral “vivo” ya que sufre de constantes crecimientos,
disoluciones y remodelaciones en respuesta a sefiales internas y externas. El esmalte y la
dentina son otros derivados del hidroxiapatito con caracteristicas muy particulares para

resistir el estrés mecanico al que estan sometidos.

El silicio aparece en las formas superiores de vida como en las espiculas de las
esponjas, en espinas y fitolitos de plantas y en los dientes de las lapas (Hua y Li ef al.,
2007). En microorganismos como las diatomeas y los radiolarios es estructural donde

forma delicados microesqueletos porosos (Hua y Li., 2007). La sintesis de frastulas de
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diatomeas se produce por la secrecion de vesiculas areolares que se unen a la pared

celular y proporcionan un molde para la deposicion de silice (Perry et al., 2003).

Ademas de todas las funciones especificas de los biominerales, el hecho de que
permanezcan en sedimentos durante periodos de tiempo mas extensos que los
componentes organicos y su presencia en gran cantidad y diversidad de phyla, hacen
que estos biominerales puedan ser usados como biomarcadores, es decir, marcadores de
actividad biogénica, y nos sirvan para estudiar la evolucion de la vida en nuestro

planeta.
I.2. Definicion, composicion, caracteristicas y ocurrencia de

magnetita en depositos naturales

I.2.A. Ocurrencia en la corteza terrestre

La magnetita (Fe;O4) es un 6xido ferroso diférrico, diferente del resto de 6xidos
de hierro porque contiene hierro di y trivalente (Fe*'Fe**,0,). Es un mineral comin en
las rocas terrestres que puede tener un origen bidtico o inorganico. La magnetita esta

presente en rocas sedimentarias, igneas y metamorficas.

Las magnetitas presentes en rocas igneas, metamorficas y de origen hidrotermal
son de origen inorganico. En la tabla 1A se muestran las principales caracteristicas de
las rocas de origen igneo y metamorfico, mientras que en la tabla 1B se muestran las
caracteristicas de las rocas de origen hidrotermal. Estos tres tipos de roca contienen
magnetitas con una gran variabilidad en el tamafio del cristal que no son puras en la
mayoria de los casos, ya que aparecen otros cationes en su composicion, de los que el

mas abundante es el Ti.
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Por otra parte, también aparece magnetita de manera muy frecuente en
ambientes de baja temperatura, ambientes ricos en carbonatos, calizas, depositos de
petroleo degradados, sedimentos (marinos y terrestres) y en suelos. Estas magnetitas
pueden tener un origen bidtico o inorganico. Es normal ver en una misma muestra tanto
particulas de magnetita inorgénica como particulas biogénicas. En la tabla 1C se
muestran las caracteristicas de las magnetitas producidas en ambientes de baja
temperatura. Las magnetitas de origen biogénico son puras y tienen tamafos de cristal

parecidos (Thomas-Keprta et al. 2000).

La magnetita estd también presente en rocas de origen extraterrestre. Se ha
hallado este mineral en varias condritas como se muestra en la tabla 1D. Actualmente
hay un debate abierto sobre este tema desde que Thomas-Keprta et al. (2000),
propusieron las magnetitas presentes en uno de estos meteoritos, concretamente en el
ALH84001 proveniente de Marte, como un posible biomarcador de una antigua vida

bacteriana en este planeta.
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Tabla 1 A. Magnetitas en rocas igneas y metamorficas

Tipo de roca

Morfologia

Tamaiio

Composicion quimica

Referencias

/M

Amplia variedad

< 1 um hasta mm

Generalmente + Ti (Fe;.
L T1,04; 0 <x <0.8) El Fe
se sustituye
frecuentemente por
Ti,Mg, Mn, Ni, Zn, Al,
CryV

(Cornell y Schwertman,
1996; Frost, 1991; Frost y
Lindsley, 1991)

I (carbonatitas)

[rregulares

1 mm en la direccidén
mas larga

(Moecher et al., 1997)

1 Barras y laminas <17 um (Evans y McElhinny, 1968;
Evans y McElhinny, 1966)
1 [rregulares/equant 30 nm-2 pm; la (Evans y Wayman, 1970)
mayoria multidominio
1 Equant/alongados 10-500 nm +Ti (Morgan y Smith, 1981)
1 100-200 um (0.5 mm |[< 1 wt% TiO,, trazas de |(Morgan y Smith, 1981)
max) 'V (intercrecimiento de
magnetita/ilmenita )
1 Algunas agujas 200—400 nm de ancho, (Morgan y Smith, 1981)

2.4 um de longitud

I (en vidrio) Irregulares, De dominio tinico a +Ti (Heider et al., 1993)
hexagonales pseudotinico ; de <1
pm a varias pm
I (en vidrio) Esferas 10-20 nm +Ti (Pick y Tauxe, 1994)
I (en vidrio) Redondeadas 1.5-10 nm (Schlinger et al., 1988)
I (en vidrio) ~10 nm (Schlinger y Smith, 1986)
I (en vidrio) Redondeadas, Dominio Gnico +Ti (Ttoh et al., 1989)
irregulares
1 Agregados cristalinos y|15-20 pm; 5-10 um  [+Ti, Mn (LeGuern y Bernard, 1982)
cristales pequefios
aislados
I (en vidrio) Irregulares/ 40 nm +Ti (Smith, 1979)
hexagonales
I (en vidrio) Dominio Gnico y +Ti (Geissman et al., 1983)
pseudounico
1 Octaedros/ alongados |Hasta 50 pm +Al, Ti (Symonds et al., 1987;

Symonds, 1993)
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Tabla 1 B. Magnetitas terrestres producidas hidrotermalmente

Tipo de roca Morfologia Tamafio Composicion quimica / [Referencias
interpretacion
Rocas volcanicas Capas/ octaedros Grano grueso Reemplazamiento (Rhodes et al., 1997)

yesiticas

metasomatico de yesita y
alteracion hidrotermal
(250-350°C)

Deposito de 6xido de
hierro masivo

a. [Imenita periférica

b. Agrupaciones
radiales de cristales
euhédricos

c. En fluorita, gotitas
esféricas alongadas

a. Decenas de pm

c. <100 nm

<1 wt% Ti fluidos
hidrotermales de origen
magmatico

(Borrok et al., 1998)

Basaltos a. Cruciformes / a. Hasta decenas de um |a. De pura a +Ti (Van der Voo et al., 1993)
ramificados b. >1 um b. Productos de alteracion
b. Anhédricos/ puros anhédricos/
subhédricos subhédricos de igneas
primarias (dendriticas)
Yacimiento de Fe  (Irregulares Mm de tamafio +Ti (Vidal C. et al., 1990)
'Yacimiento + Al, Ca, Mg (Grigoryev et al., 1990)
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Tabla 1 C. Magnetita en ambientes de baja temperatura

Tipo de roca

Morfologia

Tamaiio

Interpretacion

Referencias

Sedimentos marinos
profundos

a. Prismaticas
alongadas, forma de
bala, octaédricas

b. Euédricas, con
ilmenitas de exsolucion
lamelas

a. Dominio tnico (30—
100 nm)

b. Grueso

a. Biogénica

b. +Ti, Mg, Al, Mn,
Cr/escasas
composiciones puras

(Petersen et al., 1986)

Depositos
secundarios de

a. [rregulares/

a. 0.0l a>10 pm

a. Algunas + Ti

(Perkins, 1996)

. equidimensionales b. Algunas biogénicas

calcitas en cuevas
b. Hexagonales/cubicas [b. 10-100 um

Suelos Octagonales/hexagonal [<10-100 nm +Zn, Mn ocasionalmente |(Maher y Taylor, 1988)
es

Carbonato a. Dominio Gnico a. Biogénica (Belkaaloul et al., 1997)

b. Multi-dominio b. +Ti

c .Esferas c.>10 pm

Carbonato a. Botryoidales/ esferas |a. 3-20 pm (McCabe et al., 1983)
agregadas b. Hasta 150 um b. Inclusiones: +Mg,
b. Esferas AlSi, Ca

Carbonato a. Esferas/ superficies |a. 1-35 pm (Suk et al., 1990b)

horadadas
b. No esféricas

c. Relleno de huecos

b. Submicrones a 50
um

Sedimentos lacustres

Prismaticas

Dominio tnico

Biogénica

(Snowball, 1994)

Carbonato

Esferoides huecas,
botryoidales

(Jackson et al., 1988)
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Tabla 1 D. Magnetitas en muestras extraterrestres

Muestra Morfologia Tamaiio Composicion Modo de Referencias
quimica formacion
Condritas a. Agregados a. 10-30 pm; los a. Trazas de Alteracion (Kerridge et al.,
carbonatadas CI redondeados; los cristales individuales Ni acuosa 1979;
cristales son equant son <1 um b. ~800 ppm Kerridge, 1970)
b. Esferulitos; pilas de b. 5-40 um Ni
discos
Orgueil (Condritas Discos, pilas de ~0.5 a varios pm Condensado de (Jedwab, 1971)
carbonatadas CI) discos, framboides vapor nebular
Condritas ordinarias 15-20 nm (Tople-Schadt y
desequilibradas Muller, 1985)
Condritas Euhédricas (Endress y
carbonatadas CI Bischoff, 1966)
Condritas normales Granos masivos Decenas de pm Alteracion (Krot et al., 1997)
tipo 3 distribuidos hidrotermal de
heterogéneamente Fe metalico
Condritas De decenas a cientos | +Cr, Al, Ti, Ni, (Rubin, 1993)
carbonatadas CK de um Mg, Mn, Si; el
Ni esta
distribuido por
zonas

La magnetita se ha encontrado de forma directa en las bacterias magnetotacticas

(Frankel et al. 1979), en algunas especies de algas (Torres de Araujo, 1986), en los

dientes de los quitones (Lowenstam, 1967), en peces (Mann et al., 1988), en la tortuga

verde (Perry et al. 1985) y en las palomas (Walcott et al., 1979). De forma indirecta,

gracias al magnetometro SQUID (superconducing quantum device) (Fuller et al., 1985),

se ha detectado en multitud de organismos pluricelulares como las abejas (Gould et al.

1978), varias especies de crustaceos (Burskirk y O’brian, 1985), la mariposa monarca

(Mc Fadden y Jones, 1985), anfibios y reptiles (Perry t al. 1985), aves (Presti, 1985),

murci¢lagos (Buchler y Wasileski, 1985), cetaceos (Bauer et al., 1985) e incluso en

simios (Kirschvink, 1981) y humanos (Baker ef al., 1983).
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I.2.B. Composicion quimica

La magnetita tiene una celda unidad, la porcion mas simple de la estructura
cristalina, que al repetirse mediante traslacion reproduce todo el cristal, formada por una
estructura con 32 aniones de O”. Estos aniones estan empaquetados regularmente de
forma cubica a lo largo del eje <[111]> (Fig. 1), lo que provoca que haya 32 huecos
octaédricos y 64 tetraédricos en la estructura. E1 Fe’™ puede ocupar sitios tetraédricos
(T) y octaédricos (M) mientras que el Fe*™ solo puede ocupar sitios octaédricos (M)
(Fig. 2). En la estructura hay 32 huecos octaédricos, de los que hay libres 16 y 64
huecos tetraédricos, de los que hay 56 libres. La estructura consiste en capas octaédricas

mezcladas con capas octaédricas-tetraédricas apiladas a lo largo del eje [111] (Fig. 2).

Figura 1.- La imagen se corresponde
con una celda unidad (32 atomos de
0,). Los sitios octaédricos (M) estan
representados en verde. Los sitios
tetraédricos (T) estan representados
en azul.

Figura 2.- Modelo poliédrico que
alterna capas octaédricas con capas
octaédricas-tetraédricas. Los
octaedros estdn representados en
blanco y los tetraedros en gris.

Como ya hemos senalado antes, no todos los huecos estan rellenos por cationes de

Fe*" o Fe’". Se puede producir el relleno de estos huecos o incluso la sustitucion de Fe**

21



+ , .
3* por un largo nimero de cationes. En la naturaleza se encuentra frecuentemente

o Fe
asociada al titanio (Ti). Las titanomagnetitas (Fes.x TixO4) y las ilmenitas (Fe,TixO3)
son los 6xidos de hierro mas importantes en rocas igneas. El hierro también puede ser

desplazado por un gran nimero de cationes ademas del Ti, como por ejemplo el Mg,

Mn, Ni, Zn, Al, Cr y Vn (Thomas-Keprta et al. 2000).
1.2.C. Morfologia cristalina

La magnetita natural y sintética suele aparecer como cristales octaédricos, unidos
por los planos {111} (Fig. 3) y como rombo-dodecaedros (Fig. 4), aunque puede
adoptar varias morfologias, dependiendo de varios pardmetros relacionados con el modo
de sintesis. El emparejamiento ocurre en el plano {111}. Las diferentes morfologias que
puede adquirir relacionadas con su ocurrencia en la naturaleza se exponen en los

apartados 1.4.B. y 1.4.C.

Figura 3.- Magnetita octaédrica. Figura 4.- Magnetita rombo-dodecaédrica.

22



I.2.D. Magnetismo

La magnetita es ferrimagnética a temperatura ambiente, es decir, el
alineamiento de los espines electronicos es antiparalelo, lo que hace que el momento
magnético de los espines sea diferente y crea un momento magnético neto. Por lo tanto,
se ve fuertemente atraida por los campos magnéticos. Cualquier substitucion catidonica
disminuye la coercitividad, es decir, la fuerza magnética de la magnetita. En este
magnetismo también influye el tamafo de la particula. Las particulas entre ~35-120 nm
son de dominio Unico magnético (SMD, single magnetic domain), es decir, cada
particula se comporta como un iman en si misma y tiene sus dos dipolos (N y S). Las
particulas inferiores a 35 nm son superparamagnéticas a temperatura ambiente, es decir,
no tienen un magnetismo permanente a temperatura ambiente. Las que superan los 120
nm presentan un magnetismo mas débil ya que al presentarse varios dominios

magnéticos en una misma particula se anulan unos a otros.

Cuando el tamafio de particula y la distribucion de tamano de las particulas son
similares, la morfologia del cristal afecta a la coercitividad en el siguiente orden:
esferas< cubos< octahedros. Esto es debido al aumento en el nimero de ejes magnéticos
en esta serie de formas. Controlando las condiciones de precipitacion, y por tanto el
tamafio y morfologia de la particula, se pueden producir magnetitas con una
coercitividad entre 2.4 y 20 kAm™ (Meisen y Kathrein, 2000). Esta propiedad se usa
mucho en las aplicaciones tecnoldgicas de la magnetita, donde el control de las

propiedades magnética es crucial, tal y como se explica en el apartado 1.5.B.
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I.3. Bacterias productoras de magnetita

Existen en la naturaleza diferentes tipos de microorganismos capaces de producir
magnetita. Los mas importantes son las bacterias desasimiladoras reductoras de hierro y

las bacterias magnetotacticas.
I.3.A. Bacterias reductoras de hierro

Aunque en los ciclos biogeoquimicos del hierro intervienen diferentes
microorganismos, la magnetita precipita en la naturaleza fundamentalmente gracias a
las bacterias desasimiladoras reductoras de hierro. La reduccion desasimiladora del
hierro y manganeso es el proceso por el que el microorganismo reduce Fe’” o Mn** con
un proposito diferente a la asimilacion de estos cationes, se obtenga o no energia a partir
de este proceso. Las bacterias reductoras de hierro estdin muy extendidas en el dominio
Bacteria y se han encontrado en diferentes ambientes, como hébitats acudticos marinos
y de agua dulce (Lovley et al., 1990; Caccavo et al., 1992; Roh et al., 2006) incluyendo
lagos basicos (Zavarzina et al., 2006), manantiales termales (Solokova et al., 2007),
sedimentos de lagos con residuos de mineria (Cummings et al., 1999) y aguas residuales
(Ye et al.,, 2004; Kusel, 2003; Johnson y Hallberg, 2003). Debido a su amplia
distribucion, las bacterias reductoras de hierro intervienen, en cierta medida, en los
ciclos geoquimicos globales de elementos como el carbono, el oxigeno, el azufre y el

hierro.

Muchos de estos microorganismos reducen Fe’™ como efecto secundario de su
metabolismo pero no obtienen energia para su crecimiento a partir de esta transferencia
de electrones (Lovley, 1987, 1991). Los primeros microorganismos reductores
desasimiladores de hierro que se estudiaron fueron los fermentadores reductores de Fe®"

(Bacillus polymyxa, Clostridium butyricum y Cl. pasteurianum) (Ottow, 1970; Ottow y
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Glathe, 1971, Munch y Ottow, 1977, 1983). A partir de estos estudios se determinaron
muchos de los conceptos de la fisiologia de la reduccién desasimiladora de Fe*™ que se
mantienen en la actualidad, como, por ejemplo, la necesidad de contacto entre los
reductores de Fe’™ y el 6xido de Fe’™ para que se produzca la reduccion o la inhibicién
de la reduccion de Fe®” en presencia de nitrato y oxigeno. En algunos estudios se pudo
demostrar claramente que la reduccién de Fe’™ era un proceso enzimatico, pero los
mecanismos para llevar a cabo esta reduccion nunca fueron claramente demostrados.
Sin embargo, una vez que se descubrié que los microorganismos que utilizan el Fe’*
como aceptor final de electrones de la respiracion son los principales responsables de la
mayoria de la reduccion de Fe’™ y Mn*" en suelos y sedimentos, se abandono el estudio

. . +
de los microorganismos fermentadores reductores de Fe® ™.

Otros microorganismos desasimiladores reductores de hierro que no obtienen
energia de esta desasimilacion son, por una parte, algunos microorganismos
desasimiladores reductores de sulfato (Desulfovibrio desulfuricans, D. vulgaris, D.
baculatus, Desulfobacterium autotrophicum, Desulfobulbus propionicus...) (Coleman et
al., 1993; Lovley et al.,, 1993b) y, por otra, las arqueas metanogenas (Methanosarcina
barkeri MS, Methanosphaera cuniculi 1R7, Methanobacterium palustre F,
Methanococcus voltaei A3 'y Methanolobus vulcani PL-12/M) (Bond y Lovley, 2002).
En los dos grupos, el hidrogeno se metaboliza hasta un nivel minimo en presencia de
Fe’", hasta concentraciones en las que la reduccién de sulfato o la produccién de metano
no son termodindmicamente favorables. Los mecanismos para la reduccion de Fe** no
se han estudiado con detalle, pero estudios con D. vulgaris demostraron el papel
esencial del citocromo ¢3 en la reduccion de metales (Lovley, 1993; Lovley et al.,
1993¢; Lovley y Phillips, 1994). El desvio del flujo de electrones hacia el Fe** en las

bacterias sulfato reductoras y en las arqueas metandgenas puede ser un factor
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importante que contribuya a la inhibicién de la reduccion de sulfato y la produccion de
metano en sedimentos con presencia de Fe’™ (Coleman er al, 1993; Lovley et al.,
1993b; Bond y Lovley, 2002).

Por otro lado existen muchos microorganismos en los dominios Bacteria y
Archea (Fig. 5) que si son capaces de obtener energia a partir de la desasimilacion del
hierro y pertenecen a diferentes phyla dentro de cada dominio. Dentro del dominio
Bacteria encontramos microorganismos desasimiladores reductores de hierro en los
diferentes phyla de Proteobacteria, Firmicutes, Actinobacteria, Acidobacteria,
Thermodesulfobacteriales, Thermotogales 'y Deinococcus-Thermus. En el dominio
Archea aparecen tanto en Euryarcheota, Thermococcales y Methanopyrales, como en

Crenoarcheota, Desulfurococcales, Methanococcales y Thermoproteales.
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Figura 5.- Arbol filogenético basado en secuencias de genes de RNA 16S de organismos capaces de
conservar la energia creciendo a partir de Fe’™ (Lovley et al., 2004).
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De estos microorganismos hay tres géneros que se han estudiado con mas
detalle: el género Shewanella (yProteobacteria), el género Geobacter (O
Proteobacteria) y el género Geothrix (phylum geothrix). No obstante, este proceso de
reduccion desasimilatoria del hierro con produccion de energia también es llevado a
cabo por otras bacterias termofilas y algunas arqueas (Vargas et al., 1998). Se han
encontrado microorganismos capaces de reducir hierro en casi todos los ambientes
termofilos del planeta, por ejemplo, Thermococcus sp. y Geoglobus ahangari en
chimeneas hidrotermales profundas en los océanos (Kashefi et al, 2002),
Thermoanaerobacter — acetoethylicus, Thermoanaerobacter brockii, Thermotoga
subterranea y Thermococcus sibiricus en aguas residuales de campos petroliferos
(Slobodkin, 2005), Pyrobaculum aerophilum y Ferroglobus placidus en respiraderos de
manantiales hidrotermales de aguas poco profundas (Slobodkin, 2005) vy
Geothermobacterium Ferrireducens, Thermodesulfobacterium commune (Slobodkin,
2005), Thermolithobacter ferrireducens 'y Thermolithobacter carboxydivorans
(Solokova et al., 2007) en manantiales hidrotermales. También se han encontrado
bacterias como Geoalkalibacter ferrihydriticus (Zavarzina et al., 2006) y Alkaliphilus

metalliredigens (Ye et al., 2004) capaces de reducir hierro en ambientes alcalinos.

Pasaremos a continuacion a describir con algun detalle los géneros mas
estudiados: Shewanella, Geobacter y Geothrix. El género Shewanella esté4 incluido en la
familia Vibrionaceae. Esta familia contiene cuatro géneros mayores (Aeromonas,
Photobacterium, Plesiomonas y Vibrio) y una docena de géneros menores en los que se
incluye Shewanella. Todos los miembros del género Shewanella son anaerobios
facultativos, gram-negativos, moéviles por flagelos polares, bacilos no formadores de
esporas y generalmente estdn asociados a hébitats marinos o acuaticos. Las cé€lulas

tienen de 2 a 3 um de largo y de 0,4 a 0,7 um de didmetro. Miembros de este género se
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han asociado durante mucho tiempo a la degradacion de alimentos proteinicos (Shewan,
1977; Jorgensen y Hul, 1989). También actian como patdgenos oportunistas en
humanos y animales acuaticos (Brink et al., 1995; Aguirre et al., 1994). Estos
microorganismos se estan utilizando para la biorremediacion de compuestos organicos

halogenados (Petrovskis et al., 1994) y petroleo crudo (Semple y Westlake, 1987).

Las cepas de Shewanella realizan muchos procesos en anaerobiosis, como la
reduccion de hierro (Fe*") y manganeso (Mn*") (Myers y Nealson, 1988; Kostka ef al.,
1996), uranio (U®") (Lovely y Phillips, 1988), thiosulfato (Perry et al., 1993) y azufre
elemental (Perry et al., 1993; Moser y Nealson, 1996). Las células que crecen en un
medio so6lido apropiado forman colonias circulares de 1 a 4 mm de diametro, lisas,
convexas y con bordes regulares. S. algae, S. amazonensis, S. frigidimarina, S.
gelidimarina, S. oneidensis y S. putrefaciens muestran una coloracidén rosada en agar
LB mientras que S. benthica, S. hanedai, S. pealeana y S. woodyi forman colonias

menos coloreadas en agar marino (Venkateswaran, 1999).

La mayoria de las especies de este género son mesofilas, pero también hay
especies psicrotolerantes y psicrofilas. Por ejemplo, S. benthica crece dptimamente a
4°C, S. hanedai entre 15 y 25°C, S. gelidimarina a 15°C 'y otras especies entre 25y
35°C. S. algae, S. amazonensis y algunas cepas de S. oneidensis crecen a 40°C. Dentro
del género Shewanella hay especies halotolerantes y haléfilas (Gilmour, 1990). Aunque
las especies halotolerantes, como S. oneidensis y S. putrefaciens, crecen en la ausencia

de NacCl, el crecimiento se acelera en presencia de 0,2 M de NaCl.

Todas las cepas son citocromo oxidasa y catalasa positivas y no producen
amilasa, alginasa, arginina dihidrolasa, lisina y ornitina decarboxilasa. S. algae, S.
amazonensis, S. hanedai, S. frigidimarina, S. gelidimarina y S. oneidensis producen

gelatinasa. Ninguna cepa es capaz de producir indol o acetoina. Pueden crecer con
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muchas fuentes de carbono diferentes, dependiendo de la cepa, entre ellos lactato,

fumarato, succinato y citrato aunque ninguna puede utilizar acetato.

El otro género mas estudiado entre las bacterias desasimiladoras reductoras de
hierro es Geobacter (Gorby y Lovley, 1991), aunque también hay estudios sobre
Geothrix (Anderson et al., 1998; Coates et al., 1999). Estos dos géneros comprenden
microorganismos anaerobios estrictos que mineralizan la materia organica a didxido de
carbono (Coates et al., 1999, 2001; Lovley et al., 1997). Geothrix representa un nuevo
phylum dentro del dominio Bacteria (Coates et al., 1999), mientras que Geobacter
pertenece a la familia Geobacteraceae de las i-Proteobacteria (Coates et al., 2001). De
estos dos géneros, se han aislado un mayor numero de especies de Geobacter,
especialmente de ambientes contaminados con hidrocarburos y ambientes de agua dulce
(Anderson et al., 1998; Coates y Anderson, 2000; Coates et al., 1996, 1998; Lovley y
Coates, 2000; Lovley y Phillips, 1988). La caracteristica que hace que estos
microorganismos sean mas abundantes en el ambiente que las especies de Shewanella,

es que son capaces de utilizar acetato como fuente de carbono y energia.

Geobacter metallireducens ha sido la mas estudiada, se trata de un bacilo no
movil, gram-negativo, que no forma esporas, de 2 a 4 um de largo y 0,5 um de ancho y
que no tiene inclusiones, ni flagelos. Las colonias crecidas en medios s6lidos con nitrato
o citrato férrico como aceptor de electrones tienen 1 mm o menos de diametro y son
rojas, convexas, enteras y de aspecto huimedo. Es un anaerobio estricto, catalasa
negativo. Tiene un metabolismo quimiorganotrofo que oxida completamente acetato,
etanol, propionato, butirato, isobutirato, valerato, isovalerato, piruvato, propanol,
butanol, tolueno y benzoato, entre otros. Utiliza el Fe** como aceptor de electrones
aunque también puede utilizar otros como Mn**, U®" y nitrato. Puede fijar nitrogeno

molecular. Su temperatura 6ptima de crecimiento son 30-35°C.

29



Geothrix fermentans es un Gram-negativo estrictamente anaerobio que crece con

. g +

acetato, propionato, lactato y fumarato como donadores de electrones utilizando Fe’
como aceptor de electrones. También puede fermentar citrato o fumarato si no hay

aceptores de electrones disponibles.

1.3.B. Bacterias magnetotacticas

Estas bacterias forman un grupo heterogéneo de procariotas, que presentan la
peculiaridad de que se alinean de forma pasiva y nadan activamente a lo largo de las
lineas del campo magnético terrestre (Blakemore, 1975, 1982). Es un grupo
morfologico, metabolico y filogenéticamente diverso y entre las formas celulares
encontradas se hallan cocos (poco esféricos u ovoides), bacilos, vibrios, espirilos e
incluso formas multicelulares (Blakemore et al., 1982; Esquivel ef al., 1983; Bazylinski,
1995; Keim et al., 2004a y b). El término ‘“bacterias magnetotacticas” no tiene
significado taxondmico y debe ser interpretado como una coleccion de diferentes
bacterias que poseen la aparentemente ampliamente distribuida caracteristica de la
aeromagnetotaxis, por lo que todas ellas forman magnetosomas (Bazylinski, 1995). El
magnetosoma bacteriano se define como una vesicula formada por una bicapa de
fosfolipidos que envuelve un cristal intracelular de mineral de hierro magnético, de
dominio Unico (Balkwill et al., 1980; Gorby et al., 1988: Komeili et al., 2004). Estas
vesiculas se encuentran alineadas dentro de las células formando una o varias cadenas.

A pesar de la diversidad, estas bacterias magnetotacticas tienen importantes
caracteristicas en comun (Bazylinski y Frankel, 2004): 1) son todas gram-negativas del
dominio Bacteria (no se descarta la posibilidad de la existencia de arqueas productoras
de magnetosomas pero hasta el momento no se han encontrado); 2) todas son maviles,
generalmente por flagelos (podrian existir bacterias no moviles que sintetizaran

magnetosomas con lo que serian magnéticas pero no magnetotacticas); 3) son
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microaerofilas, anaerobias facultativas y/o anaerobias; 4) todas las cepas en cultivo
puro tienen un metabolismo respiratorio, salvo una excepcion que puede fermentar; 5)
tienen actividad nitrogenasa y por tanto son capaces de fijar nitroégeno atmosférico, y 6)
son mesofilas. La fisiologia y el metabolismo de las cepas son muy diferentes. Ademas,
la formacién del magnetosoma puede verse afectada por diversas causas, siendo la mas
comun el estado fisiologico en el que se encuentren las células (debido, por ejemplo, al
medio de cultivo). Dicha alteraciéon del magnetosoma provoca cambios en el

comportamiento magnético celular (Bazylinski y Williams, 2007).

Las bacterias magnetotacticas pueden producir dos tipos de minerales: 6xidos de
hierro y sulfuros de hierro. Aquellas que producen 6xidos de hierro, s6lo forman
magnetita (Fe;O4) (Frankel et al., 1979), las que producen sulfuros de hierro sintetizan
greigita (Fe3Ss) (Mann et al., 1990; Bazylinski y Frankel, 2000b) ademas de algunos
minerales precursores de la greigita (Posfai ef al., 1998a, b). Las productoras de 6xidos
de hierro pueden ser microaerdfilas estrictas, anaerobias facultativas (que son
microareofilas cuando crecen con O2), o anaerobias estrictas. Sin embargo, las

productoras de sulfuros de hierro son anaerobias estrictas.

Las bacterias magnetotacticas estan distribuidas por todo el mundo y se han
encontrado en todos los continentes. Sin embargo, localmente, estas bacterias se ven
confinadas a un habitat especifico, una zona microaerdbica relativamente estrecha,
llamada “interfase 0xica-andxica” (OAI). Esta zona se encuentra en la columna de agua
o en sedimentos que tengan un gradiente vertical de estratificacion quimica (Fig. 6).
Estos microorganismos pueden llegar a alcanzar densidades celulares relativamente
altas (10* células/ mL) en la OAI y en las regiones anoxicas del habitat (Bazylinski y
Moskowitz, 1997; Bazylinski et al., 1995; Simmons et al., 2004). La zona OAI se sitia

a diferente nivel en columnas de agua dulce o de ambientes marinos costeros,
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dependiendo de la concentracion de sulfuros en el medio, que a su vez depende de la
velocidad de difusion del H,S desde el sedimento (donde es producido por las bacterias
sulfato reductoras) hacia la superficie. En casi todos los sistemas de agua dulce las
concentraciones de sulfato son muy bajas o incluso cero, siendo también baja la
concentracion de H,S producido por las bacterias sulfato reductoras. Debido a esto, el
H,S difunde lentamente desde el sedimento a la superficie, por lo que la OAI se sitaa
generalmente en la interfase agua-sedimento o varios milimetros por debajo de esta.
Aunque la situacidon en las zonas marinas profundas es similar a la anterior, esta
situacion puede ser totalmente diferente en habitats costeros marinos no alterados. En
estos ambientes, hay un doble gradiente que va a delimitar la zona donde se encuentra la
OAI Por un lado, la concentracion de oxigeno disminuye de la superficie hacia el
sedimento. Por otro lado, el H,S difunde rapidamente desde el sedimento hacia la
superficie, creando concentraciones considerables de este gas a lo largo de la columna
de agua. Por tanto, la zona OAI se situara en la zona de confluencia de estos gradientes
que delimiten concentraciones Optimas de oxigeno y H,S. En esta situacion la zona OAI
no estara en el sedimento sino desplazada hacia la superficie dentro de la columna de
agua (Fig. 6). En habitats de agua dulce solo se han encontrado magnetobacterias
productoras de magnetita, mientras que en ambientes marinos se han encontrado
productoras de magnetita y greigita. En los ambientes marinos las productoras de
magnetita se encuentran generalmente en la OAIl y las productoras de greigita se
encuentran ligeramente debajo de esta, donde no hay O, pero si S* (Bazylinski y

Schubbe, 2007).
Ventajas biologicas de la magnetotaxis

Gracias a los magnetosomas la célula tiene un momento dipolo magnético, lo que

provoca que las células se comporten como pequefias brijulas moviles que se alinean a
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lo largo de las lineas del campo magnético terrestre (Frankel, 1984). Esto es debido a
que cada magnetosoma esta compuesto de un cristal de magnetita con un tamafio tal que
hace que se comporte como un dominio singular magnético, es decir, como un iman. El
momento magnético dipolar de la célula es la suma de los momentos magnéticos de
cada uno de los magnetosomas, y, como todos estan alineados, se maximiza el momento

magnético de la célula (Bazylinski y Schubbe, 2007).

En un principio se pens6 que las bacterias magnetotacticas se dirigian al norte o al
sur, dependiendo de la orientacion magnética del dipolo magnético de la célula con
respecto a la direccion del movimiento (Blakemore et al., 1980). Segin esta idea, se
creia que la componente vertical del campo geomagnético (que estd inclinado)
seleccionaba la polaridad dominante en cada hemisferio. De esta manera, favorece a
aquellas células cuya polaridad hace que naden hacia sedimentos anaerdbicos y
microaerdbicos, evitando asi las concentraciones de oxigeno altas y potencialmente
toxicas de las aguas superficiales. Esta hipotesis parecia cierta, por lo menos en parte,
ya que se pensaba que las bacterias que buscaban el norte predominaban en el
hemisferio norte mientras que las que buscaban el sur lo hacian en el hemisferio sur
(Blakemore et al., 1980)". Sin embargo, aunque cierta en la mayoria de los casos, se
observo que no se cumplia en otros, concretamente, en el caso del coco MC-1. Las
células de MC-1 no crecen en el fondo de un tubo de cultivo sino que forman bandas
microaerofilicas de células en la interfase oxica-anoxica (OAI) (Frankel et al., 1997).
Este descubrimiento hizo pensar que la magnetotaxis no es independiente, sino que esta

ligada a la aerotaxis. En la actualidad la hipotesis mas aceptada es la magneto-aerotaxis.

! Esta Gltima aseveracion no se cumple en todos los casos y varias especies de bacterias magnetotacticas del hemisferio norte

buscan el sur (Simmons et al., 2006)
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Esta teoria se ha estudiado en el coco marino y microaerofilico MC-1 y en

Magnetospirillum magnetotacticum (Frankel et al., 1997, 2007).>

La finalidad de la magneto-aerotaxis es mantener a la célula en una
concentracion determinada de oxigeno. Las lineas del campo magnético de la Tierra
estan inclinadas con respecto al eje de rotacion de la tierra, tal y como se indica en la
figura 6. Si depositamos una célula no magnetotactica en la columna de agua, y esta
célula ha de situarse en la region OAI, deberia buscar esa zona en las tres direcciones
del espacio. Si esa c€lula es magnetotactica, al nadar a lo largo de las lineas de campo
magnético, limita esta busqueda a una sola direccion (Fig. 6). La magneto-aerotaxis
puede ser polar o axial. Las bacterias con una magneto-aerotaxis polar nadan de manera
persistente en un sentido y, cuando han de cambiar de sentido, la célula ha de girar 180°.
Sin embargo, las que presentan una magneto-aerotaxis axial nadan en los dos sentidos,
sin necesidad de darse la vuelta. El sentido en el que nadan estd determinado por la
rotacion del flagelo, que puede girar a favor o en contra de las agujas del reloj,

provocando que el microorganismo nade en un sentido o en otro.

2 . . " . YT

Aunque estas bacterias parecen diferir en sus mecanismos de respuesta aerotdctica y en el modo en que usan el campo
magnético, ya que la cepa MC-1 utiliza el campo magnético en el sentido de la direccion (magneto-aerotaxis polar) y M.
magnetotacticum usa el campo como un eje (magneto-aerotaxis axial), ambos prefieren situarse en la interfase dxica-andxica

(OAl) y de esta forma la magneto-aerotaxis funciona igual para los dos organismos (Frankel et al., 1997, 2007).
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Figura 6.- Esquema de la interfase 6xica- anoxica en la columna de agua. La flecha
indica la linea del campo magnético de la Tierra (Bazylinski y Schubbe, 2007).

Filogenia y taxonomia

Como se ha mencionado antes, todas las bacterias magnetotacticas conocidas y
cultivadas estan asociadas filogenéticamente al dominio Bacteria. También los estudios
realizados de las secuencias de ADN ribosomico 16S de especies no cultivadas de
muestras recogidas en distintos ambientes muestran que todas estas especies pertenecen
al dominio bacteria. De todas formas, no se puede descartar la existencia de arqueas
magnetotacticas ya que los genes para la sintesis del magnetosoma han sido distribuidos

entre muchos tipos de bacterias por transferencia lateral.

Las bacterias magnetotacticas productoras de 6xido de hierro, cultivadas y no
cultivadas, se asocian con o y d-Proteobacteria, con un gran grupo de bacterias Gram
negativas y con el phylum Nitrospira. Dentro del subgrupo a-Proteobacteria se

incluyen especies de agua dulce del género Magnetospirillum. A este género pertenecen
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todos los cocos magnetotacticos marinos y de agua dulce hasta ahora estudiados, un
espirilo marino conocido como MMS-1 (Bazylinski y Williams, 2007), un grupo de
vibrios marinos (como por ejemplo la cepa MV-1) (Bazylinski et al., 1988) y algunas
bacterias magnetotacticas no cultivadas recogidas de muestras de diferentes ambientes
acuaticos (Spring et al., 1992, 1993,1995). La especie sulfato-reductora Desulfovibrio
magneticus cepa RS-1 es la Uinica bacteria magnetotactica productora de 6xido de hierro

que esta filogenéticamente asociada con el subgrupo o6 (Fig. 7).

La figura 7 muestra el arbol filogenético basado en secuencias de genes de RNA
16S de Dbacterias magnetotacticas. El género Magnetospirillum se halla
filogenéticamente dentro de la familia Rhodospirillaceae y esta dentro de un cluster de
a-Proteobacteria que incluye el género fototrofico Phaeospirillum y Rhodospirillum y
el género no fototrofico Azospirillum (Burgess et al., 1993). La cepa MC-1, el tnico
coco magnetotactico aislado en cultivo puro hasta ahora, y otros cocos magnetotacticos
no cultivados, procedentes de agua dulce y marina, no muestran afinidad cercana con
otro a-Proteobacteria. Estos cocos parecen constituir un Unico linaje que diverge cerca
de la rama principal de las a-Proteobacteria (DeLong et al., 1993; Fernandez de
Henestrosa et al., 2003) y estdn solo distancialmente relacionados a otras a-
Proteobacteria magnetotacticas. Las cepas de vibrios marinos como MV-1 y el espirilo
marino cepa MMS-1 representan un nuevo género dentro de las a-Proteobacteria y no
se les conoce pariente filogenético cercano (Bazylinski y Williams, 2007; DelLong et
al., 1993). D. magneticus cepa RS-1 encaja claramente dentro del género Desulfovibrio
en la familia Desulfovibrionaceae y el orden Desulfovibrionales dentro de o-
Proteobacteria (Kawaguchi et al.,1995), siendo su relacion mas cercana D. burkinensis
(con un 87% de similitud) (Sakaguchi et al., 2002). Candidatus Magnetobacterium

bavaricum es un bacilo que contiene multiples cadenas de magnetosomas y esta
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filogenéticamente unido con el filum Nitrospira y no con las Proteobacteria (Spring y

Bazylinski, 2006; Spring ef al., 1993).

Se conoce poco de la filogenia de las bacterias magnetotacticas productoras de
sulfuro. Se han caracterizado morfoldgica y filogenéticamente dos microorganismos
procariotas magnetotacticos multicelulares (MMP; figura 7) y un bacilo grande. Son
unas bacterias multicelulares que poseen aproximadamente de 10 a 30 células rodeadas
por una membrana esférica, se mueven como una unidad no como células separadas
(Rodgers ef al., 1990). Cada célula es multiflagelar en una cara. Filogenéticamente, las
bacterias magnetotacticas multicelulares (MMP), estan relacionadas con bacterias
sulfato-reductoras dentro de las 6-Proteobacteria, lo que sugiere que ellas también sean
sulfato-reductoras. Estas han sido encontradas en hébitats salobres y marinos por todo el
mundo y, basandonos en su morfologia especial se considera que representan una
especie Unica. Sin embargo, Simmons y Edwards (2007), estudiando secuencias de
genes de 16S de poblaciones naturales de estas bacterias, encontraron que las secuencias
representan cinco linajes separados por al menos un 5% de divergencia. Por esta
inesperada diversidad filogenética, estas bacterias debian considerarse como un género
separado que contiene varias especies dentro de las d-Proteobacteria y no como una
unica especie como se penséd anteriormente (Simmons y Edwards, 2007). Con respecto
al bacilo, Simmons et al. (2004) encontraron este bacilo marino productor de sulfuro de
hierro que parece estar relacionado con las y-Proteobacteria sugiriendo un metabolismo

basado en hierro mas que en sulfuro.
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Figura 7. Arbol filogenético basado en secuencias de genes de RNA 16S de bacterias
magnetotacticas (Bazylinski y Schubbe, 2007).

Fisiologia

Magnetospirillum

Las especies de este género son las mas estudiadas de las bacterias

magnetotacticas. Las especies conocidas incluyen M. magnetotacticum MS-1 (Maratea
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y Blakemore, 1981), M. gryphiswaldense cepa MSR-1 (Schleifer et al., 1991), y M.
magneticum cepa AMB-1 (Matsunaga et al., 1991). Todas son microaerofilas obligadas
cuando crecen con el oxigeno como el inico aceptor de electrones, pero también son
capaces de desnitrificar, aunque siempre requieren minimas cantidades de oxigeno, a
diferencia de la mayoria de los microorganismos desnitrificantes, que realizan este
proceso en anaerobiosis (Bazylinski y Blakemore, 1983). Las tres especies de
Magnetospirillum antes mencionadas son quimiorganoheterdtrofas. No obstante, se ha
encontrado que estas tres especies tienen en su genoma un gen completo de la ribulosa-
1,5-bifosfato carboxilasa/oxigenasa (RubisCO), lo que indica que, potencialmente,
podrian sintetizar por lo menos una enzima del ciclo de Calvin-Benson-Bassham
(Bazylinski et al., 2004; Matsunaga et al., 2005). Sin embargo, todavia no se ha
encontrado un donador de electrones que soporte el crecimiento de estos
microorganismos de forma autétrofa. Cuando M. magnetotacticum MS-1, M.
gryphiswaldense MSR-1 'y M. magneticum AMB-1 crecen en condiciones
quimiorganoheterdtrofas solo usan algunos acidos orgéanicos como fuente de carbono y
electrones. Las tres especies tienen actividad nitrogenasa y por lo tanto son capaces de

fijar el oxigeno atmosférico (Bazylinski et al., 2000).

M. magnetotacticum MS-1, M. gryphiswaldense MSR-1 y M. magneticum
AMB-1 producen cristales cubooctédricos de magnetita en sus magnetosomas, en

condiciones microaerobicas y/o anaerdbicas, dependiendo de la especie (Fig. 8).
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Figura 8. Imagenes de una cepa de Magnetospirillum de agua dulce (izquierda) y
detalle de su cadena de magnetosomas (derecha) (Bazylinski y Schubbe, 2007).

Desulfovibrio magneticus cepa RS-1

D. magneticus RS-1 es un vibrio quimiorganoheterétrofo anaerobio estricto que
utiliza lactato, piruvato, malato, oxalacetato y glicerol como donador de electrones y
fuente de carbono (Sakaguchi et al., 2002). Las células respiran con fumarato, sulfato, y
tiosulfato, convirtiendo los dos tltimos compuestos en sulthidrico, pero no con sulfito,
nitrato, azufre elemental, Fe** u O, como aceptor final de electrones. Esta es la unica
bacteria magnetotactica fermentadora que se conoce. Fermenta piruvato a acetato, CO,
y H, (Sakaguchi et al., 2002). Es la tinica magnetobacteria que, en cultivo puro,

sintetiza cristales en forma de diente en sus magnetosomas (Fig. 9).

Figura 9. Imagenes de D. magneticus RS-1 (izquierda) y detalle de su cadena de
magnetosomas (derecha) (Bazylinski y Schubbe, 2007).
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Coco magnetotactico cepa MC-1

Es el unico coco magnetotactico que se ha conseguido aislar en cultivo puro. Las
células son vagamente esféricas, de 1 a 2 um de didmetro y anfitricas (tienen dos
penachos de flagelos, uno a cada lado de la célula) (Frankel et al., 1997). El
comportamiento magnético de esta especie, como el de todos los cocos magnetotacticos

conocidos, se ha definido como magneto-aerotaxis polar (Frankel et al., 1997).

Esta especie no tiene un metabolismo muy versatil. Es microaeréfila obligada
que se comporta como quimiolitoautétrofa (oxidando sulthidrico y tiosulfato) y como
quimiorganoheterodtrofa (oxidando acetato), segun los estudios realizados por Bazylinski
y Williams (2007) y Williams et al. (2006). A diferencia de otras bacterias
magnetotacticas autotrofas, esta cepa utiliza el ciclo reverso del acido tricarboxilico para
la fijacion de didxido de carbono y el crecimiento autétrofo (Williams et al., 2006). Las
células de MC-1 producen una unica cadena de magnetosomas que contiene prismas
alongados de magnetita (Meldrum et al., 1993a). La cepa MC-1, al igual que las
especies de Magnetospirillum, podria ser capaz de fijar nitrégeno (Bazylinski y

Williams, 2007) (Fig. 10).

Figura 10. Imagenes del coco MC-1 (izquierda) y detalle de su cadena de
magnetosomas (derecha) (Bazylinski y Schubbe, 2007).
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Cepa M V-1 vy otros vibrios relacionados

La cepa MV-1 es un pequefio vibrio marino microaerdfilo y anaerobio
facultativo. Tiene una morfologia helicoidal (o en forma de coma) y un unico flagelo
polar (Bazylinski y Williams, 2007). Las células de esta cepa pueden ser
quimiolitoautotrofas, quimiorganoheterdtrofas y quimiorganoautotrofas (Bazylinski et
al., 2004). Las quimiorganoheterotrofas utilizan acidos organicos y aminoacidos como
donadores de electrones (Bazylinski ef al., 1988), mientras que, como aceptores finales
de electrones usan O,, en microaerobiosis, y N>O, en anaerobiosis. Para el crecimiento
quimiolitoautotrofo, la cepa MV-1, en microaerobiosis, utiliza sulthidrico, tiosulfato, y,
posiblemente, Fe’" soluble como donadores de electrones. Sin embargo, no usa
tetrationato o Fe*" como FeS o FeCOj (siderita) (Bazylinski ef al., 2004). El crecimiento
quimiorganoautotrofo se realiza oxidando formato (Bazylinski et al., 2004), mientras
que, como fuente de carbono se fija CO, por el ciclo de Calvin-Benson-Bassham
(Bazylinski et al., 2004). Son fijadoras de nitrogeno y, ademas, se comportan como
desnitrificantes, reduciendo el nitrato a nitrogeno diatdmico (Bazylinski and Williams,

2007).

Las células de MV-1 y otras cepas relacionadas producen una sola cadena de
magnetosomas orientada a lo largo del eje de la célula. Los magnetosomas contienen
magnetita pseudoprismatica alongada, siendo la morfologia hexaoctédrica truncada

(Bazylinski et al., 1988; Thomas-Keprta et al., 2001) (Fig. 11).
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Figura 11. Imagenes del vibrio MV-1 (izquierda) y detalle de su cadena de
magnetosomas (derecha) (Bazylinski y Schubbe, 2007).

Cepa MMS-1

Es una cepa aislada de ambientes marinos. Son células de 1-3 um de largo.
Pueden ser bacilos rectos, algunos parcialmente helicoidales, llegando a encontrarse
hélices completas. Tienen flagelos bipolares (Bazylinski y Williams, 2007). Se sabe
poco de la fisiologia de esta cepa. Puede presentar comportamiento
quimiorganoheterdtrofo, oxidando 4cidos organicos, y quimilitoautotrofo, oxidando
tiosulfato (Bazylinski y Williams, 2007).  Fijan nitrogeno. Las células son
microaerofilas obligadas y no se han encontrado hasta el momento aceptores finales de
electrones diferentes del oxigeno. Las células sintetizan una Unica cadena de

magnetosomas con magnetitas alongadas octaédricas (Meldrum et al., 1993b) (Fig. 12).
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Figura 12. Imagenes de la cepa MMS-1 (izquierda) y detalle de su cadena de
magnetosomas (derecha) (Bazylinski y Schubbe, 2007).

I.4. Formacion de magnetita abiodtica y bidtica

1.4.A. Aspectos cinéticos y termodinamicos de la formacion de un

mineral

Todos los cristales se formen de una manera abiotica o bidtica siguen las mismas
fases de formacion y deben cumplir una serie de requisitos termodinamicos que se

relatan en el siguiente apartado.
Nucleacion

Se entiende por nucleacion el proceso por el que una fase sdlida ordenada es
segregada de un fundido o vapor o, alternativamente, de una soluciéon multicomponente.
La aparicion de una fase solida a partir de una solucién sobresaturada, tiene lugar
mediante la formacion y posterior crecimiento de agrupaciones de atomos de la nueva

fase.

La nucleacion puede ser nucleacion primaria (segin dos mecanismos,

homogéneo y heterogéneo) y nucleacion secundaria. Nucleacion primaria segin un

44



mecanismo homogéneo es aquella en la que la nucleacion tiene lugar a partir de la
creacion de agregados o embriones, en soluciones perfectamente limpias. Este
mecanismo es el que requiere los mayores valores de sobresaturacion de la solucion
(Fig. 13). Se entiende por nucleacion primaria seguin un mecanismo heterogéneo
aquella en la que la nucleacion se desarrolla sobre nucleos previamente formados o
sobre particulas procedentes de contaminacion, paredes del recipiente u otras superficies
incorporadas al sistema. Requiere menores valores de sobresaturacién que en el caso
anterior. Nucleacion secundaria se refiere al recrecimiento epitaxial de semillas
inoculadas a una solucidon, y cobra especial importancia en campos como la
cristalizacion industrial (Garside, 1982). En este caso, la nucleacion puede desarrollarse
en condiciones de menor sobresaturacion que en los casos de nucleacion primaria (Fig.

14).

En la figura 14 se muestra un esquema de los mecanismos de precipitacion y
disolucion (modificada por Nancollas y Reddy, 1974). El diagrama se ha construido
para un mineral termodinamicamente estable, que tiene tres fases inestables cuya
solubilidad se incrementa de la siguiente manera: 1) fase anhidra, 2) fase hidratada y 3)

fase amorfa.
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Figura 13.- Mecanismos de nucleacion (Jimenez-Lopez ef al., 1999)

En numerosas ocasiones, la precipitacion ocurre segun un proceso de
maduracion de “Ostwald”, que consiste en una nucleacion en cadena en la que las fases
mads inestables se disuelven dando paso a fases cada vez mas estables (Ogino et al.,
1987). Suele producirse, en primer lugar, la nucleacion de una fase amorfa, que se
disuelve para formar ntcleos del material cristalino en cuestion. El crecimiento de estos
nucleos y la disolucion de fases inestables (hidratada y anhidra), dan lugar a la
formacion de cristalitos, precursores de los cristales que resultan en condiciones de

equilibrio.
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Figura 14.- Regiones de metaestabilidad para los mecanismos homogéneos y

heterogéneos en un proceso de nucleacion primaria (Garside, 1982).

La simplicidad conceptual de la nucleacion homogénea ha hecho que se la

considere normalmente como modelo general de nucleacion.

En la figura 15 se representan las curvas se solubilidad, que indican las
condiciones termodindmicas y cinéticas necesarias para que se de la nucleacion de un

cristal en funcion de la T.
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Figura 15.- Curvas de sobresaturacion y nucleacion cristalina.

Para cada material se puede determinar una curva concentracion-temperatura
que representa el lugar geométrico de puntos donde el sistema estard en estado de
equilibrio termodinamico. Esta es la llamada “curva de solubilidad”, la cual es univoca
e independiente de las condiciones experimentales. Estados de saturacion inferiores a
esta curva constituyen la “region subsaturada” y los superiores, la “region
sobresaturada”. Las condiciones de cada una de esas zonas se resumen en la tabla 2,
donde C(7) es la concentracion en funcion de la temperatura, C, la concentracion de la
solucion en condiciones de equilibrio termodindmico, 2 = C(T)/C, la sobresaturacion
de la solucion y Ap la variacion del potencial quimico del sistema. Tabla 2:

Descripcion de zonas en el diagrama C = C(T)

Zona C(T) Q Ap
Sobresaturacion > C, >1 >0
Equilibrio termod. =C, =1 =0
Subsaturacion <C, <1 <0

Para que la nucleacion de una fase sea termodinamicamente posible, 1a solucion

ha de estar sobresaturada con respecto a ella. Sin embargo, una vez que el sistema se
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encuentra en esas condiciones, los embriones formados han de tener un tamafo critico,
necesario para que la nucleacion sea cinéticamente posible. Esto ocurre tras un cierto
periodo de tiempo llamado tiempo de induccidén. Durante este periodo, la soluciéon se
encuentra en un estado de metaestabilidad. Soluciones con relativamente baja
sobresaturacion pueden permanecer estables indefinidamente, sin nuclear (Mullin y
Raven, 1961; Nancollas, 1979). Para ilustrar esto, Mullin y Raven (1961) us6 la

analogia de un ladrillo apoyado sobre una de las caras de menor superficie (Fig. 16).

B<b 1y, I

$AEO

H
_)
Metoestable I I

Metaestable BE>B (7 )

| -
Estable
Estable

—
Energia

Figura 16.- Analogia entre el estado de metaestabilidad de un ladrillo apoyado sobre

una de sus caras mas pequeas, y una solucion metaestable (Mullin y Raven, 1961).

Una solucidon metaestable no esta en su estado de minima energia, pero, de
manera similar a lo que ocurre con el ladrillo, se le puede empujar hacia la nucleacion.
Si la energia suministrada no es suficiente para superar la barrera de potencial, la
solucién volverd de nuevo a su estado de metaestabilidad; si lo es, se producira la
nucleacion. El lugar geométrico de puntos situados en la region sobresaturada, a partir
de los cuales tiene lugar la nucleacion, forma la curva de superequilibrio de naturaleza
cinética.

Los microorganismos pueden inducir la formacion de minerales gracias a que
pueden sobresaturar el medio donde viven como consecuencia de cambios quimicos

resultantes de sus actividades metabdlicas. Ademds aportan superficies que pueden
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actuar como nucleos de cristalizacion como puede ser la pared celular, membranas,

restos celulares y productos organicos resultantes de la actividad metabolica.

El tiempo requerido para la formaciéon de un cristal a partir de los nticleos en una
solucion sobresaturada puede ser medido bien porque cambian las propiedades Opticas
de la soluciéon o mediante la extraccion de muestras y recoleccion de cristales. Al
tiempo en el que aparecen los cristales por primera vez en una solucion se le llama

tiempo de induccion.

El mecanismo de nucleacion homogénea se explica mediante el modelo
tridimensional de bolas de billar (soluto) inmersas en aire (solvente), que chocan entre si
en todas las direcciones mediante choques inelasticos. La probabilidad de estos choques
aumenta con la concentracion, pudiendo llegar un momento en que se formen

agregados.
Las fuerzas que actian sobre estos agregados son de dos tipos:

a) Atractivas, resultantes de la interaccion entre las particulas que forman
el agregado. Tienden a mantenerlo unido y son proporcionales al nimero de enlaces

compartidos y, por tanto, a su volumen.

b) Repulsivas, resultantes de la interaccion del agregado con el solvente.
Tienden a disolverlo y son proporcionales al numero de enlaces libres vy,

consecuentemente, a la superficie de las caras.

Para que el agregado sea estable, las fuerzas atractivas deben predominar sobre
las repulsivas. El tamafio critico de estabilidad del agregado ocurrird cuando ambas

fuerzas sean iguales.
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La diferencia de energia libre de Gibbs (AG) entre una agrupacion de n dtomos
de la nueva fase y el mismo niimero de dtomos de la fase metaestable depende de n, de

tal forma que el valor de esta diferencia viene dado por la expresion:

AG = -n(J, —W,) +an’’0 (L.1)
donde

My — M1, =kT InQ (L.2)

siendo L y [ el potencial quimico de la fase metaestable y fase estable, Q, la
sobresaturacion del sistema respecto a la fase estable, 0 la energia libre superficial, 7 la

temperatura absoluta y a un término ligado a la superficie de las caras.

La variacion de la energia libre de Gibbs asociada a la nucleacion consta, por
tanto, de dos términos. Uno, negativo, es favorable a la nucleacion y corresponde a la
relajacion del potencial quimico como resultado de la aparicién de un nuevo volumen.
El otro, positivo, es desfavorable a la nucleacion y se debe a la necesidad de crear
nuevas superficies. Suponiendo que los agregados son esféricos, la energia libre de

Gibbs adopta la siguiente forma:

41p°°

AG = -
3V

kT In Q+ 410°0 (1.3)

51



donde r es el radio del agregado, V" es el volumen molar, & la constante de Boltzman y
es la energia libre superficial. Tomando » como variable continua, la expresion (1.3)

presenta un maximo para el valor de

. _ 2Vo
kT InQ

(Ecuacion de Gibbs-Thomson) (L.4)

Asi, el radio necesario para que un agregado sea estable () viene determinado
por la sobresaturacion del sistema. A medida que aumenta la sobresaturacion de una
solucion respecto a una fase, disminuye el radio critico necesario para que los
agregados sean estables, y se facilita, por tanto, la nucleacion. Sustituyendo la expresion
(I.4) en la (1.3), se obtiene la energia libre de Gibbs critica para que se produzca la

., *
nucleacion, 4G,

2 3
a6t =24V |8 s p (L5)
3\ kTlnQ 3 3

Estas ecuaciones proporcionan una explicacion al proceso de maduracion de
“Ostwald” (Nancollas, 1979; Nielsen, 1972, 1982). Los agregados tenderan a cambiar
su tamafio como un modo de disminuir su energia libre. Aquellos con radio menor que
" tenderan a disolverse, mientras que los agregados mayores ganardn estabilidad
continuando su crecimiento (Fig. 17) (Garside, 1982; Randolph y Larson, 1988). El

proceso de “Ostwald” viene favorecido por la temperatura y limitado por reacciones
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superficiales y fendémenos de transporte del material disuelto (Nielsen, 1972, 1982;

Johnson, 1990).

Potencial de Gibbs

Radio del agregado

Figura 17.- Energia libre de un agregado, en funcién de
su radio (Garside, 1982).

El nimero de ntcleos que se forman por unidad de volumen y tiempo, J(r*), se
puede escribir en funcion del potencial de Gibbs critico para la nucleacion, usando una

ecuacion tipo Arrhenius, (Randolph y Larson, 1988; Stumm y Morgan, 1981):

AG”

Jr')=Ce ® (1.6)

donde C es un factor de frecuencia, con un valor comprendido entre 10 y 10*° seg™'cm™
3 dependiendo del material (Randolph y Larson, 1988). Introduciendo en esta ecuacion

la expresion del potencial de Gibbs critico (I.5), se obtiene:
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(1.7)

_ 2.3
J(r*)=CeXp[ l6T0v O J

3k°T* In* Q

El flujo de nucleacion, J(r ), es muy sensible a la sobresaturacion del sistema,
siendo practicamente cero en los casos de muy baja sobresaturacion. En estas
condiciones, los cristales formados tenderan a crecer, pero no se producirdn nuevas

nucleaciones (Garside, 1982).
Crecimiento cristalino

Una vez formados nucleos estables en la solucidon, éstos continuaran
creciendo si la solucion se encuentra sobresaturada y se disolveran si se encuentra
subsaturada. Tradicionalmente se considera que el cristal crece mediante la adicion de
unidades de crecimiento en posiciones adecuadas de su superficie. Las unidades de
crecimiento pueden ser moléculas o iones (o segmentos de polimeros lineales).
Ademas, no todos los sitios presentes en la superficie de un cristal son energéticamente
equivalentes. Se pueden distinguir tres posiciones mas favorables para el crecimiento

cristalino: mellas, escalones y cara compacta (Fig. 18).

7

ara compacta

Figura 18.- Posibles sitios de crecimiento en la
superficie de un cristal: a) cara compacta, b)
escalon, c¢) mella.
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La probabilidad de encontrar una mella en un escaldon de crecimiento varia entre
0.7% y 8% (Nielsen y Christoffersen, 1982), por lo que siempre se pueden encontrar
estas mellas. Las unidades de crecimiento se incorporan preferentemente en ellas y
hacen crecer al escalon hasta que desaparece, creando el problema de la generacion de

nuevos escalones.

En condiciones de alta sobresaturacion, podria darse una nueva nucleacion
bidimensional que generara escalones en una cara compacta (Fig. 18). Sin embargo, este
proceso no es posible si la sobresaturacion del sistema es baja, ya que, como en todos
los procesos de nucleacion, la formacion de nucleos bidimensionales es muy sensible a
la sobresaturacion del sistema (Nielsen y Christoffersen, 1982). Para resolver este
problema de generacion de escalones en condiciones de baja sobresaturacion, Burton et
al. (1951) propusieron un modelo de crecimiento a partir de una espiral permanente

causada por los defectos del cristal (Fig. 19).

A

Figura 19.- Dislocaciones que se usan como
huecos para continuar el crecimiento del cristal,
segun la teoria BCF (Burton ef al., 1951).
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El crecimiento del cristal es el resultado de una serie de mecanismos, entre los

que se pueden destacar los siguientes:
a) Transporte de unidades de crecimiento hacia la superficie del cristal.
b) Adsorcion de iones en la superficie.

c) Difusion de éstos sobre la superficie cristalina para encontrar un sitio

favorable energéticamente.
d) Incorporacion de la unidad de crecimiento en la estructura del cristal.
e) Transferencia de calor.

Las etapas cinéticamente limitantes en el proceso de crecimiento cristalino
pueden ser el transporte de unidades de crecimiento hacia la superficie del cristal, los
mecanismos de adsorcion-difusion-incorporacion en esta superficie 0 una combinacion
de ambos (Nielsen y Christoffersen, 1982). Con el fin de obtener minerales de alta
calidad cristalina, en muchas ocasiones se modifica la constante cinética del proceso de
transporte hasta convertir este ultimo mecanismo en la etapa cinéticamente limitante del
proceso de crecimiento cristalino. Para ello, se han desarrollado numerosos sistemas
experimentales de precipitacion en los que el transporte de unidades de crecimiento se

realiza mediante un proceso difusivo.

Para el caso en el que la precipitacion esté controlada cinéticamente por
fenémenos que ocurren en la superficie del cristal: adsorcion-difusion-incorporacion, se
recogen en las referencias bibliograficas tres modelos de crecimiento, dependiendo de
cual sea la etapa limitante del proceso: lineal, en el que la etapa limitante es la
adsorcion de iones (Nielsen, 1982); parabdlico, en el que la etapa limitante es la

difusion e incorporacién de iones en la superficie del cristal (Burton et al., 1951); y
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exponencial, en el que la etapa limitante es la nucleacion bidimensional en la superficie

del cristal (Nielsen, 1972).
1.4.B. Formacion de magnetita abidtica

La magnetita abiotica puede precipitarse de diversas formas. Se puede conseguir
como una fase primaria por precipitacion homogénea o heterogénea a partir de una
solucion usando diferentes métodos. También se puede conseguir como una fase
secundaria gracias a la descomposicion termal de carbonatos que contienen Fe y por la

transformacion de ferrihidrita o de una fase mineral conocida como “herrumbre verde”.

Los métodos mas desarrollados para la sintesis de magnetita abidtica son aquellos
en los que se precipita este mineral como FASE PRIMARIA a partir de una solucion, ya
que se pueden obtener grandes cantidades del mineral. Esta sintesis se puede producir
de diferentes formas, la diferencia fundamental se encuentra en como se afiade el Fe a la
solucion. Sin embargo, todos los métodos de sintesis tienen que alcanzar el campo de
estabilidad termodindmico para la magnetita, que depende en gran medida del Eh, pH y
la alcalinidad/PCO, del sistema (Garrels y Christ, 1990). A continuacion, en la figura 20
hemos construido el diagrama de estabilidad termodinamica de sideritas y magnetitas,
calculado para sistemas cerrados en los que la precipitacion de estos minerales se realiza

a partir de una solucion.
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Figura 20.- Diagrama de estabilidad para magnetitas.

A partir del diagrama se puede observar como la magnetita es estable en
condiciones reductoras (Eh negativo) y a valores de pH altos. Los métodos de
precipitacion inorganica tratan de conseguir estas condiciones mediante diferentes

procedimientos experimentales.

La mayoria de los métodos siguen un proceso de “co-precipitacion”, en el que,
bajo condiciones anoxicas, se introducen mezclas de Fe** y Fe'* como solucion de
partida (las sales mas usadas son los cloruros). Para alcanzar el campo de estabilidad
termodinamica de la magnetita se utilizan diferentes soluciones para subir el pH : NHs a
85°C (Vayssieres et al., 1998; Tseng et al., 2007), NaOH a 25°C en un gel de agarosa
(Prozorov et al., 2007), NaOH a 25°C en solucion (Perez-Gonzalez et al., 2010),
NH4OH a 25°C (Arato et al., 2005) y N(CH3),OH (Vayssieres et al., 1998). Es habitual
que se observen diferentes morfologias (dentro de la misma mezcla de reaccion) en los
cristales de magnetita producidos de este modo como, por ejemplo, cubicas,

redondeadas, octahédricas y/o irregulares. Sin embargo, variando las condiciones de la

58



mezcla de reaccion se pueden obtener diferentes tamanos, distribuciones de tamafio y
morfologias. Por ejemplo, el tamafio medio de los cristales de magnetita puede variar
dentro de un rango a escala nanométrica (1,5-12,5 nm) simplemente controlando el pH
y la fuerza idnica de las soluciones de hierro. Las particulas de magnetita son mas
pequefias a valores de pH altos y mayores fuerzas ionicas en la solucion de hierro

(Vayssieres et al., 1998).

Para aquellas aplicaciones en las que se necesitan particulas con tamafos y
distribuciones de tamafio especificas se han desarrollado diferentes técnicas de “co-
precipitacion” modificando el procedimiento base. Estas modificaciones se basan
fundamentalmente en limitar el espacio que tiene el cristal para crecer, precipitando la
magnetita en microemulsiones, vesiculas, soluciones de polimeros o geles (Mann y
Hannington, 1988; Ward y Friberg, 1989; Liu et al., 2004) (Fig. 21). Por ejemplo, en la

técnica de microemulsion se utilizan tres fases: oleosa, surfactante y acuosa. Los iones

de hierro se afiaden como cloruros en la fase acuosa. El sistema se mantiene en
condiciones anoxicas para mantener el Eh bajo. La precipitacion de magnetita se
consigue afiadiendo amonio hasta llegar a pHs por encima de 10. Las fases oleosa y

surfactante evitan la agregacion de las particulas (Koutzarova et al, 2006) (Fig. 22).
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300 nm

Figura 21.- Imagen TEM (microscopia Figura 22.- Imagen SEM (microscopia
electronica de transmision) de particulas electrénica de barrido) de particulas de
de magnetita dispersadas en agua magnetita obtenidas por la técnica de
obtenidas por microemulsion (Liu et al., microemulsion (Koutzarova et al, 2006).
2004).

Otro método para la obtencion de magnetitas inorganicas es el de “reduccion-
precipitacion”. En este método la precipitacion de magnetita ocurre por la adicion de
hierro s6lo como Fe** en solucion (normalmente como FeCls). Esta precipitacion ocurre
por la reduccion del cloruro férrico a sales ferrosas con Na,SO; y por un posterior
incremento del pH en el sistema debido a la adicion de amonio, siempre bajo
condiciones anoxicas (Schwertmann y Murad, 1990; Qu et al., 1999; Shengchun et al.,
1999). Como resultado de este proceso se forma magnetita esférica con diametros de
10nm como maximo (Fig. 23). La mineralogia del producto depende en gran medida de

la relacion inicial [Fe*")/[SOs>].
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Figura 23.- Imagenes TEM de
muestras obtenidas de
soluciones de FeCl; a una
concentracion inicial de (a)
0.075, (b) 0.15, (c) 0.3, y (d)
0.45 mol dm™ con una relacion
inicial [Fe’"]o/[SO5?]o de 3 en
todas las muestras (Shengchun
etal., 1999).

Otro método para formar magnetita inorganica consiste en aplicar un voltaje a una

solucion de tal manera que se reduzcan las sales férricas y se alcancen los valores de Eh

necesarios para conseguir el campo de estabilidad de la magnetita. Es el método

“electroquimico”. Las condiciones de alcalinidad necesarias para la precipitacion de

magnetita se consiguen subiendo el pH con amonio (Franger et al., 2004) (Fig. 24).

Figura 24.- Imagen SEM de magnetita obtenida por el método electroquimico (en
electrolito NaCl); 74 nm < @ observado <88 nm (Franger et al., 2004).

La magnetita también puede precipitarse a altas temperaturas, obteniendo en

este caso cristales mas grandes y mejor cristalizados. Un ejemplo de este método es la

s . . <y .y +
formacién de magnetita por la oxidacién de una solucién de Fe**, en concreto (FeSOy),
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con KNOj a 90°C manteniendo el pH alto con una solucion de KOH. La magnetita
resultante es casi estequiométrica y forma cubos con tamaiios entre los 0.05 y 0.20 um
(Schwertmann y Cornell, 2000). Otro ejemplo es el de la formacion de magnetita a alta
temperatura a partir de soluciones de FeSO4-7H,O y N,H4-H,O. Estas soluciones se
calientan en un autoclave a 150°C 8 horas (Zhu et al., 2007). Con este método se
obtienen magnetitas clbicas, bien cristalizadas, de aproximadamente 1 um de didmetro

(Fig. 25).

Figura 25.- Imagenes TEM y SEM de
particulas de Fe;O4 en solucién y en film:
(a) Imagen TEM de particulas de Fe;O4; (b)
Imagen SEM del film tomada a un 4ngulo
inclinado; (c) Imagen SEM del film (Zhu et
al., 2007).
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Como FASE SECUNDARIA, la magnetita puede obtenerse por diferentes
métodos que implican la transformacion de fases minerales a altas o bajas temperaturas.

A temperatura ambiente (25°C), la magnetita se forma, por ejemplo, por la

transformacion de ferrihidrita o de una fase mineral conocida como ‘“herrumbre
verde”. Ambas fases son inestables respecto a la magnetita en condiciones anoxicas, es
decir, se transforman en magnetita cuando el pH, Eh, pCO,, y Fe®" del sistema alcanzan
unos determinados valores (Zachara et al., 2002). También se puede formar magnetita
gracias a las reacciones entre Fe(OH), y FeOOH en solucion, a temperaturas que van de
los 25 a los 100° y valores de pH de 3 a 13 (Ishikawa et al., 1998). Con este método se
obtienen magnetitas ctbicas bien cristalizadas mezcladas con cristales irregulares de

FeOOH con forma de huso, bacilo y aguja (Fig. 26).

Figura 26.- Imégenes TEM de diferentes magnetitas (Ishikawa et al., 1998).

Otro método para obtener quimicamente magnetita como fase secundaria es la
descomposicion termal de siderita u otras fases de carbonatos ricos en Fe. A altas

temperaturas (superiores a los 400°C), los dominios ricos en Fe de los carbonatos se
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descomponen formando 6xidos de Fe y CO,. En condiciones anoxicas, el 6xido de Fe
que se forma es magnetita. Este procedimiento ha sido examinado en detalle por Golden
et al. (2001, 2004) (Fig. 27) y Thomas-Keprta et al., (2009), debido a la controversia
sobre el origen de las magnetitas nanométricas del meteorito marciano ALH84001

(McKay et al., 1996).

Figura 27.- Imagenes TEM de las diferentes morfologias de magnetita sintetizadas por
descomposicion de ankeritas (Golden et al., 2004).
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1.4.C. Formacion de magnetita bidtica

Los organismos precipitan magnetita por tres razones fundamentales:

1. Como producto final del metabolismo, es el caso de algunas bacterias

reductoras de hierro, en el que no se ha observado una funcién del mineral.

2. Para endurecer la superficie externa de los dientes de los quitones que utilizan

para rascar las rocas y obtener alimento.
3. Para detectar y orientarse a lo largo del campo magnético terrestre.

Los microorganismos forman magnetita mediante la mineralizacion inducida
biologicamente (Biologically induced mineralization, BIM) o mediante Ia
mineralizacion controlada biologicamente (Biologically controlled mineralization,

BCM).

En general, 1a BIM es el resultado de la actividad metabdlica de los organismos
y las subsiguientes reacciones quimicas ocasionadas por los productos metabolicos, por
esta razon, los minerales originados por BIM se depositan casi siempre
extracelularmente. En algunos casos, el organismo secreta uno o varios productos
metabolicos que reaccionan con iones o compuestos presentes en el medio dando lugar
a la precipitacion de particulas minerales (Frankel y Bazylinski, 2003), mientras que en
otros, las superficies bacterianas como la pared celular o materiales poliméricos
(exopolimeros) exudados por la bacteria actian como sitios para la adsorcion de iones y
la correspondiente nucleacion y crecimiento del mineral (Fortin y Beveridge, 1989;
Konhauser, 1998). La BIM es, en esencia, equivalente a la mineralizacion inorgéanica
bajo las mismas condiciones ambientales y las particulas formadas tienen, por lo tanto,
unas caracteristicas cristaloquimicas que son generalmente indistinguibles de las

sintetizadas inorganicamente.
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En la BCM los minerales normalmente se forman sobre o dentro de matrices o
vesiculas organicas dentro de la célula. Esto indica que el organismo ejerce un grado de
control significativo sobre el proceso de nucleacion y crecimiento del mineral y, por lo
tanto, sobre la composicion, tamaio, hébito, y localizacion intracelular de las particulas
(Bazylinski y Frankel, 2003). Los cristales formados por BCM estan generalmente bien
ordenados estructuralmente, tienen una distribucion de tamafnos estrecha y hébitos
cristalinos especificos de cada especie. Estas caracteristicas indican que la BCM esta

controlada metabolica y genéticamente.
Formacion de magnetita inducida biologicamente

En la década pasada se ha producido un creciente interés en las transformaciones
de los precursores portadores de Fe’' y procesos biogeoquimicos que llevan a la
formacion de minerales de Fe (Dong et al., 2000). Esto es debido, en parte, a que el
hierro es el cuarto elemento mas abundante en la corteza terrestre y también porque se
piensa que el Fe’" fue el primer aceptor de electrones externo relevante de la respiracion
microbiana (Walker, 1987; Cairns-Smith et al., 1992; de Duve, 1995a, 1995b). Se ha
sugerido que la reduccion bacteriana de hierro aparecié en la Tierra antes que la
reduccion de sulfatos, nitratos o la respiracion aerobica (Lovley, 1991; Nealson y
Saffarini, 1994). Ademdas Nealson y Myers (1990) sugirieron que la reduccion
bacteriana de hierro pudo haber jugado un papel importante en la génesis de las
formaciones bandeadas de hierro del Precambrico, si en aquel momento existid6 un

ambiente célido (50-70°C) (Knauth y Epstein, 1976; Knauth y Lowe, 1978).

. g , . , . +
Las bacterias reductoras de Fe utilizan en su mayoria oxohidroxidos de Fe’" muy
amorfos como aceptor de electrones, siendo los mas usados por las células goethita,
hematita, ferrihidrita y nanogoethita. Estos minerales son frecuentes como productos

secundarios de desgaste de suelos, materiales de subsuperficie saturados e insaturados y
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sedimentos acuaticos (Zachara et al., 2002; Van der Zee et al., 2003; Kukkadapu et al.,
2005). Algunas bacterias desasimiladoras reductoras de hierro también son capaces de
utilizar y reducir el Fe*" presente en filosilicatos [ej., montmorillonita, illita (Kukkadapu

et al.,2006)] e incluso en magnetitas (Dong ef al., 2000).

En condiciones anaerobias las bacterias DIRBs usan el Fe’" como aceptor de
electrones en el proceso de respiracion, transforméandolo en Fe*". Se han propuesto tres
mecanismos diferentes para esta transferencia de electrones. El primer mecanismo, que
es el que cuenta con mas apoyo, propone el contacto directo de la membrana externa de
la célula con la forma oxidada del metal (Fe*"). La transferencia directa de electrones se
produce gracias a los citocromos presentes en la membrana de las mismas. En el caso de
S. oneidensis existen los citocromos a y b, de los que al menos el citocromo a esta
expuesto en la superficie celular. Este citocromo contacta con las formas oxidadas de
los metales sirviendo como reductasa (Myers y Myers, 2004). Muchas de estas
hemoproteinas han sido identificadas gracias a estudios mutagénicos (Beliaev y
Saffarini, 1998; Beliaev et al., 2001; DiChristina et al., 2002; Leang et al., 2003; Myers

y Myers, 2001, 2002, 2003).

El segundo mecanismo propone la existencia de transportadores de electrones de
bajo peso molecular, como por ejemplo compuestos redox activos y solubles. Esta teoria
también ha obtenido apoyo experimental. Por ejemplo, Lovley y Woodward (1996)
demostraron que en cultivos de G. metallireducens se estimulaba en gran medida la
reduccioén de metales con la adicion de sustancias humicas o quinonas solubles en agua
como anthraquinona-2,6-disulfonato (AQDS). También Nevin y Lovley (2002)
demostraron esta presencia de transportadores al estimular la reduccion de 6xido de
hierro mediante la adicion de filtrados de un cultivo de Geothrix fermentens. Por otra

parte, Rosso et al. (2003) sugirieron que la falta de corrosidon por picadura, observada
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cuando Shewanella putrefaciens CN32 crece sobre cristales de hematita en condiciones
anaerobias, era debida a la secrecion de un agente de transporte de electrones. El trabajo
de Newman y Kolter (2000) apoya ademads la presencia de mediadores redox. En su
caso, un mutante de S. oneidensis MR-1 incapaz de producir menaquinona no fue capaz
de reducir AQDS. No obstante, al afiadir el sobrenadante de un medio en el que habia
crecido una cepa salvaje de S. oneidensis MR-1, se complement6 el fenotipo del
mutante y se restaurd la capacidad para reducir AQDS, demostrandose que la capacidad
de reducir AQDS reside en algiin metabolito excretado por la bacteria. Sin embargo,
hay autores que cuestionan esta hipotesis de que la molécula capaz de restaurar esta

reduccion sea un transportador redox (Myers y Myers, 2004).

El tercer mecanismo para la reduccion de hierro por DIRBs se basa en la
presencia de sustancias quelantes. Esta teoria no tiene tanto apoyo como las otras dos,
aunque si se ha visto que la presencia de sustancias quelantes estimula la reduccion de
oxidos de metal (Arnold et al., 1986, 1990; Royer et al., 2002; Urrutia et al., 1999). Por
ejemplo, Nevin y Lovley (2002) demostraron que G. fermentens produce un quelante
enddgeno que estimula la solubilizacién de 6xidos de Fe’™ poco cristalinos en cultivos
puros. En este estudio se determin6 que la presencia de G. fermentens en cultivos con
Fe’™ s6lido hace que se produzca 10 veces mas Fe’™ soluble que en el mismo
experimento en presencia de G. metallireducens, ya que esta ultima no produce ningin

quelante (Nevin y Lovley, 2000).

Aunque el mecanismo especifico de precipitacion de magnetita por las bacterias
reductoras de hierro desasimiladoras no se ha caracterizado quimicamente en su
totalidad, Zachara et al. (2002) examinaron la produccion de magnetita por S.
putrefaciens cuando se utilizaba ferrihidrita como fuente de Fe’* y aceptor de

electrones. Estos autores propusieron que la precipitacion de magnetita por S.
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putrefaciens ocurria por la conversion topotactica (es decir, continuidad tridimensional
de la estructura cristalina) de la ferrihidrita 2-line. Esta ferrihidrita se transformaria en
magnetita bajo las siguientes condiciones: 1) liberacion de un flujo intermedio de Fe*”
por las células; y 2) la existencia de un gradiente de pH y otros iones (PO,>) que seria
maximo en la superficie de la célula y disminuye hacia el medio de cultivo circundante.
El producto metabdlico de estas reacciones hace que el sistema se sobresature con

respecto a la magnetita, permitiendo la precipitacion de esta fase mineral.

Actualmente, el papel que juegan las bacterias reductoras de hierro en la
precipitacion de magnetita sigue sin conocerse. Por un lado, la reaccion abiotica del
Fe” con el hidroxido férrico deberia ser suficiente para formar magnetita. Sin embargo,
estudios experimentales muestran que la magnetita no se forma en cultivos incubados a
temperaturas demasiado altas para el crecimiento bacteriano, si el medio inoculado se
esteriliza antes de la incubacion o si se agregan células metabolicamente inactivas a la
solucion experimental (Lovley et al., 1987). Estas observaciones sugieren que el
metabolismo de las bacterias reductoras de Fe’™ contribuye en algo més que en la
producciéon de Fe*™ a la magnetogénesis. Una posibilidad es que la formacion de
magnetita esté favorecida por los pHs altos, una condicidon encontrada en la reaccion de
reduccion de Fe’™ (reaccion 1.1). El Fe*" que se forma se adhiere a los granos de
hidroxido férrico transforméndolos en magnetita (reaccion 1.2). Por lo tanto, la
combinacion apropiada de una concentracion alta de Fe*" y un pH alto cuando se da el
contacto con el Fe’* solido puede suministrar el ambiente adecuado para la formacion

secundaria de magnetita (Lovley, 1990).
CH;COO + 8 Fe(OH); ©> 8Fe*'+2HCO; +150H + 5H,0

20H + Fe*" + 2Fe(OH); = Fe;04 + 4H,0
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También se ha observado que se forma magnetita por la reduccién microbiana de
lepidocrocita (y-FeOOH), un polimorfo de la goetita (Cooper et al., 2000). En este caso,

la formacion de magnetita ocurre por una reaccion intermedia del hidroxido ferroso:
(y-FeOOH), + Fe*" + H,0~>
(y-FeOOH),* FeOH" + H' >
Fe;04 + HyO+ 2H"

En estudios recientes se ha observado que la formacion de magnetita no requiere
estrictamente la actividad de las bacterias reductoras de Fe*". En experimentos donde se
afiadi6 Fe*" a cultivos de Dechlorosoma suillum con nitrato como aceptor final de
electrones, la bacteria indujo la precipitacion de un hidroxido de Fe*” y Fe'™ verde
grisaceo, conocido como “herrumbre verde”. Este mineral es generalmente inestable en
el medio ambiente y cuando se oxida se transforma en magnetita en s6lo dos semanas
(Chaudhuri et al. 2001). Ademas, otros estudios experimentales han documentado la
formacion de magnetita en asociacion con cultivos suspendidos de bacterias fototropicas
oxidadoras de Fe*", a través de la reaccién del Fe* con precipitados de hidroxido férrico

biogénicos (Jiao et al., 2005).

En los sedimentos actuales de agua dulce y marinos una gran cantidad de
magnetita se forma en las capas suboxicas donde se da la reducciéon de Fe'™ (ej. Karlin
et al. 1987). La magnetita también aparece asociada a filtraciones de gas y bitumen
solido, donde su formacion parece estar ligada a la reduccion microbiana de
oxohidroxidos de hierro con los hidrocarburos actuando como donadores de electrones
(ej. McCabe et al., 1987). Este proceso queddé demostrado por el hallazgo de la
acumulacion de magnetita durante la oxidacion del tolueno acoplada a la reduccion de

Fe’” por G. metallireducens (Lovley y Lonergan, 1990).
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Aunque el mecanismo de precipitacion no se conozca en su totalidad, si se sabe
que la mineralogia, morfologia, composicion y tamafio de las magnetitas inducidas por
bacterias (magnetitas BIM) depende en gran medida de varios factores como las
condiciones ambientales en las que ocurre la precipitacion [pH, pO,, pCO,, Eh y
temperatura (Bell et al., 1987; Kukkadapu et al., 2006; Roh et al., 2006)], la
composicion del medio de cultivo, la concentracion y formas quimicas de los aceptores

y donadores de electrones y los iones adsorbidos (Zachara et al., 2002).

La morfologia y el tamafio de los cristales de magnetita producido por las DIRBs
han sido caracterizados hasta cierto punto. Se han descrito desde cristales globulares
hasta cristales euhédricos o irregulares (Sparks et al., 1990; Zachara et al., 2002;
Kukkadapu et al., 2005) (Perez-Gonzalez et al., 2010). El tamafio de las magnetitas en
estos estudios puede variar desde menos de 35 nm, en el rango de particulas
superparamagnéticas (lo que significaria que no tendrian un magnetismo permanente a
temperatura ambiente), hasta rangos entre 35-120 nm (SDM) en el que cada cristal
individual tiene un momento de dipolo magnético permanente a temperatura ambiente

(Vali et al., 2004; Roh et al., 2006); (Perez-Gonzalez et al., 2010).

En casi todos los casos anteriores el organismo ejerce escaso o ningun control
sobre los procesos de biomineralizacion. Por lo tanto, los minerales producidos de
forma inducida, incluida la magnetita, son generalmente indistinguibles en morfologia y
tamafio de los minerales formados inorganicamente bajo las mismas condiciones
quimicas. Estos biominerales estdn caracterizados, en general, por una baja
cristalinidad, amplias distribuciones de tamafio de particula, ausencia de morfologias
cristalinas especificas, poca especificidad mineral (minerales mezclados) y/o la
presencia de impurezas en la red mineral (Frankel y Bazylinski, 2003; Bazylinski ef al.,

2007). Todo lo mencionado anteriormente explica por qué los minerales BIM no se
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utilizan como biomarcadores en la actualidad. Sin embargo, existen algunas
excepciones. Por ejemplo, células de la cepa GS-15 de Geobacter metallireducens son
capaces de inducir la formacion de una forma unica de magnetita tabular de dominio
unico bajo unas condiciones de cultivo poco usuales (baja pCO,). Esta magnetita tiene
un habito cristalino y unas propiedades magnéticas bien definidas. Vali et al. (2004)
propusieron, debido a sus caracteristicas Unicas, la utilizacion de estas magnetitas
inusules como indicador de una actividad bioldgica en ambientes terrestres y

extraterrestres en el pasado.
Formacion de magnetita controlada biologicamente

Sea cual sea el mineral producido por la bacteria siempre estard englobado en el
magnetosoma, vesiculas que son las que proporcionan a las bacterias magnetotacticas

sus caracteristicas especiales.

El magnetosoma

El magnetosoma bacteriano se define como un cristal intracelular de mineral de
hierro magnético, de dominio Unico, envuelto en una membrana bicapa de fosfolipidos
(Balkwill et al., 1980; Gorby et al., 1988: Komeili et al., 2004). Esta membrana es
intracelular, constituida por una invaginacion de la membrana citoplasmatica (Komeili
et al., 2006), que crea una vesicula en la que se produce la nucleacion del cristal de

magnetita y su posterior crecimiento (Gorby et al. 1988).

La membrana del magnetosoma

Desde el comienzo de la investigacion con bacterias magnetotacticas fue
evidente que los cristales de magnetita estaban envueltos en algin tipo de cubierta
(Balkwill et al., 1980). Esta cubierta es la membrana del magnetosoma (MM) que

engloba a los cristales de magnetita (Gorby et al., 1988; Schiiler y Baeuerlein, 1997) y
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parece ser el sitio de control y regulacion de los procesos de biomineralizacion de

magnetita en las bacterias magnetotacticas.

El andlisis lipidico de magnetosomas purificados de M. magnetotacticum y M.
gryphiswaldense mostrd6 que la MM contiene proteinas, acidos grasos, glicolipidos,
sulfolipidos y fosfoflipidos (Gorby et al., 1988; Griinberg et al., 2004). Los fosfolipidos
predominantes son fosfatidilserina, fosfatidilglicerol y fosfatidiletanolamina. Los
fosfolipidos constituyen entre el 58 y el 65% de los lipidos de la MM de M.
magnetotacticum siendo el 50% de estos fosfatidiletanolamina (Nakamura y Matsunaga,
1993). Una comparacion de los acidos grasos de la MM, de la célula o de la membrana
citoplasmatica (CM) y de la membrana externa (OM) mostré que la composicion de los
de la MM es similar a la de los de la CM pero diferente a los de la membrana externa
(OM) (Tanaka et al., 2006). Estos resultados indican que la MM es una bicapa lipidica,
lo que contrasta con otras inclusiones encontradas en procariotas que estan
generalmente envueltas en una monocapa de proteinas. Los resultados también sugieren

que la MM se origina a partir de la membrana citoplasmatica (CM).

Los magnetosomas estan casi siempre localizados junto a la CM en las especies de
Magnetospirillum y durante mucho tiempo no se ha sabido si la MM se formaba por
invaginacion de la CM o por sintesis de novo a pesar de la evidencia circunstancial
descrita en el parrafo anterior. Tampoco se sabia si las vesiculas del magnetosoma eran
sintetizadas antes de que se produjera la biomineralizacion de magnetita y existen como
vesiculas vacias en la célula o si la MM envuelve a la particula después de la
biomineralizacion. Sin embargo, un estudio de microscopia electronica mostrd que las
células de M. magnetotacticum crecidas con déficit de hierro contenian vesiculas de
magnetosomas vacias y también vesiculas con cristales pequefios e inmaduros de

magnetita (Gorby et al., 1988). Por otra parte, la criotomografia de electrones (ECT,
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electron cryotomography) ha demostrado que la MM es una invaginacion de la CM en
vez de una vesicula libre (Komeili ef al., 2006). Estos estudios también demostraron que

la precipitacién de magnetita ocurre tras la formacion de la vesicula.

La biomineralizacion del magnetosoma es un proceso complejo que se da en
varios pasos. Estos incluyen la formacién de la vesicula del magnetosoma, la
acumulacion de hierro por la célula, el transporte de hierro a la vesicula del
magnetosoma y la biomineralizacion controlada de Fe;O4 o Fe;S,4 dentro de la vesicula.
En Magnetospirillum magneticum no esta claro si la membrana del magnetosoma (MM)
forma una vesicula verdadera e independiente separada del periplasma o una
invaginacion permanente (Komeili, 2007; Komeili et al., 2006). Si la estructura del MM
forma una invaginacion permanente que esta en comunicacion con el periplasma no
seria necesario un sistema de transporte de hierro al interior de la vesicula muy

complejo, ya que el hierro solo necesitaria atravesar la membrana externa.

Aunque una gran parte del proceso es todavia desconocida, sobre todo los detalles
quimicos y bioquimicos, la acumulacién de hierro si ha sido estudiada en detalle. Hay
varios aspectos conocidos, entre los que destacan los siguientes: (1) Fe*" y Fe’™ pueden
ser utilizados en la formacion de magnetita aunque no necesariamente de manera
simultdnea o por la misma bacteria (Matsunaga y Arakaki, 2007; Schiiler y Baeuerlein,
1996; Suzuki et al., 2006); (2) la acumulacion de hierro para la sintesis de magnetita, asi
como la biomineralizacidn, suceden con relativa rapidez (Schiiler y Baeuerlein, 1998); y
(3) hay pruebas de la existencia de sideroforos, ligandos de bajo peso molecular
producidos por la célula que quelan y solubilizan el Fe'™ (Neilands, 1995; Calugay et

al., 2003; Dubbels et al., 2004; Paoletti y Blakemore, 1986).
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Caracteristicas de la magnetita BCM

Composicion mineral

Las bacterias magnetotacticas generalmente producen magnetosomas con 6xidos
de hierro o bien con sulfuros de hierro. Mientras que las productoras de 6xidos de hierro
producen en su mayor parte magnetita (Fe;O4) (ej., Frankel ef al., 1979), otros minerales
aparte de la greigita (Fe3Ss) (Mann ef al., 1990; Heywood et al., 1990) se han
encontrado en las productoras de sulfuros de hierro, como la mackiwanita (FeS
tetragonal) y FeS cubico que se cree son precursores de la greigita (Posfai et al., 1998 a,
b). Curiosamente se han encontrado dos tipos de bacterias no cultivadas capaces de
producir tanto magnetita como greigita: un grupo de grandes bacterias marinas con
forma de bacilo (Bazylinski et al., 1993b, 1995; Poésfai et al., 2007) y el procariota

magnetotactico multicelular (MMP) (Keim et al., 2007).

La fase mineral del magnetosoma parece encontrarse bajo un estricto control
quimico, ya que, varias de las bacterias magnetotacicas cultivadas sintetizan magnetita y
no pueden sintetizar grieguita, ni siquiera si se cultivan en la presencia de sulfuro de
hidrégeno (Meldrum et al., 1993 a, b). Generalmente, los cristales de magnetita de los
magnetosomas de las bacterias magnetotacticas son quimicamente muy puros
(Bazylinski y Frankel, 2004). De todas formas hay algunas excepciones. Por ejemplo, se
han encontrado trazas de titanio en los cristales de magnetita de un coco no cultivado
recogido de una balsa de tratamiento de aguas residuales (Towe y Moench, 1981) y una
cantidad significativa de cobre se ha encontrado en cristales de greigita del MMP
recogido de marismas salinas (Bazylinski et al., 1993a). También se ha encontrado
manganeso en una bacteria no cultivada (Keim et al., 2009) y cobalto en tres cepas de

Magnetospirillum adicionando este elemento al medio (Staniland et al., 2008).
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Morfologia

Se han encontrado diferentes formas en los cristales de magnetita de los
magnetosomas de bacterias magnetotacticas. Normalmente una cepa tiene una sola
morfologia cristalina que es especifica (Bazylinski et al., 1994). Pequenas variaciones
con respecto a esta morfologia especifica se han encontrado en los cristales de algunas
especies al crecer en condiciones diferentes (Meldrum ef al., 1993a). Los cristales
superparamagnéticos de reciente creacion tienen los bordes redondeados y caras mas
planas que se van definiendo segiin madura el cristal y se incrementa el tamafio hasta
convertirse en una particula SDM (Bazylinski y Frankel, 2000b). Se han observado tres
formas generales para las particulas maduras de greigita y magnetita usando
microscopia de transmision de electrones (TEM, transmission electron microscopy)
(Bazylinski y Frankel, 2000a, b). Estas formas son: (1) cuboidales (cuboctaédricas)
(Balkwill et al., 1980; Mann et al., 1984a) (Fig. 28), (2) pseudoprismaticas alongadas
(casi rectangulares en el plano horizontal de la proyeccion) (Mann et al., 1984b;
Meldrum et al., 1993a, b; Towe y Moench, 1981) (Fig. 29), y (3) con forma de diente,

bala o punta de flecha (Mann et al., 1987a, b; Thornhill et al., 1994) (Fig. 30)>.

Los cristales de greigita de las bacterias magnetotacticas tienen las mismas tres morfologias generales que la magnetita
(cubo-octaédrica, alongada pseudorectangular prismatica y en forma de diente (Posfai et al., 1998b) que estan compuestas
primariamente de formas {111} y {100} (Heywood et al., 1991). En la mayoria de cepas no cultivadas los cristales de greigita
también parecen ser especificos de la cepa y/o especie aunque esto debe ser confirmado mediante cultivo puro o con técnicas de
biologia molecular. Sin embargo, los MMP contienen una combinacion de cristales de greigita de diferentes formas como

pleomorficos, prismaticos pseudorectangulares, con forma de diente y cubo-octaédricos (Posfai et al., 1998b).
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Figura 28.- Cristales de magnetita Figura 29.- Cristales de Figura 30.- Cristales

100 nm

de

cuboidales. (Bazylinski y Schubbe, magnetita pseudocrismaticos magnetita en forma de flecha

2007).

alongados. (Bazylinski y (Bazylinski y Schubbe, 2007).

Schubbe, 2007).

Tamano

La mayoria de los cristales maduros de magnetita y greigita de los magnetosomas
se encuentran dentro de un pequefio rango de tamafos entre 35 y 120 nm (ejes
mayores), aunque existe variabilidad entre especies (Bazylinski y Moskowitz, 1997;
Bazylinski et al., 1994; Devouard et al., 1998; Frankel ef al., 1998). La magnetita y
greigita son por tanto SMD y son magnéticas de forma permanente a temperatura
ambiente (Butler y Banerjee, 1975; Diaz-Ricci y Kirschvink, 1992). Ademas las
particulas estan uniformemente magnetizadas, lo que significa que su momento bipolar
magnético es maximo y que es igual al momento de saturacion Ms. Por el contrario, las
particulas mas pequefias, aquellas por debajo de 30 nm no tienen una magnetizacion
remanente estable a temperatura ambiente y son las llamadas particulas
superparamagnéticas. Las cé€lulas producen inicialmente estas particulas mas pequenas
que finalmente crecen hasta cristales SMD (Bazylinski y Frankel, 2000a). Si los
cristales fueran mas grandes se formarian dominios multiples, provocando que la
magnetizacion no sea uniforme y disminuyendo, por tanto, la magnetizacion remanente.

Sintetizando particulas SMD, las bacterias magnetotacticas producen el tamafo 6ptimo
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de cristal para obtener un momento magnético permanente que sea el maximo posible

por magnetosoma (Bazylinski y Frankel, 2000b).

Estructura cristalina

Repecto a la estructura cristalina, los cristales de magnetita de las bacterias
magnetotacticas tienen una gran perfeccion estructural, segun se ha observado por
diferentes técnicas, como TEM de alta resolucion, difraccion de electrones de area
seleccionada (SAED, selected area electron diffraction) y tomografia de electrones
(Clemett et al., 2002; Mann et al., 1984a, b, 1987a, b; Meldrum et al., 1993a, b;

Thomas- Keprta et al., 2000, 2001).

La magnetita y la greigita se encuentran en el grupo espacial Fd3m y tienen
estructuras cristalinas con las caras centradas en el espin (Palache et al., 1944). Los
cristales macroscopicos de magnetita tienen el habito cristalino de la forma octaédrica
{111} y ocasionalmente dodecaédrica {110} o cubica {100}. Para los cristales de las
especies de agua dulce de Magnetospirillum el habito cristalino es cubo-octaédrico
compuesto por formas {100} o {111} (Mann et al., 1984a), con un desarrollo
equidimensional de las seis caras de simetria de la forma {111}. Los habitos de los
cristales no alongados de manera equidimensional, como los de los vibrios marinos
MV-1 y MV-2 y el coco marino MC-1, se han descrito como combinaciones de formas
{100}, {111} y {110} (Meldrum et al., 1993a, b). En estos cristales las caras de simetria
6, 8 y 12 de las respectivas formas que constituyen los habitos no se desarrollan
igualmente. Por ejemplo, los cristales de las cepas MV-1 y MV-2 (Meldrum et al.,
1993a) y MC-1 (Meldrum et al., 1993b) tienen héabitos pseudoprismaticos alongados en
el eje <111>, con seis caras (110) bien desarrolladas paralelas al eje de alongacion. En
los cristales de las cepas MV-1 y MV-2, las restantes seis caras (111) forman

discontinuidades en los bordes, las caras (110) son muy pequefias o estan ausentes
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(Thomas-Keprta et al., 2001). En los cristales de la cepa MC-1, las secciones de cada
borde consisten en tres caras (100) alternando con tres caras (110). Por lo tanto, seis
caras (110) son mas grandes y seis mas pequefias, y las seis caras (111) estan
virtualmente ausentes en este habito. Sélo las seis caras (100) son equidimensionales
(Meldrum et al., 1993a). El patron pseudoprismatico de seis caras alongadas (110)
tapadas por caras (111) con diferentes planos de seccién es muy comun en las bacterias
magnetotacticas que producen cristales de magnetita no equidimensionales. La tabla 3

(Frankel y Bazylinski, 2003) resume la informacion anterior:
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Tabla 3. Resumen de las diferentes morfologias cristalinas en funcion de la cepa

productora.

Cepa Morfologia

Especies de agua  cubo-octaédrica
dulce de

Magnetospirillum
MV-1yMV-2 cristales no
alongados de
manera
equidimensional
MC-1 habitos
pseudoprismaticos

alongados en el
eje <111>, con
seis caras (110)
bien desarrolladas
paralelas al eje de
alongacion

50 nm

Los cristales en forma de diente, bala y flecha son los mas anisotrdpicos
(diferentes segun la direccion de crecimiento) dentro de las particulas magnéticas

producidas por bacterias magnetotacticas. En un coco magnetotactico no cultivado los
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cristales grandes y pequefios tienen diferentes habitos, lo que nos sugiere que el
crecimiento cristalino ocurre en dos fases en las que las particulas iniciales son
cuboctaédricas que se alongan en el eje [111] para formar un prisma pseudoctaédrico

que alterna caras (110) y (100) tapadas por caras (111) (Mann et al., 1987a, b).*

Aunque los defectos como las dislocaciones de tornillo son raros en los cristales
de los magnetosomas, la macla de cristales es relativamente comun (aprox. 10% de los
cristales en algunos organismos) con los cristales individuales asociados en rotaciones
de 180° sobre la direccion [111] paralela a la direccion de la cadena y con un plano de
contacto comun (111) (Devouard et al., 1998). Las maclas multiples también han sido

observadas pero son menos comunes.
Alineacion de la cadena

Los magnetosomas se encuentran alineados dentro de las células en una o mas
cadenas (Bazylinski y Moskowitz, 1997; Bazylinski et al., 1995), gracias a las presencia
de las proteinas Mamk y MamlJ (Komeili et al., 2007). Como los cristales de los
magnetosomas se orientan espontdneamente a lo largo del eje de la cadena (Frankel,
1984), y el momento del dipolo magnético de la cadena (y de la célula) es la suma
algebraica de los momentos individuales de los cristales de la cadena, la célula

maximiza su momento magnético dipolar alineando los magnetosomas, y se comporta

4 A diferencia de los cristales de magnetita de las bacterias magnetotacticas, los cristales individuales de greigita en estos
microorganismos a menudo exhiben un contraste irregular al observarse con el microscopio electronico (Posfai et al., 1988b), y en
lugar de facetas diferentes y bien definidas las superficies de los cristales son con frecuencia redondeadas e irregulares. Estos
defectos se han interpretado como resultado del proceso de conversion de la mackiwanita a greigita (Posfai e al., 1998b). Las

variaciones en el grosor y otros factores pueden también contribuir al desigual contraste de las particulas.
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toda ella como un unico iman. ° Gracias a esta propiedad, las células se alinean
pasivamente a lo largo de las lineas del campo magnético al nadar (Frankel, 1984). Las
células vivas ni son atraidas ni empujadas hacia ningin polo magnético, y las células
muertas también se alinean en el campo magnético, pero no nadan. Sin embargo, para
que la cadena del magnetosoma funcione como se ha descrito anteriormente, los
magnetosomas deben anclarse en un sitio dentro de las células, ya que si flotaran
libremente probablemente se agregarian, condicidon por la que el momento del dipolo

magnético se reduciria considerablemente.

Algunas cepas no cultivadas como cocos productores de magnetita, bacilos
productores de greigita y los MMP no alinean los magnetosomas en cadenas, sino que
producen agrupaciones de magnetosomas en un extremo de las células o bien
agrupaciones con cadenas parciales (Cox et al., 2002; Heywood et al., 1990; Mann et
al., 1990; Moench, 1988; Posfai et al., 1998a, b). Sin embargo, incluso estas células

tienen un momento de dipolo magnético neto.

Esto ha sido confirmado con resultados de medidas magnéticas (Penninga et al., 1995), microscopia de fuerza magnética

(Proksch et al., 1995; Suzuki et al., 1998) y holografia electrénica (Dunin-Borkowski et al., 1998, 2001).
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I.5. Aplicaciones

I.5.A. Magnetita como biomarcador

La importancia de la magnetita como biomarcador

La busqueda de biomarcadores es muy importante tanto para entender la
evolucion primigenia de nuestro planeta, como para ayudar a revelar indicios de una
antigua actividad biologica en otros planetas como Marte. Aunque existen compuestos
organicos como terpenoides (Simoneit et al., 2002), preservados en el registro fosil, que
son utilizados como biomarcadores moleculares, los biomarcadores minerales se
utilizan ampliamente ya que permanecen mejor en los sedimentos. Estos biomarcadores
constituyen un registro sobre la evolucion de la vida en nuestro planeta, ya que los
organismos capaces de precipitar minerales estan presentes en todos los grupos desde

Bacteria a organismos superiores.

En la pasada década, se ha incrementado el interés por las transformaciones
biogeoquimicas de las fases del Fe’™ y por el conocimiento sobre los procesos que
llevan a la biomineralizacién de este (Dong et al., 2000). Este interés en el Fe’™ es
debido a que este cation pude haber sido el primer aceptor de electrones externo en la
respiracion microbiana de importancia global (Walker, 1987; Cairns-Smith et al., 1992;
de Durve, 1995). Como consecuencia de esto, la presencia de magnetita originada por la
biorreduccion de Fe’™ se ha utilizado como una posible prueba de la existencia de
procesos respiratorios en la atmosfera primigenia (Walker, 1987; Vargas et al., 1998), la
presencia de una biosfera profunda de la subsuperficie terrestre (Gold, 1992) e incluso
para intentar demostrar la presencia de una antigua vida microscopica en Marte (McKay

et al., 1996).
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Criterios utilizados para reconocer a la magnetita de origen organico,

el Paquete MAB

Desde que McKay et al. (1996) propusieran como prueba de una antigua vida en
Marte la semejanza morfoldgica entre las magnetitas nanométricas en los bordes de las
inclusiones de carbonatos del meteorito marciano ALH84001, y las magnetitas
producidas por BCM de las bacterias magnetotacticas terrestres, se ha discutido mucho
sobre los criterios que pueden usarse para reconocer el origen bioldgico de una muestra
natural de magnetita. Hoy en dia se usa un conjunto de seis criterios para reconocer
magnetita de origen biogénico y, aunque estos criterios los propuso por primera vez
Thomas-Keprta et al. (2000), se han estado utilizando informalmente durante los
ultimos 30 afios para identificar remanentes fosiles de magnetosomas bacterianos
(magnetofosiles) en el registro sedimentario de la tierra (Chang y Kirschvink, 1989;
Petersen et al., 1986; Akai et al., 1991; Hesse, 1994; Schwartz et al., 1997). Estos
criterios incluyen caracteristicas fisicas y quimicas especificas de los cristales de
magnetita formados por BCM que, cuando se consideran en conjunto, no se observan en
ninguna poblacion de magnetita inorganica.’ Los seis criterios propuestos por Thomas-
Keprta et al. (2000) son conocidos como el paquete MAB (magnetite assay for

biogenicity) y son los siguientes:

Tamaifio de dominio Binico vy proporcidn ancho/largo anisotropica restringida

Debido a que los magnetosomas son los responsables de la aeromagnetotaxia de
las bacterias magnetotacticas, el tamafo y la proporcioén ancho/largo de los cristales han

evolucionado de tal manera que la taxia sea lo mas eficiente posible, ya que los

6 c: . . . o .
Sin embargo, siempre hay que tener en cuenta que las comparaciones se establecen con los cristales producidos por las bacterias

actuales.
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superparamagnéticos o los cristales multidominio no son tutiles para la magnetotaxis

(Kirschvink y Lowenstam, 1979).

Todas las pruebas realizadas hasta el momento en los cristales de los
magnetosomas de las bacterias magnetotacticas vivas han confirmado que estos cristales
se comportan como dominio Unico (Bazylinski, 1995; Bazylinski y Moskowitz, 1997;
Sparks et al., 1990; Thomas-Keprta et al., 2000). Siendo de dominio unico, la particula
esta magnetizada de manera uniforme. Las particulas de este tamafio y forma son

imanes perfectos.

Buseck et al. (2001) y Faivre y Zuddas (2006) sugirieron que, ademas del tamatio,
la forma de la distribucion del tamafio del cristal (CSD) también podia utilizarse como
criterio de biogenicidad. Arato6 et al. (2005) continuaron con estos analisis combinando
el uso de CSD con la distribucion del factor forma (SFD, representa la distribucion de
los cristales seguin su forma, ancho/largo) de las poblaciones de magnetita. Estos autores
usaron estos parametros para determinar si muestras de magnetitas naturales eran
biogénicas, y mas especificamente, si estaban producidas por bacterias magnetotacticas.
Estos autores encontraron que el parametro de distribucion del tamafio del cristal de los
magnetosomas puede ser utilizado para demostrar que una poblacion especifica de
cristales de magnetita tiene su origen en las bacterias magnetotacticas, siempre y cuando
sea diferente la distribucion del factor forma de esos mismos magnetosomas. También
descubrieron que una cepa de bacterias magnetotacticas produce cristales de magnetita

con una distribucion de tamafio log-normal.

Pureza quimica

La magnetita producida por las bacterias magnetotacticas es generalmente Fe;O4
puro y estequiométrico sin otros contaminantes (Mann y Frankel, 1989; Sparks et al.,

1990; Meldrum et al., 1993; Bazylinski, 1995; Bazylinski y Moskowitz, 1997; Thomas-
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Keprta et al., 2000). Sin embargo, se han descubierto algunas excepciones; cantidades
traza de titanio se han encontrado en magnetitas de sedimentos de bacterias no
cultivadas (Towe y Moench, 1981). Otras parecen incorporar manganeso cuando se
anade MnCl, al medio (Keim et al., 2009) y otras cobalto, probablemente, en las capas

superficiales del cristal (Staniland ez al., 2008).

Perfeccion cristalografica

Los cristales de magnetita formados por las bacterias magnetotacticas (estudiados
con microscopia de transmision de alta resolucion, HRTEM) son estructuralmente
perfectos (sin defectos internos), con la excepcion de agrupaciones en el plano {111}
(Vali et al., 1987; Vali y Kirschvink, 1991; Mann et al., 1988; Devouard et al., 1998;
Thomas-Keprta et al., 2000). La falta de defectos en la red aumenta el momento

magnético de la particula, que es necesaria para una magneto-aerotaxia eficiente.

Morfologia cristalina inusual

Se ha observado que los cristales inorganicos de magnetita (< 1 um) adoptan
formas isotrépicas, es decir, equivalentes en las direcciones del espacio, por ejemplo,
cubicas, cubooctaédricas, octaédricas, dodeacaédricas, minimizando la energia libre
superficial (Ichinose ef al., 1992). Sin embargo, los cristales de magnetita producidas
por algunas bacterias magnetotacticas son anisotropicos, es decir, diferentes en las tres
direcciones del espacio. Frecuentemente estos cristales aparecen alongados en una
direccion cristalografica (normalmente en la [111], aunque no exclusivamente). Estas
formas alongadas no son formas de equilibrio, por ejemplo, en forma de bala, con forma
de diente, prismaticas hexagonales alongadas (Mann et al., 1987a, b; Thornhill et al.,

1994).
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Estas estructuras alongadas se producen por el crecimiento desigual de algunas
caras de simetria relacionadas, debido probablemente a condiciones anisotropicas en el
ambiente que rodea al cristal (ej. concentracion quimica de iones, temperatura y
gradientes de pH y Eh) (Mann y Frankel, 1989). La anisotropia se puede originar por
que exista un flujo de iones, diferente en algunas direcciones, a través de la membrana
del magnetosoma que rodea el cristal, o por interacciones anisotropicas de la membrana
del magnetosoma o de proteinas del magnetosoma con el cristal en crecimiento (Mann y

Frankel, 1989).

Thomas-Keprta et al. (2002) son mas estrictos definiendo las morfologias
inusuales de los cristales de magnetita. Definen la morfologia inusual basandose en los
cristales del magnetosoma de la bacteria magnetotactica marina MV-1 y su similitud
con la poblacion de cristales, presuntamente de origen biologico, del meteorito
ALH84001. Esta geometria alongada del cristal es definida como hexa-octaédrica y
consiste en ocho caras octaédricas {111} divididas en, dos caras borde y seis caras
pequefias seccionadas, seis caras dodecaédricas {110}, y seis caras seccionadas cubicas
{100} (Thomas-Keprta et al., 2002) (Fig. 31). Las seis caras {110} que quedan,
necesarias para la estructura cubica centrada en una cara del cristal, son presuntamente
caras seccionadas muy pequefias. Esto se observa frecuentemente en los cristales del
magnetosoma de la cepa MV-1 y también se observa esta morfologia en
aproximadamente el 25% de todos los cristales de magnetita de los carbonatos del

meteorito marciano ALH84001 (Thomas-Keprta et al. 2002).
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A cara octahedrica

C

Figura 31.- Representacion idealizada de un cristal de magnetita de geometria hexa-
octaédrica truncada, con 8 caras octaédricas {111} (verdes), 6 caras dodecaédricas
{110} (rojas), y seis caras cubicas {100} (azules) (Thomas-Keprta et al. 2002).

El ultimo punto a considerar respecto a la morfologia cristalina es el hecho de que
otros microorganismos y organismos superiores, aparte de los procariotas, producen
cristales de magnetita, de dominio Unico, que tienen morfologias similares a los cristales
BCM de bacterias magnetotacticas. Algunos ejemplos son la magnetita tabular de
dominio Unico que se produce por BIM gracias a las células de la cepa GS-15 de
Geobacter metallireducens (Vali et al., 2004) o los cristales formados por eucariotas
unicelulares (Bazylinski ef al., 2000), algas (Torres de Araujo ef al., 1985) y organismos
superiores como algunos peces (€j. salmén rojo [Mann et al., 1988]) y algunas plantas
(Gajdardziska-Josifovska et al., 2001). Aunque algunos de estos organismos producen
cristales de magnetita con morfologias cubooctaédricas como en el caso del salmoén
rojo, otros sintetizan particulas anisotrdpicas alongadas, con forma de diente en las algas

(Torres de Araujo et al., 1985) y un porcentaje de prismas hexaédricos y octaedros en
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células de hierba (Gajdardziska-Josifovska et al., 2001). La contribucion de estos
organismos a la magnetizacion de sedimentos, suelos y otros hébitats naturales es atn

desconocida.

Direccion de alongacion de los cristales de magnetita

Los cristales de magnetita alongados lo estin normalmente en una de las
direcciones [111], es decir, en una de los cuatro posibles ejes de rotacion triples de un
octaedro regular (Mann et al., 1988; Vali et al., 1987; Vali y Kirschvink, 1991;
Thomas-Keprta et al., 2000, 2002). Sin embargo, se ha puesto en duda si la direccion
cristalografica de alongacion [111] de los cristales de magnetita BCM se pueda usar
como criterio de biogenicidad ya que se ha encontrado que no todas las magnetitas
BCM se alongan en esta direccion (Isambert et al., 2007).

Cadenas de magnetita

Las bacterias magnetotacticas alinean los magnetosomas en cadenas lineares
gracias la proteina acidica Mam J (Scheffel et al., 2006). Estos autores sugirieron que
Mam J interactia con la superficie del magnetosoma asi como con una estructura
similar al citoesqueleto, configurando uno de los niveles mas altos de organizacion
estructural conseguidos por las células procariotas. Este alineamiento maximiza el
momento magnético total de la célula (siendo este el vector suma de los momentos de
cada cristal individual), asi la célula se comporta como un solo iman. La presencia de
cadenas de magnetita ha sido muy discutida como un criterio fiable, ya que el
alineamiento de la cadena puede desaparecer por dos razones: cuando la bacteria muera,
ya que la cadena se colapsa, y también por la propia recogida de la muestra, que
normalmente se realiza acercando un imén lo que provoca una reorientacion de los

cristales individuales (Thomas-Keprta et al., 2000).
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Problematica, nuevas técnicas y metodologias

A pesar del considerable esfuerzo hecho para definir criterios con el propdsito de
distinguir si un cristal de magnetita encontrado en un ambiente natural tiene un origen
biologico, el uso de alguno de estos criterios ha sido cuestionado y discutido por varias

razones, algunas de las cuales detallamos a continuacion:

Problemas al usar el criterio de morfologia como indicador de biogenicidad

El problema de usar la morfologia cristalina como un criterio para reconocer el
origen bioldgico de los minerales es antiguo y no esté ligado inicamente a la magnetita.
La autenticidad de muchos f6siles antiguos de procariotas, que en su dia fueron

aceptados por la comunidad cientifica, estd hoy en entredicho.

Mucha atencion se ha centrado en el uso de la morfologia del cristal como
indicador de la biogenicidad de la magnetita, porque historicamente fue el primer
criterio propuesto para este fin. Esto se fundament6 en el hecho de que las bacterias
magnetotacticas producen cristales con morfologias que no se observan en las particulas
de magnetita sintetizadas inorgdnicamente. Una de las mayores criticas que recibe el
uso de la morfologia es debido al tipo de metodologia utilizado para la determinacion de
las estructuras tridimensionales de los cristales nanométricos. Normalmente estas
particulas se analizan con microscopia electronica, lo que conlleva la dificultad de
inferir figuras tridimensionales a partir de imagenes bidimensionales. El método
utilizado por Thomas-Keprta ef al. (2001) y Golden et al. (2004) para minimizar este
problema fue reconstruir las imagenes tridimensionales de los cristales a partir de
multiples imagenes bidimensionales de TEM tomadas a diferentes angulos. Sin
embargo, el mejor método para determinar la estructura tridimensional de cristales

pequefios, es usar la tomografia de electrones, que se ha utilizado con éxito en cristales
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de magnetita de bacterias magnetotacticas y del meteorito ALH84001 (Clemett et al.,
2002). Estas técnicas conllevan el examen de un niumero de cristales estadisticamente

significativo y, por lo tanto, mucho trabajo.

Actualmente, se desconoce un proceso abidtico que pueda reproducir
exactamente las morfologias y las caracteristicas fisicas y magnéticas de la magnetita
anisotropica BCM producida por las bacterias magnetotacticas, con la posible excepcion

de los cristales de magnetita sintetizados por Golden et al. (2004).

La clave para discernir si la morfologia puede usarse como biomarcador reside
en conocer como las bacterias magnetotacticas, y otros organismos, producen estas
magnetitas.  Arakaki et al. (2003) exploraron la influencia que ejerce la interaccion
entre el cristal de magnetita y las proteinas del magnetosoma sobre la morfologia final
del cristal. Para ello estudiaron la morfologia de cristales de magnetita formados en
presencia de Mms6, una proteina del magnetosoma de M. magneticum (cepa AMB-1).
Observaron, en resultados no muy concluyentes, que la morfologia de los cristales se
veia afectada y se acercaba ligeramente a la morfologia de los cristales de los
magnetosomas maduros de células intactas. Otros autores (Amemiya et al., 2007,
Prozorov et al., 2007) realizaron modificaciones de este experimento y confirmaron los

resultados de Arakaki et al., (2003).

Los experimentos realizados hasta la fecha en este sentido son escasos y con
procedimientos algo dudosos, como, por ejemplo, realizar la precipitacion de magnetita
a 90°C, temperatura a la que la vida de las bacterias seria inviable. Ademads, los
experimentos estdn restringidos a las cepas AMB-1 y M. griphyswaldense.
Indudablemente, mucha mas investigacion es necesaria para confirmar esta hipotesis de
la influencia de la interaccidon mineral-proteina en la morfologia final del cristal. Estos

experimentos deberian de realizarse in vitro, pero también in vivo a través de la creacion
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de mutantes con genes especificos que codifican para las proteinas de membrana del
magnetosoma inactivados (mutantes knockout). No obstante, estos experimentos no

seran el objetivo de esta memoria.

Cuestiones v problemas de la pureza quimica

Aunque los primeros estudios de la magnetita del magnetosoma concluyeron que
la magnetita es suficientemente pura para ser considerada estequiométrica (ej. Sparks et
al., 1990; Meldrum et al., 1993a; Thomas-Keprta et al., 2000), algunos estudios
recientes, como se ha mencionado antes, muestran que otros metales aparte del hierro
pueden incorporarse al magnetosoma (Towe y Moench, 1981; Staniland et al., 2008;

Keim et al., 2009).

La pregunta clave respecto a estos estudios es si el cation metalico se incorpora
dentro de la estructura del mineral reemplazando atomos de hierro o, si por el contrario,

se forma un cristal de varias fases minerales mezcladas.

El resultado de ambas situaciones es muy diferente, ya que la primera situacion
produciria una solucion solida, es decir, una magnetita no estequiométrica, mientras que

en la segunda situacion, la magnetita seguiria siendo quimicamente pura.

En experimentos realizados hasta el momento sobre la incorporacion de cobalto a
especies de Magnetospirillum, parece que el Co no se incorpora al cristal, sino que
parece confinarse a las capas superficiales de este cristal de magnetita (Staniland et al.,

2008).

La incorporacion de cationes extrafios también ha sido estudiada en magnetitas
producidas por DIRBs. Coker et al. (2007) introdujeron con éxito Co, Ni y Mn en

bioferritas producidas por G. sulfurreducens y S. oneidensis.
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El estudio de la introduccion de cationes en magnetitas de distinto origen es un
objetivo de esta tesis. Esto es debido a que atn no estd claro si la magnetita formada
inorganicamente como fase secundaria a partir de un precursor ’no puro” incorpora o no
los cationes del precursor. Este sera también un objetivo de nuestra investigacion debido
a que antes de que el criterio de la pureza quimica de la magnetita pueda utilizarse de
forma fidedigna es importante determinar si los cationes pueden incorporarse o no a la

estructura de las magnetitas producidas mediante BCM.

El criterio de la alta pureza quimica ha ganado ultimamente mas importancia en
el debate sobre si hay una parte de magnetita biogénica en el meteorito ALH84001.
Golden et al. (2004) defendieron que se pueden obtener magnetitas quimicamente puras
de la descomposicion termal de sideritas de magnesio a 470°C en condiciones anoxicas
y propusieron un mecanismo inorganico para la formacioén de magnetitas quimicamente
puras en el meteorito ALH84001. Thomas-Keprta et al. (2009) realizando experimentos
similares obtuvieron unos resultados totalmente diferentes, encontrando que las
magnetitas formadas de esta manera a partir de un precursor no “puro”, (Mg,Mn)COs3
contenian diferentes porcentajes de Mg y Mn. Por otro lado, Jimenez-Lopez et al.
(Cation incorporation in magnetites formed upon thermal decomposition of ankerites,
articulo presentado en General Assembly of the European Geosciences Union, Vienna,
Austria, 2008) comunicaron que la descomposicion termal de (Ca, Mg, Fe)CO; a 700°C
y bajo una presion de CO;, de 1 atm producia magnetitas con diferentes cantidades de

Mg y Ca incorporadas en la estructura del cristal de magnetita.
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Otras opciones, posibilidades y consideraciones

Compuestos organicos y cambios en la estructura del cristal

Los compuestos orgéanicos juegan un papel esencial en la formacion del mineral.
Pueden: (1) actuar de moldes para la nucleacion de cristales (Pentecost, 1985; Mann y
Hannington, 1988; Dupraz y Visscher, 2005); (2) concentrar cationes en las zonas
negativamente cargadas de la pared celular, membranas, residuos o productos
secundarios del metabolismo bacteriano (Fowle y Fein, 2001; Rodriguez-Navarro et al.,
2007; Neal et al., 2007); (3) favorecer la agregacion orientada de cristales de nucleacion
homogénea por afinidad electroestatica entre los iones cargados negativamente y planos
atomicos especificos del cristal [efecto ionotopico, (Rodriguez-Navarro et al., 2007)]; y
(4) atrapar semillas de cristal que actian como nucleo para la precipitacion heterogénea

(Knorre y Krumbein, 2000; Turner y Jones, 2005).

Se ha observado que, en ocasiones, los compuestos organicos se incorporan
entre la estructura de un cristal mineral, modificando e incluso estabilizando el mismo.
Esto se ha ratificado para la vaterita (CaCOs) producida gracias a Myxococcus xanthus
por BIM (Rodriguez-Navarro et al., 2007). Sin embargo, no se ha observado
incorporacion de materia organica en magnetitas producidas por BCM y no se ha

estudiado si se produce esta incorporacion en magnetitas producidas por BIM.

Si la incorporacion de materia organica modifica la estructura del cristal y esta
modificaciéon se puede detectar entonces este factor se podria proponer como
biomarcador. Dada la importancia del tema y que no hay estudios al respecto, este punto

constituird un objetivo de nuestra investigacion.
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Is6topos

Los organismos vivos son conocidos por alterar el fraccionamiento isotopico de los
elementos presentes en aquellos minerales que producen, en comparacion con aquellos
producidos inorganicamente, ya que los procesos metabolicos enriquecen el mineral en
isotopos mas pesados o mas ligeros. El fraccionamiento isotopico esta basado en la
preferencia de una enzima por un isétopo en particular y, por lo tanto, depende de la ruta
quimica-bioquimica utilizada por el organismo para sintetizar el mineral (O neil, 1986). Un
fraccionamiento isotopico significativo del oxigeno y/o el hierro de la magnetita biogénica

comparada con la inorganica podria servir como un buen criterio de biogenicidad.
I.5.B Aplicaciones nanotecnoldgicas

La magnetita es un mineral que gracias a sus propiedades magnéticas tiene
multitud de utilidades. La produccion de magnetita, tanto de forma inorganica como
biologica, es uno de los campos mas prometedores de la nanotecnologia y un negocio en
el que, s6lo en EEUU, se invierten millones de dolares cada afio. Para su aplicacion
tecnologica, las nanoparticulas de magnetita de un lote han de ser muy homogéneas,
debiendo presentar todas ellas unas caracteristicas de tamafio y formas similares. Las
particulas producidas por métodos inorgéanicos suelen ser pequenias (<10 nm) amorfas y
con un momento magnético pequefio lo que no las hace deseables para su aplicacion
practica. Para que adquieran las condiciones deseadas las nanoparticulas de magnetita
han de formarse por métodos inorgdnicos en condiciones de alta temperatura y en
ambiente reductor, lo que hace que su produccion sea muy cara. Por otro lado, las
magnetitas formadas por magnetobacterias reunen todas las propiedades que la
convierten en un material excelente para ser usado en nanotecnologia. Mas atn, sus
propiedades magnéticas se pueden cambiar, adaptdndolas a las necesidades particulares

de cada aplicacion. Ademas de lo dicho hasta el momento, hay que afiadir una ventaja
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mas, que es el hecho de que la magnetita formada por magnetobacterias es un material
biocompatible y, por tanto, se eliminan muchos de los problemas a este respecto en

comparacion con las magnetitas de origen inorganico.

Aplicaciones de los magnetosomas v cristales de magnetita

Los magnetosomas y los cristales de magnetita se usan en aplicaciones

tecnologicas y biomédicas.

Las diferentes aplicaciones tecnologicas para las que se usa son por ejemplo, el
almacenamiento magnético (Chakraborty, 1999), Ila refrigeracion magnética
(McMichael et al., 1992), los dispositivos fotoeléctricos (McMichael et al., 1992) y los

ferrofluidos (McMichael et al., 1992).

En el campo de biomedicina tiene una gran aplicacion debido a que la membrana
de fosfolipidos de los magnetosomas permite la inmovilizacion de moléculas biologicas
como proteinas o dacidos nucleicos en su superficie. Algunos ejemplos de las
aplicaciones que puede tener en el campo de la inmunologia son: la creacion de
anticuerpos magnéticos usando particulas de magnetita bacteriana que se han utilizado
en varios ensayos de inmunofluorescencia (Matsunaga et al., 1990); la deteccion de
alérgenos (Nakamura y Matsunaga, 1993) y células escamosas de carcinoma
(Matsunaga, 1991); la cuantificacion de inmunoglobulina G (Nakamura ef al., 1991); la
deteccion y eliminacion de células de Escherichia coli con un anticuerpo monoclonal
conjugado con isotiocianato inmovilizado en magnetita bacteriana (Nakamura et al.,

1993).

Otras de las aplicaciones que tiene en el campo de la biomedicina son: la
inmovilizacion de enzimas (Matsunaga y Kamiya, 1987; Kanno et al/, 2005); como

agente de contraste para diagnostico clinico con imégenes de resonancia magnética
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(Wunderbaldinger et al, 2002); y su utilizacion en estrategias hipertérmicas contra el

cancer (Kim et al, 2001).

En el campo de la biologia molecular la magnetita de los magnetosomas se utiliza
para detectar polimorfismo de un Unico nucledtido, basdndose en la técnica de
transferencia de energia de la resonancia de fluorescencia (FRET) (Maruyama et al.,
2004; Nakayama et al., 2003; Ota et al., 2003; Tanaka et al., 2003; Yoshino et al.,
2003). Los magnetosomas también se pueden utilizar para el aislamiento de acidos
nucleicos. Para esto los magnetosomas se modifican utilizando compuestos como
dendrimeros de poliamidoamina muy ramificados o aminosilanos para la extraccion de
ADN (Yoza et al., 2002, 2003a, b). También se ha descrito un modo eficiente de aislar

ARNm gracias a magnetosomas modificados con oligo (dT) (Sode et al., 1993).

En el campo de la geologia y el paleomagnetismo encontramos otra aplicacion
muy importante de la magnetita. La magnetita de origen bacteriano, tanto la producida
por las bacterias magnetotacticas como aquella precipitada gracias a bacterias
reductoras del hierro es una portadora importante, en ocasiones la mas importante, de la
remanencia magnética en algunos sedimentos lacustres y oceanicos (Kim et al., 2005;
Oldfield y Wu, 2000; Snowball, 1994; Snowball et al., 2002). Este material magnético
de grano fino guarda memoria del campo magnético de la Tierra existente en el
momento en el que fue depositado. Usando datacion isotdpica, y otras técnicas, se puede
determinar cuando fueron depositados los sedimentos y rastrear los cambios producidos
en el campo magnético. Esto proporciona informacién importante sobre el origen del
campo geomagnético y el interior de la Tierra, la historia de los movimientos de placas
y la inversion magnética, e incluso datos magnéticos representativos del paleoclima y

paleoambiente (Evans y Heller, 2003).
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Capitulo II: Objetivos

Buscar criterios nuevos que sirvan para distinguir magnetitas inorganicas de las

producidas por BIM. Para ello se realizaran varios experimentos:

1. Sintesis inorganica de magnetita en condiciones compatibles con la vida de
bacterias magnetotacticas y bacterias reductoras de hierro, con el objetivo de
que este experimento inorganico sirva como control. Caracterizacion de las

magnetitas inorgdnicas obtenidas mediante este método.
2. Produccion de magnetita por S. oneidensis, caracterizacion de las muestras.

3. Comparacion de ambos tipos de magnetita (inorganica y BIM) con el fin de

encontrar caracteristicas diferenciadoras.

Comprobar la validez del criterio de “pureza quimica” actualmente utilizado como
biosignatura de magnetitas. Para ello se sintetizaran magnetitas inorganicas, BIM y
BCM en presencia de cationes extrafios y se comprobarad la incorporacion de estos

cationes a la estructura del cristal.

Comprobar si existe posibilidad de modular las propiedades magnéticas de las
magnetitas BCM con el fin de mejorar su aplicacion biotecnoldgica. Para ello se
determinardn las propiedades magnéticas de las magnetitas BCM obtenidas, en su caso,

en presencia de cationes.

101



102



Capitulo II1: Materiales y Métodos

103



104



Capitulo II1. Materiales y Métodos

II1.1. Microorganismos

Para la realizacion de esta tesis se han empleado las bacterias desasimiladoras
reductoras de hierro Shewanella oneidensis (ATCC 700550) procedente de la Coleccion
Americana de Cultivos Tipo. También se utilizd6 la bacteria magnetotactica

Magnetospirillum gryphiswaldense cedida por los doctores Bazylinski y Schiiler.

I11.2. Medios de cultivo

II1.2.A. Medios generales de cultivo

TSA y TSB

Estos medios se han utilizado para la conservacion de las cepas reductoras de
hierro. TSB (estéril)

Triptona de soja (Scharlau Chemie) 3%

Agua destilada

TSA (estéril)

Triptona de soja (Scharlau Chemie) 3%
Agar (Scharlau Chemie) 2%
Agua destilada
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I11.2.B. Medio de crecimiento y produccion de magnetita por bacterias

reductoras de hierro

Medio BpH 7

Este medio se corresponde con el M-1 descrito por Kostka y Nealson (1998) al
que se le ha eliminado el tampon fosfato. Se utiliza para inducir la precipitacion de
magnetita por las bacterias reductoras de hierro. Para actuar como aceptor de electrones
y fuente de hierro, se afiaden 0,2 g/L de ferrihidrita 2-line (descrita mas adelante), una
sal de hierro muy amorfa. En condiciones de anaerobiosis S. oneidensis utiliza el Fe*
presente en esta sal de hierro como aceptor final de electrones reduciéndolo a Fe*'. En
la composicion de este medio aparece un suplemento de metales, una solucion de sales
bases y una soluciéon de aminodcidos que se detallaran mas adelante. El medio se

prepara para que sea andxico.
Procedimiento

1. Para la preparacion de 1 L de medio, se afiaden 1,19_g de (NH4),SO4 a un
recipiente, 9 g de buffer PIPEs [piperazine-N,N'-bis(2-ethanesulfonic acid),
concentracion final de 30 mM], 100 mL de sales basales y 875 ml de agua

destilada. Se mezcla hasta que todo esté disuelto.

2. Se aniaden 0,1 mL de una soluciéon de 0,115 M NaSeO,4, 0,1 mL de
suplemento de metales y 6 mL de una solucién de lactato de sodio al 60% en

agua (concentracion final, 32 mM).
3. Se ajusta el pH a 7 con NaOH (10N).

4. Se hierve durante dos o 3 minutos y se burbujea con N, durante todo el

tiempo necesario hasta que se enftie.
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5. Se dispensa en botellas cerradas herméticamente a las que se ha sustituido el

aire por una atmosfera de N,.

6. Se autoclava a 121°C durante 20 min.

7. A cada botella se le anaden 10mL/L de la solucién de aminoacidos (se utiliza

un filtro acoplado a la jeringuilla), y 10 mL de la solucion de ferrihidrita.

Suplemento de metales

CoS0O4 7TH,O 141 g
NiCl, 6 H,O 198 g
NacCl 0,58 ¢
Agua destilada 100 mL

Se autoclava a 121°C y se guarda a 4°C

Solucion de sales basales

Solucion de elementos traza 10 mL
Agua destilada 800 mL
MgSO, 7H,O 2 g
CaCl, 2H,0 0,57 g
EDTA, sal de disodio 0,20 ¢
FeSO4 7 H,O 0,012 g
Se guarda a 4°C
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Solucion de elementos traza

H3BO; 28 g
ZnS04 7 H,O 024 ¢
Na,MoO, 2 H,O 0,75 g
CuSO4 5 H,0O 0,042 ¢
MnSO4 H,O 0,17 g
Agua destilada 1 L

Se esteriliza por filtracion y se guarda a 4°C

Amino acidos

L-arginina 02 g
L-serina 02 g
L-acido glutamico 02 g
Agua destilada 100 mL

Se esteriliza por filtracion y se guarda a 4°C

Preparacion de ferrihidrita 2-line por precipitacion de bases

1. Se disuelven 40g de Fe (NO3);9H,0 en 550 ml de agua Milli-Q.

2. Se anaden aproximadamente 330 ml de KOH 1 M para subir el pH entre 7 y

8. Los ultimos 20 ml deben ser afiadidos gota a gota comprobando

constantemente el pH.

3. Se agita vigorosamente y se centrifuga 10 minutos a 2000 r.p.m, se descarta el

sobrenadante, el precipitado se vuelve a resuspender en agua Milli-Q hasta el

volumen original de la muestra (880 mL aprox.). Se repite este proceso 3 veces.
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4. Se dializa la solucion para quitar los electrolitos, la conductividad debe estar

por debajo de 20 ps.
6. Se vuelve a ajustar el pH a 7.

El medio BpH7 se utilizara en otros experimentos modificando su pH.
Medio NBpH 7 y NbpH 8

Son idénticos al medio BpH 7 pero eliminando el buffer PIPEs. Son medios no
tamponados a los que se les ha ajustado el pH a 7 y 8 respectivamente utilizando

NH,OH (25% en NH;).

II.2.C. Medios para el crecimiento de Magnetospirillum

gryphiswaldense

Medio MSR-1 modificado

Se utiliza para el crecimiento de la bacteria magnetotactica M. gryphiswaldense.
Este medio fue descrito por Schiiler y Bauerlein (1997). Se ha modificado eliminado la
fuente de hierro, citrato férrico, y el extracto de levadura. En la composicion de este
medio aparece una solucioén de vitaminas que se detalla mas adelante. Concretamente

este medio se ha usado para preparar inoculos de esta bacteria. Es un medio

microaerobio.
Hepes 2,383 g
Piruvato sédico 297 ¢
NaNOs 0,39 g
KH,PO4 0,10 g
MgS04+7H,0 0,142 g
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Bacto peptona 3 g

pH 7

Se burbujea 1 h con una mezcla N,/O, en proporcion 99/1

Se autoclava a 121°C

Solucion de vitaminas 1 mL

Solucidén de vitaminas (Wolin ef al., 1963)

Biotina 2 mg
Acido folico 2 mg
Piridoxina 10 mg
Tiamina 5 mg
Riboflavina 5 mg
Niacina 5 mg
D,L Ca”*" pantotenato 5 mg
Vitamina B, 0,1 mg
Acido paraminobenzoico (PABA) 5 mg
Acido lipoico 5 mg
Agua Milli-Q 1L

Se esterilizan por filtracion

Se guardan a 4°C en oscuridad
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Medio FSM modificado

Es un medio muy similar al MSR-1. Fue descrito por Heyen y Schiiler (2003).
Se ha modificado eliminado la fuente de hierro y el extracto de levadura. En la
composicion de este medio aparece una solucion de elementos traza que se detalla mas

adelante. Se utiliza para cultivar magnetospirilos en grandes volumenes. Es un medio

microaerobio.

Hepes 238 ¢
NaNO; 0,34 ¢
KH,PO4 0,10 g
MgS04+7H,0 0,142 g
Peptona de soja 3 g
Lactato 2 mM
Elementos traza I mL
pH 7

Se burbujea 1 h con una mezcla de N, al 99% con un 1% de O,
Se autoclava a 121°C

Solucidon de elementos traza

Acido nitriloacético (NTA) I,5¢g
MgSO4+7H,0 30g
NaCl 1.0g
FeSO4+7H,0 0,lg
CoCly*6H,0 0 CoSO4¢7H,0 0,1g
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CaCl,*2H,0 0,1g

ZnS04*7H,0 0,1g
CuSO45H,0 0,025 ¢g
AIK(SO4),212H,0 0,01g
H;BO; 0,01g
Na;Mo042H,0 0,4¢g
NiCl,*6H,O 0,01¢g
Agua Milli Q 1L

Para preparar esta solucion de elementos traza se procede del modo siguiente: se
anade el NTA a 500 mL de agua Milli-Q. Se ajusta el pH a 6,5 con KOH saturado bajo
agitacion constante. EI NTA se disuelve segin aumenta el pH. Una vez disuelto
completamente se afiaden las sales en orden dejando que cada una se disuelva antes de

anadir la siguiente. Se autoclava y se guarda a 4°C.

II1.3. Procedimientos experimentales

I11.3.A. Establecimiento de condiciones andxicas y preparacion de

medios de cultivo andoxicos

Camara Coy

Ha sido necesario trabajar en condiciones anoxicas durante el desarrollo de los
experimentos, recogida de los solidos y preparacion de los analisis por varias razones:
(1) Ia magnetita solo se produce en condiciones reductoras; (2) el solido so6lo es estable
en ausencia de oxigeno; y (3) ademas ciertos reactivos usados (aquellos que contienen

Fe®), solo son estables si no hay presencia de oxigeno. Por ello hemos trabajado
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siempre en el interior de una camara de anaerobiosis Coy (Coy Lab Inc.) (Fig. 32). La
camara esta a temperatura ambiente y 1 atm de presion. Tiene una atmodsfera interna
mezcla de N, con H; al 4%. Las trazas de O, residual se eliminan con dos catalizadores
de paladio que aceleran la reaccion entre el oxigeno residual y el hidrogeno para formar
agua. Dentro de la cdmara también se introduce gel de silice para eliminar el exceso de
H,0O y mantener el grado de humedad por debajo de un 30%. La cdmara viene equipada
con analizadores de gases que monitorizan continuamente los niveles de Oy y Ho
durante los experimentos. La camara cuenta con una precamara para introducir material.
Antes de abrir la precamara al interior, se hacen automdaticamente 3 ciclos de vacio y
posterior llenado con N, en dos de ellos, y H»/N en el tltimo ciclo. Estos ciclos tienen
como objetivo diluir el oxigeno presente en el aire que entr6 en la precamara al ser
abierta. De esta forma, tras el Gltimo de los ciclos, el gas de la precamara no tiene
apenas oxigeno, y si una composicion similar al contenido en la cdmara. Es en este

momento cuando la precamara puede ser abierta al interior.
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Precimara

AN

Figura 32.- Camara Coy.

Medios de cultivo anoxicos

En nuestros experimentos se han utilizado diferentes medios de cultivo en
funcion del microorganismo. Los medios para la produccion de magnetita por bacterias
reductoras de hierro son andxicos y los utilizados con M. gryphiswaldense
microaerobios. Para conseguir estas condiciones particulares han de seguirse varios
pasos: 1) Hervir el medio para eliminar O, (en el caso del medio andxico). 2) Burbujeo
con gases que saturan el agua y desplazan al O,. Estos gases son: N, para los medios

andxicos y una mezcla de N»/O; al 99/1 para los microaerobios.

En el caso de los medios andxicos el nitrogeno se somete a una purificacion
extra para eliminar agua, oxigeno y otros contaminantes. Se le hace circular a través de

un purificador Supelco de gran capacidad.
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El tiempo de burbujeo depende del volumen del medio, 1 h para volimenes de 1

L y 20 min para volimenes de 70 mL.

En ambos casos las conducciones del sistema de burbujeo deben de estar hechas

de un material no poroso (Fig. 33).

Figura 33.- Sistema de burbujeo.

I11.3.B. Precipitacion de magnetita

Precipitacion inorganica de magnetita

Como se ha explicado en la introduccidn, la magnetita puede precipitar de manera
inorganica como una fase primaria o como una fase secundaria (I.3.A. y 1.3.B.). Se han
realizado dos experimentos de precipitacion inorgdnica de magnetita como fase primaria
y uno como fase secundaria. Estos experimentos se encuentran resumidos en la tabla

3.1. Esta tabla debida a su tamarfio se encuentra la final de la seccion I11.3.
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Formacion primaria a partir de soluciones acuosas

La magnetita precipita como fase primaria, en una precipitacion homogénea, a
partir de una solucion mantenida en condiciones anoxicas en el interior de la camara
Coy, a 25°C y 1 atm de presion. Se prepara una solucion de NaHCO3/Na,CO; (0.75 L,
25 mM/25 mM) utilizando agua Milli-Q libre de O,. Para eliminar el O, la solucion se
hierve y burbujea con CO, durante una hora, se introducen en la cimara Coy. Una vez
dentro, se afiade Fe(ClO4), hasta una concentracion de 25 mM. Esta solucion compuesta
de NaHCOs; (25 mM), NaCO; (25 mM) y Fe(ClOy), (25 mM), pH 7.79 y Eh -392 mV
es la solucion inicial y como tal sera referida siempre en esta memoria. A partir de esta

solucion se realizo el expeimento que se detalla a continuacion.

Diferentes volumenes de una solucion de NaOH (1 M) y otra de FeCl; (0,5 M)
se afiaden a la solucion inicial con el objetivo de conducir esta dentro del campo de
estabilidad de la magnetita (es decir, valores altos de pH y bajos de Eh) segun el
diagrama mostrado en la figura 26 y calculado expresamente para estos experimentos.
Las soluciones de NaOH y FeClj; se prepararan mezclando los reactivos con agua libre
de oxigeno. Durante el proceso, se monitorizan continuamente los valores de pH y Eh.
Se afiaden 100 ml de NaOH y 26 ml de FeCls, alcanzando un valor de pH 11,68 y un Eh
de -301,7 mV. Esta solucion, con una concentracion final de NaHCO; (25 mM), NaCOs
(25 mM), Fe(ClOy4), (25 mM), FeCl; (15 mM) y NaOH 114 (mM) es la solucion MIS.
De esta solucion se preparan tres réplicas en botellas Pyrex de 1 L que se cierran

fuertemente y permanecen a 25°C dentro de la cAmara Coy durante 1 mes.

Experimentos de adicion de cationes

A la misma solucion inicial, se afiaden soluciones de cationes diferentes al Fe,
Ca(ClOy4), y Mg(ClO4), y Mn(ClOy4), hasta obtener distintas mezclas de concentracion

de cada cation detalladas en la tabla 3.2, estas soluciones se llamaran MIS-X, siendo X
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el cation afiadido.

Tabla 3.2.

Mucsira N2HCO  NaCO;  Fe(ClO,), Ca(ClOy), Mg(CIO,) Mn(CIO;
MIS-Mg 25 25 25 0 25 0
MIS-Ca 25 25 25 25 0 0
MIS-Mn 25 25 25 0 0 75
MIS-

Mx1 25 25 25 12.5 12.5 0
MIS-

Mx?2 25 25 25 20 10 0

Al igual que en los experimentos anteriores se adicionaron diferentes
concentraciones de NaOH (10 M) y FeCl; (2,5 M) para alcanzar el campo de estabilidad

de la magnetita, hasta alcanzar los valores detallados en la tabla 3.3:

Tabla 3.3.
Muestra pH Eh (mV)
MIS-Mg 11.82 -181.3
MIS-Ca 12.28 -304.4
MIS-Mn 12.28 -202.6
MIS-Mx1 12.2 -293.9
MIS-Mx2 12.71 -254

Precipitacidén primaria a partir de medio estéril BpH7

En este experimento la precipitacion de magnetita se consigue de manera
inorganica, utilizando como solucidn inicial el medio BpH7. Para ello se le adiciona a
este medio FeCl, como fuente de Fe*", para suplir el que se libera al medio gracias al
metabolismo bacteriano, ausente en este caso. El campo de estabilidad de la magnetita

se alcanza anadiéndole al medio NaOH (10 M) y FeCls (2,5 M). Se prepararon distintos
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experimentos en las siguientes condiciones (tabla 3.4):

Tabla 3.4.
Nombre Medio pH final Eh final (mV)
BpH 7 (pH=7) BpH 7 7 -20
NBpH 7 (pH=7) NbpH 7 7 -20
NBpH 8 (pH=8) NbpH 8 8 -21
BpH 7 (pH=10.18) BpH 7 10.18 -294

Formacion secundaria por descomposicion termal de ankeritas

En estos experimentos la magnetita se forma como fase secundaria por la
transformacion de un mineral precursor, en este caso ankeritas. Las ankeritas,
carbonatos de hierro, calcio y magnesio, se sintetizaron en el laboratorio a 25°C y 70°C,
en experimentos de libre intercambio de iones a partir de soluciones de NaHCO;,
Fe(ClO4),, Mg(ClO4), y Ca(ClOy),. Estas ankeritas fueron preparadas y caracterizadas
por Romanek et al. (2009). De todas las ankeritas preparadas por estos autores se
seleccionaron FD15, FD16, FD20 y FD21. Cada muestra de ankerita se separa en dos
alicuotas y se descompone a magnetita usando dos procedimientos diferentes, cada uno

aplicado a una alicuota:

(1) calentando la muestra a 700°C en condiciones reductoras, es decir, en
atmoésfera de CO, (1 atm) mediante calorimetria diferencial de barrido (Differential
Scanning Calorimetry, DSC) utilizando una rampa de 20°C/min. Las muestras

resultantes son las llamadas “magnetitas-DSC”.

(2) calentando cristales seleccionados de ankerita con el haz de electrones de un
microscopio electrénico de transmision de alta resolucion (HRTEM, Philips CM200,

200 kV). En estos experimentos, se realizaron analisis SAED (difraccion de electrones

118



de areas seleccionadas) de determinados cristales de ankerita con el objetivo de orientar
los cristales en diferentes direcciones. El cristal de ankerita seleccionado, una vez
orientado mediante el SAED, se mantiene bajo el haz de electrones entre 5 y 20 min
para descomponer los cristales en magnetitas. Este procedimiento se realizd en cada
cristal de ankerita seleccionado. Esta coleccion de muestras se ha nombrado como
“magnetitas in-situ”. La composicion quimica de cada cristal individual de ankerita, asi
como de las magnetitas resultantes se analizo con HRTEM vy analisis de energia

dispersiva (EDAX).
Precipitacion de magnetitas por Shewanella oneidensis

Experimentos de formacion de magnetita estequiométrica

Estos experimentos tienen dos objetivos diferentes, por un lado observar como S.
oneidensis induce la formacion de magnetita, estudiando la evolucion de la quimica del
medio de cultivo, y, por otro lado, observar la importancia de los mecanismos activos y

pasivos de precipitacion. Para ello se realizaron dos experimentos diferentes.

Estudio del proceso de precipitacion de magnetita

En este experimento se estudia la evoluciéon quimica del sistema durante la
precipitacion de magnetita. Para ello, se reparten en condiciones andxicas 750 mL de
medio BpH7 en 24 botellas Pyrex de 1 L (2 réplicas de 12 botellas cada una). Estas
botellas se cierran con tapones de rosca modificados, que poseen un septo de goma que
permite la inoculacion y una adicidn posterior de sustancias quimicas. Se autoclavan las

botellas a 121°C durante 20 minutos.

Once de cada 12 botellas Pyrex conteniendo 750 mL de medio se inoculan con
3,75 mL de la suspension de S. oneidensis, quedando una botella sin inocular como

control. Se afade 0,2g/L. de ferrihidrita como aceptor de electrones. Las botellas se
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introducen en la camara Coy a 25°C y 1 atm de presion.

De las once botellas inoculadas, se abre una botella a cada uno de los intervalos
de tiempo determinados (0, 8, 16, 24, 32, 40, 48, 56 horas, 5, 10 y 30 dias) durante el
experimento. De cada botella se mide el pH, Eh, la densidad dptica a 625 nm (ODg;s), la
presion de O,, la concentracion de hierro ferroso (Fe*") y la concentracion de hierro

total (Fer).
Estudio de los papeles activo y pasivo del microorganismo en la precipitacion

Para observar la influencia de estos mecanismos se realizaron distintos

experimentos, en los que vario el tipo de indculo:

1) Experimentos L: Se utilizd directamente una suspension celular de S.

oneidensis como indculo. Es el experimento control.

2) Experimentos UV: Se us6 como inoculo una suspension celular de S.

oneidensis sometida a UV hasta su muerte.

Este experimento se realizd para observar el papel de la membrana externa
celular en la precipitacion de magnetita, excluyendo el papel del metabolismo
bacteriano. Para garantizar una radiacion uniforme, las suspensiones celulares fueron
diluidas 5 veces en una solucién de KC1 2 mM y expuestas a la radiacion UV durante 2
horas. La exposicion se realizé en placas Petri siendo la profundidad de la solucion de 2
mm. Después de la exposicion, se concentraron las células hasta su densidad original.
Esta suspension se utiliza como inoculo, pero primero se sembraron 100 pL en placas
de TSA y se incubaron a 28°C durante 3 dias para confirmar la ausencia de células
vivas. Se prepararon 5 réplicas por inoculo. El indculo muerto por UV también se
observé por microscopia electronica de barrido de campo de emision (FESEM, Gemini-

1350, LEO, Carl Zeiss) para asegurarnos de que las células muertas estaban intactas.
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3) Experimentos FP: Se usa como inéculo una suspensiéon de células de S.
oneidensis muertas por prensa French. Se concentrd la suspension celular y se hizo
estallar las células utilizando la prensa French (Thermo, 9000 p.s.i., 3 veces). Este
experimento se lleva a cabo para comprobar el papel de los restos celulares en la
precipitacion de magnetita, excluyendo el papel del metabolismo celular. Después de
romper las células, se diluyo la suspension hasta su densidad original y se utilizé como
in6culo. De nuevo, 100 pL del indculo se sembraron en placas de TSA para comporbar

que no quedaban c¢lulas vivas. Se prepararon 5 réplicas por indculo.

Estos experimentos se realizan en volimenes més pequefios y con diferentes
medios, para estudiar asimismo el efecto de la presencia o no de buffer y del pH en la
formacion de magnetita. Los medios utilizados son BpH7, NBpH7 y NBpHS8. En este
caso, se reparten 70 mL de medio en botellas de 100 mL. Estas botellas se cierran en

anaerobiosis y se autoclavan como se ha descrito anteriormente.

A cada botella de medio BpH7, NBpH7 y NBpHS se le anaden 700 pL. de una
solucién de FeCl, 142 mM como fuente de Fe®”. Se afiade este cation para suplir el que
se liberaria al medio debido al metabolismo bacteriano, que estd ausente en estos
experimentos. Para realizar los experimentos, las quince botellas que constituyen el
experimento UV (tabla 3.5) se inoculan con 0,7 mL de la suspension de S. oneidensis
muerta por UV, las quince botellas del experimento FP se inoculan con 0,7 mL de la
suspension muerta con la prensa French. Los controles no inoculados se preparan con
las siguientes variantes: a) seis botellas (dos para cada medio: BpH7, NBpH7 and
NBpHS) sin la adiciéon de FeCl,, b) doce botellas (cuatro para cada medio: BpH7,
NBpH7 and NBpHS) adicionando 0,7 mL de la solucion de FeCl,. Todas las botellas se
incuban durante un mes a 25°C. El nimero de botellas preparado para cada condicion

experimental queda resumido la tabla 3.5:
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Tabla 3.5.

Medio de Experimentos Experimentos — .Controles —
cultivo UV FP Estériles, sin Estériles, con
FeCl, FeCl,
NBpH 7 5 5 ) )
NBpH 8 5 5 ) A

En este caso se utilizdo también S. oneidensis y medio BpH7 para observar el

proceso de precipitacion de magnetita en presencia de cationes distintos al Fe.

El protocolo experimental es idéntico al detallado en el apartado 3.2.2.1.A. pero
anadiendo al medio de cultivo soluciones 25 mM de MgSO,, CaSO4 y MnSO, hasta una
concentracion final de 0,25 mM de cada cation. Para la preparacion de las soluciones,
cada compuesto quimico se disuelve en 50 mL de agua Milli-Q. Las soluciones se
colocan en botellas de 100 mL con tapones de butilo, se burbujean con N, durante 20
minutos y luego se cierran. El espacio vacio se llena con N, burbujeando la botella

durante 5 minutos. Se autoclavan a 121°C durante 20 minutos.
Formacion de magnetita por Manetospirillum gryphiswaldense

Para los experimentos de produccion de magnetita BCM por M.
gryphiswaldense se utilizé el medio de cultivo estindar FSM (Flask Standard Medium),
suprimiendo el hierro y el extracto de levadura. Los in6culos se tomaron de un cultivo

en medio MSR-1 modificado. Se uso indculo con una densidad dptica de 0,6 a 575 nm.

Dos botellas de 2 L conteniendo 1,2 L de FSM modificado fueron inoculadas
cada una con 10 ml de cultivo en medio MSR-1 modificado, y se les afiadid citrato

férrico. Estas botellas servirdn como experimentos control.

Para observar el efecto de la adicion de cationes sobre los cultivos de M.

gryphiswaldense, y los magnetosomas producidos por esta bacteria, se prepararon
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diferentes soluciones de metales a una concentracion de 10 mM: RuCl;, MnCl,,
MnSO47H,0 y VOSO4nH,O. Estas soluciones se prepararon en anaerobiosis y fueron

autoclavadas salvo la solucion de RuCl; que fue esterilizada por filtracion.

Cada botella de 2 L conteniendo 1,2 L de FSM modificado fue inoculada con 10
ml de cultivo en medio MSR-1 modificado, y se le afiadi6 citrato férrico y la solucion

del metal hasta una concentracion de 50 uM.

Después de una semana de crecimiento, se recogieron las células por
centrifugacion a 9000 r.p.m. durante 20 minutos. Las cé€lulas fueron lavadas 3 veces
mediante centrifugacion a 9000 r.p.m. y resuspension en tampén fosfato salino (PBS
1X). Posteriormente, fueron fijadas con glutaraldehido durante 8 horas y lavadas otras 3

veces mediante centrifugacion y resuspension en PBS.

Los magnetosomas se extrajeron rompiendo las células con una prensa French.
Los restos celulares fueron centrifugados y resuspendidos en 2 mL de agua Milli-Q a la
cual se anadio 1mL de SDS al 1% para eliminar la materia orgénica. Después de 1 h con
la solucidon de SDS se lavaron los cristales obtenidos mediante centrifugacién a 9000
r.p.m. y resuspension en agua Milli Q. Los cristales obtenidos se resuspendieron en 2

mL agua Milli-Q y congelaron para su posterior manipulacion.
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Tabla 3.1. Resumen de experimentos

Modo de Tipo experimento | Subtipo | Medio Cationes pH
mineralizacion utilizado
Inorganica Formacion MIS Fe* y Fe'" 11,68
primaria a partit. 7 Joon Ga | MIS | FeX, Feo, Ca?, | 11,82
de soluciones do Mo v M2
acuosas . gy 12,28
cationes
#Fe 12,28
12,2
12,71
A partir | BpH7 Fe™'y 10,18
de medio Fe**(ferrihidrita)
estéril
BpH7
Formacion BpH7 | Fe’'(ferrihidrita) | 7
secundaria por
descomposicion
termal de
ankeritas
Biomineralizaci Proceso de BpH 7 Control 7
6n inducida por | precipitacion de Fe**(ferrihidrita)
S. oneidensis magnetita
Experimentos Fe™'y 7
sobre los papeles NBpH 7 Fe**(ferrihidrita)
actlvody 1paswo Control 7
e Fe¥'(ferrihidrita)
microorganismo
enla NBpH 7 Fe™'y 7
precipitacion NBpH 8 Fe’*(ferrihidrita)
Control 8
Fe**(ferrihidrita)
NBpH 8 Fe''y 8
BpH7 Fe*'(ferrihidrita)
Fe"(ferrihidrita) | 7
Experimentos de FSM Fe'' 7
adicion de
cationes
Biomineralizaci Control FSM 7

on controlada
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por M. Experimentos de | Presencia | FSM | Fe’", Ru’’, Mn”™ 7
gryphiswaldens adicion de de y V¥
e cationes cationes
#Fe
I11.4. Analisis

I11.4.A. Analisis de las soluciones

El pH y el Eh de las soluciones se midieron utilizando un pH-metro Thermo
Orion 250+, calibrado utilizando soluciones buffer con estandar NIST para la
correccion de la pendiente (pH 4 y 7) y la compensacion de temperatura. La calibracion
para las medidas de Eh se realiz6 anadiendo quinhidrona a las soluciones buffer
estandar 4 y 7, siguiendo las instrucciones del fabricante. Basandonos en medidas
repetidas, el error para el pH y el Eh se calcul6 como + 0.05 y £ 13 mV,
respectivamente. El O, disuelto se midié utilizando el kit K-7759 de CHEMets. La
exactitud fue = 20 ppm. El hierro total (Ferwq) y ferroso (Fez+(aq)) se midieron
utilizando el método FerroVer y el de la Fenantrolina 1,10 respectivamente (Hach,
instrucciones del fabricante) con un colorimetro Hach DR 850 . La exactitud fue £ 1 uM
para ambos andlisis. La concentracion de hierro férrico Fe’'(,q se calculé como la
diferencia de los valores medidos de Ferq) y Fe**aq). La densidad dptica a una longitud

de onda de 625 nm (ODg;s) se midio utilizando un espectrofotémetro Thermo Genesys.

La concentracion de cationes de los experimentos de precipitacion de
biomineralizacion inducida de magnetita fue medida con un espectrometro de absorcion
atomica (PERKIN ELMER mod.5100, equipado con cédmara de grafito PERKIN

ELMER).
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I11.4.B. Analisis de solidos

Composicion quimica del sélido

Las muestras de magnetita inorganica producida con cationes fueron disueltas
con HCl y la proporcidn de cationes analizada con un espectrémeto de masas ICP-OES,
marca Fisons, Mod. ARL 3410, a las siguientes longitudes de onda: Ca, 393.372 nm;
Fe, 259.952 nm y Mg, 279.546 nm. Las rectas de calibrado fueron establecidas con
disoluciones patréon, suministrada por la casa Merck mantenidas en las mismas

condiciones operatorias que la muestra.
Difraccion de rayos X

La mineralogia de los solidos se determind usando un difractdmetro de rayos X
de cristal tinico equipado con un detector de area (Bruker D8 SMART APEX,
Alemania). Se recogié un patrén de difraccion bidimensional utilizando las siguientes
condiciones experimentales: Mo Ka, 50 kV, 30 mA, 0.5 mm de didmetro del colimador
y un tiempo de exposicion de 30 segundos. Las muestras de polvo, aglutinadas con
pegamento, se analizaron en el modo de transmision. Se utilizo el software XRD2DScan
(Rodriguez-Navarro, 2006) para convertir los patrones de difraccion bidimensionales en
analisis 20 lineares. Es importante resefiar los beneficios de un difractometro de cristal
unico en estos andlisis: el equipo utiliza radiacion Mo Ka en vez de Cu Ko, reduciendo
la fluorescencia producida por los minerales ricos en hierro y mejorando
sustancialmente la relacion sefial/ruido en los difractogramas resultantes. Ademas, el

uso de un rayo pequeiio colimado y un sensor de area con dispositivo de carga acoplado
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(CCD) muy sensible, permiten tomar medidas de muestras muy pequefias (< 1 mg),

factor importante en estos experimentos en los que la cantidad de la muestra es limitada.

Microscopia de transmision de alta resolucion (HR-TEM)

Con el fin de observar la morfologia de los cristales y la composicion de los
mismos, se usd microscopia electronica de transmision de alta resolucion (HR-TEM). El
microscopio utilizado fue un Philips CM20, equipado con microanalisis de rayos X de
energia dispersiva (EDAX). Estos andlisis permiten el estudio de la morfologia de los
solidos, el espaciamiento d [calculado gracias a la difraccion de electrones de area

seleccionada (SAED)] y la composicion quimica bruta de cada cristal individual.

Para los andlisis mediante HR-TEM se fijaron las muestras con glutaraldehido y
se post-fijaron con tetradxido de osmio. En los experimentos bioticos también se tifieron
las células con acetato de uranilo. Posteriormente, la muestra fue deshidratada con
etanol e incluida en resina de epoxi Embed 812. Se prepararon secciones ultrafinas (50-
70 nm) con un microtomo Reicher Ultracut S con una cuchilla de diamante DIATOME.

Las muestras se montaron en rejillas de cobre y se las recubrid con carbono.

En el caso de los magnetosomas de bacterias magnetotacticas las imagenes
fueron tomadas sin tincidon negativa con un microscopio electrénico de barrido de
transmision Tecnai G2 F20 equipado con detectores HAADF y EDX y operando a un
voltaje de 200KV. 20 microlitros de cultivo bacteriano concentrado fijados con
glutaraldehido al 2% se suspendieron en 2 mL de agua Milli-Q. 20 microlitros de la
suspension de células preparada de esta manera se colocaron en una rejilla de cobre
Quantifoil. Para determinar la media de magnetosomas por célula, més de 60 células

fueron examinadas en cada muestra. Para asegurarnos de la eliminacion de restos
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celulares y remanentes de membrana antes de la preparacion de la muestra para
microscopia electronica, las células magnéticamente separadas fueron lavadas con lejia
anaerdbicamente durante 72 h, luego se lavo con una gran cantidad de agua Milli-Q
burbujeada con argén antes de ser expuesta al analisis localizado de EDX en el modo
microsonda. El conteo de los magnetosomas y el andlisis de tamafio se realizaron en
varios micrograficos (en total se midieron mas de 1000 particulas) con el detector

HAADF.
Propiedades magnéticas

Las caracteristicas magnéticas de las muestras, concretamente la susceptibilidad
magnética, el ciclo de histéresis y la curva de primera magnetizacion fueron analizados

en 2,490 mg del solido usando un magnetémetro MANICS DSM-8 a 300 y 10000 Mg.

En el caso de las magnetitas BCM las medidas magnéticas de las suspensiones
celulares de M. griphyswaldense y las células lisadas se tomaron usando un Quantum
Design SQUID (Superconducting Quantum Interference Device) ST MPMS (Magnetic
Properties Measurement System). Para identificar la temperatura de transicion de
Verwey, las muestras fueron enfriadas en un campo magnético de cero a 5 K. Después
se aplicd un campo magnético de 500 Oe y se tomaron medidas mientras se calentaba la
muestra a 296 K (proceso ZFC-W) y después enfriando otra vez a 5 K (proceso FC-C).
Un segundo tipo de medida magnética fue la curva del campo magnético mientras se

registraba la magnetizacion a una temperatura fija (ciclos de magnetizacion).
Calorimetria diferencial y analisis termogravimétrico

Para determinar la estabilidad térmica del solido, asi como para detectar pérdidas
de peso y energia y analizar los gases que pudieran aparecer durante el calentamiento de

la muestra, como fruto de posibles descomposiciones, se realizaron analisis de
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calorimetria diferencial (DSC) y termogravimetria (TGA). Estos analisis se realizaron
bajo condiciones anaerobias para evitar oxidaciones. En el caso del DSC, se utilizaron
10 mg de muestra que se calentaron en un termogravimetro DSC-50 SHIMADZU vy la

rampa de calentamiento fue de 10°C/min.

En el caso del TGA las muestras solidas utilizadas para el analisis fueron lavadas
con SDS al 10% 3 veces para eliminar células y otros restos orgénicos. La separacion se
llevd a cabo por centrifugaciéon a 6000 r.p.m. durante 10 minutos, resuspendiendo
posteriormente el pellet en agua libre de O,. Se usaron 10 mg de muestra que se
calentaron en un termogravimetro SHIMADZU (modelo TGA-50H). El calentamiento
se realizo en una célula de aluminio, en atmoésfera de N, a un ritmo de 20°C/min hasta
una temperatura final de 950°C. También se analizaron los gases liberados durante la

descomposicion del solido.
Espectroscopia Raman

El anélisis Raman se realiz6 para determinar los modos de vibracion del enlace
Fe-O en la magnetita, para comprobar si eran los caracteristicos de este mineral.
También se us6 para ver si habia corrimientos en sus modos de vibracion, y asi detectar
cambios a nivel estructural. Para este analisis se usaron aproximadamente 1 mg de las
muestras que se estudiaron con el espectometro Kaiser Holospec, con un laser de He-Ne
de 632.8 nm y un microscopio Nikon Eclipse E600. Se recogieron los espectros en un
rango de 100-3800 cm™ con una resolucion espectral de 4 cm™. En las muestras de
magnetita adicionada con cationes se utilizd un espectrémetro Renishaw Raman “In
Via” reflex, con un laser de Ar: 785 nm y un microscopio Lieka DM. Se recogieron los
espectros en un rango 200-2000 cm™. Como las muestras eran muy termolabiles se
utilizo poca intensidad de laser (0.4 mW) y un tiempo de adquisicion largo (3 min). Sin

embargo, los espectros mostraron poca intensidad y una relacion ruido/senal pequeiia.
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Los espectros se recogieron en diferentes puntos en cada muestra para comprobar la

consistencia de los resultados.

Espectroscopia de infrarrojos

Conjuntamente a los andlisis de espectrometria Raman se realiz6 un analisis de
espectroscopia de infrarrojos por transformada de Fourier (FT-IR). El objetivo de este
analisis es obtener informacién complementaria a la de los andlisis Raman, pues nos

sirven para determinaron exactitud la estructura cristalina y cambios estructurales.

Se utilizé un espectrometro Thermo-Nicolet con una resolucion espectral de 4
cm” y 128 barridos. Antes de realizar el analisis, los precipitados se incluyeron en
pastillas De KBr (3 mg de magnetita + 95 mg de KBr). Para determinar si habia
materia organica ocluida dentro de los cristales de magnetita o, por el contrario, toda la
materia organica estaba adsorbida en la superficie del cristal, una submuestra de
magnetita BIM se tratd con una solucion al 5% de NaOH durante una noche.
Posteriormente se lavo con agua Milli-Q y se centrifugd a 2000 r.p.m. varias veces para

eliminar toda la materia organica adsorbida.
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ABSTRACT

In this study we have developed an easy, low cost method for inorganically producing
magnetite nanoparticles from solutions, in free-drift experiments, under anoxic
conditions, at 25°C and 1 atm pressure. The resulting solid has been extensively
characterized. By using this method, 100% magnetite forms that shows the typical
magnetic properties and thermal stability for magnetite produced by other methods. The
magnetite crystals produced by our method can exhibit relatively high sizes (200-300
nm), or sizes within the single magnetic domain range, just depending on the incubation
time. The solution from which magnetite precipitates may be representative of certain
natural environments and, thus, our magnetite may be used as an inorganic reference

material to compare to biologically produced magnetites.

1. INTRODUCTION

Magnetite is a ferrous-diferric iron oxide (Fe;O4). It is a magnetic mineral that is

usually found in magmatic, metamorphic and sedimentary rocks (Thomas-Keprta et al.,
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2000 and references therein). It is also an important part of terrestrial and marine
sediments (Mozley and Carothers, 1992; Rajan et al., 1996), degradated oil deposits
(Ptacek, 1992), stuarian and lake sediments (Kelts 1988; Michard et al., 1988) and it is
even found in extraterrestrial materials like Martian meteorite ALH84001 (Thomas-
Keprta et al., 2000).

Moreover, because of its strong magnetic properties, magnetite has important
applications in nanotechnology, ranging from magnetic storage (Chakraborty, 1999),
magnetic ink printing (Peikov et al., 1999), magnetic refrigeration (McMichel et al.,
1992), photoelectric devices (McMichel et al., 1992), ferrofluids (McMichel et al.,
1992), magnetic bioseparation (Sen et al., 2006), and microwave absorption (Pinho et
al., 2001), among others, to clinical applications such as cancer therapy (Kim et al.,
2001), tumor detection (Kumagai et al., 2009), magnetic resonance imaging for clinical
diagnosis contrast agent (Wunderbaldinger et al., 2002) and magnetic drug targeting
(Kim et al., 2001). Other applications of the magnetic nanoparticles are: in-vitro cell
separation (Begg et al., 2002), in-vivo drug delivery (Roulin ef al., 2002), immunoassay
(Mura et al., 2002), immunomagnetic array (Call et al., 2001), enzyme immobilization
(Kanno et al., 2005) and biosensors and bioprocessing (Perez et al., 2003; Nixon et al.,
1992). Because of these applications, the production of magnetite represents a rapidly
growing and one of the most promising fields of applied nanotechnology and is a
rapidly growing business that generates millions of dollars.

Regarding the inorganic precipitation of magnetite, this mineral can be
synthesized as a primary or a secondary phase. The best developed techniques for the
synthesis of inorganic magnetite as a primary mineral phase are based on the
precipitation of this mineral from bulk solution, since large quantities of magnetite can

be produced. There are a number of different specific methods to do this, some of which
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are detailed below, that mainly differ in how Fe*" is introduced in the solution. All these
methods, however, are dependent on controlling the conditions consistent with the
thermodynamic stability field for magnetite, which include Eh, pH and alkalinity/pCO,
(Jimenez-Lopez et al., 2004) as shown in Figure 1.

Most of the procedures involving the precipitation of magnetite from bulk
solution follow the so-called “co-precipitation” method, in which a variety of salts of
Fe*" and Fe’™ mixtures (mainly as chlorides or nitrates) are introduced as starting
solutions under anaerobic conditions. In order to maintain the conditions necessary for
the thermodynamic stability field for magnetite, different compounds are used to
increase and maintain alkaline conditions during magnetite precipitation including the
following: NH; at 85°C (Vayssicres et al., 1998; Tseng et al., 2007), NaOH at 25°C in
agarose gel (Prozorov et al., 2007), NaOH at 25-45°C in solution (Vayssicres et al.,
1998), NH3 and/or NaOH at 9-90°C (Nyir6-Koésa et al., 2009). NH4OH at 25°C (Arato et
al., 2005), and N(CHj3)4OH (Vayssicres et al., 1998). It is common for the magnetite
crystals formed in this manner to be of several different morphologies (within the same
reaction mixture) including cubic, rounded, octahedral and/or irregular. For those
applications in which specific sizes and relatively narrow size distributions of the
magnetite particles are desired, several modifications of the bulk “co-precipitation”
technique have been developed. These modifications are mainly based on limiting the
space available for crystal growth by precipitating magnetite in microemulsions,
vesicles, polymer solutions, or gels (Mann and Hannington, 1988; Ward and Friberg,
1989; Liu et al., 2004).

Another method for inorganic precipitation of magnetite is the “reduction-
precipitation” technique, in which the precipitation of magnetite occurs by the addition

of iron only as a Fe’* solution (mainly FeCls). The precipitation of spherical magnetite
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particles with mean diameter of about 10 nm or less has been shown to occur through
the reduction of ferric ions (as FeCls) to ferrous ions by Na,SO; followed by an increase
in the pH of the system by the addition of ammonia, always under anaerobic conditions
(Schwertmann and Murad, 1990; Qu et al, 1999). The mineralogy of the product
strongly depends on the initial [Fe’"]/[SOs>] ratio. Other way to reduce Fe’” ions and to
obtain and maintain the necessary Eh value range to comply with the stability field for
magnetite is by applying a constant voltage to the solution throughout the experiment
(the “electrochemical” method). Using this method, cubic nanopaticles (45-80 nm) of
magnetite are obtained from an iron-based electrode immersed in an alkaline aqueous
medium containing Fe-complexing molecules (Franger et al., 2004).

Magnetite can also be precipitated at high temperatures, which results in the
synthesis of larger, morphologically well-defined crystals. Magnetite can be produced
by the oxidation of a Fe*" solution (FeSO,) at 90°C by the addition of KNO; while
maintaining a high pH using a solution of KOH. The resulting magnetite is close to
stoichiometric and forms cubes varying in sizes between 0.05-0.20 um (Schwertmann
and Cornell, 2000). Magnetite is also known to precipitate at high temperature via the
mixing of solutions of FeSO4*7H,0O and N,H4*H,O and the subsequent heating of the
reaction mixture in an autoclave at 150°C for 8 hours (Zhu et al., 2007). Using this
method, well-crystallized, cubic magnetite particles of about 1 pum in diameter is
obtained.

Magnetite can be formed as a secondary phase, a term which implies that the
magnetite forms through the transformation of certain iron-bearing mineral phases at
high or at low temperatures. At low temperature (~25°C), magnetite forms by the
transformation of ferrihydrite and/or green rust, both of which are thermodynamically

unstable under anoxic conditions, once the pH, Eh, pCO,, [Fe*'] of the system meet the
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requirements necessary to reach the stability field for magnetite (Zachara et al., 2002).
Magnetite has also been shown to form through reactions between soluble Fe(OH), and
FeOOH at temperatures ranging from 25 to 100°C and pH values from 3 to 13
(Ishikawa et al., 1998). Well crystallized cubic magnetite particles are obtained using
this reaction, mixed with spindle- and rod-shaped, needle-like and irregular crystals of
FeOOH. Also, the thermal decomposition of siderite or other Fe-rich carbonate phases
at temperatures higher than 400°C in the absence of oxygen has been shown to result in
the formation of magnetite. This reaction has been explored in some detail (Golden et
al., 2001, 2004; Thomas-Keprta et al., 2009; Jimenez-Lopez et al., 2008), in connection
with controversy over the origin of nanometer-sized magnetite crystals within the
Martian meteorite ALH84001 (McKay et al., 1996).

Most of the abovementioned methods are mainly designed to cover specific
technological application, and, therefore, the precipitation of magnetite occurs in an
environment that does not usually represent natural conditions. In this scenario, the
problem arises when it comes to compare inorganic magnetite with biotic magnetite.
This problem is important to decide whether or not magnetite is a good and reliable
biomarker and thus, the presence of magnetite with certain characteristics may reveal
traces of life in Earth or elsewhere. Therefore, the aim of this paper is to design a
method to precipitate magnetite under conditions that are compatible with life and,
simultaneously, under conditions that can be found in natural environments. To comply
with these objectives, the precipitation of magnetites has been performed at 25°C, from
free-drift experiments, by following a co-precipitation method in which magnetite
formed from a solution containing carbonate salts, which are commonly found in
natural environments. This study proposes an easy method to precipitate inorganic

magnetite, which is compatible with natural environments. The resulting magnetite has
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been extensively characterized and it is a good candidate to be used as a inorganic

reference to compare to biotic magnetite.

2. MATERIALS AND METHODS

2.1. Materials

All chemicals used NaHCO;, Na,COs, FeCl;, Fe(ClO4); and NaOH were of
reagent grade from Sigma Aldrich. O,-free deionized water (Milli-Q) was prepared by
boiling deionized water for one hour, and then cooling in an ice bath while sparging
with ultra pure N, for one hour. Once cold, the oxygen-free water is immediately placed
inside an anaerobic Coy chamber.
2.2. Experimental Procedures

Experiments were carried out inside an anaerobic chamber (Coy Lab) at room
temperature and 1 atm pressure. The atmosphere inside the chamber was Na/H; (4%)
mixture. The trace O, inside the chamber was removed by two palladium pellets, which
catalyze the reaction of such oxygen with the hydrogen that fill the chamber to form
water. Silica gel was also introduced inside the Coy chamber to remove the excess of
H,0 and keep a humidity level below 30%. The chamber was also equipped with gas
analyzers to continually monitor Oy, and Hj) levels throughout the course of the
experiment.

To initiate the experiments, a NaHCO3/ Na,CO; solution (0.75 L, 25 mM/25
mM) was prepared using MilliQ water. It was boiled, bubbled with CO, during an hour
and placed quickly into the Coy chamber to keep it anaerobic. Fe(ClO4), was added to
this solution up to a 25 mM concentration. This solution with the following
composition: 25 mM NaHCOs3, 25 mM NaCOs; and 25 mM Fe(ClO4), with a pH value

of 7.79 and a Eh value of -392 is here referred as initial solution.
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With the goal of driving the initial solution into the calculated stability field of
magnetite (i.e. high pH values and low Eh values), different volumes of solutions of
NaOH (1 M) and FeCls (0.5 M) were added to the initial solution while the Eh and pH
values were monitored continuously. The solutions of FeCl; and NaOH were prepared
by mixing the reactives with O, free water. A volume of 100 ml of NaOH and 26 ml of
FeCl; were added to the initial solution to reach a pH value of 11.68 and an Eh value of
-301.7 mV. This solution, with a final concentration of 25 mM of NaHCO;, 25 mM of
NaCOs, 25 mM of Fe(ClOy4),, 15 mM of FeCl; and 114 mM of NaOH is here referred as
MIS solution. This MIS solution was poured in three 1 L Pyrex bottles until they were
completely filled. The Pyrex bottles were tightly closed with Teflon caps and kept at
25°C inside the Coy chamber for a month (here referred as MIS30). With the goal of
determining the effect of the incubation time on the size of magnetite, other sets of
experiments were performed identically to those explained above, but they were
incubated just for four days (here referred as MIS30).

2.3. Analysis

A volume of 20 ml of the master solutions was saved for chemical analyses
(dissolved O, Fe*'(oq) and Ferg). The dissolved O, was measured on 10 ml of the
master solution by using the K-7759 CHEMets kit. Accuracy was = 10 ppm. The pH
and Eh values were measured by using a portable Thermo Orion 250 A+ pHmeter
calibrated using NIST-traceable standard buffer solutions for slope correction (pH 4 and
7) and temperature compensation, while the calibration for Eh measurements was
performed by using quinhydrone added to the standard buffer solutions at pH 4 and 7,
according to the manufacturer’s instructions. Based on repeated measurements,
accuracy for pH and Eh was calculated at = 0.05 and £ 13 mV (lo), respectively.

Aqueous ferrous cation (Fez+(aq)) and total iron (Feraq) were measured by using the
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1,10-Phenanthroline method for Fe*" and the Ferrover method for the Ferq (Hach,
manufacturer’s instructions) with a Hach DR 850 colorimeter. The analytical error for
both analyses was = 1 uM. Fe’'(,, concentration was calculated as the difference
between the measured values of Fer(,q) iron and Fe** ).

After the complexion of the experiments (4 days and 30 days), the solutions
were filtered under vacuum through a 0.45um Millipore membrane within the anaerobic
chamber to avoid potential oxidation of the solid samples. The filtered solids were
immediately freeze-dried (FLEXI-DRY-uP).

The mineralogy of the solids, collected in both MIS30 and MIS4 experiments,
was determined by using a single-crystal x-ray diffractometer equipped with an area
detector (Bruker D8 SMART APEX, Germany). A frame (or 2D diffraction pattern)
was collected using the following experimental conditions: Mo Ka, 50 kV, 30 mA, 0.5
mm collimator diameter and 30 seconds exposure time. Sample powders, agglutinated
by using glue, were analyzed in transmission mode. XRD2DScan software (Rodriguez-
Navarro, 2006) was used to convert 2D diffraction patterns into regular 26 linear scans.
This software was also used for background subtraction and integration of peaks in the
20 scans.

The morphology and size of the crystals collected in MIS30 and MIS4
experiments were studied by High Resolution Transmission Electron Microscopy
(HRTEM). The microscope used was a Philips CM20, equipped with Energy Dispersive
x-ray Microanalysis (EDAX). Those analyses allowed the study of the morphology of
the solids, the d-spacing [determined from selected area electron diffraction (SAED)]
and the gross chemical composition of individual crystals. For HR-TEM analyses,
samples were fixed with glutaraldehyde and post-fixed with osmium tetraoxide.

Afterwards, the sample was dehydrated with ethanol, and embedded in Embed 812
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resin. Ultrathin sections (50-70 nm) were prepared (Reicher Ultracut S microtome,
DIATOME diamond blade). The samples were placed in copper grids and carbon
coated.

The magnetic susceptibility, hysteresis loop and first magnetization curve were
determined on 2.490 mg of the MIS30 solid, by using a MANICS DSM-8
magnetometer, at 300 and 10000 Mg.

Differential scanning calorimetry analyses (DSC) were performed on 9.608 mg
of MIS30 samples by using a SHIMADZU model TGA-50H thermogravimeter. The
samples were analyzer under anaerobic conditions to avoid potential oxidations. The
heating rate was 10°C min™'. Thermogravimetric analysis (TGA) was also run on ~10
mg of solid, by heating the sample in an alumina cell under N, atmosphere, at a rate of
20°C min' up to a final temperature of 950°C. The gases evolved during the
decomposition of the solid were, as well, analyzed.

Raman analyses (Kaiser HoloSpec, with a He-Ne 632.8 nm laser interfaced with
a Nikon Eclipse E600 microscope) were run on =1 mg of MIS30 sample. Spectra were
collected over a 100-3800 cm™ range at a spectral resolution of 4 cm™. Since the
samples were highly thermolabile, very low laser power (0.4 mW) and a long
acquisition time was used (3 min). Nevertheless, spectra showed a very low intensity
and a small noise to signal ratio. Spectra were taken at several different points from

each sample to check their consistency.

3. RESULTS AND DISCUSSION

The solution, initially orange and non-magnetic, starts turning darker in a few
minutes after titration and, two hours later, a black, strong magnetic precipitate is

observed in the solution. Since Fe’™ oxide minerals are highly insoluble (Schwertmann
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and Cornell, 2000; Schwertmann, 1991) they will easily precipitate during the first
stages of the process. Actually, this result is in accordance with that predicted by the
Eh-pH diagram calculated for our experiments. As it can be seen in Figure 1, the MIS
solution was slightly over the stability field for magnetite, situating in the stability field

for Fe'" oxides. Based on the Nerst equation, the Eh is describes as following:

RT . Fe**

Eh=E,+—1Io
0 nF gFe2+

(1)

where Eo is the standart potential, R is the constant for the ideal gases, T is the
temperature, n the numbers of electron accepted and F' the Faraday constant. For the
reaction of the oxidation of Fe'*, at 25°C, and assuming Yres+ (activity coefficient for
Fe’) and Vreos (activity coefficient for Fe*") equal to one, the Nerst equation could be

written as following (Garrels and Christ, 1990):

3+
0.05916 log Fe @)

n F62+

Eh =0.77 +

From this equation, once the Fe’ oxides form in our MIS solution, the concentration of
Fe*' decreases, an so, the Eh value. Since the pH is held constant, the MIS solution will
eventually enter the stability field for magnetite, making thermodynamically stable the
precipitation of such a mineral phase compared to that of the precipitation of Fe®*
oxides. Those previously formed Fe'* mineral dissolve over the time course of the
experiment, being the final solid composed of 100% magnetite (octahedral isometric
system), according to XRD analyses. The dissolution of previously formed mineral
phases to give raise to more stable ones, described by the Ostwald Step Rule, is a well-
known phenomenon described to occur during the formation of minerals (i.e., Morse
and Casey, 1988; Ogino et al., 1987, Jimenez-Lopez et al., 2001, 2004).

Regarding the morphology of the crystals, and according to HRTEM analyses,

MIS4 samples are isomorphic (Figure 2a and b), while MIS30 are rectangles, rhombus,
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hexagons, bars and spherulites (Fig. 2¢). Since these images are bi-dimensional cuts of
three-dimensional crystals, the 3D morphology of the crystals cannot be determined
exactly. Nevertheless, the 2D images corresponding to MIS30 sample can result from
euhedric, prismatic, prismatic elongated in one direction, cubic and rhombic 3D
crystals. The magnetite crystals from MIS4 experiments exhibit a size range from 40 to
50 nm (within the single magnetic domain range, Butler and Banerjee, 1975), while the
size of those from the MIS30 experiments is within the interval 300-400 nm
(multimagnetic domain, Butler and Banerjee, 1975). EDAX analyses of several crystals
showed that the chemical composition of those crystals was Fe and O (Fig. 2d). SAED
analyses of the crystals showed d-spacings of 4.78 and 4.14. When these spacing were
compared with those of the JCPDs cards, they fits with the magnetite spacing in [111]
direction.

It is remarkable that we have observed size ranges of our inorganically produced
magentites that are much bigger that that obtained from other authors. It is also
interesting that the size of our crystals could be modified just varying the time for the
incubation, so, the longer the incubation time, the bigger the crystals. Regarding co-
precipitation methods, Nyir6-Koésa et al. (2009) precipitated magnetite from solutions
based on chloride salts, added with NH4 and NaOH, at temperatures ranging from 9 to
90°C. These authors obtained magnetite crystals within a size range from 11 to 120 nm,
depending on the pH values (from 3.8 to 13.1). As in our experiments, these authors
also observed varying morphologies associated to the size of the crystals. For instance,
crystals with diameters between 10 and 25 nm had irregular or rounded crystal
morphologies, whereas those with diameters greater than 50 nm were octahedral.
Vayssicres et al. (1998), also working with nitrate salts and FeCl, added with (NaNOs,

NH4NO; or N(CHj3)4NO; obtained magnetite crystals, at a temperature range from 25 to
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45°C, with crystal sizes within the range from 1.5 to12.5 nm, just depending on the pH
values and ionic strength of the solution from with magnetite precipitated. The
magnetites produced by a reduction-precipitation method are also usually small, with an
average diameter of about 10 nm or even less (Schwertmann and Murad, 1990; Qu et
al., 1999) and magnetites produced by electrochemical synthesis usually exhibit size
ranges of 45-80 nm (Franger et al., 2004). Interestingly, the size range of our magnetites
is closer to that of the magnetites produced at high temperatures. For instance, the
magnetites produced by Schwertmann and Cornell (2000) by the oxidation of a Fe*"
solution (FeSO4) at 90°C had a size range of 0.05-0.20 um. Also, Zhu et al., (2007)
obtained magnetite crystals of about 1 pm in diameter by mixing solutions of
FeSO4+7H,0 and N,H4*H,O and heating them at 150°C for 8 hours. The fact that we are
able to change the size based on the incubation time is probably due to the dissolution of
the smaller crystal to favor the growth of the bigger ones, according to an Ostwalds
Rippenning process (Morse and Casey, 1988). By means of this process, the system
reduces its free energy. Therefore, we are proposing an easy and low cost method to
inorganically produce magnetite at 25°C, in which the magnetite crystals can exhibit
relatively high sizes (200-300 nm), or sizes within the single magnetic domain range,
just depending on the incubation time.

Moreover, the solution from which magnetite precipitate can be found in high
pH areas of natural environments where magnetite forms. For instance, it has been
demonstrated by Zachara et al. (2002), and Perez-Gonzalez et al. (2010) that the
precipitation of magnetite induced by Shewanella oneidensis requires high pH values
for the precipitation to occur. Those high pH values are reached at the cell wall and
decrease from this wall to the bulk culture medium, triggering the precipitation of

magnetite precisely at the cell wall (Zachara et al., 2002). Therefore, and although the
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pH values of the environment where bacteria grow is about 7 to 8, high pH values are
locally created by bacterial metabolic activity in the surroundings of the cell wall, and
this local environment may be represented by the solution from which our inorganic
magnetite forms.

Much attention was paid to determine whether or not the final solid was
maghemite or magnetite. Most of the methods proposed to far in the relevant literature
that claims to produce magnetite actually do not test whether the final product is indeed
magnetite or maghemite. The differentiation between these two minerals phases is
somehow difficult just from XRD analyses, since only the reflections (221) and (320)
[present in maghemite, but not in magnetite (Bernal ef al., 1957)] can distinguish both
minerals. These reflections were not observed in the XRD pattern from our sample.
Nevertheless, the distinction of these two minerals can be satisfactorily done by means
of Raman analyses (Hanesch, 2009). The spectrum shows a sharp peak at 670 cm™ (Fig.
5), which is indicative for magnetite and also, for the good crystallinity of our sample (a
poorly ordered substance would show a broader peak). The characteristic peaks for
maghemite (350, 512, 664, 726 and 1330cm™") were not observed.

Chemical stability and the hidratation levels of the sample were analyzed by
DSC (Fig. 3a). Sample shows an initial exothermic reaction about 70°C due to H,O lost.
Later, two other peaks at 181.13°C and 361.67°C are observed, also corresponding to
exothermic reactions. The energy lost at each of these transformations is 41.28 J/g and
5.48 J/g, respectively. That energy loss fits the ones expected for magnetite during the
oxidation of Fe*" (Mackenzie, 1970). TGA analyses of the magnetite (Fig. 3b) showed a
first mass lost within the 100-300°C range (sample looses about 5% of its initial mass).

Later, within 300-400°C range, the sample underwent an additional 1% mass reduction.
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Analysis of evolved gasses associated to both events indicated the only presence of
H,O.

Magnetic measurements of MIS30 magnetites show typical values for magnetite
in both the first imanation curve and different field imanation curves (Fig. 4a and 4b).
The lower magnetization saturation value determined for our sample (364,3KA/m;
Figure 4a) is lower than the expected standard value for magnetite (570 KA/m). Such a
difference is usual when the sample is hydrated (Lima et. al 2006). The hydration of our
sample is confirmed by TGA results, explaining the lower magnetization saturation
value. However, the hysteresis loop (Fig. 4c) perfectly fits that of a soft magnetic
material easy to magnetize and demagnetize, being that curve typical from magnetite

(Schwertmann and Cornell, 2000).

4. CONCLUSIONS

We have developed an easy method to inorganically produced magnetite under
anaerobic conditions at 25°C in free-drift experiment. The synthesis of the magnetic
nanoparticles by following our procedure is low cost, since high temperatures and/or
additional processing of the sample is not required. Within a time frame of days, 100%
magnetite is produced with a varying size from the single magnetic domain range to the
superparamagnetic range, just by controlling the time of incubation.

Moreover, the method proposed in this study is compatible with certain natural
systems and may be a good candidate as an inorganic control to compare to biogenically

produced magnetites.
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TABLE CAPTIONS
Table 1. Values of the pH, Eh and Fe®*,) at the beginning, after tritation and the end of

the experiment.

Experiment Initial solution MIS (0 days) MIS (30 days)
type pH Eh Fe”,, pH Eh Fe,, pH Eh Fe''y
£ (mV) (mM) =005 mV) @mM) =005 @mV) (mM)
0.05  +13 +0.1 +13 +0.1 +13 +0.1
mV mV mV
MIS 7.79 -392 4.1 11.68 - 0.123 11.82 - 0.101
301.7 290.2
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FIGURE CAPTIONS

Figure 1. Stability diagram for magnetite and siderite in close system and at different
chemical conditions of iron concentration and alkalinity (Alk). Blue dot represents
initial conditions after titration.

Figure 2. HR-TEM images and EDAX analyses of magnetite. a) General image of
MIS4 crystals; b) Detail of MIS4 crystals; ¢) General image of MIS30 crystals; d) Detail
of MIS30 crystals. SAED analysis shows typical d-spacing for magnetite. Rectangles
on crystals show where EDAX and SAED analyses were performed.

Figure 3. a) Differential scanning calorimetry (DSC) of the MIS30 sample. b)
Thermogravimetric analysis of the MIS30 sample. Mass loss is indicated in the figure.
Figure 4. Magnetic susceptibility curves for the MIS30 magnetite. a) First imanation
curve. b) Different field imanation curves. c) Hysteresis loop. Black squares represent
first field intensity which increases up to saturation point. Red dots represent reduction
of the field intensity up to negative values and saturation point. Green triangles
represent remagnetization because the application of a positive field.

Figure 5. Raman spectra of MIS30 magnetites.
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ABSTRACT

The discovery, in the Martian meteorite ALH84001, of nanometer-sized crystals
of magnetite with specific features, that, in Earth, resemble those formed by
magnetotactic bacteria, has opened a great debate regarding the biogenic vs. inorganic
origin of these magnetites. While some authors claim a biogenic origin, other have
proposed the thermal decomposition of a precursor carbonate as an inorganic path for
the formation of those magnetites. In this study, the product of the thermal
decomposition of synthetic (Ca,MgFe)CO; has been explored following two
decomposition procedures: (1) heating at 700°C and latm Pco, and (2) decomposing
under vacuum by a HR-TEM electron beam. Both types of decomposition resulted in
the formation of oriented aggregates of magnetite nanocrystals that conserved the

morphology of the precursor (pseudomorphs). There was a topotactical (3D lattice
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continuity) relationship between the precursor and the product. The mineral
transformation occurred as an unique decomposition event. All analyzed crystals
incorporated Ca and/or Mg into the crystalline structure of the resulting magnetite,
forming a solid solution. Mixtures of pure oxide (CaO, FeO and MgO) or carbonate
phases were not observed in any case. Our results disagree with the hypothesis of
inorganic formation of ALH84001 magnetites by the thermal decomposition of the
carbonate precursor and suggest that studies involving structural relations within
crystals and their relative orientations may help identify whether or not such crystals

were produced by a thermal decomposition of a carbonate precursor.

1.INTRODUCTION

Over the years nanometer-sized magnetite (Fe;O4) crystals have been recovered
from many modern and ancient environments, for instance, in terrestrial and marine
sediments (Mozley and Carothers, 1992; Rajan et al., 1996), degradated oil deposits
(Ptacek, 1992), stuarian and lake sediments (Kelts 1988; Michard ef al., 1988), and even
from meteorites (Thomas-Keprta e al., 2000). In some cases these crystals have been
used as “magnetofossils” for evidence of the past presence of specific microbes. For
instance, the presence of magnetite has been used as possible evidence for respiratory
processes in the early evolution of the Earth (Walker, 1987; Vargas et al., 1998), as
evidence for a vast terrestrial subsurface biosphere (Gold, 1992), and even for evidence
of life on ancient Mars (McKay et al., 1996). The rationale for this use of magnetite is
based on the fact that this mineral can be produced either inorganically or biologically,
through both biologically-induced mineralization (BIM) (Frankel and Bazylinski, 2003)

and biologically-controlled mineralization (BCM) (Bazylinski and Frankel, 2003).
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Inorganic magnetite can be produced as a primary or a secondary phase. The
methods regarding the formation of magnetite as a primary phase are the best
developed, since large quantities of material are produced. All these procedures involve
the precipitation of magnetite from Fe-bearing solutions at temperatures within the
range from 9 to 90°C, somehow forced to fall into the stability field for magnetite
determined by the Eh-pH diagrams calculated from the equations of Garrels and Christ
(1990). This “forcing” of the solution can be done by adding titrants to raise the pH and
low the Eh value of the solution and/or by applying a constant voltage to that solution
from which magnetite is forming.

In the context of magnetite precipitation as a secondary phase, magnetite forms
through the transformation of certain iron-bearing mineral phases at high or at low
temperatures. At low temperature (~25°C), magnetite forms by the transformation of
ferrihydrite and/or green rust, both of which are thermodynamically unstable under
anoxic conditions, once the pH, Eh, PCO,, [Fez+] of the system meet the requirements
necessary to reach the stability field for magnetite (Zachara et al., 2002). Also,
magnetite can form through reactions between soluble Fe(OH), and FeOOH at
temperatures ranging from 25 to 100°C and pH values from 3 to 13 (Ishikawa et al.,
1998). The third most used method for the synthesis of magnetite as a secondary phase
is the thermal decomposition of siderite or other Fe-rich carbonate phases at
temperatures higher than 400°C in the absence of oxygen. This reaction has been
explored in some detail (Golden et al, 2001, 2004; Jimenez-Lopez et al., 2008;
Thomas-Keprta et al., 2009), in connection with the controversy over the origin of
nanometer-sized magnetite crystals within the Martian meteorite ALH84001.

ALHS84001 meteorite contains carbonate disks that are believed to have

precipitated 3.9 Ga ago at beginning of the Noachian epoch on Mars during which both
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the oldest extant Martian surfaces were formed. Intimately associated within and
throughout these carbonate disks are nanocrystal magnetites (Fe;Os) with unusual
chemical and physical properties, whose origins have become the source of considerable
debate (Thomas-Keprta et al., 2009). Such a debate originated when McKay et al.
(1996) proposed those magnetites as an evidence for a past microbial life on Mars,
because they share some special features with those precipitated in Earth by
magnetotactic bacteria, more specifically by the magnetotactic vibrio MV-1 (Thomas-
Keprta et al., 2000).

The controversy over the origin of these magnetites exists and the debate
continues. Some authors claim an inorganic origin of ALH84001 magnetites, proposing
the thermal decomposition of the carbonate disks as the inorganic mechanism for the
formation of those magnetites. Remarkable are the studies of Golden et al. (2000, 2001
and 2004) in this direction. First, these authors inorganically synthesized carbonate
globules similar to those found in ALH84001 from supersaturated, Mg-rich, Ca-Mg-Fe
solutions at temperatures of 150°C. From there observations, they provided the first
experimental data to support a low temperature, inorganic formation for the carbonates
in ALH84001 (Golden et al., 2000). In a later study, Golden et al. (2001)
hydrothermally synthesized chemically zoned carbonate globules and Fe sulfides at
150°C from multiple fluxes of Ca-Mg-Fe-NaHCO;-S solutions. These authors followed
a step procedure. In each step, they mixed certain solutions and hydrotermally produced
a solid phase. Once this solid phase was formed, they collected and rinse this solid and
further introduced the solid in another solution to continue the precipitation process. By
these means, these authors used a Ca-Mg-Fe-NaHCO; solution in the first place to
produce and ankerite [(Ca, Mg, Fe)COs]. In the following steps, they used pure Mg or

FeCOj; solution along with S, to produce layers or pure carbonates and pyrite (FeS;). As
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the last step, they heated up the zoned particles to 470°C in CO; at 13.3 kPa, getting, as
the final product, a mixture of ankerite, magnetite, pyrrhotite (Fe;Sg) and magnesite
(MgCO3). Golden et al. (2001) analyzed the resulting magnetites and concluded that
they were chemically pure, single-domain and defect-free crystals. In a subsequent
study, Golden et al. (2004) determined that the morphology of these magnetites
correspond to that of a [111]-elongated truncated hexaoctahedron ([111]-THO), [111]-
elongated cubo-octahedron ([111]-ECO), and [111]-elongated simple octahedron
([111]-ESO). Golden et al. (2004) compared the morphologies of the magnetites
resulting from his experiments with that of the magnetites found in ALH84001 and
recovered from magnetotactic bacteria MV-1, and concluded that all [111]-elongated
morphologies were present in the three types of sample, but in different proportions.
While in the ALH84001 Martian meteorite and in their inorganic laboratory products,
the most common [111]-elongated magnetite crystal morphology is [111]-ECO, the
most common one for MV-1 is [111]-THO. Based on their results, these authors
proposed an exclusively inorganic origin of [111]-elongated magnetite crystals in
ALH84001.

The results of Golden et al. (2001 and 2004) are in stark disagreement with those
found by Thomas-Keprta et al. (2009). These authors detailed characterized the
compositional and structural relationships of the carbonate disks and associated
magnetites with the orthopyroxene matrix in which they are embedded. Then, they
thermally decomposed Roxbury siderite [(FepgaMgo10Mng0sCapo2)COs3; Lane and
Christensen (1997)], since it is considered a (compositional) terrestrial analogous to the
Fe-rich component of ALH84001 carbonates disks [(Feo.7s0Mgo240Mng 003Ca0.004)COs3;
Treiman (2003)] where the controversial magnetites are embedded, and studied the

chemical composition of the resulting magnetites. Thomas-Keprta et al. (2009) used
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two types of thermal decomposition: the “slow” one and the “fast” one. In the “slow”
procedure, the decomposition of the Roxbury siderite occurred under a very slow,
controlled heating. The siderite sample was heated at a rate of 1 K'min™ to a maximum
temperature of 848 K (575°C), and, after being held at this temperature for 24 hours, the
sample was cooled back to room temperature at a rate of ~ -10-2 K-s™. On the contrary,
in the “fast” procedure, the heating event was essentially instantaneous. The siderite
sample was heated under vacuum with a pulsed 10.6 pm CO, laser (PRF-150 Laser
Science, Inc.) focused onto the sample using a Cassegrainian microscope objective. The
heating rates were on the order of ~ 108 - 109 K-s" with a peak temperature of ~573-
673 K (300-400°C) being reached at the laser focus. Thomas-Keprta et al. (2009)
observed the formation of (Ca, Mg,Mn)-ferrites in both cases. From their observation,
these authors concluded that the vast majority of the nanocrystal magnetites present in
the carbonate disks of the ALH84001 meteorite could not have formed by any of the
currently proposed thermal decomposition scenarios. Instead, Thomas-Keprta et al.
(2009) support an allochthonous origin for the ALH84001 magnetite, unrelated to any
shock or thermal processing of the carbonates in which these magnetites are embedded.
However, there is a problem in the experiments of Thomas-Keprta et al. (2009). These
authors claim that a separation between the calcitic component of the (Ca,Mg,Fe)CO;
solid solution occurs prior to the formation of the product. However, they observe only
Mn and Mg-substituted magnetites once the ankerites are decomposed. Therefore,
where is Ca? These authors do not go provide any further information, so the Ca
problem remains unsolved. Moreover, since Thomas-Keprta et al., (2009) used natural
samples in their study (Roxbury siderite), the potential exists that chemical

heterogeneity of the samples, presence of traces chemical impurities, even the presence
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of some organics may lead to a super estimation (o sub estimation) of the incorporation
of cations other than Fe into the resulting product.

In this paper, we study the chemical composition of the magnetites resulting
from the thermal decomposition of synthetic (Ca,Mg,Fe)CO; with varying relative
mol% of Ca, Mg and Fe. We paid close attention to the occurrence of calcium in the
resulting solid and the structural relationship between the precursor and the product
solids, which may shed light regarding the biogenic/abiotic origin of ALH84001
magnetites. The decomposition of our samples has been performed following two
procedures, one of them by heating the sample up to 700°C and the other, by
decomposing the sample under the electron beam of a Transmission Electron

Microscope, while holding the sample under vacuum conditions.

2.MATERIAL AND METHODS

Ankerite samples synthesized in the laboratory at 25 and 70°C, in free drift
experiments, from solutions containing NaHCO3, Fe(ClO4),, Mg(ClO4), and Ca(ClOy),
(Table 1) were used as precursors to obtain magnetite. These ankerite samples were
prepared and characterized by Romanek et al. (2009), corresponding to samples FD15
(Cag28Mgo.13Fe0.59)COs3, FD16 (Mgo.12Fe0s3)CO;, FD20 (Cag22MgossFep23)CO; and
FD21 (Mg .71Fe29)CO;. Ankerites were separated into two aliquots and decomposed to
magnetite by using two different procedures, each one applied to one of the aliquots:

(1) By heating the sample to 700°C in Differential Scanning Calorimetry (DSC,
SHIMADZU model TGA-50H) at 1 atm CO; pressure (20cc/min). The resulting set of
samples is here referred as DSC-magnetites.

Because of the size of the sample, the mineralogy of DSC-samples was

determined by using a single-crystal x-ray diffractometer equipped with an area detector
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(Bruker D8 SMART APEX, Germany). A frame (or 2D diffraction pattern) was
collected using the following experimental conditions: Mo Ka, 50 kV, 30 mA, 0.5 mm
collimator diameter and 30 seconds exposure time. Sample powders were analyzed in
transmission mode. XRD2DScan software (Rodriguez-Navarro, 2006) was used to
convert 2D diffraction patterns into regular 20 linear scans. This software was also used
for background subtraction and integration of peaks in the 20 scans.

The chemical composition of individual crystals was analyzed by EDAX-HR-
TEM. About 20 individual crystals were analyzed for each decomposed ankerite sample
(FD15, FD16, FD20 and FD21). Quantification of the relative amounts of Ca and Mg
detected in each sample was performed by using the peak for Si as the reference.

(2) By heating selected ankerite crystals under the electron beam in a High
Resolution Transmission Electron Microscope (HR-TEM, Philips CM200, 200 kV). In
these experiments, SAED (selected area electron diffraction) was performed on selected
ankerite crystals in order to determine the zone axis. Those measured d-spacings were
compared to JCPDs cards from ICDD (International Center for Difracttion Data) for the
mineral identification and determination of atomic planes parallel to the electron beam.
Then after, this ankerite crystal, hold in such an orientation, was kept under the electron
beam for time periods ranging from 5 to 20 minutes, with the goal of decomposing it
into magnetite crystals. Once the heating was done, SAED was performed in the
resulting product, with the goal of determining the new zone axis.

Identical procedure was followed for each selected ankerite crystal from FD15,
FD16, FD20 and FD21 samples (about 5 crystals from each sample). The resulting set
of magnetite crystals are here referred as in situ- magnetites. The chemical composition
of selected individual ankerite crystals as well as was the resulting in situ- magnetites

was analyzed by EDAX-HR-TEM.
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3. RESULTS

According to DSC data (Fig.1), when the ankerite samples FD15, FD16 reached
a temperature of 490 and 480°C, respectively, they decomposed to form other solid
phase. The analyses of evolved gases show that such a decomposition released CO,.
The temperature at which FD20 and FD21 decomposed was of 570°C for the first
sample and 560°C for FD21. Similarly, the gas evolved at this temperature was CO,.
The decomposition of all these solids resulted, according to XRD analyses, in the
formation of 100% magnetite in DSC-FD15 and DSC-FD21 and a mixture of magnetite
and a little bit of hematite in samples DSC-FD16 and DSC-20. No other non-ferrous
oxides (in particular, no CaO and/or MgO) were detected. No evidence was observed
for residual carbonate indicating the decomposition reaction had proceeded to
completion.

Each ankerite sample heated by using DSC decomposed into an aggregate of
magnetite crystals (Figs. 2 to 5) that kept the morphology of the precursor (Figs. 2a-b,
3a-b, 4a-b and S5a-b). The size of the DSC-magnetite crystals varied within the range
from 5 to 40 nm. Morphologies of the sections of DSC-magnetites ranged from
hexagonal, to rectangular, rhombic and irregular (Figs. 2, 3, 4 and 5. Arrangements of
chains of magnetite crystals were detected in all samples (Figs. 2e, 3¢ and 5c) with the
exception of DSC-FD20. When it was possible to analyze a single crystal separately
from others by SAED (Fig. 3¢ and 3f), these patterns showed a crystalline structure,
with d-spacing of systematically being of 4.8 and 2.26. DSC magnetites appears
oriented one with respect to another in many cases, as it is shown in the HR-TEM dark
field images of chains from DSC-FD15 and DSC-FD16 samples (Fig. 6). The SAED
patterns of the different areas of the chain (Figs. 6¢ and d) show that the crystals from

those areas have the same orientation. This observation is consistent in many samples
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analyzed. Other samples, especially those of DSC-FD20 do not show any orientation
with the samples, possibly due to the lack of orientation between crystals that composed
any ankerite particle in the original FD20 sample [it was polycrystalline (Fig. 4a)].).

EDAX-HR-TEM analyses of individual DSC-FD15 and DSC-FD20 magnetite
crystals show the presence of Ca and Mg (Figs. 2d, 2f, 4d and 4f), varying within the
range 3 - 3.3% Mg and 3.7- 5.6% Ca in FD15 and 6.8 — 33.4% Mg and 0.3 — 13.21% Ca
in FD20. Similarly, the analyses of individual magnetite crystals from samples DSC-
FD16 and DSC-FD21 show the presence of Ca and Mg in individual analyzed crystal,
varying within the range 0.5 — 5.9% Mg and 0% Ca in DSC-FD16 and 1.4 - 32.9% Mg
and 0% Ca in DSC-FD21 (Figs. 3d, 3f, 5d and 5f).

Results for the magnetites formed by the in situ decomposition of ankerites
under the HR-TEM electron beam are very similar to those already detailed for the DSC
magnetites. After being exposed for 20 minutes to the electron beam, each ankerite
crystal decomposed to a pseudomorph composed by an aggregation of [5-10 nm
magnetite crystals (Figs. 7 to 9). Identically to DSC-magnetites, EDAX-HR-TEM
analyses of individual crystals of in situ —FD20 magnetites show the presence of Ca and
Mg (Figs. 8c and 8f), varying within the range 24-33% Mg and 7.5-16.4% Ca.
Similarly, in situ-FD16 and -FD21 showed the presence of Ca and Mg in individual
analyzed crystal, varying within the range 2.7-8.2% Mg and 0.6-1.7% Ca in in situ-
FD16 and 6.7-41.4% Mg and 0-1% Ca in in situ-FD21 (Figs. 9d and 9f). While the
approximate percentages of calcium incorporation in individual crystals are equivalent
in DSC-magnetites compared to in situ-magneties, the amount of Mg detected in the
crystals is higher in the latter.

A more profound study was performed in in situ-FD16 and in situ-FD21 samples

with the goal of determining whether or not the decomposition of the ankerites into
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magnetite crystal is topotactic. The measured d-spacing from the SAED image of the
FD16 ankerites (Figs. 7a and 7b) are closer to those determined for siderite than to the
d-spacing for ankerite (Table 2a). In some directions (those determined for the hkl index
113 and 116), the measured d-spacing are lower than those corresponding to siderite,

which is reasonable for a Mg-substituted siderite (which is the case of FD16). The zone

axis calculated based on the SAED image for FD16 is [121]. After heating the selected
crystal for 20 minutes, a perfectly orientated oxide with respect to carbonate is observed
(Fig. 7c and 7d). The pseudomorph showed the typical mottled texture observed
following beam damage of carbonates (Wenk et al. 1983). The oxide is fcc magnetite
type, but the d-spacing are systematically shorter than the regular ones for magnetite
(Table 2b). These results are in agreement with the detected incorporation of Mg into
the structure of siderite, due to the smaller ionic radius of Mg*" (57 pm) compared to

that of Fe*" (63 pm). The diffraction image corresponds to the zone axis from “impure

magnetite” [ 1 10] and so, this zone axis is parallel to that [12 1] from the precursor
carbonate. Therefore, the atomic planes of the carbonate (012) are parallel (/) to those
(311) from the oxide. The relationship is clearly topotactic.

SAED analysis of FD21 sample (Figs 9a and 9b) yields the d-spacing listed in

Table 3a. Those d-spacing revealed that FD21 solid is closer to an ankerite than it is to a

siderite. The carbonate zone axis is [21 5]. Once heated for 20 minutes, the formation of
an aggregate of oriented magnetite is observed (although some crystals are not and so,
diffraction rings appear in SAED analyses: Figs. 9c and 9d). Such a lack of orientation
is probably originated because the precursor carbonate was not homogeneous
(demonstrated in SAED analyses of FD21: Fig. 9b). According to d-spacing calculated

from Fig. 9d (listed in Table 3b), the zone axis of the magnetite is [001]. Therefore, this
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magnetite axis [001] is / [21 2] axis ankerite, thus existing a topotactical relationship

between the precursor and the product.

4. DISCUSSION

DSC data (Fig. 1) show the existence of only one peak during the heating
process of FDI15, FD16, FD20 and FD21 samples at 480-570°C (the lower Fe
substitution, the lower temperature), which is consistent with only one decomposition
event. The gas evolved at this temperature was CO,, indicating the transition from a
carbonate phase to an oxide phase. This unique decomposition event agrees with that
observed by Thomas-Keprta et al. (2009) when decomposing (Ca,Mg,Fe,Mn)CO;
(Roxbury siderite) following the “slow” heating procedure (575°C under vacuum), but
disagrees with that observed by Brearley (2003), who concluded that a complex
carbonate solid solution can undergo progressive decomposition, such that one
component in solid solution breaks down without the entire phase decomposing. These
decompositions would result in CO, exolution at different stages. This was not observed
in our experiments, and therefore, according to our data, the decomposition of the mixed
carbonate occurred at once. Our observation that the lower the Fe substitutions into the
siderite structure, the lower the temperature needed for the decomposition of the
carbonate is consistent with the findings of Hurst ef al., (1993). From our data, such a
decomposition event resulted in the formation of Ca- and Mg-substituted magnetite as
a solid solution, and not just as a mixture of phases (CaO + (Mg,Fe);0,). Therefore, we
demonstrated that a mixed solid solution carbonate could be precursor of a mixed solid
solution oxide phase. Moreover, although working in a relatively high Pco,, and heating
the sample up to 700°C, we do not observe the spinoidal separation of our substituted

magnetites into the pure end-members, nor the re-carbonation of the oxides, since
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neither carbonates nor other non-ferrous oxides are detected by XRD in our
decomposition products. These results partially agree and partially not with previously
reported by other authors.

For instance, the formation of a solid solution as the result of the thermal
decomposition of ankerites does not agree with the results of Chai and Navrotsky
(1996), who examined the thermal decomposition of Ca(FexMg;4)(COs), (in O, at
700°C) and observed the formation of CaO, MgO and Ca,Fe,Os. However, our
observation of the formation of a Mg-substituted magnetite (solid solution) from the
thermal decomposition of Mg-substituted ankerites does agree with that found by many
authors (e.g., Gallagher and Warne, 1981; Dubrawski, 1991; Gotor et al., 2000;
Isambert et al., 2006; Thomas-Keprta et al., 2009).

One of the novelties of our study is that, other that Mg, we also find Ca
incorporation in magnetite, forming a solid solution. These results are interesting
because, while the incorporation of Mg and/or Mn in magnetites is somehow not so
difficult, due to the similar atomic radius of Mg and Mn (57 pm and 66 pm,
respectively; Shannon et al., 1976) compared to that of Fe*" (63 pm; Shannon et al.,
1976), the incorporation of Ca is much more difficult, being the atomic radius of Ca
(100 pm; Shannon et al., 1976), much higher than that for Fe*". This Ca incorporation
into their resulting secondary magnetites was not observed by Thomas-Keprta el al.
(2009), or by other authors who also decomposed ankerites containing Ca (Ware and
French, 1984; Gallagher and Warne, 1981; Dubrawski, 1991; Hurst et al., 1993;
Isambert and Valet, 2003, Cohn 2006; Isambert et al., 2006). The explanation given by
Thomas-Keprta et al. (2009) is that “the decomposition of ankerite-dolomite solid
solution is an example of a spinodal decomposition in which a phase transform /

separation to calcite and a siderite-magnesite solid solution occurs prior to nucleation
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and growth of the decomposition product phases”. This argument, however, requires the
detection of either CaCO; (and/or CaO) in their resulting products, since, if their
argument is true, CaCO; (once separated from the siderite-magnesite solid solution)
should either have decomposed to CaO or remained as CaCO;. Moreover, the potential
exists that, once decomposed to CaO, such a phase reacts with CO; to yield CaCOs
carbonate again (Grasa et al., 2008; Montes-Hernandez et al., 2008; Nikulshina et al.,
2009). However, these authors or previous studies by other authors (Gallagher and
Warne, 1981; Dubrawski, 1991; Cohn 2006; Isambert et al., 2006) do not observe the
formation of any of these phases. This failure to detect Ca in the resulting magnetite
may be due to the little substitution of Ca in the precursor ankerite in these studies
[maximum 1.5% in Gallagher and Warne (1981); trace amounts in Dubrawski (1991)
and Cohn (2006); maximum 2% in Isambert ef al. (2006); 4% in Thomas-Keprta ef al.,
(2009)] compared to the amount of Ca in the precursor ankerite in the present study
(27.4% in FD15 an 21.7% in FD20). Therefore, even if Ca is incorporated in the
resulting magnetite, such incorporation may be below the detection limit to be
recognized. Our hypothesis for the incorporation of Ca in secondary magnetites lies in
the context of the topotactic transformation from ankerite to magnetite observed in our
in situ experiments. We assume the model proposed by Rodriguez-Navarro et al. (2009)
to explain the topotactic decomposition of CaCOs into CaO. According to these authors,
the transformation occurs as a consequence of CO, loss accompanied by limited atom
displacement and shrinking of planes. During this process, new temporal structures
appear as well as empty spaces between cations (Rodriguez-Navarro et al., 2009).
Therefore, we hypothesize that calcium (being present in the crystalline structure of the
precursor) might be incorporated into these “loose” temporal structures that finally

evolve to produce the oxide. Further analyses should be done to confirm this hypothesis,
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like Raman analyses, to detect possible alterations of the structure of these Ca-
substituted secondary magnetites compared to those stechiometric secondary
magnetites.

Nevertheless, our results agree with those of the previous studies regarding the
production of non-stechiometric magnetites by thermally decomposing ankerites.
Therefore, these results are strikingly different to those of Golden et al. (2004), who
claimed that chemically pure magnetites can be obtained from the thermal
decomposition of magnesium siderites (in this case from Copper Lake) at 470°C under
anoxic conditions. Based in these results, they proposed an inorganic mechanism for the
formation of the chemically pure magnetites in ALH84001. However, Bell (2007)
showed that the Copper Lake siderite used by Golden et al. (2004) was a finely
intermixed sample of nearly pure siderite embedded within impure siderite. Based on
our DSC data, the temperature needed to decompose our ankerites is 470-560°C, and,
since the decomposition temperature increases with increasing substitutions of Ca-Mg
and Mn in ankerites (Hurst et al., 1993), during heating as described by Golden et al.
(2004) only the most Fe-rich portion of the siderite they used would have decomposed
forming nearly pure magnetite. Thus it seems that Golden et al. (2004) did not produce
chemically pure magnetite from mixed composition siderite since the temperature was
too low to decompose the mixed cation carbonate and only the decomposition threshold
for nearly pure siderite was reached. These observations were previously pointed out by
Thomas-Keprta el al. (2009).

Therefore, our results support and extend those of Thomas-Keprta ef al. (2009)
confirming that the thermal decomposition of substituted siderites would not produce
the chemically pure magnetites found in ALH84001 meteorite, and, therefore, these

findings rule out the model proposed by Golden et al., (2004) regarding an inorganic
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origin of ALH84001 “pure” magnetites. Different is the case of the few ALH84001
“impure” magnetites (Ca-Mg-Si magnetites; described in Thomas-Keprta el al. 2009).
While the incorporation of Ca-and Mg in these magnetites could result from the thermal
decomposition of a Ca-Mg-siderite, their formation by this inorganic process is not
compatible with the structural relationship between precursor and product observed in
our experiments.

Based on the results from the in situ decompositions of the siderite/ankerite
samples FD16 and FD21, the decomposition ankerite-magnetite is topotactic (meaning
three dimensional lattice continuity). This result is in good agreement to the observed
decomposition of the ankerite crystals in an oriented aggregate of magnetite crystals
(Fig.6) and with the observations of many studies regarding the decomposition of
different carbonates and hydroxides (listed below). From these studies it is possible to
claim that there is an increasing amount of evidence that the endothermic
decomposition reactions of a solid phase A into two phases B (solid) + C (gas) (like the
decomposition of our Mg-Ca-substituted siderites into oxide + CO,) is topotactic
(Rodriguez-navarro et al. 2009). This means that the product crystals of the reaction
maintain the orientation of the precursor mineral. Structural features of the precursor
survive relatively unchanged in the product crystals (Dasgupta, 1961). Topotaxy has
been found to occur in the decomposition of many hydroxides and oxy-hydroxides
(e.g., Chaix-Pluchery et al., 1983; Kim et al., 1987; Figlarz et al., 1990), dolomite
(MgCa(COs),) (Carter and Buseck, 1985), ankerite (MgFe(COs),) (Dasgupta, 1965),
siderite (FeCO3) (Dasgupta, 1961), magnesite (MgCO3) (Dasgupta, 1964; Kim et al.,
1987) and calcite (CaCOs3) (Rodriguez-Navarro et al., 2009).

Barber and Scott (2002) examined magnetite and periclase (MgO) crystals in the

Fe-Mg-Ca carbonates in the Martian meteorite ALH84001 using transmission electron
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microscopy, to evaluate whether there was any kind of structural relationship with the
carbonate matrix that might indicate whether the crystals originated from thermal
decomposition of the carbonates. They found that magnetite crystals growing in small
voids and in microfractures occasionally had epitaxial relationships with the carbonate,
while those nanocrystals fully embedded in the ferroan carbonate showed topotaxy (3-D
lattice continuity) with the carbonate matrix rather than epitaxy. The structural
relationship between the two minerals (magnetite and carbonate matrix) was not
deduced from their samples, but supported by the findings of McTigue and Wenk
(1985) regarding the structural relationship between calcite and calcium oxide. These

relationships were the following: {111}y, // (i.e. parallel) (0001)car, and {110} mag//{11

EO}Carb. Based on these results, Barber and Scott (2002) concluded that the ALH84001
magnetite crystals resulted from the thermal decomposition of the carbonates, thus
claiming an inorganic origin for the ALH84001 magnetites.

However, there are several drawbacks that may invalid the conclusion of these
authors. Firstly, there were thousands of magnetite crystals that in ALH84001 that show
no structural relationship with the ankerite matrix. Secondly, Barber and Scott (2002)
assumed that the thermal decomposition of the ankerite matrix would result in pure
oxides (MgO, Fe;04 and CaO), a supposition that is in sharp contrast with the findings
in the present study and those of Thomas-Keprta et al. (2009) and (2010). If Barber and
Scott’s (2002) assumption was true, periclase (MgO) would probably have been present
in relatively large amounts in ALH84001 and yet very little was found. Finally, Barber
and Scott (2002) based their conclusions in the findings of McTigue and Wenk (1985)
on the structural relationship between CaCOs; and CaO that more recent studies
(Rodriguez-Navarro et al., 2009) demonstrate untrue. While the structural relationship

between the magnetite and carbonate matrix determined by Barber and Scott (2002) was
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{111} mag // (i.e. parallel) (0001)cam, the structural relationship between the calcium
carbonate and the calcium oxide found by Rodriguez-Navarro et al. (2009) was that

[110]oxide // PBC (Periodic Bond Chains) of the calcite (directions [441] and

equivalents, [010], [110] and [251]). The c-axis of siderite contains layers of Fe’" and
COs> that alternate each other (Fig. 10a). Also, the [111] direction of the magnetite
show the same alternance of Fe*" and O ions (Fig. 10c), but with shorter distance
between them compared to the distances Fe2+-CO32' in the ankerite. The hypothesis of
Barber and Scott (2002) is that those directions (c-axis of siderite and [111]magnetitc) Were
parallel, with the structure shrinking after CO, release, to meet the shorter distances
between ions. However, the observations of Rodriguez-Navarro et al. (2009)
demonstrate that what really occurs is that, after the CO, exolution, the COs group in
the PBC directions of calcite (or siderite: Fig. 10b) converts to O*, which now can
move and rearrange along with the Ca>" ions to reach the disposition of ions along the
[110] direction of oxide. Therefore, the directions that remain parallel during the
thermal decomposition of a carbonate is the PBC directions of the carbonate and the
[110] of the oxide. If this is the case, then the newly formed magnetites would align
meeting the oxides corners (aligning their [110] directions) along the old PBC direction
of the ankerite (Fig. 10d). Such a configuration, which is clearly shown in Figure 2e is
clearly different than that observed for the alignment of the chain of magnetosomes in
magnetotactic bacteria (Frankel and Bazylinski, 2006), also this configuration has not
been described in ALH84001 magnetites (nor “pure” or “impure”), and may be used to
recognize whether magnetites found in natural environments are product of a thermal

decomposition of a precursor carbonate.
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5. CONCLUSIONS
The thermal decomposition of (Ca, Mg, Fe)CO; at 700°C and 1 atm CO; occurs

at 480-570°C (the lower the temperature the less Fe substitutions) as an unique
decomposition event. Both this procedure and the decomposition of ankerites under
vacuum by the HR-TEM electron beam resulted in the formation of an oriented
aggregate of magnetite nanoparticles that kept the morphology and structural features of
the precursor (pseudomorph). All the analyzed magnetites contained Ca and/or Mg into
their crystalline structure, forming a solid solution rather than a mixture of pure oxide
phases. No re-carbonation of the already formed oxide was observed. Therefore, it is not
possible to obtain chemically pure magnetites from the thermal decomposition of a (Ca,
Mg, Fe)COs. Moreover, our results indicate that such decomposition is topotactic. This
structural relationship between the precursor and the product confers a specific
orientation between the resulting magnetite crystals that is clearly different from that of
the magnetosome of magnetotactic bacteria and for the magnetites found in ALH84001.
Therefore, our results rule out the formation of ALH84001 magnetites by a thermal

decomposition of a carbonate precursor.
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TABLE CAPTIONS

Table 1.- Ankerite precursors [Data taken from Romanek et al. (2009)]

Incubation Starting solution
Sample T (°C) time NaHCO; Fe(ClOQ4); Ca(ClO4); Mg(ClOy),
(months) (mM) (mM) (mM) %mM) Xre (%) Xca(%) Xnig(%o) XRD
FD15 25 2 60 2.0 2.1 52.9 59.3 27.4 13.3 Siderite*
FDI16 25 2 60 2.3 0 48.8 87.7 0 12.3 Siderite™*
FD20 70 2 60 2.1 2.3 52.9 23.7 21.7 54.6 Magnesite*
FD21 70 2 60 1.9 0 53.1 29.1 0 70.9 Magnesite*

*XRD pattern was shifted with respect to pure end member.
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Table 2a. d-spacing based on SAED pattern of a FD16 crystal before decomposition.

hkl Siderite (A) AnKerite () Measured (A)
012 3.59 3.70 3.59
113 2.13 2.19 2.08
202 1.96 2.05 1.97
116 1.72 1.82 1.65

Table 2b. d-spacing based on SAED pattern of a in sifu-FD16 magnetite crystal after decomposition.

hkl Magnetite (A) Periclase (A) Measured (A)
220 2.96 1.49 2.89
311 2.53 1.27 2.49
222 2.42 1.21 2.38
400 2.09 2.08




Table 3a. d-spacing based on SAED pattern of a FD20 crystal before decomposition.

hkl Siderite (A) AnKerite () Measured (A)
012 3.59 3.70

113 2.13 2.19

021 - 2.06 2.10

202 1.96 2.05 2.02

116 1.72 1.82 1.65

122 1.50 1.54 1.53

Table 3b. d-spacing based on SAED pattern of a in situ-FD21 magnetite crystal after decomposition.

hkl Magnetite (A) Periclase (A) Measured (A)
111 4.84 2.43 --

220 2.96 1.49 2.95

311 2.53 1.27 --

222 2.42 1.21 --

400 2.09 2.09

440 1.483 1.47

444 1.211 1.21
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FIGURE CAPTIONS

Figure 1.- Differential Scanning Calorimetry (DSC) showing the decomposition of
FD15, FD16, FD20 and FD21 ankerite samples to DSC-FD15, DSC-FD16, DSC-FD20
and DSC-FD21 magnetites. The results of the analyses of evolved gases are also
indicate.

Figure 2.- A) SEM photomicrograph of FD15 ankerite crystals (Data taken from
Romanek et al. (2009)). B) HR-TEM of FD15 ankerite crystals. C) HR-TEM image of
DSC-FD15 magnetite crystals. D) EDAX- HR-TEM analyses of the selected area are
limited by the white rectangle in Figure 2¢. Solid arrows indicate the peak for Mg and
dashed arrows indicate the peak for Ca. E) Chain of DSC magnetites in which the
individual magnetite crystals are aligned by meeting their corners. EDAX analyses of
the selected area marked with a white rectangle. Solid arrows indicate the peak for Mg
and dashed arrows indicate the peak for Ca. F) Detail of Fig. 2e and SAED pattern of
the marked area.

Figure 3.- A) SEM photomicrograph of FD16 ankerite crystals (Romanek et al.
(2009)). B) HR-TEM of FD16 ankerite crystals. C, E) HR-TEM images of DSC-FD16
magnetite crystals. D, F) EDAX- HR-TEM analyses of the selected area are limited by
the white rectangle in Figures 3¢ and 3e. Solid arrows indicate the peak for Mg. SAED
in Figs. 3¢ and 3f corresponds to the area marked with the white rectangle in Figs 3c
and 3e, respectively.

Figure 4.- A) SEM photomicrograph of FD20 ankerite crystals (Data taken from
Romanek et al. (2009)). B) HR-TEM of FD20 ankerite crystals. C, E) HR-TEM image
of DSC- FD20 magnetites. SAED in Fig. 4c of the area marked with the white

rectangle. D, F) EDAX- HR-TEM analyses of the selected area are limited by the white
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rectangle in Figures 4c and 4e. Solid arrows indicate the peak for Mg and dashed arrows
indicate the peak for Ca.

Figure 5.- A) SEM photomicrograph of FD21 ankerite crystals (Romanek et al.
(2009)). B) HR-TEM of FD21 ankerite crystals. C, E) HR-TEM images of DSC-FD21
magnetite crystals. D, F) EDAX- HR-TEM analyses of the selected area are limited by
the white rectangle in Figs. 5c and Se. Solid arrows indicate the peak for Mg.

Figure 6.- A) Chain of magnetite crystals from DSC-FD16. B) HR-TEM dark field
image of this chain. All the crystals showing the same brightness are oriented in the
same direction. C, D) SAED pattern of the upper and lower part of the chain. E) Chain
of magnetite crystals from DSC-FD15. F) HR-TEM dark field image of this chain.
Figure 7.- A) HR-TEM of FD16 siderite crystal with EDAX analysis. B) SAED pattern
of the previous crystal. C) HR-TEM of insitu-FD16 magnetite crystal with EDAX
analysis. D) SAED pattern of the previous crystal. E) HR-TEM of insitu-FD16
magnetite crystal with SAED analyses. F) HR-TEM-EDAX analyses of the previous
crystal. EDAX- HR-TEM analyses of the selected area are limited by the white
rectangle. Solid arrow indicates the peak for Mg.

Figure 8.-A) HR-TEM of FD20 siderite crystal with EDAX analysis. B) SAED pattern
of the previous crystal. C) HR-TEM of insitu-FD20 magnetite crystal with EDAX
analysis. D) SAED pattern of the previous crystal. E) HR-TEM of insitu-FD20
magnetite crystal with SAED pattern. F) HR-TEM-EDAX analyses of the previous
crystal. EDAX- HR-TEM analyses of the selected area are limited by the white
rectangle. Solid arrow indicates the peak for Mg.

Figure 9.-A) A) HR-TEM of FD21 siderite crystal with EDAX analysis. B) SAED
pattern of the previous crystal. C) HR-TEM of insitu-FD21 magnetite crystal with

EDAX analysis. D) SAED pattern of the previous crystal. E) HR-TEM of insitu-FD21
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magnetite crystal with SAED analyses. F) HR-TEM-EDAX analyses of the previous
crystal. EDAX- HR-TEM analyses of the selected area are limited by the white
rectangle. Solid arrow indicates the peak for Mg.

Figure 10.- A, B) Siderite crystal. The ion (Fe*", COs>) alternance along the c-axis is
highlighted in Figure 10a, while the PBC (Periodic Bonds Chains) of siderite are
indicated in Fig. 2b, along with a drawing of the disposition of the Fe*” and COs*
cations along a PBC direction. (Figures are taken from Encyclopedia Britannica 1994;
http://staff.aist.go.jp/nomura-k/english/itscgallary-e.htm and
http://www.ifm.eng.cam.ac.uk/people/sc444/). C) Magnetite crystal. D) Representation
of the alignment of the newly formed magnetite crystals (with parallels [110]) along one

of the PBC directions of the precursor siderite [(PBC)sigerite//[ 110]magnetite]-
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Capitulo V: Magnetitas biologicamente inducidas
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ABSTRACT

Shewanella oneidensis is a dissimilatory iron reducing bacterium capable of
inducing the extracellular precipitation of magnetite. This precipitation requires a
combination of passive and active mechanisms. Precipitation occurs as a consequence
of active production of Fe’"(,y) when bacteria utilize ferrihydrite as a terminal electron
acceptor, and the pH rise probably due to the bacterial metabolism of amino acids. As
for passive mechanisms, the localized concentration of Fe*'(,q) and Fe’'(,q at the net
negatively charged cell wall, cell structures and/or cell debris induces a local rise of
supersaturation of the system with respect to magnetite, triggering the precipitation of
such a phase.

These biologically induced magnetites are morphologically identical to those
formed inorganically in free-drift experiments (closed system; 25 °C, 1 atm total
pressure), both from aqueous solutions containing Fe(ClO4),, FeCl;, NaHCO3, NaCO;

and NaOH, and also from sterile culture medium added with FeCl,. However, organic
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material becomes incorporated in substantial amounts into the crystal structure of S.
oneidensis-induced magnetites, modifying such a structure compared to that of
inorganic magnetites. This structural change and the presence of organic matter are
detected by Raman and FT-IR spectroscopic analyses and may be used as a biomarker

to recognize the biogenic origin of natural magnetites.

1. INTRODUCTION

Magnetite (Fe;O,4) is a common iron oxide, found in igneous, metamorphic and
sedimentary environments, and even in extra-terrestrial material (ALH84001, Thomas-
Keprta et al., 2000). Fe;04 can be produced either inorganically or biologically; the later
possible by both biologically induced (BIM) and biologically controlled (BCM)
mineralization. BIM refers to extracellular precipitation of Fe;O4 as a consequence of
changes in the chemistry of the culture media induced by bacterial metabolic activity
(Zhang et al., 1997; Zachara et al., 2002; Kukkadapu et al., 2005, 2006; Roh et al.,
2006), also helped by the decrease on the energy barrier needed for precipitation by the
influence of cell wall, membranes and debris (Bazylinski et al., 2007). In contrast, BCM
refers to intracellular mineral synthesis as a result of an exquisitely controlled
biomineralization process, probably genetically regulated (Bazylinski and Schubbe,
2007; Schuler, 2008).

The production of magnetite by BIM is commonly observed among
dissimilatory iron reducing bacteria (DIRB). These microorganisms are present in a
variety of environments such as fresh and marine waters (Lovley et al., 1990; Caccavo
et al.,, 1992; Roh et al., 2006), soda lakes (Zavarzina et al., 2006), thermal springs
(Sokolova et al., 2007), leachate ponds (Ye et al., 2004), mining-impacted lake

sediments and drainage waters (Cummings et al., 1999; Kusel, 2003; Johnson and
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Hallberg, 2003). This biologically induced mineralization of magnetite has been
extensively studied in a number of microorganisms, including mesophilic Shewanella
putrefaciens CN32 (Zachara et al., 2002, Kukkadapu et al., 2006), Shewanella sp. PV-4
(Roh et al., 2006), several species of Geobacter (Lovley, 1997; Fredrickson et al., 1998;
Zachara et al., 2002; Vali et al., 2004), Ferribacterium limneticum (Cummings et al.,
1999), alkalophilic Geoalkalibacter ferrihydriticus (Zavarzina et al., 2006) and
Alkaliphilus metalliredigens (Ye et al., 2004), and thermophiles such as TOR-39 (Zhang
et al., 1998), Thermolithobacter ferrireducens and T. carboxydivorans (Sokolova et al.,
2007), and appears to be particularly significant in anaerobic habitats or at oxic-anoxic
interfaces. Extensive work has been performed on the mineralogy of the Fe-bearing
solids precipitated through BIM by different DIRBs, as a function of media
composition, electron donor and acceptor, additives and physicochemical parameters of
the culture media (S. putrefaciens CN32: Zachara et al., 2002; Kukkadapu et al., 2004,
2005, 2006; Shewanella sp. PV-4: Roh et al., 2006). However, the main goal of these
studies was not the extensive characterization of the biogenic magnetites, but rather, to
gain a better understanding of the bioreduction process.

Shewanella oneidensis, (formerly S. putrefaciens MR-1), is a Gram-negative y-
proteobacterium, first isolated from Lake Oneida, New York (Myers and Nealson,
1988). S. oneidensis is able to use lactate, acetate, pyruvate and some amino acids as
carbon sources. Respiration of these substrates is coupled to reduction of several
terminal electron acceptors such as oxygen (0O,), nitrate (NO3), nitrite (NO;"), sulfite
(SO5Y), thiosulfate (S,05%), tetrathionate (S406%), trimethylamine N-oxide (TMAO),
fumarate, glycine, ferric iron (Fe*), manganese (Mn*"), uranium (U®"), and elemental
sulfur (Myers and Nealson, 1988; Venkateswaran et al., 1999). When S. oneidensis uses

Fe3+(aq) as terminal electron acceptor, Fez+(aq) is produced and under appropriate solution
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conditions, this dissimilatory Fe’' (. reduction can induce extracellular precipitation of
Fe;O4 (Neal et al., 2003). Remarkably, in spite of the large number of bacterial species
capable of BIM of Fe;O4 and the great detail in which the biomineralization process has
been described for some species (S. putrefaciens CN32: Zachara et al., 2002;
Kukkadapu et al., 2004, 2005, 2006; Shewanella sp. PV-4: Roh et al., 2006), such
precipitates have not been as extensively characterized as biologically controlled Fe;O4
produced by magnetotactic bacteria (Bazylinski et al., 1994; Devouard et al., 1998;
Faivre and Zuddas, 2006). BCM produced Fe;O4 presents unique features that can may
be used to identify the biogenic origin of natural samples (terrestrial or extra-terrestrial;
Thomas-Keprta et al., 2000). Partially because of that, the characterization of BCM
magnetites has been the focus of many studies over the years. In the contrary,
biologically induced Fe;O4 is not thought to share those features, and thus is not
presently useful as a biomarker (Thomas-Keprta et al., 2000; Bazylinski et al., 2007).
As a result, there are only a few studies on the morphology and isotopic composition of
biologically induced magnetites (Zhang et al., 1998; Sparks et al., 1990). Based solely
on morphologic data, it is widely accepted that biologically induced magnetites are
indistinguishable from inorganic forms (Thomas-Keprta et al., 2000; Bazylinski et al.,
2007).

Therefore, the main goals of this paper are, firstly, to study in detail the
magnetite biologically induced by a DIRB, S. oneidensis, with the objective of
determining whether or not such a biologically induced magnetite is distinguishable
from an inorganic counterpart, and, secondly, to further investigate the role of S.

oneidensis, cell structures and cell fractions in the biomineralization process.

2. MATERIALS AND METHODS
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In order to study whether biologically induced Fe;O, is indistinguishable from inorganically-
produced magnetite, two types of magnetite were synthesized: One was induced by S. oneidensis
(referred to as biotic magnetite), the other was produced inorganically (referred to as inorganic

magnetite).

2.1. Biotic magnetite experiments
2.1.1. Microorganisms and inoculum preparation

The microorganism used was S. oneidensis ATCC 700550. This microorganism was grown in 75
mL of Trytic Soy Broth (TSB, Scharlau Chemie) incubated overnight at 28 °C under shaking (180 rpm).
Cells were harvested and washed three times in 2 mM KCI by centrifugation (6000 rpm; Sorvall Super
T21). Finally, cells were resuspended in 60 mL 2 mM KCI (approximately 6x10'° colony forming units
mL™). This cell suspension was used in the following experiments:

3) L-experiments: The cell suspension was used directly as an inoculum.

2) UV-experiments: The cell suspension was killed by UV irradiation and used as an inoculum.
This experiment was employed to assess the role of the cell outer membrane on magnetite precipitation,
excluding the role of bacterial metabolism. To ensure full and uniform irradiation, cells suspensions were
first diluted five fold in a 2 mM KClI solution and exposed to UV radiation for 2 h. After exposure, cells
were concentrated up to the original cell density. This suspension was used as inoculums, but, first, 100
pL of this suspension was plated onto TSB solid medium and incubated at 20 °C for three days to confirm
the absence of culturable cells. Five replicates were prepared per inoculum. Also, the UV-killed inoculum
was observed by Field Emission Scanning Electron Microscopy (FESEM, Gemini-1350, LEO, Carl
Zeiss) to assess that dead cells remained intact (Fig. 1).

3) FP-experiments: The cell suspension was concentrated and cells were disrupted by using a
French press (Thermo, 9000 p.s.i., three experiments). This experiment was performed to assess the role
of cell debris on magnetite precipitation, while excluding the role of bacterial metabolic activity. After
cell disruption, the suspension was diluted to the original 60 mL and used as an inoculum. Again, 100 pL
of the inoculum was plated onto TSB solid medium. Five replicas were prepared per inoculum.
2.1.2. Culture media

The basic culture medium was prepared by modifying the one described by Kostka and Nealson

(1998). The original phosphate buffer was substituted by 30 mM Piperazine-1,4-bis(2-ethanesulfonic
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acid) (PIPES) buffer . The modified medium also contained 32 mM lactate, 9 mM ammonium sulfate, 6
mM K,HPO,, 3.3 mM KH,PO,, 2 mM NaHCO;, 1 mM MgSQO,, 0.5 mM CaCl,, 67.2 uM Na,-EDTA,
56.6 uM H3BOs, 10 uM NaCl, 5.4 uM FeSOy, 5 pM CoSOy, 5 uM Ni(NH,),SOy, 3.9 uM Na,MoO,, 20
mg L' each of arginine, serine and glutamic acid. Medium pH was poised at pH 7. All the chemicals
were procured from Sigma.

Culture medium was made anoxic by boiling for 3 min and then by bubbling with N, for half an
hour, while cooling in an ice bath. The medium was then placed inside an anaerobic chamber (COY
Laboratory Products Inc.) containing an atmosphere of 4% H,/96 %N, continually circulated through
palladium catalysts to reduce trace O, to H,O. The chamber also contained anhydrous CaSOj, to trap
water produced on the catalyst and it was equipped with gas analyzers to continually monitor O, and
Hy) levels throughout the course of the experiment. Aliquots of 750 mL were transferred to thirty six 1 L
Pyrex bottles. These bottles were sealed with modified screw caps, having a rubber septum allowing
inoculation and further addition of chemicals. Bottles were autoclaved at 121 °C for 20 min. These bottles
were used to study chemical evolution of the system during magnetite biomineralization.

A second set of experiments were conducted in smaller volumes, with the goal of further
analyzing the mineral phase. In this case, 70 mL aliquots of medium were placed in 100 mL bottles.
These bottles were sealed and sterilized as described above.

After sterilization, and immediately before inoculation, all the bottles were supplemented with 2-
Line ferrihydrite (0.2 g L™'; Schwertmann and Cornell, 1991) and a filter sterilized amino acid solution
(Kostka and Nealson, 1998). This buffered medium will be referred to as BpH7.

Also, two non-buffered culture media, here referred to as NBpH7 and NBpHS8, were prepared by
excluding PIPES buffer from BpH7. The pH of these two culture media was adjusted to pH 7 and pH 8,
respectively, with a solution of NH4,OH. 70 mL volumes of NBpH7 and NBpHS8 were dispensed into 100
mL bottles, sealed, sterilized and supplemented as described for BpH7.

2.1.3. Experimental procedure
2.1.3.1. L-experiments

Eleven of the 12 Pyrex bottles containing 750 mL of medium were inoculated with 3.75 mL of S.
oneidensis cell suspension. The remaining bottle served as a sterile control. Two replicate experiments
were performed. The bottles were placed in the anaerobic chamber at 25 °C and 1 atm total pressure.

Out of the eleven inoculated bottles, a single bottle was opened at predetermined time intervals

210



during the experiment (0, 8, 16, 24, 32, 40, 48, 56 h, 5, 10 and 30 days). For each bottle, solution pH, Eh,
optical density at 625 nm (ODgys), O, pressure, ferrous iron (Fe’") concentration and total iron
concentration (Fer) were measured.

Solids were recovered at the end of the experiment (30 days) from both the 1L Pyrex bottles and
also from the five 70 mL bottles containing culture medium BpH7, inoculated with S. oneidensis and
incubated under identical conditions to those detailed for the 1 L Pyrex bottles.
2.1.3.2. UV- and FP- experiment

Both sets of experiments were run in 100 mL bottles, following the scheme detailed in Table 1.
For each bottle containing BpH7, NBpH7 and NBpHS8, the medium was supplemented with 700 uL. of a
142 mM FeCl, solution as a source of Fe** ,, in the absence of bacterial metabolic activity. The 15 bottles
constituting the UV-experiment were inoculated with 0.7 mL of UV-killed S. oneidensis culture, while
the fifteen bottles in FP-experiment were inoculated with 0.7 mL of French press-killed S. oneidensis
culture. As described in Table 1, sterile controls were prepared with additional variation, detailed as
following: (a) six bottles (two for each medium: BpH7, NBpH7 and NBpHS), not supplemented with the
FeCl, solution; (b) twelve bottles (four for each medium: BpH7, NBpH7 and NBpH) supplemented with

700 uL of FeCl, solution. All these experiments were run at 25 °C for one month.

2.2. Inorganic magnetite experiments

Two types of experiments to produce inorganic magnetite were conducted, here referred as
“aqueous experiments” and “BpH7 experiments”.
2.2.1. Aqueous experiments

A NaHCO;-Na,COs; solution (25 mM/25 mM) was prepared using O,-free deionized water
(Milli-Q), prepared by boiling deionized water for 1 h, and then cooling in an ice bath while sparging
with ultra pure N, for 1 h. This NaHCO;-Na,COj; solution was placed into a container, which was sealed
and quickly placed into the anaerobic chamber to keep it anoxic. Fe(ClO,), was added to a final
concentration of 25 mM. This solution had a pH of 6.95 and an Eh of -406 mV.

To reach the stability field for magnetite, calculated by using equations of Garrels and Christ
(1990), different aliquots of O,-free 10 M NaOH and 2.5 M FeCl; were added to the starting solution
until a pH value of 11.82 was reached ( Eh = -286.2 mV). All the chemicals were of reagent grade

provided by Sigma Aldrich. The final solution was distributed into 1 L Pyrex bottles (filling each one
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with 0.75 L). Those Pyrex bottles were kept for a month in the anaerobic chamber at 25 °C.
2.2.2. BpH7 experiments

Additional experiments were conducted to further elucidate the role of the sterile culture medium
used on L-experiments on magnetite formation. Several 1L Pyrex bottles containing sterile culture
medium BpH7 were prepared, amended with up to 25 mM Fe(ClO,), (Eh = -20 mV) and, some of them,
further added with different volumes of O,-free 10 M NaOH and 2.5 M FeCl; until a pH of 8.00 (Eh = -
20 mV) or pH = 10.18 were reached (Eh = -294 mV). These experiments are here referred as BpH7 (pH=
7), BpH7 (pH= 8) and BpH7 (pH = 10.18), respectively.

The pH and Eh values of the different solutions were measured at the beginning and conclusion

of each experiment in all types of experiments.

2.3. Analyses
2.3.1. Analyses of the culture medium

The pH and Eh values were measured using a portable Thermo Orion 250 A+ pH meter
calibrated using NIST-traceable standard buffer solutions for slope correction (pH 4 and 7) and
temperature compensation, while the calibration for Eh measurements was performed by using
quinhydrone added to the standard buffer solutions at pH 4 and 7, according to the manufacturer’s
instructions. Based on repeated measurements, accuracy for pH and Eh was calculated at + 0.05 and + 13
mV (10), respectively. The presence of O, was quantified using a K-7759 CHEMets kit for dissolved
oxygen. Aqueous ferrous cation (Fez+(aq)) and total iron (Feruq) were measured by using the 1,10-
Phenanthroline method for Fe** and the Ferrover method for the Ferwaq (Hach, manufacturer’s
instructions) with a Hach DR 850 colorimeter. The analytical error for both analyses was =1 pM. Fe3+(aq)
concentration was calculated as the difference between the measured values of Ferg, iron and Fe*").
Optical density at a wave length of 625 nm (ODg,s) was measured in L-experiments by using a Thermo
Genesys 10 UV spectrophotometer.
2.3.2 Analyses of the solids

At the end of the experiments (30 days), the solution was vacuum-filtered (Buchi Vac 500)
through a 0.45 pum Millipore filter within the anaerobic chamber to avoid potential oxidation of the solid
samples. Solids were collected and freeze-dried (FLEXI-DRY-uP). The mineralogy of the solids was

determined by X-ray diffraction (XRD). Different fractions of each sample were analyzed by High
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Resolution Transmission Electron Microscopy (HR-TEM), Raman spectroscopy, Themogravimetric
Analyses (TGA) and Fourier transform infrared spectroscopy (FT-IR).

XRD analyses were performed using a single-crystal X-ray diffractometer equipped with an area
detector (Bruker D8 SMART APEX, Germany). For each sample, a frame (or 2D diffraction pattern) was
collected using the following experimental conditions: Mo Ka, 50 kV, 30 mA, 0.5 mm collimator
diameter and 30 s exposure times. Sample powders were analyzed in transmission mode. XRD2DScan
software (Rodriguez-Navarro, 2006) was used to convert 2D diffraction patterns into regular powder 26
linear scans. The benefits of employing the single-crystal diffractometer for XRD analyses are worth
mentioning: this equipment uses Mo Ka instead of Cu Ka radiation, reducing the fluorescence produced
by iron rich minerals and substantially improving the signal to noise ratio in the resultant diffractograms.
Additionally, the use of a small collimated beam and a highly sensitive CCD area detector allows
measurement of very small samples (< 1 mg), important in these types of experiments where the amount
of sample is limited.

The microscope used for HR-TEM analyses was a Philips CM20, equipped with Energy
Dispersive X-ray Microanalysis (EDAX). Those analyses allowed the study of the morphology of the
solids, the d-spacing [determined from selected area electron diffraction (SAED)] and the gross chemical
composition of individual crystals. For HR-TEM analyses, samples were fixed with glutaraldehyde and
post-fixed with osmium tetraoxide. For biotic experiments, samples were also stained with uranyl acetate.
Afterwards, the sample was dehydrated with ethanol, and embedded in Embed 812. Ultrathin sections
(50-70 nm) were prepared (Reicher Ultracut S microtome, DIATOME diamond blade). The samples were
placed in copper grids and carbon coated.

Raman analyses (Kaiser HoloSpec, with a He-Ne 632.8 nm laser interfaced with a Nikon Eclipse
E600 microscope) were run on ~1 mg of sample. Spectra were collected over a 100-3800 cm™ range at a
spectral resolution of 4 cm™. Since the samples were highly thermolabile, very low laser power (0.4 mW)
and a long acquisition time was used (3 min). Nevertheless, spectra showed a very low intensity and a
small noise to signal ratio. Spectra were taken at several different points from each sample to check their
consistency.

Solid samples used for TGA were further washed with 10% SDS three times to remove cells and
other organic materials. This separation was carried out by centrifugation at 6000 rpm for 10 min, and

then suspending the pellet in O,-free water. The washed samples were freeze-dried. TGA (SHIMADZU
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model TGA-50H) was run on =10 mg of solid, by heating the sample in an alumina cell under N,
atmosphere, at a rate of 20 °C min™ up to a final temperature of 950 °C. The gases evolved during the
decomposition of the solid were as well analyzed.

FT-IR analyses were performed on an IR200 spectrometer (Thermo-Nicolet) with a spectral
resolution of 4 cm™ and 128 scans. Prior to FT-IR analysis, precipitates were pressed into KBr pellets (3
mg of magnetite + 95 mg of KBr). To further determine if there was organic matter occluded within
magnetite crystals, a subsample of magnetite collected from L-experiments was treated with a 5 % NaOH
solution overnight, washed with deionised water and centrifuged several times, in order to remove any
absorbed organic matter. FT-IR analyses were performed in samples collected from L-experiments, both

unwashed and washed with NaOH.

3. RESULTS
3.1. L-experiments
3.1.1. Chemical evolution of the culture medium

Chemical measurements of the two replicates show identical trends, although the
absolute values at each time interval are different. The exact values at each time point
are not equivalent for several reasons: (1) they are greatly dependent on the size of the
inoculum and the initial chemistry of the culture medium; (2) the measurements are
performed at discrete time points (non-continuous) and (3) there are, at least, two
mechanisms with opposite effects on the evolution of Fe*'(,q and Fe’* (g (discussed
below) so the values at each time point would be the net result of the competitive rates
of these two mechanisms. Therefore, the values at each time point do not provide any
relevant information. However, important information can be extracted from the trends
in the evolution of chemical parameters, which are reproducible in all the replicas.
Therefore, for simplicity, data of only one of the replicates are explained in the present
paper (Table 2a).

The pH of the culture medium varied between 6.40-6.97 over the time course
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experiment (Table 2a), having a unique excursion of 6.14 at 48 h. An Eh value of
around 20 mV was measured at the beginning of the experiment and then decreased
throughout the experiment, to a minimum value of —258.1 mV at the conclusion of the
experiment. The decreasing trend in Eh was interrupted at 48 h, where Eh values
increased to 48.8 mV. ODgys was hardly measurable during the first 48 h, while no
absorbance was measure then after, probably because most of the cells are attached to
the ferrihydrite. Fergq) increased during the first 40 h from 35 uM to 164 uM, and then
fluctuated within the 73-168 uM range. It was 135 uM at the end of the experiment
(Table 2a; Fig. 2). Fe%(aq) showed an increase from 0.9 uM to 47 uM up to 40 h, and
then fluctuated within the range 2-35 uM. It decreased until the end of the experiment,
where it reached a concentration of 33 puM (Fig. 2). Finally, Fe3+(aq) concentration
increased from 34 uM to a maximum value of 137 uM at 32 h. Then it fluctuated within
the range 70 to 133 uM and stabilized at 102 uM by the end of the experiment (Fig. 2).
3.1.2. Analysis of the Solids

XRD diffractograms showed characteristic peaks of Fe;O4. Significant peak
broadening was observed due to the nanocrystalline nature of the precipitate.
Lepidocrocite (y-FeO(OH)) was also detected during the initial stages of the
experiment, while only Fe;O4 was detected at the end of the experiment.

HR-TEM-EDAX analyses showed Fe;O,4 crystals with an average size of 40-50
nm (Fig. 3), within the single-domain size range. The observed sections were
rectangular, rhombic, hexagonal and spherical in shape (Fig. 3a,c and e), corresponding
to euhedral crystals with prismatic, cubic and rhombic forms. SAED analyses of crystals
showed typical d-spacings for magnetite, confirming the mineralogy of the precipitate.
EDAX analyses of more than thirty crystals showed that the chemical composition of

those crystals was Fe and O, but S and P were also detected (Figs. 3d and f). The
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presence of Cu (Cu grid) and Si (detector) were also observed. Note that individual
crystals were separated by poorly electron absorbing material (Fig. 3b).

Raman analyses of the S. oneidensis biologically induced magnetites showed
very similar spectra (Fig. 4). The spectrum shows the characteristic oxide peaks at a
shift of 700 cm™. However, this peak is both broader and less intense than the same
peak observed in inorganic magnetite samples, indicating that biologically induced
magnetite was generally less crystalline. The magnetite peak is shifted toward higher
frequencies in this magnetite induced by S. oneidensis compared to that of inorganic
magnetite.

TGA analyses of S. oneidensis-induced magnetite show two marked mass loss
events, which can be attributed to organic matter combustion (Fig. 5a). The first mass
loss occurred within the range of 100-280 °C, constituting about 5% of the initial
sample mass. Analysis of the gases showed the presence of both H,O and CO,; (Fig. 5b).
A second important mass loss event was observed in the 250-550 °C range. In this case,
the sample lost an additional 20% of its mass. The evolved gas at this temperature range
was CO,. The two mass loss events are due to the thermal decomposition of absorbed
(first loss event) and intra-crystalline (second loss event) organic matter (Fig. 5b).
Remarkably CO, evolution from the sample was detected up to 750 °C.

FT-IR spectra of the solid showed a peak at 588 cm™ (Fig. 6). This peak is
characteristic of Fe;O4 though it is shifted to a slightly higher wavenumber compared to
that of inorganic magnetites (typically 570 cm™). Additional peaks at 890 and 790 cm™
were also present in both inorganic and biogenic magnetite samples. FT-IR spectra of L-
samples showed additional bands at 1533 and 1637 cm’! typical of amide groups (Fig.
6). Interestingly, these bands are preserved even after treating magnetite samples with

NaOH solution overnight and extensive washing. This suggests that the organic
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component is occluded within the crystals.

3.2. UV- and FP-experiments

XRD of solids collected from both UV- and FP-experiments indicated that they
were Fe’™ oxides. No magnetite was found in any of the UV- or FP-experiments.
Therefore, the formation of magnetite seems to require the presence of metabolically

active bacteria.

3.3. Inorganic experiments

Only magnetite precipitation was detected in aqueous experiments and in
inorganic BpH7 experiments at a pH value of 10.18 (Eh = -294 mV), while Fe’"-bearing
solids were observed to precipitate in inorganic BpH7 experiments at pH values of 7
and 8 (Eh = -20 mV). These results are consistent with observations of Zachara et al.
(2002), who stated that ferrihydrite was unstable with respect to magnetite under anoxic
conditions, once the pH-Eh requirements for the stability field of magnetite were met.
Under less reducing conditions (such as those in inorganic BpH7 experiments at pH
values of 7 and 8) ferrihydrite was metastable with respect to Fe’" oxides.

The precipitation of magnetite was substantial in inorganic aqueous and
inorganic BpH7 (pH = 10.18) experiments. The pH of the aqueous experiments
increased from 7.64 at the beginning to 11.82 at the end. Similarly, the pH of the
inorganic BpH7 experiment at pH 10.18 also increased from 10.18 to 11.67. However,
inorganic BpH7 experiment at pH values of 7 and 8 remained largely unchanged at the
conclusion of the experiment (Table 2b).

The X-ray diffractograms of solids collected in both aqueous and inorganic

BpH?7 experiment (pH = 10.18) show well defined peaks at the characteristic 26 angles
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of magnetite, indicating the precipitate to be a pure, well crystallized magnetite.
Analysis by HR-TEM showed crystals with an average size ranging from 200 to 400 nm
(Figs. 7a,b,c,e and f). Poorly crystalline Fe oxide bars were also observed (Fig. 7d). No
differences in morphology were detected between inorganic magnetite from aqueous
experiments and BpH7 (pH= 10.18) magnetite. These morphologies were also identical
to those induced by S. oneidensis. The 2D crystal sections were rectangles, rhombuses,
hexagons and spherulites. EDAX analyses of the crystals showed the presence of Fe and
O. No S or P was detected in any of the analyzed samples. Raman spectra of the two
types of samples clearly show only the characteristic peak for magnetite (670 cm™).
However, magnetite precipitated in inorganic BpH7 experiment (pH = 10.18) is slightly
less crystalline than the magnetite precipitated in aqueous experiments, since the oxide
peak of the latter shows a narrower Lorentzian shape (Fig. 4).

TGA analyses of the magnetite formed in aqueous experiments showed a first
mass loss within the 100-300 °C range , during which the sample lost about 5% of its
initial mass (Fig. 5a). Within the range 300-400 °C, the sample underwent an additional
1 % mass reduction. Analysis of evolved gasses in this case indicated the presence of
only H,O associated to both events. Similarly, the inorganic magnetite from BpH7
experiment (pH = 10.18) showed a mass loss of approximately 8% up to 400°C,
stabilizing thereafter (Fig. 5a). The analysis of evolved gases within the first
temperature range showed an initial release of H,O and, almost simultaneously, a small
amount of CO; (Fig. 5¢). Since no organics were detected within the mineral structure
by FT-IR and/or HR-TEM-EDAX, and no changes were observed by Raman, such a
CO; release is probably associated to the combustion of the adsorbed organics present
in the culture medium.

FT-IR spectra of the solids, both aqueous and inorganic BpH7 experiment (pH =
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10.18), show only the characteristic peaks of magnetite at 570 cm™ (Fig. 6).

4. DISCUSSION
4.1. Role of S. oneidensis in magnetite precipitation

Bacterially induced mineralization of different biominerals has been reported to
occur as a result of both active and passive mechanisms by a considerable number of
studies. Active mechanisms refer to mineral formation as a result of chemical changes
in the environment caused by bacterial metabolic activity; passive mechanisms refer to
the formation of minerals mediated by bacterial wall, cell membranes and/or cell debris,
which act as nuclei for crystallization (Fortin and Beveridge, 2000; Southam, 2000).

Changes in the culture medium chemistry observed during the time course
experiments provide evidence regarding passive mechanisms occurring during
precipitation of magnetite induced by S. oneidensis. Since the sole initial source of iron
is the solid ferrihydrite, Ferq) increases during the initial stages (Fig. 2) result from
dissolution of ferrihydrite, releasing ferric iron into solution. Under anoxic conditions,
and once this Fe’'q is available, S. oneidensis can use such a cation as a terminal
electron acceptor, producing Fe*' (.. Therefore, the concentration of Fe*' () increases
over time at these earlier stages, Fez+(aq) being measurable after 40h (Table 2a). At these
early stages (up to 32 h), the concentration of aqueous Fe’ “ag iNncreases as a
consequence of the continued dissolution of ferrihydrite, and therefore the dissolution
rate of such ferrihydrite was higher than the rate at which bacteria were utilizing F e3+(aq)
as an electron acceptor. Once Fe’'(,y reaches a critical concentration, the system
becomes supersaturated with respect to magnetite, initiating precipitation. This
precipitation is observed as a decrease in the concentration of Fe*"(,), noticeable within

40-48 h. This observation is confirmed by the Eh values, which increase during this
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time interval due to the consumption of Fe** ;).

Fluctuations in Fe**,,) observed later, could be due either to further dissolution-
precipitation events of the previously formed solid, or to an increase in bacterial
reduction capacity coupled to an increase in the size of the bacterial population. Our
hypothesis is that dissolution-precipitation phenomena did occur after 48 h. In fact,
dissolution-reprecipitation of previously formed solids is commonly observed when
crystals precipitate from supersaturated solutions (Ogino et al., 1987; Jimenez-Lopez et
al., 2004). Such a phenomenon may be caused either by dissolution of metastable
phases giving rise to more stable (Ostwald Step Rule; Morse and Casey, 1988), or by
dissolution of smaller crystals in favor of the formation of more stable bigger ones
(Ostwald Ripening Process; Morse and Casey, 1988). Both processes may have
occurred in our experiments. In fact, a less stable phase than magnetite (Iepidocrocite)
was detected together with magnetite at intermediate time intervals, but was not
detected at the latter stages of the experiment. Dissolution of small crystals following
the Ostwald Ripening Process may have also occurred, since crystals with different
sizes were observed by HR-TEM. This observation dismisses “size” as a discriminating
factor between inorganic and S. oneidensis-induced magnetites.

Another important consideration is that, according to our results, passive
mechanisms alone are insufficient to induce magnetite precipitation, since no magnetite
formation was detected under the test conditions when S. oneidensis was not alive (UV-
and FP-experiments). The presence of living bacterium appears to be a prerequisite for
magnetite precipitation. The results from inorganic experiments show that magnetite
precipitation only occurs when the pH values and Fe2+(aq) concentrations are higher than
those of the bulk culture medium used in L-experiments. Therefore, the presence

of metabolically active S. oneidensis may serve to create localized areas where high pH
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and Fe%(aq) levels are attained, allowing precipitation of magnetite in those areas.
Firstly, and in the context of pH values, the potential pH increase would be noticeable in
the environment surrounding the bacterium, although it may not affect the bulk pH in a
buffered medium. Although there is no experimental evidence of this local rise of the
pH value, since such a measurement in the environment of a single cell is technically
impossible, such a hypothesis is consistent with the model proposed by Zachara et al.
(2002) for the formation of magnetite by DIRBs as a result of the bioreduction of
ferrihydrite. These authors proposed that magnetite precipitation would occur if there
was a moderate flux of Fe*(,) from the cell to the surrounding medium while meeting a
pH gradient, being the pH values maxima at the cell wall and decreasing moving toward
the bulk culture medium. Our results show an increase on the pH value of the culture
medium in L-experiments that was not detected in FP- or UV-experiments. However,
such an increase cannot be attributed only to bacterial metabolic activity, but also to the
process of magnetite precipitation itself, since such an increase is also observed in the
inorganic experiments where magnetite precipitated. Therefore, in our experimental
measurements, the effects on the pH of bacterial metabolic activity and magnetite
precipitation could not be disentangled.

Secondly, and related to Fe**(,, it has been demonstrated that the negatively
charged structures (i.e. cell walls, membranes, debris and other organics) attract cations
(Fowle and Fein, 2001; Rodriguez-Navarro et al., 2003, 2007; Van-Lith et al., 2003;
Bazylinski et al., 2007; Neal et al., 2007; Gonzalez-Mufioz et al., 2008). Thus,
concentration of Fe*'(,q) and Fe’'(, are expected to increase locally in these specific
areas, increasing the local supersaturation with respect to magnetite, thus allowing the
precipitation of such a phase. At the same time, no precipitation would occur in the bulk

culture medium, since the Eh-pH conditions do not fall within the expected stability
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field for magnetite.

In UV- and FP-experiments, in the absence of bacterial metabolic activity, there
was no localized pH rise (Table 2b). Although cell walls (UV-experiments) and cell
debris (FP-experiments) probably concentrated Fe%(aq) and Fe3+(aq) at their negatively

charged areas, that was not enough supersaturation to induce magnetite precipitation.

4.2. Differences between S. oneidensis Mediated Magnetite and Inorganic
Magnetite

According to our results, morphology is a poor candidate to differentiate
between inorganic and S. oneidensis-induced magnetite since the observed 2D section
morphologies of magnetite fractions collected from experiments of both origins were
similar. This observation concurs with earlier conclusions (i.e. Thomas-Keprta et al.,
2000; Bazylinski et al., 2007). There was, in fact, a remarkable variation in crystal size:
inorganically produced magnetite crystals are typically larger than bacterially induced
crystals. However, such a difference cannot be considered a candidate to differentiate
between inorganic and S. oneidensis-induced magnetites, since the size of crystals
depends on a variety of factors including supersaturation, time of growth, dissolution-
reprecipitation phenomena (Garside, 1982) and the pH of the surrounding medium
(Jolivet el al., 1997). For instance, it has been observed that as pH increases from 9 to
12, particle size is reduced from 12 to 2 nm, at ionic strengths ranging from 0.5 to 3 M
(Vayssicres et al., 1998).

TGA analyses show markedly different thermal behaviour for magnetites of
different origin. Biologically-induced crystallites lost about 25% mass during the
heating process in the two events above mentioned. On the contrary, inorganic

magnetites lost 6% and 8% of its mass. In the case of S. oneidensis-induced magnetites,
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thermal decomposition of the solid resulted in release of CO,, suggesting the presence
of organic inclusions. The two mass loss events are interpreted to be due to the presence
of absorbed (first loss event) and occluded organics (second loss event) in the mineral.
The former organic matter is typically lost at lower temperatures than the later one
(Zaremba et al., 1998). The presence of substantial amounts of intra-crystalline
occluded organic matter is further confirmed by the presence of amide absorption bands
in FT-IR spectra, even when magnetite was treated with NaOH and washed extensively
to remove adsorbed organic matter. This indicates that organic matter is incorporated
during crystal growth. These amide peaks are not present in the inorganic magnetites,
neither aqueous nor inorganic BpH7 experiment (pH = 10.18), and are a distinctive
feature of the bacterially induced magnetite.

Interestingly, Raman spectroscopy also shows marked differences between the
two magnetites with different origin (Fig. 4). The spectra indicate the structure and
crystallinity of these two magnetites are quite different. More specifically, biogenic
magnetites were less crystalline than inorganic ones, indicated by the line broadening
and reduced intensity of the 660 cm™ peak observed for the biogenic magnetite. The
crystal structure is altered, possibly due to the incorporation of organic matter. Such
incorporation may also account for the shift in the magnetite peak from 570 cm™
(inorganic magnetite) to 588 cm™ (biogenic-magnetite) and the peak broadening
observed in FT-IR spectra (Fig. 6). Interestingly, no changes in the spectra were
observed when magnetite grew in a sterile culture medium containing organics,
indicating no organic incorporation within magnetite structure.

It has been shown that cell structures, cell debris or even by-products of
bacterial metabolism not only act as nuclei for the precipitation of biominerals, but

become incorporated within the crystal structure to quite significant amounts. This
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conclusion is based on analysis of vaterite (CaCQOs3) induced by Myxococcus xanthus
when compared to vaterite obtained inorganically from solution (Rodriguez-Navarro et
al., 2007). Incorporation of organics within the vaterite crystal structure modifies the
structure, stabilizing the mineral. The weakly electron adsorbent material separating
magnetite crystals observed in S. oneidensis-induced magnetite may be organics
identified by FT-IR and TGA analysis. This is consistent with EDAX analyses that
show the presence of phosphorous and sulfur in these samples (Fig. 3d and f). These
elements are common components of bacterial extracellular polymeric substances and
cell walls (e.g. proteins containing sulfur aminoacids, phospholipids). These organics
can transform and remain within the crystal during long periods of time, even under
harsh environmental conditions. For instance, lipids and structural biopolymers are
known for their overall recalcitrance under harsh environmental conditions (Engel and
Macko, 1993). In particular, some lipids are known to be stable over billion year
timescales when buried in the subsurface and isolated from oxygen (Eglinton et al.,
1964; Summons et al., 1988; Brocks and Summons, 2003). In fact, lipids are the
biomarkers most commonly used to study and reconstruct terrestrial ecosystems.
Moreover, other organics can survive over extended periods of time and can be
recognized in fossils and used as biomarkers (organic material in paleozoic
microfossils: Igisu et al., 2009; terpenoids: Simoneit et al., 2007; carotenoids,
chlorophyll and a chlorophyll-like compound: Jorge-Villar et al., 2007). Nevertheless,
and although more work is needed to determine whether or not the incorporation of
organics into BIM minerals is universal, both this incorporation and the corresponding
alteration in the mineral structure could be considered as a biosignature. Therefore, it is

not only the presence of organics within the crystals what could be used to recognize
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biological origin, but also, the changes in the mineral structure that the incorporation of

those organics would have caused.

5. CONCLUSIONS

The precipitation of S. oneidensis-induced magnetites occurs by a combination
of passive and active mechanisms and, therefore requires the presence of a
metabolically active bacterial population that induces local pH increases surrounding
the cells and local rises of Fe* and Fe®" at the negatively charged areas in the cell wall,
cell structures and/or cell debris. The conjunction of all these factors creates local
supersaturated conditions that induce the precipitation of magnetite.

Organic matter becomes incorporated in spectroscopically substantial amounts
into the crystal structure of S. omeidensis-induced magnetites, modifying the crystal
structure compared to inorganic magnetites. This change in the mineral structure and the
presence of organic matter are detected by Raman and FT-IR analyses and may be

candidate biomarkers to identify the biogenic origin of natural magnetites.
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TABLE CAPTIONS

Table 1. Number of bottles prepared under each experimental condition in UV- and FP-

experiments.
Controls

Culture UV- FP- - -

medium experiments experiments . Sterile, .Sterlle,
without FeCl, with FeCl,

BpH 7 5 5 2 4
NBpH 7 5 5 2 4
NBpH 8 5 5 2 4
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Table 2a) L-experiments: experimental values measured in the culture medium during the

time course experiment. Only data for a representative experiment is shown.

Time pH Eh(mV) ODg,5 (nm) Feraqg(nM) Fe2+(aq)(uM)

Oh 6.69 20.1 0.003 35 1
8h 6.72 23.7 0 86 8
16h 6.89 10.7 0.012 101 9
24h 6.77 11.2 0 146 36
32h 6.79 14.0 0 167 29
40h 6.90 10.2 0 164 47
48h 6.14 48.8 0.007 73 2
56h 6.91 4.4 0 148 25
5d 6.40 -166.5 0 168 35
10d 6.47 -182.0 0 135 32
30d 6.97 -258.1 0 135 33

b) Measured initial and final pH values of the different experiments. Those experiments in

which magnetite were obtained are marked with (*).

pH L-experiments* UV FP Inorganic Inorganic
BpH 7 BpH 7 BpH7 aqueous
(pH =10.18)* experiment*
Initial 6.7 6.4 6.7 10.18 (with 7.64
FG(CIO4)2)
Final 7.02 6.25 6.6 11.67 11.82
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FIGURE CAPTIONS

Figure 1. Field emission scanning electron microscopy (FESEM) images of the inocula used
in L-experiments and UV- experiments.

Figure 2. Evolution of the concentration of Fe* ., Fe’"(aq and Fer(,) during the time course
of L-experiments.

Figure 3. HR-TEM images and EDAX analyses of the S. oneidensis- induced magnetites. a)
General view; b) low-electron adsorbing area surrounding a crystal (marked with an arrow);
¢) and d) detail of a crystal and EDAX analysis; e) and f) magnetite crystal and EDAX
analysis. Rectangles on crystals show the area where EDAX analyses were performed.

Figure 4. Raman spectra of: (1) S. oneidensis-induced magnetite; (2) inorganic magnetite and
(3) inorganic BpH7 magnetite (pH= 10.18).

Figure 5. Thermogravimetric analyses (TGA) of a) S. oneidensis-induced magnetite and
inorganic magnetites. Mass losses are indicated in the figure. Analyses of evolved gases
during the decomposition of b) S. oneidensis-induced magnetite and c¢) inorganic BpH7 (pH=
10.18) magnetite.

Figure 6. FT-IR spectra of: (a) inorganic aqueous magnetite, (b) inorganic BpH7 experiment
(pH = 10.18) magnetite, (c) S. oneidensis-induced magnetite treated with NaOH and (d) S.
oneidensis-induced magnetite.

Figure 7. HR-TEM pictures and EDAX analyses of inorganic magnetite. a) General view; b)
magnetite crystals; c) detail of the rhombic crystal; d) iron oxide needle; e) isomorphic
crystal; f) isomorphic crystal. Rectangles on crystals show the area where EDAX analyses

were performed.

234



TABLE CAPTIONS

Table 1. Number of bottles prepared under each experimental condition in UV- and FP-

experiments.
Controls

Culture UV- FP- - -

medium experiments experiments . Sterile, .Sterlle,
without FeCl, with FeCl,

BpH 7 5 5 2 4
NBpH 7 5 5 2 4
NBpH 8 5 5 2 4

235



Table 2a) L-experiments: experimental values measured in the culture medium during the

time course experiment. Only data for a representative experiment is shown.

Time pH Eh(mV) ODg,5 (nm) Feraqg(nM) Fe2+(aq)(uM)

Oh 6.69 20.1 0.003 35 1
8h 6.72 23.7 0 86 8
16h 6.89 10.7 0.012 101 9
24h 6.77 11.2 0 146 36
32h 6.79 14.0 0 167 29
40h 6.90 10.2 0 164 47
48h 6.14 48.8 0.007 73 2
56h 6.91 4.4 0 148 25
5d 6.40 -166.5 0 168 35
10d 6.47 -182.0 0 135 32
30d 6.97 -258.1 0 135 33

b) Measured initial and final pH values of the different experiments. Those experiments in

which magnetite were obtained are marked with (*).

pH L-experiments* UV FP Inorganic Inorganic
BpH 7 BpH 7 BpH7 aqueous
(pH =10.18)* experiment*
Initial 6.7 6.4 6.7 10.18 (with 7.64
FG(CIO4)2)
Final 7.02 6.25 6.6 11.67 11.82

236



FIGURE CAPTIONS

Figure 1. Field emission scanning electron microscopy (FESEM) images of the inocula used
in L-experiments and UV- experiments.

Figure 2. Evolution of the concentration of Fe*" (4, Fe’(aq) and Fer(q during the time course
of L-experiments.

Figure 3. HR-TEM images and EDAX analyses of the S. oneidensis- induced magnetites. a)
General view; b) low-electron adsorbing area surrounding a crystal (marked with an arrow);
¢) and d) detail of a crystal and EDAX analysis; e) and f) magnetite crystal and EDAX
analysis. Rectangles on crystals show where EDAX analyses were performed.

Figure 4. Raman spectra of: (1) S. oneidensis-induced magnetite; (2) inorganic magnetite and
(3) inorganic BpH7 magnetite (pH= 10.18).

Figure 5. Thermogravimetric analyses (TGA) of a) S. oneidensis-induced magnetite and
inorganic magnetites. Mass losses are indicated in the figure. Analyses of evolved gases
during the decomposition of b) S. oneidensis-induced magnetite and c¢) inorganic BpH7 (pH=
10.18) magnetite.

Figure 6. FT-IR spectra of: (a) inorganic aqueous magnetite, (b) inorganic BpH7 experiment
(pH = 10.18) magnetite, (c) S. oneidensis-induced magnetite treated with NaOH and (d) S.
oneidensis-induced magnetite.

Figure 7. HR-TEM pictures and EDAX analyses of inorganic magnetite. a) General view; b)
magnetite crystals; c) detail of the rhombic crystal; d) iron oxide needle; e) isomorphic
crystal; f) isomorphic crystal. Rectangles on crystals show where EDAX analyses were

performed.
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ABSTRACT

Magnetite is an iron oxide common on Earth and even found in
extraterrestrial materials like Martian meteorite ALH84001. The incorporation of
cations other than Fe into biologically induced magnetites has not been extensively
studied in the literature. Experiments have been performed by either inducing the
precipitation of magnetite by the bioreduction of substituted precursors or by adding the
“foreign” cations as salts into the culture medium while using a pure precursor.
Nevertheless, little work has been done on characterizing the resulting magnetites and
the results are, somehow, contradictory. In this paper, we analyze the incorporation of
cations into the crystalline structure of magnetite formed both inorganically and
biologically induced by Shewanella oneidensis, when the “foreign” cations are added as
salt to the solution from where the magnetite is precipitating. While Ca is excluded
from the crystal structure (in both inorganic/biotic magnetites), Mg incorporates into the
crystal structure of inorganic magnetites and Mn induces a mineralogical transition from
magnetite to jacobsite. Regarding biotic magnetites, when they form in an environment
as a result of the bioreduction of a non-substituted ferrihydrite, the resulting magnetite
will not easily incorporated cations other than Fe, unless those cations have atomic

radius extremely similar to that of Fe. We also observed that the presence of Mg and
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Mn, even at relatively low concentrations, in the culture media where S. oneidensis

grow, favors both ferrihydrite dissolution and the efficiency of ferrihydrite bioreduction.

1. INTRODUCTION

Magnetite, a ferrous-diferric oxide (Fe;Oy), is a commonly-occurring mineral on
Earth, usually found in natural terrestrial environments ranging from igneous and
metamorphic rocks to all kinds of sedimentary environments (e.g.: Michard et al., 1988;
Mozley and Carothers, 1992; Ptacek, 1992; Rajan et al., 1996; Hall and Muzatti, 1999;
Sitzman et al., 2000). It has also been found in extraterrestrial materials [e.g., the
Martian meteorite ALH84001 (Thomas-Keprta et al., 2000)]. Magnetite can be
produced either inorganically or biologically, through both biologically-induced
mineralization (BIM: Frankel and Bazylinski, 2003) and biologically-controlled
mineralization (BCM: Bazylinski and Frankel, 2003). Magnetite has been found to be a
byproduct of microbial Fe’* respiration (e.g., Lovely e al., 1987) and therefore the
presence of magnetite has been used as possible evidence for respiratory processes in
the early evolution of the Earth (Walker, 1987; Vargas et al., 1998), as evidence for a
vast terrestrial subsurface biosphere (Gold, 1992), and even for evidence of life on
ancient Mars (McKay et al., 1996).

The biomineralization of magnetite by prokaryotes can be separated into the two
mechanistic modes above mentioned: biologically induced mineralization and
biologically controlled mineralization. Magnetite precipitated by bacteria through BIM
processes generally forms as a result of the metabolic activity of the organisms and
successive chemical reactions that involve metabolic byproducts. Organisms secrete one
or more metabolic products that react with ions or compounds in the environment

resulting in the subsequent extracellular precipitation of mineral particles (Frankel and
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Bazylinski, 2003). This process is most commonly recognized and studied in the
dissimilatory iron-reducing bacteria (DIRBs) although other microorganisms may also
be involved. These facultative anaerobic to strict anaerobic microorganisms respire with
Fe(IlI), reducing it to Fe(Il), as a terminal electron acceptor under anaerobic conditions.
In the laboratory, DIRBs most frequently use poorly crystalline Fe(IIl) oxides as
electron acceptor with ferrihydrite and nanogoethite the most easily used by cells
(Zachara et al., 2002). However, metabolic activity by itself is not enough to induce the
formation of magnetite. These microorganisms also provide the system with surfaces
such as cell walls, membranes, debris and/or polymeric materials (exopolymers) which
act as important sites for the adsorption of ions and subsequent mineral nucleation and
growth (Beveridge and Murray, 1980; Konhauser, 1998), helping the system to lower
the free energy needed for magnetite formation. Previous experimental results such as
those of Lovley et al., (1987) and Perez-Gonzalez et al. (2010) show that both factors,
1.e., active metabolic activity and the presence of the above mentioned surfaces are
necessary for magnetite to form. Such a phenomenon is explained by the fact that, only
when both mechanisms are present, the system reaches (at least, locally) an appropriate
combination of high pH values and high Fe*" and Fe’" concentration at the negatively
charged areas of the cell wall, membranes, debris, exopolymers or byproducts of
bacterial metabolic activity (Lovley, 1990; Bazylinski et al., 2007; Konhauser, 2007;
Perez-Gonzalez et al., 2010). The mineralogy of the precipitate strongly depends on
several factors such as media composition, electron donor and acceptor, additives and
physicochemical parameters of the culture media (Shewanella putrefaciens CN32:
Zachara et al., 2002; Kukkadapu et al., 2004, 2005, 2006; Shewanella sp. PV-4: Roh et
al., 2006). In essence, BIM is similar to inorganic mineralization under the same

environmental conditions and the mineral particles of both origins share much of their
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features (Thomas-Kerpta et al., 2000; Bazylinsli et al., 2007). In contrast, magnetites
produced through a biologically controlled mineralization (BCM) are the result of an
exquisitely controlled process exerted by which the magnetotactic bacteria. The
generally structurally well-ordered, chemical composition, narrow size distribution and
species-specific, consistent, crystal habits are a consequence of such a significant
degree of control over the nucleation and growth of the mineral (Bazylinski and
Frankel, 2003).

The incorporation of foreign cations into the structure of magnetite is a topic of
interest for several reasons. On one hand, the “chemical purity” of BCM magnetites is
one of the six criteria integrated in the “Magnetite Assay for Biogeneicity” proposed by
Thomas-Keprta et al. (2000) to recognize biological origin of natural magnetites. On the
other, the incorporation of cations different of iron has proven to change the magnetic
properties of magnetite nanoparticles. Such a tuning is of great interest in
nanotechnology. Magnetite produced by magnetotactic bacteria is generally considered
to be pure stoichiometric Fe;O4, lacking other metal contaminants (e.g., Mann and
Frankel, 1989; Sparks et al., 1990; Meldrum et al., 1993; Bazylinski, 1995; Bazylinski
and Moskowitz, 1997; Thomas-Keprta et al., 2000) although some exceptions have
been reported. Trace amounts of titanium has been found in magnetite from uncultured
bacteria from unamended natural sediments (Towe and Moench, 1981). Moreover,
some uncultured magnetotactic bacteria appear to incorporate manganese in their
magnetosomes when MnCl, was added to the microcosms containing the cells (Keim et
al., 2009). This cation is also probably incorporated into the crystalline structure of
BCM magnetites produced by Magnetospirillum gryphiswaldense when this bacterium
was first grown in a Fe-poor culture medium, and then in a second medium containing

equal amounts of iron and manganese (Prozorov et al., in revision). In addition, cells of

248



three species of Magnetospirillum in culture have been shown to incorporate cobalt
present in the growth medium in magnetosome magnetite, most probably in the surface
layers of the crystals (Staniland et al., 2008).

The chemical composition of biologically induced magnetites has been far less
studied than that of biologically controlled magnetites. Fredrickson et al. (2001), Parmar
et al. (2001), Roh et al. (2001) and Coker et al. (2008) studied bacterial reduction of
cation-substituted ferrihydrites or other amorphous ferric oxides by using different
species of Shewanella and/or Geobacter. The mineralogy, size and morphology of the
resulting magnetites were studied. However, in general, no much attention was paid to
the incorporation of foreign cations into the structure of magnetite. Fredrickson et al.
(2001) studied the reduction of Ni**-substituted (5 mol%) hydrous ferric oxide (HFO)
by S. putrefaciens CN32 and observed that such bioreduction was inhibited by the
presence of Ni. However, when they stimulated the Fe bioreduction by adding
anthraquinone disulfonate (AQDS), magnetite precipitated at relatively low Ni
substitutions in the electron acceptor (7 uM). By measuring the concentration of Ni in
solution, these authors inferred the presence of Ni into the structure of magnetite,
however, such an incorporation was not directly measured in this study. Parmar et al.
(2001) also studied the bioreduction of hydrous ferric oxide by S. putrefaciens CN32.
As a difference to the study by Fredrickson et al. (2001), Parmar et al. (2001), did not
worked with Ni-substituted HFO, but the Ni was added to the media as salts. They
observed that Ni strongly lowered the capability of the cells for HFO reduction and also,
they concluded that the resulting magnetite did not incorporated Ni into the crystal
structure. Roh et al. (2001) studied the bioreduction of amorphous iron oxihydroxides
(FeOOH) by Thermoanerobacter ethanolicus (Thor-39) in a medium added with salts of

Cr®, Co®, Co* and Ni*". In this study, magnetites formed as a consequence of such Fe
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bioreduction and were analyzed by synchrotron and electron microprobe. Those
analyses confirmed the incorporation of all these cations into the structure of magnetite.
However, these results were criticized by Coker et al. (2008). These authors used
Geobacter sulfurreducens and S. oneidensis to reduce synthetic amorphous FeOOH
dopped with different cations: Ni*", Co*", Zn*" and a combination of Mn®" and Zn*" in
the experiments performed with Geobacter, and Co®" and Ni*" in the experiments
performed with Shewanella. These authors did study in detail the magnetite formed as a
consequence of the bioreduction of iron by these bacteria. They reported the formation

of 20-30 nm sized magnetite crystals that incorporated all the dopant cations.

In this study, the incorporation of calcium, magnesium and manganese into the
structure of magnetites induced by S. oneidensis is analyzed when this bacterium uses
pure ferryhydrite as electron terminal acceptor, in a culture medium containing the
above mentioned cations, added as CaSO,, MgSO4 and MnSOQOy,. The chemistry of the
culture media has also been monitored during the experiment. Shewanella oneidensis,
(formerly S. putrefaciens MR-1), is a Gram-negative y- proteobacterium, first isolated
from Lake Oneida, New York (Myers and Nealson, 1988). S. oneidensis is able to use
lactate, acetate, pyruvate and some amino acids as carbon sources. Respiration of these
substrates is coupled to reduction of several terminal electron acceptors (Myers and
Nealson, 1988; Venkateswaran et al., 1999). When S. oneidensis uses Fe’'(q as
terminal electron acceptor, produces Fez+(aq) and, under appropriate solution conditions,
this dissimilatory Fe’ +(aq) reduction can induce extracellular precipitation of Fe;O4 (Neal
et al., 2003). The incorporation of cations in BIM magnetites is also compared in this
study to that in inorganic magnetites, grown from doped-solution (i.e.: containing
calcium, magnesium or manganese), in free-drift experiments hold at 25°C and 1 atm

total pressure.

250



2. MATERIALS AND METHODS

Two types of magnetite were synthesized: One was induced by S. oneidensis (referred to as
biotic magnetite), the other was produced inorganically (referred to as inorganic magnetite).
2.1. Biotic Magnetite Experiments
2.1.1. Microorganism and Inoculum Preparation

The microorganism used was Shewanella oneidensis ATCC 700550. This microorganism was
grown in 75 mL of Trytic Soy Broth (TSB, Scharlau Chemie) incubated overnight at 28°C under shaking
(180 rpm). Cells were harvested and washed three times in KCI (2 mM) by centrifugation (6000 rpm,
Sorvall Super T21). Finally, cells were resuspended in 60 mL KCI (2 mM) (approximately 6x10'° colony
forming units mL™"). This cell suspension was used as inoculum.

2.1.2. Media

The basic culture medium was prepared by modifying the one described by Kostka and Nealson
(1998). The original phosphate buffer was substituted by 30 mM Piperazine-1,4-bis(2-ethanesulfonic
acid) (PIPES) buffer. The modified medium also contained 32 mM lactate, 9 mM ammonium sulfate, 6
mM K,HPO,, 3.3 mM KH,PO,, 2 mM NaHCO;, 1 mM MgSQO,, 0.5 mM CaCl,, 67.2 uM Na,-EDTA,
56.6 uM H3BOs, 10 uM NaCl, 5.4 uM FeSOy, 5 pM CoSOy, 5 uM Ni(NH,),SO4, 3.9 uM Na,MoO,, 20
mg L' each of arginine, serine and glutamic acid. Medium pH was poised at pH 7. All the chemicals
were procured from Sigma.

Culture medium was made anoxic by boiling for 3 minutes and then by bubbling with N, for half
an hour, while cooling in an ice bath. The medium was then placed inside an anaerobic chamber (COY
Laboratory Products Inc.) containing an atmosphere of 4% H,/96%N, continually circulated through
palladium catalysts to reduce trace O, to H,O. The chamber also contained anhydrous CaSOj, to trap
water produced on the catalyst and it was equipped with gas analyzers to continually monitor O, and
Hy) levels throughout the course of the experiment. Aliquots of 750 mL were transferred to thirty six 1 L
Pyrex bottles. These bottles were sealed with modified screw caps, having a rubber septum allowing
inoculation and further addition of chemicals. The rubber stopper was washed with ethanol prior to any
inoculation to prevent contamination.

Bottles were autoclaved at 121°C for 20 minutes. These bottles were used to study chemical

evolution of the system during magnetite biomineralization.
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After sterilization, and immediately before inoculation, all the bottles were supplemented with 2-
Line ferrihydrite [0.2 g L"'; Schwertmann and Cornell (1991)] and a filter sterilized amino acid solution
(Kostka and Nealson, 1998). This buffered medium will be referred to as BpH7.

Solutions 25 mM of MgSO,, CaSO, and MnSO, were prepared independently by using
chemicals provided by Sigma and MilliQ water. Each solution was dispensed in 100 ml Pyrex bottles,
sealed with a rubber stopper. All the solutions were made anoxic by bubbling with ultrapure N, for 20
minutes (Carburos metalicos, Seville, Spain), that was passed, prior to bubbling, through a hot Cu furnace
(Supelco) to remove trace O,. After that, the bottle was sealed and then, the headspace was filled with N,
for 5 minutes. All the bottles were autoclaved at 121°C during 20 minutes. Calcium doped culture
medium (here referred as BpH7-Ca) was prepared by adding 7.5 ml of the CaSO, solution to bottles
containing BpH7 culture medium. The final concentration of calcium in solution was 0.25 mM.
Identically, BpH7-Mg and BpH7-Mn culture media were prepared by adding, respectively, 7.5 ml of
MgSO, and MnSOj, solutions to the culture medium BpH?7.

2.1.3. Experimental procedure

Four sets of twelve 1L Pyrex bottles were filled with 750 mL of the respective
culture media as following: (a) first set (control experiment) was filled with BpH7
culture medium, here referred as BpH7 type (these experiments are published in Perez-
Gonzalez et al., 2010), (b) second set (here referred as BpH7-Ca type) was filled with
BpH7-Ca culture medium, (c) third set (here referred as BpH7-Mg type) was filled with
BpH7-Mg culture medium and (d) fourth set (here referred as BpH7-Mn type, was filled
with BpH7-Mn culture medium. Two replicas of each set were performed. These BpH7-

Ca, BpH7-Mg and BpH7-Mn are here referred as “foreign” cations experiments.

In each set, eleven out of the twelve bottles were inoculated with S. oneidensis, by introducing
3.75 ml of the inoculum in each bottle trough the rubber septum. The remaining non inoculated bottle
acted as a control. All experiments were introduced in the Coy Chamber and held at 25°C and 1 atm total
pressure for different time intervals (0, 8, 16, 24, 32, 40, 48, 56 hours, 5, 10 and 30 days). At the
predetermined time interval, a single inoculated bottle of each set was opened, and the pH, Eh,
absorbance, Fer(,q concentration and Fe**,,) concentration were measured in the solution. At the end of

the experiment (30 days) the solid was also recovered by vacuum-filtering, as detailed below.
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2.2. Inorganic magnetites

A NaHCOs;-Na,COj; solution (25 mM/25 mM) was prepared using O,-free deionized water
(Milli-Q). This oxygen-free water was prepared by boiling deionized water for one hour, and then cooling
in an ice bath while sparging with ultra pure N, for one hour. This NaHCO;-Na,CO; solution was placed
into a container, which was quickly placed into the anaerobic chamber to keep it anoxic. Then, Fe(ClO,),
was added to a final concentration of 25 mM. This solution had a pH of 6.95 and an Eh of -406 mV. This
solution is here referred as master inorganic solution (MIS), and it is the control experiment.

Ca(ClOy),, Mg(ClOy), and Mn(ClOy), solutions (0.5 M) were prepared separately using O,-free
deionized water (Milli-Q). Different volumes of each solution were added to the master inorganic
solution, to obtain final solutions with different concentration of each cation, ranging from 0 to 25 mM.
Five different mixtures (here referred as MIS-Ca, MIS-Mg, MIS-Mn, MIS-Mx1, MIS-Mx2) were
prepared, with final concentrations detailed in Table 3.

To reach the stability field for magnetite, calculated by using equations of Garrels and Christ
(1990), different aliquots of O,-free NaOH (10 M) and FeCl; (2.5 M) solutions were added to each one of
the experiments, until the solution begun to turn black. Such a pH was of 11.8 for MIS experiments, 12.2
for MIS-Ca, 10.28 for MIS-Mg, 12.2 for MIS-Mn, 12.2 for MIS-Mx1 and 11.71 for MIS-Mx2. All the
chemicals were of reagent grade provided by Sigma Aldrich.

The final solutions of each type of experiment were distributed into 1 L Pyrex bottles (filling
each one with 0.75 L). Three replica of each experiment was prepared. All the Pyrex bottles were kept for
a month in the anaerobic chamber at 25°C. At the end of the experiment (30 days), the pH, Eh and cation
concentrations (Fe*'(,q), Ca*’ (g, Mg (2 and Mn®",,) were measured from each solution. The solid was

recovered by vacuum filtering, as detailed below.

2.3. Analyses
2.3.1. Analyses of the solution

The pH and Eh values were measured using a portable Thermo Orion 250 A+ pHmeter
calibrated using NIST-traceable standard buffer solutions for slope correction (pH 4 and 7) and
temperature compensation, while the calibration for Eh measurements was performed by using

quinhydrone added to the standard buffer solutions at pH 4 and 7, according to the manufacturer’s
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instructions. Based on repeated measurements, accuracy for pH and Eh was calculated at + 0.05 and + 13
mV (10), respectively. Aqueous ferrous cation (FeZ+(aq)) and total iron (Feruq) were measured in the
biotic experiments by using the 1,10-Phenanthroline method for Fe* and the Ferrover method for the
Fer(q) (Hach, manufacturer’s instructions) with a Hach DR 850 colorimeter. The analytical error for both
analyses was = 1 uM. Fe’*,,, concentration was calculated as the difference between the measured values
of Ferqyg iton and Fe*,,). The total Ca, Mg and Mn concentration in the solution was measured by atomic
absorption spectroscopy (AAS) by using a Perkin Elmer 5100 spectrometer, error analysis was estimated
at + 0.1 mM, based on the repeated measurement of samples and standards (as above). Optical Density at
a wave length of 625 nm (ODg,s) was measured in the biotic experiments by using a Thermo Genesys 10
UV spectrophotometer.

Supersaturation and other parameters from MIS experiments were calculated with Phreeqc

interactive 2.15.0 program (USGS).

2.3.2. Analyses of the solid

At the end of the experiments (30 days), the solutions were vacuum-filtered (Buchi Vac 500)
trough a 0.45 pm MilliPore filter inside the COY Chamber. Solids were collected and freeze-dried
(FLEXI-DRY-uP). The mineralogy of the solids was determined by x-ray diffraction (XRD). Different
fractions of each sample were also analysed by Raman spectrometry and by High Resolution
Transmission Electron Microscopy (HR-TEM).

X-ray diffraction analyses were performed on BpH7 samples using a Philips PW 1710
diffractometer, with graphite monochromator. For every sample, a frame (or 2D diffraction pattern) was
collected using the following experimental conditions: Mo 93Ka, 50 kV, 30 mA, 0.5 mm collimator
diameter and 30s exposure times. Sample powders were analysed in transmission mode. XRD2DScan
software (Rodriguez-Navarro, 2006) was used to convert 2D diffraction patterns into regular 28 linear
scans. It is worth mentioning, the benefits of employing the single crystal diffractometer for XRD
analyses. On one hand, this equipment uses Mo instead of Cu radiation which reduces the fluorescence
produced by iron rich minerals, improving substantially the signal to noise ratio in the diffractograms
obtained. On the other hand, the use of a small collimated beam and a highly sensitive CCD area detector
allows the measurement of very small samples (< 1 mg) which is very important in this type of

experiments in which the amount of sample is limited. On MIS samples a single-crystal x-ray
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diffractometer equipped with an area detector (Bruker D8 SMART APEX, Germany) was used using the
same experimental conditions.

The microscope used for HR-TEM analyses was a Philips CM20, equipped with Energy
Dispersive x-ray Microanalysis (EDAX). Those analyses allowed the study of the morphology of the
solids, the d-spacing [determined from selected area electron diffraction (SAED)] and the gross chemical
composition of individual crystals. For HR-TEM analyses, samples were fixed with glutaraldehyde and
post-fixed with osmium tetroxide. For biotic experiments, samples were also stained with uranyl acetate.
Afterwards, the sample was dehydrated with ethanol, and embedded in Embed 812 resin. Ultrathin
sections (50-70 nm) were prepared (Reicher Ultracut S microtome, DIATOME diamond blade). The
samples were placed in copper grids and carbon coated. Over thirty crystals were analyzed from each type
of experiment to confirm reproducibility. Si in the samples was used as standard for quantification.

Raman analyses (Renishaw Raman “In Via” reflex, with a Ar: 785 nm laser interfaced with a
Licka DM LM microscope) were run on =1 mg of sample. Spectra were collected over a 200-2000 cm™
range. Since the samples were highly thermolabile, very low laser power (0.5%) and a long acquisition
time was used (3 min). Nevertheless, spectra showed a very low intensity and a small noise to signal ratio.

Spectra were taken at several different points from each sample to check their consistency.

3. RESULTS
3.1. Biotic magnetites
3.1.1. Evolution of the chemistry of the culture media

Chemical measurements of the replicates show identical trends, although the
absolute values at each time interval are different. That holds true for all biotic
experiments. The exact values at each time point are not equivalent for several reasons
detailed in Perez-Gonzalez et al. (2010), that are: 1) the values are greatly dependent on
the size of the inoculum and the initial chemistry of the culture medium; 2) the
measurements are performed at discrete time points (non-continuous) and 3) there are,
at least, two mechanisms with opposite effects on the evolution of Fe" () and Fe**(q),

being the values, at each time point, the net result of the competitive rates of these two
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mechanisms. Therefore, the values at each time point do not provide any relevant
information. However, important information can be extracted from the trends in the
evolution of chemical parameters, which are reproducible in all the replicas within a
specific experiment type, i.e., BpH7-Ca, BpH7-Mg and BpH7-Mn. Therefore, for
simplicity, data of only one of the replicates are showed in the present paper (Table 2).

Some differences, compared to the control, are shown in the evolution of the
chemistry of the culture media due to the presence of Ca, Mg or Mn (Fig. 1a vs Figs. 1b,
c and d and Table 1). The pH of the BpH7 culture medium varied between 6.14-6.97
over the time course experiment, while the pH range for the BpH7-Ca experiments was
6.30-7.66, that for Mg-BpH 7 was 5.05-7.50 and, finally, the pH range for the BpH7-
Mn experiment was 6.99-7.64. Therefore, the pH values of the experiments containing
“foreign” cations were higher than that of the control. In all experiments, the Eh values
tend to decrease throughout the time course experiment: from 20 to —258.1 mV in BpH7
experiment, from 23.7 to —7.2 mV in BpH7-Ca, from 63.8 to —274.4 mV in BpH7-Mg,
and from —88.0 to —267.0 mV in BpH7-Mn. Such a decrease, was not, nevertheless,
continuous, but showed fluctuations. ODgps was hardly measurable during the
experiments, holding that true for all the types. This is probably because most of the
cells are attached to the ferrihydrite.

Fer@q) increased during the time course experiment from 35 to 135 uM in the
BpH?7 experiment, from 105 to 480 UM in the BpH7-Ca experiment, from 16 to 387 pM
in the BpH7-Mg experiment, and from 304 to 442 UM in the BpH7-Mn experiment
(Table 2, Fig.1). Such an increase was not continuous, but showed fluctuations during
the first stages of the experiment. The concentration of Ferq) during these first stages is
quite similar in all BpH7 experiments, independently of the presence of “foreign”

cations, indicating that the presence of these “foreign” cations does not interfere with
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the initial dissolution of the amorphous ferrihydrite. However, then after, a marked
difference is observed in the “foreign” cations experiments, and it is that, while the
Feraq) stabilized at the latter stages of the experiment in the control, it continued
increasing in the “foreign” cations runs (Fig. 1).

Similarly, Fe%(aq) increased from 1 to 33 UM in the BpH7 experiment during the
time course experiment, from 0.2 to 41 UM in the BpH7-Ca experiment, from 15 to 294
MM in the BpH7-Mg experiment, and from 0 to 315 UM in the BpH7-Mn experiment
(Table 2, Fig.1). Again, such an increase was not continuous, but it was interrupted at
32 and 48 hours in the control experiment and at 40 and 56 hours in the “foreign”
cations experiments indicating a delay on the precipitation of magnetite in these latter
experiments. Identically to what occurred with Ferqq, while the values of Fe*"
stabilized at the end of the experiment in the control run, it continued increasing in the
“foreign” cations experiments and it did not stabilized within the time of the
experiment, with the exception of BpH7-Ca experiment (Fig. 1). Also, it is interesting
that, while the concentrations of F ez+(aq) and Ferqq) approach each other up to the 200
hours time interval in the BpH7-Mg and BpH7-Mn experiments, indicating an efficient
bioreduction, the concentration of Fer(q) 1s considerably higher than that of Fe2+(aq) in
BpH?7 and, specially in BpH7-Ca experiments, indicating a less efficient bioreduction
and also, the presence of a considerable amount of available Fe''(,q in BpH7-Ca
experiments. It is worth noting that these noticeable variations on the chemistry of the
solutions occurred and were reproducible even though the concentrations of Ca*" and
Mg”*" introduced in the BpH7-Ca and BpH7-Mg experiments only slightly varied the
already existing concentrations of those cations in BpH7 medium.

Ca2+(aq) varied from 0.16 to 0.07 mM from the beginning to the end of the

experiment, showing a minimum value of 0.06 mM at the 8 hours time interval. Mg*" )
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was 0.20 mM at the beginning of the experiment and 0.15 mM at the end, showing a
minimum value of 0.13 mM at 24 at 48 hours. Mn*" ) decreased from 0.22 to 0.18 mM
from the beginning to the end of the experiment, showing a minimum value of 0.12 mM
at the 5 days time interval. Nevertheless, the variations of the concentrations of these

cations are within the experimental error (Table 2).

3.1.2. Chemistry of the solid

A black strong magnetic precipitated appeared in all BpH7 experiments
independently of the presence of “foreign” cations. Solid mineralogy was determined by
XRD analyses. BpH7 showed magnetite as a main phase and a mixture of other iron
oxides like ferrihydrite, although in a much less amount, and, preferentially during the
first stages of the experiment. The solid collected at the end of BpH7 experiments was
pure magnetite. Identically, the solid collected at the end of the experiment in BpH7-Mn
was 100% magnetite, showing a narrow peak, corresponding to a well crystallized
sample. In the contrary, the solid collected in BpH7-Ca and BpH7-Mg was a mixture of
several iron oxides and oxohidroxides like lepidocrocite, ferryhidrite, goethite and
magnetite. Magnetite and ferryhidrite were the main phases, and goethite and
lepidocrocite were just barely detected in these runs, probably resulting from the
oxidation of the metastable ferryhidrite (according to the stability diagrams of Zachara
et al. 2002), during the preparation of the samples for XRD analyses. A notable
magnetite peak broadening was observed in these two experiments, indicating poorly
crystallinity. No calcium or magnesium oxides were detected by XRD.

HRTEM-EDAX images of the solids collected in BpH7-Ca, BpH7-Mg and
BpH7-Mn show a matrix of amorphous material (composed by Fe and O, according to

EDAX analysis, being possible ferryhidrite), in which magnetite crystals are embedded
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(Figs. 2, 3 and 4). The size range of those magnetite crystals is from 10 to 500 nm,
although most of the crystals are smaller than 100 nm (within the single-domain size
range). The observed sections were rectangular, thombic, hexagonal and spherical in
shape (Figs. 2b, 2c¢, 3b, 3c, 3e and 4e), corresponding to euhedral crystals with
prismatic, cubic and rhombic forms. SAED analyses of crystals showed typical d-
spacings for magnetite, confirming the mineralogy of the precipitate. These
observations hold true for all the “foreign” cations experiments. EDAX analyses of
more than thirty crystals showed that the chemical composition of those crystals was Fe
and O. Cu (Cu grid) and Si (detector) were also observed and P and S, due to the
presence of organics. No Mg or Ca were detected in any of the magnetites collected
from BpH7-Ca and Mg-BpH 7 experiments, respectively (Figs. 2d, 2f, 3d and 3f), or, at
least, not enough signal to be noticeable from the background. In contrast, Mn was
detected in the section of the magnetite crystals collected from BpH7-Mn experiments
(representing [10.9%; Fig. 4d and 4f). The detection of Mn within the magnetite crystals
was highly reproducible in all the crystals analyzed from BpH7-Mn experiments.
Raman analyses (Fig. 5 a) showed the main peak for magnetite 670 cm™ in all
the samples. BpH7-Ca and BpH7-Mg experiments show a quite broad magnetite peak,
indicating a poorly crystalline magnetite. Peaks for goethite and lepidocrocite also
appear at 450 and 600 cm™. These data confirm XRD results. BpH7-Mn also shows the
main peak for magnetite at 670 cm™. Although this peak is broader than that of BpH7
experiment, is not as broad as that of BpH7-Ca and BpH7-Mg. Therefore, although this
BpH7-Mn magnetite is not as well crystallized as that of BpH7 one, it is better
crystallized than the magnetite obtained from the experiments BpH7-Ca and BpH7-Mg.
Also, no other ferrous or ferric oxides are detected by Raman in the solid collected from

BpH7-Mn. Comparing these results to those of inorganic magnetites (next section), a
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shift to higher vibration frequencies is observed, indicating an alteration in the

crystalline structure of all these biotic magnetites.

3.2. Inorganic magnetites

The pH and Eh values remained fairly constant from the moment at which the
addition of titrants stopped until the end of the experiment (30 days) (Table 2). For
instance, the pH value varied less than 0.2 units in all experiments and Eh values varied
less than 18 mV. No increasing or decreasing tendency was observed in the measured
pH and Eh values. The concentration of Fe*'(,) decreased from the beginning to the end
of the experiment, being practically all removed from the solution at the end of the
experiment. Also, the concentration of Ca*" (4, Mg®"(aq) and Mn*"(,), greatly decreased
during the experiment.

A magnetic, dark precipitate formed in all experiments, with the exception of
MIS-Mn. According to XRD data, the solid collected in these MIS-Mn experiments was
rhodochrosite (MnCOs3) and jacobsite (MnFe,;0O4) along with a very amorphous phase.
In contrast, magnetite was detected by XRD in all the other MIS experiments,
constituting 100% of the solid in MIS runs. In MIS-Ca experiment, the solid was a
mixture of magnetite and calcite, being the strongest peak the one for magnetite. In
MIS-Mg experiments only peaks for magnetite were detected, although slightly shifted
to higher angles. The analyses of MIS-Mx1 and MIS-Mx2 revealed the presence of
magnetite peaks as the main phase (slightly shifted in the case of MIS-Mx1) and calcite
peaks.

Calculated supersaturation for calcite (Qcaicire) and rhodochrosite (Qrodhochrosite)

are listed for the relevant experiment: MIS-Ca: (Qcaicite = 125.9 to 28.183), MIS-Mn

(Qrhodochrosite = 5495 t0 0), MIS-Mx1 (Qeatcite= 47.86 to 5.888) and MIS-Mx2 (Qualcite=
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114.81 to 16.982).

HR-TEM images of the solid collected in MIS-Ca experiments (Figure 6) show
isomorphic magnetite crystals with a size range between 40 and 50 nm (small magnetite
crystals, SMC) (Fig. 6b) and big euhedral magnetite crystals (BMC) with a size range
between 100 and 150 nm (Fig. 6e) along with calcite crystals (CC) (Fig. 6c). Crystals
show the same 2D microscope sections as those observed in biogenic samples from
BpH7 runs. EDAX analysis of the magnetite crystals show only Fe and O, no Ca, P
and/or S were detected. Identically, HR-TEM images of the solid collected in MIS-Mg
(Figure 7) show a matrix of isomorphic crystals with a size range between 40 and 50 nm
along with non-crystalline bars (Fig. 7a and b). Crystals show rectangular, rhombic,
hexagonal and spherical microscope sections (Fig. 7c and 7¢). EDAX analysis of the
magnetite crystals shows Fe, O and Mg (from 1 to 5%: Fig. 7d). On the contrary, Mg is
clearly detected (20%) along with Fe and O in the non-crystalline bars (Fig. 7f). No P
and/or S were detected. These results are identical for MIS-Mx1 (Figure 8) and MIS-
Mx2 (Figure 9), where isomorphic crystals between 40 and 50 nm appear along with
amorphous bars (Fig. 8a, b and ¢ and 9a, b and c). Crystals show the same microscope
sections as in the MIS-Mg sample. As in MIS-Mg experiment, the Mg content of the
bars (20%) is much higher than that of the magnetite crystals (from 1 to 5%: Figures 8d
and 9d). As in the other inorganic experiments, no Ca, P and/or S were detected.

Raman analyses show a well-defined peak for the magnetite collected in all MIS
and MIS-bearing experiments (Fig. 5b), with the exception of MIS-Ca run, in which the
peak, although share roughly the same width (between 600 and 700 cm™) is much less
intense than in the other cases (in MIS-Mn, no magnetite was obtained). A peak
corresponding to calcite (1100 cm™) is also observed in this sample and in all samples

collected from MIS experiments containing Ca (MIS-Ca, MIS-Mx1 and MIS-Mx2).
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The magnetite peak in the MIS experiments is the most intense compared to that of the
other MIS-bearing experiments, indicating that the magnetite collected in the MIS runs
i1s more crystalline than that collected in the other foreign cation bearing experiments. A
slight shift to higher frequencies is detected in the magnetite peak of MIS-Mg and MIS-
MxI1.

Regarding biotic experiments, Raman spectra show well crystallized magnetite
in all samples, although the width of these peaks (between 600 and 750 cm™) is higher
compared to that of inorganic magnetites. This result indicates that biotic magnetites are
not as well crystallized as inorganic ones. Moreover, the spectra corresponding to Ca-

and Mg bearing experiment show additional peaks for goethite and lepidocrocite.

4. DISCUSSION
4.1. “Foreign” Cations Incorporation in Inorganic Magnetites

The presence of cations different to Fe in the MIS solution from which
magnetite precipitated did not lead to the incorporation of those cations into the crystal
structure of magnetite, with the exception of Mg. When Ca was present in the solution
(MIS-Ca) experiments, even at concentrations much higher to those of Fe (see Table 1),
this cation was not incorporated in the crystalline structure of the resulting magnetite,
but precipitated as calcite. Two main reasons may explain this result: on one hand, the
system 1is supersaturated with respect to calcite (Qccite = 125.9), thus, making
thermodynamically stable the precipitation of such a phase. Moreover, on the other
hand, the incorporation of Ca’" into the crystalline structure of magnetite is not easy,
due to the relatively big ionic radius of this cation (~100 pm; Shannon, 1976), compared
to that of Fe*" (63 pm; Shannon, 1976) and Fe*™ (49 pm; Shannon, 1976). Therefore,

and since the solution is supersaturated in other mineral phase that contains calcium, the
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precipitation of calcite will be both thermodynamically and kinetically favored with
respect to the incorporation of Ca®" in magnetite to form a solid solution. The same
observation holds true for all Ca-bearing MIS experiments (MIS-Mx1 and MIS-Mx2),
since the system is supersaturated with respect to the formation of this phase (Qcaicite =
47.86 to 5.888 in MIS-Mx1 and Qcyicite = 114.81 to 16.982 in MIS-Mx2).

The case of MIS-Mn is somehow similar. Although the ionic radius of Mn”" (66
pm; Shannon, 1976) is quite similar to that of Fe*" (63 pm), no magnetite precipitation is
observed. Instead, other mineral phases that contain Mn form, more specifically,
rhodochrosite and jacobsite. Since the precipitation of these phases is themodinamically
stable (Qihodochrosite = 4.78), Mn will preferentially incorporated into these two mineral
phases. It is interesting that Mn easily substitute Fe*", forming not just a substituted
magnetite with a few Mn cations incorporated into its crystalline structure, but inducing
a complete mineralogical transition from magnetite to jacobsite (MnFe,O4), which is a
mineral from the spinel group, belonging to the magnetite series. This result is in
agreement with previous findings, since it is well known that Mn may easily substitute
iron to form mineral series between magnetite (Fe;O4) and jacobsite (MnFe,0,), and
moreover, even solid solutions between siderite (FeCO;) and rhodochrosite (MnCO3)
(Deer et al., 1978).

Different is the case of the solid collected in MIS-Mg experiments. In this case,
only magnetite formed, but this magnetite contained Mg into its crystalline structure.
Such incoporation is confirmed by EDAX-HRTEM of sliced crystals and by the
observed shift to higher angles in the XRD spectra. Such incorporation of Mg is not
intense enough to significantly alter the structure of Mg-magnetite compared to that of
pure magnetite, as observed in Raman spectra. Mg has an atomic radius of 57 pm, in

between that of Fe’™ and Fe’" (Shannon, 1973). Generally experiments on doped

263



magnetites have used other metals like Ni, Co, Zn and Mn. Coker et al. 2008
succesfully introduced different metals in ferrites using dissimilatory iron reducing
bacteria. Nickel ferrites contained only Ni*" (ionic radii= 55 pm), with at least 80% in Ox
coordination. Cobalt ferrites contained only Co>" (ionic radii= 58 pm) but with a
significant proportion (up to 45%) in tetrahedral coordination (Td), showing a slight
preference for Tusites. The Mn-ferrites contained Mn”" (ionic radii= 66 pm) only on the
octahedral (O sites but a mixture of Mn- and Mn®" (ionic radii= 58) on T.sites when the
amount of Mn exceeded 3% (compared to the amount of Fe) or some Zn- (ionic radii=
60 pm) was also present. All these cations have atomic radii very similar to Fe*" and
Fe’* so they can easily be fitted in Td and Oh coordination. Cations incorporation into a
solid phase could be the result of the transformation of an already “doped” precursor
(secondary formation of the mineral) or, on the contrary, by the addition of those
“foreign” cations as salts into the solution from which the mineral precipitates as a
primary phase. Comparing the experiments of the present paper to those of Jimenez-
Lopez et al. (2010, in preparation) regarding calcium and magnesium incorporation into
the crystalline structure of magnetite, it can be concluded that, while Ca and Mg
incorporated in big amounts into the crystalline structure of magnetite when this
magnetite formed as a secondary phase from the thermal decomposition of
(Mg,Ca,Fe)CO;3 (Jimenez-Lopez ef al., 2010, in preparation) Ca did not incorporated at
all (and Mg in little amounts), into the crystalline structure of magnetite when this phase
precipitates as a primary phase from a solution in which those cations were added as
salts (present study). Since Coker et al. (2008) used substituted ferrihydrites to form
magnetite, then, this magnetite is expected to incorporate higher amount of “foreign”
cations compared to our experiments. The decomposition of precursors to form new

phases (secondary precipitation) involves structural modifications and reorganization in
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the crystalline lattice (Rodriguez-Navarro et al., 2009) that may allow the “foreign”
cations to incorporate easily into the crystalline structure of the product. For instance,
Rodriguez-Navarro et al. (2009) proposed a model for CaCO; transformation into CaO,
based on a pseudomorphic and topotactic decomposition of the precursor. Such a
transformation occurs as a consequence of CO, loss accompanied by limited atom
displacement and shrinking of planes. During this process new temporal structures
appear, as well as empty spaces between cations (Rodriguez-Navarro et al., 2009).
Therefore, we hypothesize that “foreign” cations other than Fe, even with higher atomic
radius may be incorporated into this temporal structures that finally evolve to produce
the oxide. If the “foreign” cations are added as salts in the medium, and being the
crystalline structure of magnetite highly compact, the incorporation of those “foreign”
may be forbidden unless a void space is created somehow in the structure and/or, those
cations have an atomic radius very similar to that of Fe (which is the case of Mn).

Mg also appears connected to amorphous material in our experiments. The
abundance on Mg in this kind of solid may be linked to the high energy required for Mg
dehydration. In order to precipitate Mg-bearing magnetite, in a first step, Mg must
dehydrate, at least partially, before its adsorption at the crystal-solution interface. Later,
in a second step, Mg needs to totally dehydrate in order to be stable into the crystalline
structure of magnetite. The cation dehydration energies are directly related to surface
charge densities which increase from 0.1624 for Ca** to 0.2906 for Fe*" to 0.3707 for
Mg*" (Lippmann, 1973). Thus, the energy required for Mg*" to shed its inner and outer
hydration shells is relatively high compared to that for Fe*" or Ca®’. However, total Mg
dehydration is not necessary if the solid in which is incorporated is amorphous
(Lippmann, 1973), which explain the higher Mg content in the amorphous solid

compared to that in the crystalline precipitate observed in the HR-TEM analyses of the
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solid collected in MIS-Mg experiments. This observation holds true for MISMx

experiments.

4.2. “Foreign” Cations Incorporation in 8. oneidensis-induced Magnetites

Magnetite precipitated in all biotic experiments, as a result of both the chemical
changes in the environment caused by bacterial metabolic activity and the role of
bacterial wall, cell membranes and/or cell debris acting as nuclei for crystallization.
These results are in accordance with those previously reported by Fortin and Beveridge
(2000), Southman (2000) and Perez-Gonzalez et al. (2010), among others. However,
and with the exception of Mn, any “foreign” cation was incorporated into the crystal
structure of magnetite, according to EDAX-HRTEM, XRD and Raman analyses. This
difficulty for cations other than Fe to get incorporated into the structure of magnetite,
somehow expected due to the compact structure of this mineral, is in sharp contrast with
the findings of Coker et al. (2008). In our experiments, magnetite forms as a result of
the bacterial reduction of pure ferrihydrite, being the “foreign” cations added as salts to
the culture medium. This scenario is different than that of the experiments of Coker et
al. (2008), in which magnetite formed as a result of the bacterial reduction of an already
substituted ferrihydrite. The aqueous transformation of ferrihydrite is complex and
depends on the temperature, pH, and the presence of various cations, anions, and
organic species in the reaction slurry. Two different reaction pathways have been
identified, mostly for the inorganic transformation of ferrihydrite under oxic conditions:
a dissolution-reprecipitation mechanism for the transformation to goethite, and a
dissolution-solid state transformation for the transformation to hematite (Jambor and
Dutrizac, 1998). Regarding the bacterially induced aqueous transformation of

ferrihydrite into magnetite, some authors describe it as a dissolution-reprecipitation
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mechanism (Hansel et al., 2003), while other (Zachara et al., 2002) argue a topotactic
(solid-state) conversion. The first mechanism requires the release of Fe’” to the solution,
to be later reduced to Fe’", the triggering magnetite precipitation, which is according to
the evolution of Fernq) observed in our experiments (detailed below). However, the
second mechanism (topotactic transformation) implies direct reduction of Fe*™ to Fe*"
by the bacterial cytochrome ¢, with minimal movement of this cation (therefore
excluding Fe release into the solution), and a release of OH as water (Jambor and
Dutrizac, 1998). Since the amount of ferrihydrite added to the culture medium was [J
2mM, and the maximum Feruq) released to the solution was 0.5 mM, most of the
ferrihydrite was not solubilized, thus, also enabling the formation of magnetite though
the topotactic transformation mechanism proposed by Zachara et al. (2002).

While the formation of a solid solution, in which the magnetite incorporates
cations other than Fe may be difficult and restricted to certain cations (as observed in
our inorganic magnetites), the formation of magnetite through the topotactic
transformation of ferrihydrite may somehow overcome this problem. According with
the topotactic mechanisms proposed by Bernal et al., (1957) and Jambor and Dutrizac
(1998), during the transformation of the precursor ferrihydrite into the magnetite, void
spaces may be temporarily created within the structure, due to the release of OH™ from
the crystal to the solution. Our hypothesis is that those transient void spaces may allow
the easier incorporation of cations different to Fe, (specially those cations with a
relatively higher atomic radius). Then after, the structure would shrink and adjust to that
of the resulting magnetite (Jambor and Dutrizac, 1998).

On the contrary, Mn®" (with an atomic radius very similar to that of Fe*", 66 pm
versus 63 pm, respectively; Shannon et al., 1973) is detected inside the crystalline

structure of the magnetites precipitated in the present study, according to EDAX-
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HRTEM analyses. However, such incorporation is not as strong as in inorganic
magnetites, since it is not enough to be detected by XRD and even Raman, as no
significant changes in the crystalline structure of magnetite are observed. This was
expectable, since being the atomic radius of manganese and ferrous cation so similar,
the substitution of Fe for Mn would not cause a noticeable deformation in the magnetite
lattice. Therefore, one interesting observation that can be inferred from our experiments
is that, when biologically induced magnetite forms in an environment as a result of the
bioreduction of a non-substituted iron oxy-hydroxide, the resulting magnetite will not
easily incorporate cations other than Fe, unless those cations have atomic radius
extremely similar to that of Fe.

The differences in the amount of Mn incorporated in inorganic and biotic
magnetites are explained by the lower Mn concentration in the culture medium of biotic
experiments compared to that in the inorganic experiments. The same holds true for Mg.
However, the concentrations of “foreign” cations in the biotic experiments were chosen
to be enough to dope the culture media while allowing the growth of S. oneidensis. At
these low concentrations of cations, Mg is probably accumulated intracellularly by the
cell, decreasing the availability of this cation in the culture medium.

Comparing the mineral structure of biotic versus non-biotic magnetites, Raman
spectra show that non-biotic magnetites are more crystalline than biotic magnetites. This
result, combined to the systematic observation of P and S by EDAX-HRTEM inside the
crystals and according to the results of Perez-Gonzalez et al., (2010) leads us to the
conclusion that the biotic magnetites formed in the present study probably incorporated
organic material within the crystal structure, resulting in a disturbed structure that is

detectable by Raman.
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It is also interesting that, even though being present in the culture media at quite
low concentrations, the chemistry of the culture media is altered due to the presence of
“foreign” cations. The increase in the total iron concentration observed in Fig. 1a to d
was the result of the solubilization of the amorphous ferrihydrite and subsequent release
of Fe3+(aq) in the solution. Bacterial bioreduction of ferrihydrite is triggered by this
solubilization of Fe’" to the culture medium. According to the evolution of Fery
during the first 48 hours of our experiment, the presence of foreign cations does not
interfere with the dissolution of amorphous ferrihydrite at these first stages, since the
amount of Fer(,q) reaches similar values within the same time frame in all experiments.
However, the presence of those “foreign” cations seems to favor ferrihydrite dissolution
then after, since the values of Fey,q measure over time in “foreign” cation bearing
experiments are higher compared to BpH ones (“foreign” cations free). Jambor and
Dutrizac (1998) identified that sulfate ions and Ca*" and Mg*" cations easily adsorb
onto ferrihydrite surface, altering the dissolution pattern on this ferrihydrite. The effect
is probably due to the sulfate group, since a model of ferrihydrite enhanced dissolution
based on the competition for the hydration water (Ruiz-Agudo et al., 2009) between the
“foreign” cations and the Fe’" contained into the magnetite is not supported, given the
fact that the latter cation is the one who shows the greater affinity for the water, being
its hydration entalphy (—4430 kJmol™: Phillips and Williams, 1965) much greater than
that for the other cations [Ca®": -1577; Mg2+: -1921, and Mn*": -1841: Phillips and
Williams (1965)].

Moreover, the presence of Mg and Mn seems to increase the efficiency of the
bacterial bioreduction, since the concentration of Fez+(aq) is maximum in those
experiments and closely approaches that of Ferqq). The presence of these Mg and Mn

probably enhances bacterial metabolic activity, since these two cations are well known
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to easily be incorporated by the cells. Mg is a cofactor in many enzyme reactions it is
very important in cell division and it is responsible along with K in P uptake and release
in the cells (Barat ef al., 2005). Manganese acts as a catalyst and cofactor in many
enzymatic processes involved in the synthesis of fatty acids and cholesterol. However,
this enhanced bioreduction is not translated to an enhanced magnetite formation by a
dissolution-precipitation mechanism, since a massive precipitation of magnetite was not
observed in our Mg- and Mn-bearing experiments. Two main factors may account for
this limited magnetite precipitation: (1) low concentrations of Fe3+(aq) that reduces the
supersaturation of the system with respect to magnetite, and (2) the blocking of active
sites of growth in the mineral surface due to the adsorption of hydrated Mg”" that cannot
be incorporated until it looses its hydration sphere (Lippman, 1973; Deleuze and
Brantley, 1997; Jimenez-Lopez et al., 2004, 2006). It is well known that in most
solutions, divalent cations exist in the form of ion pairs (Fouillac and Criaud, 1984) and
free ions that are bound to waters of hydration (Burgess, 1999). When these species sorb
to surfaces, they need to shed some of its hydration sphere. However, to be incorporated
into the crystalline structure, they need to shed the entire hydration sphere. This
dehydration energy is directly related to surface charge densities, which increase with
decreasing atomic radius (Lippmann, 1973). Thus, the energy required for Mg”" to shed
its inner and outer shells of hydration is relatively high compared to that of Fe**, thus

limiting the growth of the crystal until the cation to be incorporated is fully dehydrated.

270



5. CONCLUSIONS

The presence of calcium, magnesium and manganese in a solution at relatively
high concentration compared to that of iron (7 to 10 fold) results in a Mg-substituted
magnetite and triggers the mineralogical transition from magnetite to rhodochrosite and
jacobsite, a spinel mineral belonging to the magnetite series. However, no Ca was
detected to incorporate into the crystalline structure of magnetite, probably because of
the impossibility of incorporating such a big cation into the very compact structure of
magnetite.

However, only Mn incorporates in S. oneidensis induced magnetites when these
bacteria grow in the presence of calcium, magnesium and manganese. Therefore, our
conclusion is that when biologically induced magnetite forms in an environment as a
result of the bioreduction of a non-substituted ferrihydrite, the resulting magnetite will
not easily incorporated cations other than Fe, unless those cations have atomic radius
extremely similar to that of Fe (as it is the case of Mn).

Finally, we can observe a great change in the evolution of the chemistry of the
culture media in those experiments containing calcium, magnesium and manganese
compared to that for the “foreign” cations free control experiment, even though the
concentration of the “foreign” cations is only slightly increased compared to that of the
control experiment. The presence of Ca, Mg and Mn seems to favor ferrihydrite
dissolution. Moreover, the presence of Mg and Mn appears to increase the effectiveness

for ferrihydrite bioreduction.
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TABLE CAPTIONS
Table 1. Evolution of the pH, absorbance, Fe** z), Fe** (g, Fer(aq) and the relevant cation (i.e.: Ca, Mg and Mn) other than Fe in the solution of

the experiments BpH7 (data from Perez-Gonzalez et al., 2010), BpH7-Ca, BpMgH7 and BpH7-Mn.

Experyment Time pH Eh(mV) Abs(nm) Fer(ag(UM) Fe2+(aq)(u|\/l) “Foreign” cation (mM)
type +0.05 +13mV +1puM +1uM Ca* ) for BpH7-Ca
Mg?* g for BpH7-Mg
Mn* ) for BpH7-Mn

+0.1mM
BpH7 Oh 6.69 20.1 0.003 35 1
8h 6.72 23.7 0 86 8
16h 6.89 10.7 0.012 101 9
24h 6.77 11.2 0 146 36
32h 6.79 14.0 0 167 29
40h 6.90 10.2 0 164 47
48h 6.14 48.8 0.007 73 2
56h 6.91 4.4 0 148 25
5d 6.40 -166.5 0 168 35
10d 6.47 -182.0 0 135 32
30d 6.97 -258.1 0 135 33
BpH7-Ca Oh 6.77 23.7 0.004 105 0.2 0.095
8h 6.3 44.4 0.048 64 13 0.050
16h 6.77 19.1 0 85 20 0.059
24h 6.69 15.9 0 150 38 0.069
32h 6.52 28.9 0 131 34 0.064
40h 6.46 31.8 0 171 25 0.062
48h 6.92 8.1 0 153 32 0.064
56h 6.17 48.5 0 130 16 0.067
5d 6.42 36.5 0.003 105 45 0.065
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10d 7 6.5 0 158 32 0.068
30d  7.66 7.2 0 480 41 0.065
BpH7-Mg oh  5.66 63.8 0 16 15 0.134
8h 505 93.9 0.017 150 20 0.182
16h 575 52.2 0.044 140 13 0.113
24h  6.98 -15 0.027 161 20 0.116
32h  6.13 31.4 0.011 213 213 0.113
40h  6.02 38.1 0.014 93 47 0.121
48h  5.92 44.4 0 177 104 0
s6h  5.21 84.6 0 288 38 0.161
5  7.38 -245.8 0 337 177 0.141
10d 75 -274.4 0 387 294 0.123
30d  5.66 63.8 0 471 466 0.134
BpH7-Mn oh  6.99 -88 0 304 0 0.153
8h 7.2 -27.1 0 45 2 0.178
16h  7.53 -198.1 0 201 12 0.169
24h 737 -106.4 0 21 12 0.157
32h  7.39 -169.9 0 61 23 0.196
40h  7.24 -214.6 0 131 17 0.152
48h  7.27 -157.9 0 70 32 0.178
56h  7.44 -219.6 0 34 28 0.124
10d  7.08 -278.6 0 200 164 0.112
200 7.42 -257.5 0 312 150 0.147
30d  7.64 -267 0 442 315 0.158
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Table 2. Values of the pH, Eh and Fe2+(aq) at the beginning and end of the inorganic
magnetite precipitation experiments for both the control and the “foreign” cations

bearing experiments.

Experiment Initial parameters (before titration)
ope pH Eh Feag Ca''ay MO @) Mn“eg
+0.05 (mV) (mM) (mM) (mM) (mM)
+13mV +0.1 +0.1 +0.1 +0.1

MIS 7.79 -392 4.1 0 0 0
MIS-Ca 8.97 -315 3.4 20 0 0
MIS-Mg 9.31 -430 3.8 0 120 0
MIS-Mn 9.01 -290 4.3 0 0 14

MIS-Mx1 7.73 -380.6 3.8 21 122 0
MIS-Mx2 9.2 -400 1 18 26 0
Initial parameters (after titration)

MIS 11.68  -301.7 0.123 0 0 0
MIS-Ca 1228  -304.4 0.053 1 0 0
MIS-Mg 11.82  -181.3 0.001 0 2 0
MIS-Mn 12.28  -202.6 0.000 0 0 0

MIS-Mx1 12.2 -293.9 0.002 0.2 0.9 0
MIS-Mx2  12.71 -254 0.005 0.6 0.8 0
Final parameters (30 days)

MIS 11.82  -290.2 0.101 0 0 0
MIS-Ca 12,39  -319.3 0.027 0 0 0
MIS-Mg 11.71 -176.4 0.001 0 2 0
MIS-Mn 12,2 -215.4 0.000 0 0 0

MIS-Mx1 1296  -311.9 0 0.2 0 0
MIS-Mx2 11520  -267.5 0.002 0.6 0 0
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FIGURE CAPTIONS

Figure 1. Evolution of the concentration of Fe*' (., Fe’' (o) . Fer@g and the relevant
cation other than Fe (i.e. Ca, Mg and Mn) during the time course of a) BpH7, b) BpH7-
Ca, ¢) BpH7-Mg and d) BpH7-Mn.

Figure 2. HR-TEM images and EDAX analyses of the S. oneidensis-induced
magnetites collected from BpH7-Ca experiments. a, b) General view of the amorphous
matrix in which the crystals are embedded; c) magnetite crystal and SAED analysis; d)
EDAX analysis of the magnetite crystal shown in Figure 2c; e) and f) magnetite crystal
and EDAX analysis. Rectangles on crystals show where EDAX analyses were
performed.

Figure 3. HR-TEM images and EDAX analyses of the S. oneidensis-induced
magnetites collected from BpH7-Mg experiments. a, b) General view of the amorphous
matrix in which the crystals are embedded; c) and d) magnetite crystal and EDAX
analysis; e) and f) magnetite crystal and EDAX analysis. Rectangles on crystals show
where EDAX analyses were performed.

Figure 4. HR-TEM images and EDAX analyses of the S. oneidensis-induced
magnetites collected from BpH7-Mn experiments. a, b) General view of the amorphous
matrix in which the crystals are embedded; c) and d) magnetite crystal and EDAX
analysis; €) magnetite crystal and SAED analysis; f) EDAX analysis of the magnetite
crystal shown in Figure 4e. Rectangles on crystals show where EDAX analyses were
performed.

Figure 5. Raman analyses of a) BpH7 experiments and b) MIS experiments. In both
analyses black stripe represents typical peak for magnetite.

Figure 6. HR-TEM pictures and EDAX analyses of solids collected from MIS-Ca

experiments. a, b) General view of the sample in which big crystals (BMC) are
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embebbed in a small crystal matrix (SMC). ¢) and d) Calcite crystal (CC) of CaSO;4
added magnetites and EDAX analyses. e) and f) magnetite crystal and EDAX analyses.
Rectangles on crystals show where EDAX analyses were performed.

Figure 7. HR-TEM pictures and EDAX analyses of solids collected from MIS-Mg
experiments. a, b) General views of the sample in which small crystals appear along
with bars. ¢) and d) small crystals and EDAX analyses. e) and f) bar and EDAX
analyses. Rectangles on the picture show where EDAX analyses were performed.
Figure 8. HR-TEM pictures and EDAX analyses of solids collected from MIS-Mx1
experiments. a, b) General views of the sample in which small crystals appear along
with bars. c¢) and d) small crystals and EDAX analyses.

Figure 9. HR-TEM pictures and EDAX analyses of solids collected from MIS-Mx2
experiments. a, b) General views of the sample in which small crystals appear along

with bars. c¢) and d) small crystals and EDAX analyses.
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ABSTRACT

The synthesis of nanometer-sized magnetic particles, through either chemical or
biological means, represents one of the most promising fields of applied
nanotechnology and is a rapidly growing business that generates millions of dollars. The
biomineralization of magnetotactic bacterial magnetite nanoparticles is a topic of
intense research due to the particles’ well-ordered crystal structure, narrow size range
and consistent species-specific morphologies and, as a consequence of these features,
their well-defined magnetic properties. It has long been thought possible to influence
the biomineralization of magnetite by controlling culture conditions of magnetotactic
and dissimilatory iron-reducing bacteria in the presence of metal ions other than iron, in
order to produce magnetic nanocrystals of complex stoichiometry with novel magnetic
properties. Recently, the incorporation of small amounts of cobalt in magnetosome
magnetite in several strains of cultured magnetotactic bacteria was reported, however only
very small changes in the magnetic properties of the cultured cells grown with cobalt and

their magnetosomes were observed. In addition, there was little to no evidence to show that
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these metals were actually incorporated into the crystal lattice. Detection of small amount of
manganese in magnetosome magnetite of uncultured magnetotactic bacteria was reported,
as well, however magnetic properties of the uncultured cells and their magnetosomes were
not determined. In present study, we grew cells of a magnetotactic bacterium,
Magnetospirillum gryphiswaldense strain MSR-1, in the presence of manganese,
ruthenium, zinc and vanadium. While cells grown in the presence of these ions
exhibited changes in the number of magnetosomes per cell and magnetosome size, only
manganese was incorporated within the magnetosome magnetite crystals. Here, for the
first time we demonstrate that the magnetic properties of magnetite crystals of
magnetotactic bacteria can be significantly altered, as signaled by a major shift in the
Verwey transition, by the incorporation of metal ions, other than iron, in the crystal

structure.
1. INTRODUCTION

The synthesis of nanostructured magnetic materials, via a variety of chemical
routes or through biological means alike, represents a rapidly growing and one of the
most promising fields of applied nanotechnology. Magnetic nanoparticles are in high
demand in numerous areas, ranging from quantum computing to cancer therapy {Ai,
2005 #43; Lang, 2007 #571; Bulte, 1993 #294; Chiancone, 2004 #309; Li, 1999 #288;
Matsunaga, 1998 #348; Rousseau, 1998 #112; Tartaj, 2004 #298; Bazylinski, 2004
#358; Berry, 2003 #525; Pankhurst, 2003 #526} While the controlled, low-temperature
chemical synthesis of structurally perfect, single domain magnetic nanoparticles with
narrow size distribution can be challenging, magnetotactic bacteria, present in many
natural aqueous environments, synthesize these particles. As a result, the
biomineralization of magnetite nanoparticles by these microorganisms is a topic of

intense study due to the particle’s well-ordered crystal structure, narrow size distribution

296



and consistent species-specific morphologies and, as a consequence of these features,
their well-defined magnetic properties {Klem, 2005 #524; Eberbeck, 2005 #66; Fischer,
2008 #591; Frankel, 2004 #353; Hergt, 2005 #75; Lang, 2007 #571; Pankhurst, 2003

#526; Prozorov, 2007 #545}.

Although it is fairly easy to make small (<10 nm) amorphous-like and,
generally, shapeless, magnetic particles via chemical routes, the magnetic moment of
such magnetic nanostructures is normally too small to be suitable for practical use (e.g.,
be manipulated by an applied magnetic field). An ideal material can be described as one
with the maximal magnetic moment per particle, where the particles exhibit good
crystallinity, belong to one of the highly magnetic compounds, such as magnetite or
cobalt ferrite, and are just below the superparamagnetic limit in size, so as to still
remains in a monodomain state {Hernando, 2005 #572; Lang, 2006 #573; Reiss, 2005
#574; Vatta, 2006 #575; Prozorov, 2007 #580}. These strict requirements make
biomineralization one of the most successful and promising approaches, because
magnetite nanocrystals in magnetosomes are of the order of 35-120 nm in size, and they
magnetically function for the bacteria at ambient conditions. In addition,
biomineralization pathways offer bio-friendly materials with minimal harm to
environment and biocompatibility, much sought in medical applications, including their
use as contrast agents for Magnetic Resonance Imaging (MRI) {Ai, 2005 #43; Coroiu,
1998 #667; Dickson, 1992 #377}. Several groups reported on enhancement of MRI
contrast and hyperthermic effects by controlled doping of magnetic nanoparticles {Paty,
2004 #669; Shapiro, 2008 #668; Aime, 2006 #665; Bulte, 1993 #294; Cheng, 2004 #59;
Silva, 2008 #652}. Manganese-enhanced magnetic resonance imaging (Mn-MRI) for
tracking biological activity of viable cells has become a topic if intense research,

because it can provide unique information in numerous applications {Gilad, 2008 #655;
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Chung, 2009 #658; Lu, 2009 #653; Silva, 2008 #652}. However, cytotoxicity of
manganese remains a major drawback of its use as a contrast agent, and establishing a
reliable way to deliver Mn”>" to the site of interest for the MRI detection, while
maintaining the lowest possible dose, is of great significance. Manganese doping of

MRI-compatible materials, such as magnetite, might hold a solution for this problem.

Theoretically, it should be possible to influence the biomineralization of
magnetite by controlling culture conditions through the inclusion of metal ions other
than iron in the growth medium. In this way, the production of nanocrystals of complex
stoichiometry using magnetotactic bacteria might be possible. Not only may this result
in materials that are difficult or impossible to produce otherwise, but it is also
potentially useful in learning how to tailor or tune the magnetic properties of magnetite
crystals produced by magnetotactic bacteria. However, in many early experiments
involving growing magnetotactic bacteria in the presence of transition metals other than
iron, the incorporation of these metals was not observed. Although this may have been
the result of relatively insensitive detection limits, it was concluded by many that the
metal uptake mechanism for magnetosome synthesis in magnetotactic bacteria was
specific for iron alone. These findings were interesting in that magnetotactic bacteria,
like other prokaryotes, clearly take up metals other than iron for purposes other than to
biomineralize magnetosomes. For example, cells of some species are known to take up
copper for synthesis of an iron oxidase enzyme {Dubbels, 2004 #689} and manganese

for the enzyme superoxide dismutase {Short, 1989 #688}.

Recently the incorporation of small amounts of cobalt in surface layers of
magnetosome magnetite crystals has been demonstrated in three Magnetospirillum
species {Staniland, 2008 #637}. In that study, only marginal changes in the magnetic

properties of the Magnetospirillum cells grown in cobalt-containing media and their
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magnetosomes were observed, including slight sample-to-sample deviations in the
Verwey transition of the magnetite {Staniland, 2008 #637}. The presence of manganese
in magnetosomes of uncultured magnetotactic bacteria exposed to MnCl, was reported,
however the magnetic properties of the uncultured cells and their magnetosomes were
not studied {Keim, 2009 #584}. Here the samples of mud and water (“microcosms”

containing uncultured magnetotactic bacteria were exposed to MnCl2 1301, and manganese in
sectioned cells and magnetosomes was detected via the high-resolution TEM. It is possible,
however, that manganese originated on the surface layers of the crystals and was not
actually incorporated into magnetosome magnetite, as the magnetosomes could not be
sectioned without touching the surface first (30. In fact, elemental maps of thin sections of
magnetite magnetosomes showed a higher concentration of Mn at the edges of the crystals
1301. Several groups reported on the incorporation of the first-raw transition metals and
lanthanides into extracellular magnetites produced by anaerobic dissimilatory iron-
reducing bacteria {Coker, 2008 #651; Moon, 2007 #642; Moon, 2007 #585; Roh, 2006
#643}. Although the function and mechanism of magnetite formation by iron-reducing
bacteria and by magnetotactic bacteria have little in common, the reported results point
to the metal-specific incorporation of metal ions into the magnetite crystalline lattice by
different bacterial types. Recently, the effects of high concentration of zinc and nickel
on the growth and the magnetosome formation in Magnetospirillum magnetotacticum
strain MS-1 were reported, however no temperature dependence of magnetization was

presented .

2. RESULTS AND DISCUSSION

In the current study, we grew cells of Magnetospirillum gryphiswaldense strain
MSR-1 in the presence of ruthenium, manganese, zinc and vanadium. While cells

grown in the presence of these ions exhibited changes in the number of magnetosomes
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per cell and magnetosome size, only manganese was found to incorporate into the bulk
of magnetosome magnetite crystals. Unlike the results from previous studies, we
demonstrate for the first time that the magnetic properties of magnetite crystals of
magnetotactic bacteria can be significantly changed, as signaled by a major shift in the
Verwey transition temperature, by the incorporation of metal ions, other than iron, in the
(bulk) crystal structure of magnetosome magnetite. The magnetization measurements allow
bulk characterization of the material, and often are more definitive than elemental analysis
of the sections of the cells and magnetosomes. Our findings clearly demonstrate a

significant potential in tuning the properties of biomineralized magnetite.

After growth, cells and magnetosome magnetite crystals appeared to be normal
morphologically and in size, whether an additional metal was present or not, as
summarized in Table 1. On average, the cells grown in the presence of manganese
contained a slightly smaller number of magnetosomes, while those grown in the
presence of ruthenium and vanadium contained a somewhat larger number of
magnetosome, as compared to those cells grown solely with iron. Cells grown in the
presence of zinc clearly had less magnetosomes than the control cells (Table 1), hence
no magnetite magnetosome crystals were obtained from these cells. Energy Dispersive
X-ray analyses (EDX) showed that, out of the four tested metals, only manganese was
associated with the magnetosome magnetite crystals (Figure 1). From the results of
localized EDX analysis, the Mn content was 1.04 -1.14% of the total amount of metal in

the magnetosome magnetite crystals.
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Figure 1 illustrates some of the results summarized in Table 1 and shows
brightfield (BF) and darkfield (DF) electron micrographs and energy dispersive X-ray
spectra (EDX) of magnetosome magnetite crystals purified from cells grown in the
presence of MnCl,. Similar results were obtained for cells grown in the presence of
MnSO,. The manganese peak, although small, is clearly seen in EDX spectra collected

on selected areas of single magnetosomes.

Figure 2 shows ZFC-W measurements for dense cell suspensions of the bacteria
(> 10" cell mI™"). The magnetic signatures of the Verwey transition, labeled T}, are
clearly present in the suspension containing the control cells grown only with Fe, as
well as in those suspensions of cells grown in the presence of RuCl; and VOSO,. In
stark contrast, in both samples containing Mn-grown cell suspensions, the transition was
almost completely suppressed as shown in the inset. At the lower temperatures, another
feature, marked by 7c in Fig. 2, is clearly visible for all cell suspensions. The origin of
this feature is most likely superparamagnetic blocking due to the collective (dipolar)
interaction between the nanoparticles {Prozorov, 1999 #39}. In the case of the control,
VOSO4-grown and RuCls-grown cells, this collective blocking is superimposed on a
large-signal due to blocking of individual magnetite chains {Prozorov, 2007 #545}.
Some signal reduction might be indicative of trace amounts of Ru and V entering the
surface of the magnetite nanocrystals that affect the total magnetization by surface spin
canting. For suspensions of cells grown in the presence of manganese, the Verwey
transition is completely suppressed and only weak collective blocking remains. The fact
that 7c is almost the same for all samples reflects the fact that magnetosome size and
number distributions are similar in all of them, as summarized in Table 1. It is worth
noting, that no significant difference was observed in the measurements carried out on

whole intact cell suspensions and lysed cells.
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A comparison of the magnetization loops between cells grown in the presence of
different metals is shown in Figure 3. While there was almost no difference between the
VOSO4-grown cells and the control cells grown on iron alone, the magnetic response of
cells grown in the presence of MnCl, is quite different and shows smaller hysteresis, a
feature consistent with a change in the bulk behavior of magnetization. The difference is

still seen above the Verwey transition, as shown in the inset in Figure 3.

As we previously reported, despite current opinion, the Verwey transition is not
sensitive to the size of the magnetite crystal as long as one can speak of chemically-pure
bulk magnetite with a well-defined crystal structure {Prozorov, 2007 #545}. In
magnetosomes harvested from several lysed bacterial samples, the Verwey transition
was observed to be approximately 110K, with the exception of strain MV-1, where it
occurred at 117K. For comparison, in a millimeter-size single crystal of magnetite, the
Verwey transition was observed approximately 120K, which is roughly the same order
of magnitude {Prozorov, 2007 #545; Kakol, 1989 #648}. In simple terms, all the tested
magnetite samples exhibited the Verwey transition above 100 K, and its magnetic
signature appears to be due to the presence of extended crystalline structure. However,
the magnetic properties of magnetite, including the Verwey transition, were found to be
extremely sensitive to the chemical purity of the specimen: this transition is observed in
chemically-pure magnetite single crystals, and it is known that any bulk impurities or
modification of the stoichiometry completely suppresses it {Moon, 2007 #642; Moon,
2007 #585; Kakol, 1994 #623; Kakol, 1992 #624; Abellan, 1986 #627; Kakol, 1994
#622; Brabers, 1998 #614; Sorescu, 2004 #605; Sorescu, 2002 #610; Sorescu, 2003
#645}. Thus, in this way, the Verwey transition can serve as an indicator to probe the

amount of contaminating metals present in a crystalline lattice.

302



One of key questions regarding this work is whether manganese is simply
residing on the surface layer of the magnetosomes magnetite crystals, where magnetite
could be considered “encapsulated” in a manganese-rich shell, with no significant
change in magnetic behavior. This case would be similar to the scenario described by
Staniland and co-workers {Staniland, 2008 #637}, in which cells gown with cobalt
possessed magnetite crystals where the cobalt was localized to the surface layer of the
biomineralized magnetite. Looking closely at their magnetization data, it is clear that the
cobalt-containing magnetite showed exhibited very little deviation from the Verwey
transition curve of the control samples. In contrast, our data show incorporation of a
comparable amount of manganese in the magnetite crystals (1.04-1.14%, present work
vs. 1.2-1.4%, as reported by Staniland and co-authors {Staniland, 2008 #637}),
resulting in a complete suppression of the Verwey transition. These findings indicate
that, rather than being confined solely to their surface layer, manganese is incorporated
into the bulk crystal matrix of magnetosome magnetite. At this point it is impossible to
draw conclusions regarding the nature and mechanism of manganese (or any other
metal) incorporation in magnetite crystals biomineralized by M. gryphiswaldense strain
MSR-1, since there appear to be numerous factors affecting metal uptake by cells. In
fact, even iron uptake by magnetotactic bacteria is not well understood. Among these
are the differences in biological and (bio)chemical activities of these metals, as well as
by their different toxicities. However, the difference in the magnetic properties of
cobalt- and manganese-containing magnetosome magnetite could be explained by the
different mechanisms of magnetite substitution by these two metals. Despite numerous
detailed studies of synthetic and biogenic magnetite alike, little is known about the
mechanism of incorporation of metallic impurity elements into them, and it is beyond

the scope of the current work. According to the reports of Coker and co-authors, the
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incorporation of Co, Ni, Mn and Zn into the structure of extracellularly-produced
magnetite crystals (produced by dissimilatory iron-reducing bacteria) differs, depending
on whether the metals occupy octahedral or tetrahedral sites of magnetite {Coker, 2008
#651}. The authors concluded that Co®" is preferentially incorporated in tetrahedral
sites, while Mn-magnetites contain Mn®" in octahedral sites and a mixture Mn®" and
Mn’" in tetrahedral sites {Coker, 2008 #651}. These results are in a good agreement
with those reported by Sorescu and co-workers {Sorescu, 2004 #605; Sorescu, 2002
#610; Sorescu, 2003 #645}, cobalt and manganese substitution in magnetite show
dissimilar behavior with only manganese ions showing preferential substitution for Fe*"
ions on the octahedral magnetic sublattice, thus decreasing the iron population of this
lattice {Sorescu, 2003 #645}. As the Verwey transition temperature decreases with the
increase of Fe vacancies in magnetite {Sorescu, 2004 #605; Sorescu, 2002 #610;
Sorescu, 2003 #645}, the relatively stronger displacement of Fe due to manganese
incorporation, compared to that induced by cobalt, as reported by Staniland and co-
authors {Staniland, 2008 #637}, could explain the complete suppression of the Verwey
transition temperatures observed only in our work. A more detailed study aimed to
identify the manganese substitution in magnetite magnetosomes is currently in progress.

3. CONCLUSIONS

Overall, our results strongly suggest that, unlike the case of vanadium and
ruthenium, manganese becomes part of the bulk crystal structure in magnetosome
magnetite produced by some magnetotactic bacteria grown in the presence of either
MnCl, or MnSQOy. To the best of our knowledge, this is the first study unambiguously
showing where metal ions other than iron have been incorporated into the crystal matrix
of magnetite in cultured magnetotactic bacteria, and that shows that there is a significant

potential in tuning the bulk magnetic properties of magnetite biomineralized by
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magnetotactic bacteria. Our findings constitute a further step into understanding the

bacterial metabolism and mechanisms of magnetite formation, in particular, metal uptake.

4. EXPERIMENTAL

Cells of Magnetospirillum gryphiswaldense strain MSR-1 were grown
microaerobically under 1% O, in N, batch cultures containing modified FSM medium
{Heyen, 2003 #647}. Iron, as Fe(Ill) citrate, and manganese (when present), either as
MnCl, or MnSQO,, were added to the medium prior to inoculation at 50 pM. Other
metals were added similarly as the chloride (ruthenium and zinc) or sulfate (vanadium)
salts. Cells of the inoculum for all cultures were grown in medium that did not contain
the major source of iron (ferric citrate); iron was present, however, was present in the
mineral solution at a very low concentration, approximately 0.36 puM. Cells were
harvested by centrifugation at 10,000 x g at 4°C for 20 min, washed once in 50 mM
KHPOu4 buffer pH 7.0 and recentrifuged. Cells were then resuspended in a small amount
of distilled, deionized H20. Magnetosomes were released from cells by passing this cell
suspension through a French pressure cell at 18,000 Ib (in®)" three times. They were

further purified by magnetic separation ***!

, sealed anaerobically, and kept frozen.
Magnetization measurements on cell suspensions and lysed cells were carried out using
a Quantum Design SQUID (Superconducting Quantum Interference Device) ST MPMS
(Magnetic Properties Measurement System). To identify the magnetic signature of the
Verwey transition, samples were cooled in zero magnetic field to 5 K. Then a 500 Oe
magnetic field was applied and measurements were taken while warming the sample to
296 K (ZFC-W process) and then on cooling back to 5 K (FC-C process). The Verwey
transition appears as a sharp change in magnetization in both processes {Prozorov, 2007

#545}. A second type of magnetic measurement was a sweep of the magnetic field

while recording magnetization at a fixed temperature (magnetization loops). Imaging of
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the samples was performed without negative staining with Tecnai G* F20 Scanning
Transmission Electron Microscope equipped with HAADF and EDX detectors at
operating voltage 200 KV. 20 microliters of concentrated bacterial culture fixed with
2% glutaraldehyde were dispersed in 2 mL of ddH,0O. 20 microliters of diluted cell
suspension prepared in this manner, were deposited on carbon-supported Quantifoil
copper grid. To determine the average number of magnetosomes per individual cell,
over 60 cells were examined for each sample. To ensure removal of cell debris and
membrane remnants prior to EM sample preparation, magnetically separated lysed cells
were bleached anaerobically for 72 hours, and then washed with copious amounts of
argon-sparged ddH,O before subjected to the localized EDX analysis in the nanoprobe
mode. Magnetosome count and size analysis was performed on several micrographs

(total >1,000 particles measured) obtained with HAADF detector.
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Label Magnetosomes | Magnetosome size | Dopant/Total metal | BF TEM fragment
per cell (nm) (%)
MSR-1 30+9 45.2+13.1 n/a
control
MnCl, 23+7 41.4+11.7 1.04+0.04
MnSOg4 26+6 41.2+10.8 1.14+0.01
RuCl; 33+9 45.7+17.5 Below detection
limit
VOSOq4 39+10 44.9+19.3 Below detection
limit
Zn Cl, 5+4 31.7£12.6 n/a
Low-Fe 14+5 37.1+18.4 n/a
MSR-1
(inoculum)
Table 1.
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TABLE CAPTION

Table 1. Features of cells and magnetosomes produced by cells of Magnetospirillum
gryphiswaldense strain MSR-1 grown with 50 uM ferric citrate and 50 pM of an
addition metal. Cells for the inoculum for all cultures were pregrown in medium lacking
the major source of iron, ferric citrate, but contained a small amount of iron (about 0.36
uM) present in the mineral solution. Values of numbers of magnetosomes per cell and
magnetosome size are represented as mean + standard deviation. ND: not determined
for various reasons. In the case of zinc-grown cells and the inoculum, we were unable to
purify enough magnetosome magnetite crystals due to the low cell yield and low
number of magnetosomes. BF TEM Bright Field Transmission Electron Micrographs

Scale bar: 100 nm.

? The detection limit of the determination of introduced metal/total metal was 0.02 wt%.
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FIGURE CAPTIONS

Figure 1. Bright Field (BF), Dark Field Transmission Electron Micrographs obtained
with High Angle Annular Dark Field detector (HAADF) and Energy Dispersive X-Ray
(EDX) spectra for (a) magnetite-containing magnetosomes from lysed cells of
Magnetospirillum gryphiswaldense strain MSR-1 grown in the presence of 50 uM
MnCl, and 50 pM ferric citrate. The EDX spectra collected on individual
magnetosomes clearly demonstrate the presence of manganese in the magnetite crystals
of the magnetosomes; (b) magnetosomes from lysed cells of Magnetospirillum
gryphiswaldense strain MSR-1 grown only with 50 uM ferric citrate. No manganese

was detected in the magnetosomes.

Figure 2. Magnetization (M) versus temperature (T) magnetization curves (ZFC-W
measurements) of dense suspensions of cells of Magnetospirillum gryphiswaldense
strain MSR-1 grown with 50 uM of an introduced metal indicated in the figure and 50
uM ferric citrate. Cell suspensions were cooled in zero magnetic field to 5 K, then a 500
Oe magnetic field was applied and measurements were taken while warming the sample
to 296K. Ty marks the Verwey transition and T, marks the blocking temperature. Inset:

enlarged M vs. T magnetization curve for the indicated cell suspensions.

Figure 3. Magnetization loops of dense suspensions of whole intact cells of
Magnetospirillum gryphiswaldense strain MSR-1 grown in the presence of 50 uM
MnCl, or uM VOSO4 with uM ferric citrate at 5 K. Inset: similar comparison above the
Verwey transition, at 130 K with lysed cells. No difference between lysed and whole

cells was observed at either temperature.
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Capitulo VII: Conclusiones
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1. Se ha formado magnetita inorganica en unas condiciones compatibles con la
vida, por lo que las particulas sintetizadas pueden servir como control inorganico de
magnetitas producidas bioldgicamente. Ello ha sido posible gracias al disefio, realizado
en esta Tesis, de un método de co-precipitacion econdmico para la produccion
inorganica de magnetita a 25°C como fase primaria, en condiciones anoxicas. Con este
método es posible producir magnetita con un tamafio de particula que puede oscilar
entre el necesario para que se comporte, bien como particula de dominio Unico
magnético o bien como particula superparamagnética, simplemente variando el tiempo
de incubacion del experimento. Esta propiedad es de gran interés para la fabricacion de
nanoparticulas magnéticas con interés tecnoldgico.

2. La hipotesis formulada por otros autores proponiendo la formacién inorganica
de las magnetitas del meteorito de Marte ALH84001 mediante un proceso de
descomposicion termal de un carbonato precursor no es valida. Esta conclusion estd
basada en nuestro descubrimiento de que cuando se produce una descomposicion termal
de carbonatos que contienen Ca, Mg y Fe, la magnetita resultante incorpora estos
cationes en su estructura cristalina. Las magnetitas obtenidas como resultado de esta
descomposicidn, por tanto, no son quimicamente puras y, como tales, no son idénticas a
las encontradas en el meteorito ALH84001. Maés atn, demostramos que esa
descomposicion es topotactica y, como tal, infiere una orientacion entre los cristalitos de
magnetita que es muy diferente a la alineacidon encontrada entre los magnetosomas de

las bacterias magnetotacticas y en la de las magnetitas del meteorito ALH84001.

3. El estudio de la orientacion, alineamiento y de las relaciones estructurales
entre los cristales de magnetita, en particular, y de 6xidos en general, es decisivo para
determinar cudndo estos oxidos se han formado por descomposicion termal de un

carbonato precursor.
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4. La formacion de magnetita bioldgicamente inducida por Shewanella
oneidensis requiere, conjuntamente, de la existencia de mecanismos activos y pasivos
de precipitacion. Por una parte, es necesaria la presencia de células metabdlicamente
activas que inducen un incremento de pH en su entorno celular. Este mecanismo activo
ha de combinarse con el papel que juegan las paredes celulares, membranas, restos
celulares y otros compuestos organicos cuando actian como nucleos de cristalizacion,
ya que localmente concentran Fe’™ y Fe’™ en sus 4reas cargadas negativamente. La
accion conjunta de ambos factores crea unas condiciones locales de sobresaturacion en
las que se produce la precipitacion de magnetita.

5. Hemos encontrado una nueva diferencia, no estudiada con anterioridad en
magnetitas, que permite reconocer el origen bidtico de muestras naturales de magnetita,
y, por tanto, puede ser usada como biomarcador. Esta diferencia encontrada es la
alteracion en la estructura cristalina que sufren las magnetitas inducidas biologicamente
por Shewanella oneidensis, al incorporar compuestos organicos en su interior. Estas
alteraciones en la estructura cristalina del mineral son detectables por espectroscopia
Raman.

6. La incorporacion de sales de cationes diferentes al hierro, aun en pequeias
concentraciones, modifica la disolucion y biorreduccion de la ferrihidrita, cuando este
compuesto es usado por Shewanella oneidensis como fuente de Fe’', el cual actuara
como aceptor de electrones en la respiracion anaerobia de esta bacteria.

7. El criterio de “pureza quimica” de las magnetitas biogénicas, usado hasta
ahora para reconocer origen bidtico de magnetitas naturales, no es valido. Esto es
debido a que, al igual que ocurre en las magnetitas inorganicas, las magnetitas inducidas
por Shewanella oneidensis, asi como las formadas por biomineralizacidon controlada por

Magnetospirillum gryphiswaldense, incorporan en su estructura cationes con radio
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16nico y carga similares al hierro, cuando estas bacterias crecen en un medio que
contiene esos cationes.

8. La incorporacién de cationes diferentes al hierro en las magnetitas biogénicas,
permite la formacion de nanoparticulas magnéticas no estequiométricas con propiedades
magnéticas nuevas. Esta alteracion puede ser muy util en nanotecnologia, ya que
permite la modulacion de éstas propiedades para su mejor adaptacion a la aplicacion
tecnologica concreta. Esta conclusion se basa en nuestras observaciones de que la
incorporacion de Mn en las magnetitas de los magnetosomas de Magnetospirillum
gryphiswaldense modifica las propiedades magnéticas de esta magnetita dopada

comparadas con las de magnetita pura.

1. Inorganic magnetites have been formed in conditions compatible with life, so
the synthesized particles can act as inorganic controls to compare to biologically
produced magnetites. This has been possible because we have designed a low-cost co-
precipitation method for the inorganic production of magnetite as a primary phase, at
25°C, under anoxic conditions. Thanks to this procedure, it is possible to produce
magnetite with a particle size range between the one required for the particle to behave
as single magnetic domain one and the one required for the particle to behave as a
superparamagnetic one, just by changing experiment incubation time. This feature is of

great interest in nanoparticle tailoring for technological uses.

2. The hypothesis proposed by some authors of an inorganic origin of the
ALH84001 magnetite, based on the formation of those magnetites by the thermal
decomposition of a carbonate precursor is not valid. Such a conclusion is based on our
observations that the thermal decomposition of (Ca,Mg,Fe)COj; results in the formation

of Ca-and/or Mg-substituted magnetite, forming a solid solution rather than a mixture of
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pure oxide (CaO, FeO and MgO). Moreover, our observation that such a thermal
decomposition of a carbonate precursor is topotactic (‘D lattice continuity) imprints a
special orientation between the newly formed magnetite crystals that is clearly different
for the alignment of the magnetosomes of the magnetotactic bacteria and of the

disposition of ALH84001 magnetites.

3. Studies involving structural relations within magnetite crystals (oxides in
general) and their relative orientations may help identify whether or not such crystals

were produced by a thermal decomposition of a carbonate precursor.

4. Biologically induced magnetite formation by Shewanella oneidensis requires
of the coexistence of active and passive precipitation mechanisms. In one hand, it is
necessary the presence of metabolically active cells that induce a pH increase around
them. This active mechanism combines with the role that play cell wall, membranes,
cell debris and other organic compounds that act as nucleation sites, locally increasing
the concentration of Fe’" and Fe’" in their negatively charged areas. Both factors,
simultaneously acting, create local supersaturation conditions that trigger magnetite
precipitation.

5. A new difference, not previously studied in magnetites, has been found that
enables to recognize the biotic origin of natural magnetite samples. This difference is
the alteration in the crystalline structure of Shewanella oneidensis induced magnetite
because of the incorporation of organic matter into the crystal structure. These
alterations in the mineral crystalline structure are detectable by Raman spectroscopy.

6. The incorporation of cation salts different to iron, even in small concentration,
modifies the dissolution rate and bioreduction of ferryhidrite when this compound is
used by Shewanella oneidensis as Fe* donor, which will act as an electron acceptor in

anaerobic respirations.
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7. Chemical purity criterion for biogenic magnetites, used nowadays to
recognize biotic origin of natural magnetites, is not reliable. This conclusion is based on
our findings that, as happens in inorganic magnetites, both Shewanella oneidensis
induced magnetites and the ones formed by controlled biomineralization by
Magnetospirillum gryphiswaldense, incorporate, into their crystalline structure, cations
with charge and i1onic radii similar to those of iron when these bacteria grow in media
containing these type of cations.

8. The incorporation of cations different to iron in biogenic magnetite enables
the formation of no stechiometric magnetic nanoparticles with novel magnetic
properties. This alteration may be very useful in nanotechnology, as it enables the
modulation of these properties for the best adaptation of these magnetic nanoparticles to
a specific technological application. This conclusion is based in our observations that
the Mn incorporation into the crystalline structure of the magnetites, formed by
Magnetospirillum gryphiswaldense, modifies the magnetic properties of this “doped”

magnetite compared to those of the stechiometric magnetite.
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