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ABSTRACT

Magnetotactic bacteria (MTB) are ubiquitous in aquatic environments. They
biomineralize membrane-bound magnetic nanoparticles (magnetosomes), which are magnetically
single-domain, single crystals of either magnetite, Fe;Oa, or greigite, Fe;S4. Magnetosomes are
arranged in chains inside the cell. The chain is a strong magnetic dipole, which aligns the cell
with the earth’s magnetic field (magnetotaxis) and, together with chemical signatures (aerotaxis),
is believed to increase the efficiency of the organism in finding an optimum oxygen
concentration in the sediments which is at the interface of oxic and anoxic zones. As the simplest
organism, in which biomineralization occurs, magnetotactic bacteria serve as an ideal model to
study mechanisms of biomineralization. In addition, a good understanding of biomineralization
by MTB is crucial to designing methods for in vitro formation of nanomagnetite.

In this thesis, soft X-ray STXM (scanning transmission X-ray microscopy) and
ptychography were used to characterize the chemistry and magnetism of magnetotactic bacteria
(MTB) on an individual cell and an individual magnetosome basis. The Fe L, 3-edge X-ray
absorption spectra (XAS) and X-ray magnetic circular dichroism (XMCD) of biogenic Fe;O4
magnetosomes and abiogenic Fe;O4 nanoparticles were measured and were used to clarify
confusion in the literature as to the correct shape of the Fe L-edge XAS spectra of magnetite
(Fe304). Reliable S L-edge XAS and Fe L-edge XAS and XMCD spectra of Fe;S4 nanoparticles
synthesized via hydrothermal method were obtained, which were utilized to investigate the sulfur
chemistry and magnetic properties of multicellular magnetotoactic prokaryotes (MMPs). In
addition, as an extension of Kalirai et al.’s study in which anomalous reversed sub-chain

magnetic orientation in a single Candidatus Magnetovibrio blakemorei strain MV-1 cell was
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observed (Kalirai et al. 2013), a connection was made to proposed mechanisms of establishment
of the single moment chain and how that moment is linked to the motile system in single-
flagellum MV-1 species.

Since STXM has limited spatial resolution, an emerging coherent diffraction imaging
technique, ptychography, which is not limited by the quality of the X-ray optics and has the
potential to reach near atomic-scale spatial resolution with very short wavelength X-rays, was
used to study biomineralization and magnetism of MTB cells. A spatial resolution of 7 nm below
1000 eV was achieved with ptychography, which is the highest in the soft X-ray region so far.
Precursor-like and immature magnetosomes in intact MV-1 cells were observed with
ptychography. A model for the pathway of magnetosome biomineralization for MV-1 was
proposed. It was shown that XMCD spectra could be derived with both ptychography modulus
and phase modes. Our results demonstrate that ptychography offers a superior means relative to
STXM to characterize the chemical and magnetic properties of magnetotactic bacteria at the

individual magnetosome level.

v



ACKNOWLEDGEMENTS

First and foremost, I would like to offer my sincerest gratitude to my supervisor, Prof.
Adam Hitchcock, for accepting me as a graduate student in the first place and providing me
excellent guidance and incredible support throughout my thesis research. Looking back now,
Adam has really given me a high-freedom environment such that I can pursue the projects which
I am most interested in and choose directions of the projects. But most important, he has taught
me how to be a scientist with open mind, critical thinking, enthusiasm and optimism. With his
support, I have lots of opportunities to travel around the world and collaborate with many
excellent scientists there. I believe the learning journey and working experience with him in the
past four few years have become one of the most valuable in my life.

I am very grateful to Prof. Cecile Fradin and Prof. Yurij Mozharivskyj for serving on my
supervisory committee members and their scientific advice and constructive comments.

Special thanks to my collaborators: Prof. Dennis Bazylinski, Prof. Ulysses Lins and
Pedro Ledo, for preparing excellent samples, sharing their ideas and providing support in writing
papers and proposals. The completion and success of this project would not be possible without
their valuable contributions.

I would also like to thank all the beamline scientists at the Canadian Light Source (CLS)
and Advanced Light Source (ALS) for their technical support and assistance during synchrony
data collection. I especially thank Drs Jian Wang and Chithra Karunakaran for maintaining
STXM instrument at SM beamline at the CLS, Dr. Tolek Tyliszczak for developing and
maintaining STXM instrument 11.0.2 beamline, and Dr. David Shapiro for developing

ptychography beamline 5.3.2.1 at the ALS.



Furthermore, I am grateful to all of my past and current group members for sharing their
ideas and suggestions and providing me with such a comfortable working environment. Thank
you Dr. Vincent Lee, Dr. Glyn Cooper, Juan Wu, Lis Melo, Vinod Prabu, Zhsheng Qin, Sam
Kalirai, and Karen Lam.

Thanks to all the people and friends for their kind assistance at McMaster University:
Marcia West for TEM training and assistance, Fang Yuan for sample synthesis, and Victoria
Jarvis for XRD analysis. Special thanks to Yujie Zhu who helped me set up the experiment and
prepare samples at the beginning of my Ph.D. studies.

Finally, I would like to thank my families for their eternal support and unconditional love.
My parents and my sister never hesitated to encourage and support me to achieve my goals even
they had to make a lot of sacrifices. It is their constant support that makes me get through the

hard time in my life. This thesis is dedicated to all of them.

Xiaohui Zhu
October 05, 2016

vi



TABLE OF CONTENTS

DesCriptive NOte .o e i
A DS I aCT . .. 111
ACKNOWIEdEMENLS. ... . e \%
Table of COMtents. ........ ..o e viil
List of FiguIes. ... ..o e e xii
List of Tables ... Xvii
List of Abbreviations and Symbols ................ XX
Chapter 1 INtrodUCTION ....uuveiiieiirnrecscssnnicssssanrecsssssnecsssssssssssssssssssssssessssssssssssssssssssssssssssssssssssssssss 1
1.1 OVerview Of the theSIS ......couiiiiiiii et 1
1.2 Magnetotactic Bacteria (MTB) .....c.coooouiiiiiiicieceecee et 5
L.2.T DISCOVETY .eeeuevieeiieeeiieeeteeeetteeeiteeesteeessteeesaeeessaeessaaesssseesssaaessseeessseeesseesnsseesnsseesnsseenns 5
1.2.2 General features 0f MTB .......oooiiiii e 8
1.2.3 MagNetO-aCTOLAXIS. ....vveeerieeerieeeteeesteeesteeessteeessreessreessseaesseeessseeessseeessseesssseesssseesssees 13

1.3 Bacterial MagnetOSOIMES ........c..uieiiiieiiieeiiieeiteeeiiteeeieeeeieeesaaeessseeessseeessseeesseeensseessseennnes 18
1.3.1 MagnetoSOME MEMDTANE ........ccccueeerrieerieeeiieeeriieesireessreesseeesseeessseesssseesssseesssseesssees 18
1.3.2 Biologically controlled mineralization of magnetosomes ...........cccceevveeeeveeecnveennneen. 19
1.3.2.1 Chemical purity of MagnetOSOMES. ........cccvieerrreeriiieeiieeeiieeereeerreeesreeesereesnsneeens 20
1.3.2.2. Morphology of MagnetoSOMES .........cceeeruiieeiiieeiiiieeiieeeiieesieeesieeeseveeeareesneee e 22

1.3.2.3 Size distribution of MagnetoOSOMES ........cccvieeriiieeiiiieeiieeeieeeeiee e erereeeeeeeeaeee e 24

1.3.2.4 Magnetosome formation and arran@ement ..............ccceeeevueeeriueeenneeenveeeneeessneeenns 26

1.4 X-ray Magnetic Circular Dichroism (XIMCD) .......ccccoiiiiiiiiiiieeeiieeeiee e 29
1.4.1 Theory Of XIMCD .......oiiiiiieciie ettt e e et e e e e stae e e snaeeesaeesnnaeesnneeas 29
1.4.2 XMCD of Magnetite (Fe3O4) at the Fe Loz €dge.......ooviiiiiiiiiiiiiiiiiieieeeiees 32
1.4.3 XMCD of Greigite (FesSs) at the Fe Ly 3 €dge ..ccoveevveeiiiiiiiiiiiieeeeee 35

1.5 Outline 0f the theSIS .....ooiuiiiiiiiii et 38

vil



Chapter 2 Methods .......ccoovueiicciinniicnissnniicssssrecsssssssesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss 40

2.1 SyncChrotron radiation.........c..ceeueeeiiieeiiiieeieeeeiee et e rteeeete e e e e e eeeesaeeessseeessseeesseesnsaeeennes 40
2.1.1 Properties of synchrotron radiation.............ccccuveeeiieeriieeiiee e 42
2.2 Beamline INStrUMENTATION .....eeueiitieiiieeiieeiie ettt et ettt ettt et e sateesbeesaneeneeesaneans 44
2.3 Scanning transmission X-ray microSCOPY (STXM)......oeeviiieiiieeiiieeiieeeree e 46
2.3.1 STXM PIINCIPLES. . veeeeiiieiiieeiiee et e eitteeeiteeeiteesteeesaeeeseaeesssseeessseeesseessseessseesnsseennses 47
2.3.2 STXM INSIUMENTALION ..utieiiiiiiiiiieetie et ertte ettt ettt e sate e bt e sabeenbeesabeenbeessbeeseesaseans 51
B o o] 10 4 0] 1| RSP RTS 54
2.4.1. Ptychographic Iterative ENGINe..........c.ccocuiiiiiiiiiiiieciie ettt 60
Chapter 3 EXPerimental........ccoeeiiiniinniiciissnniccsssnnicsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss 63
3.1 Magnetotactic bacterial SAMPIES .......cccueeeviieeiiieiiiecie e e 63
3.1.1T SAMPIE SOUTCES. ...veeeiiieeeiiieeiiieeriiee et e esieeeeiteeeteeesteeessseeessseeessseeessseeesseesnsseessseesnseens 63
3.1.2 Sample preparation for STXM......cccciiiiiiiiiiiecieece e e e 66
3.1.3 SaAMPIE MOUNTING .....eviieiiieeiiieeciee et e et e et e e e e teeeeteeessaeeessbeeessseeesaeessaeessaeesnneeas 67
3.2 Measurements Of MTB ........ooiiiii ettt 70
3.2.1 STXM measurements 0f MTB........cocoiiiiiiii e 70
3.2.1.1 SiNGle ENETZY IMAZES ....eeeeuveeeeiieeiiieeieieeeiteeeiteeeeieeesreeesreeessseeessseeessseessseesseeenns 73
3.2.1.2 Image SEqQUENCES (SLACKS) ....eieiuiiieriiieeiiieeiieeeieeeeieeeeieeesreeesereeeseaeeesaeesaaeesnnaeeens 74
3.2.1.3 STXM-XMCD measurements of MTB .........cccccooiiiiiiiiiinieee 76

R B 1 v BN -1 4] TSRS 77
3.3.1 Stack and XMOCD MAPS ...ccecuviieiiiieeiiieeiieeeiteeeite et e e sreeesreeessaeeeseaeeesaeeesseesnaeesnseeas 77
3.3.2 ANALYSIS OF STACKS ..uuviieiiiiciiie et et 80
3.3.2.1 Pre-PrOCESSINE .. ccecvieeriieeeiiieeittieeiteeeitteeestteesteeeeaeeessseeessseeessseeessseeesseessseessseeanns 80

viil



3.3.2.2 Stack aligNMENt........cccuiiiiiiieiie ettt et e e eaaeeen 80

3.3.2.3 Conversion to OptiCal dENSItY......cccuieeiuiieeiiieeiieeeieeeiieeetee et e e eaaeeerae e 81
3.3.2.4 SPECtral ANalYSIS......eeeiiiieriieeiiieeiiieesieeeiteeeite e ee et e et e e e e et e e eaaeeeareeeraeaens 81
Chapter 4 What is the correct Fe L, ;3 X-ray absorption spectrum of magnetite?................ 84
4.1 INtrodUCHION. ..o e e e 84
4.2 Experimental Methods..........ooiiiiiii i 85
4.3 R ESUILS. . ettt e 86
A4 DISCUSSION. ..ttt etee ettt e et e et e e et ettt e et et ettt 89

Chapter 5 Chemical and magnetic studies of greigite and greigite magnetosomes in

multicellular magnetotactic ProKaryotes .......cccceececeeeccsssnnrecsscnnnecssssnsscsssssssscssnnns 93

5.1 INEFOAUCTION ...ttt ettt e b e ettt e sat e e bt e e it e e b e sateebeeenee 93
5.2 Materials and MethOds. ........couiiiiiiiiiiie e e 94
5.2.1 Preparation Of MIMPS.......cccuiiiiiiiiie sttt et e e e are e s aae e saae e 94
5.2.2 Synthesis and characterization of Fe;S4 nanoparticles .........cccoveeevvieeviieeiieeecieeeieens 94
5.3 STXM-XMCD MEAaSUTEIMENLS.......ccovuiiiiiiiaiieeeiteeeiteeeiteeeite e st e e st e esiteessieeesiaeesneeesaneeas 95
S RESUILS ...ttt ettt et b e st b e st be e 95
5.4.1 S and Fe L, 3 analyses of abiotically-produced Fe;S4 nanoparticles...........ccccveeennenee 95
5.4.2 Distribution of other important elements in MMPS..........c.cccccvieiiiiinciiiciieeeeee, 100
5.4.3 Magnetic measurements 0N MMPS..........cccocioiiiiiiiiiniiiecce e 105
5.5 DASCUSSION ...ttt ettt ettt ettt et e b e et e esbee et e e bt e eabeenbeeeabeenbeeenbeenbeesateans 109

Chapter 6 Probing magnetic property inheritance in cell division of Magnetovibrio
blakemorei strain MV -1 ........uiiiiiivsnnicnsssnniicsssnssssssssssessssssssssssssssssssssssssssssssssssssnses 111

6.1 IEEOMUCTION ... ettt e e e e e e e e e e e e e e e e e e e e e eeaaeaeaeseeeeenanannaas 111

X



6.2 Materials and MEthOAS. ... .coveeeeeeeee e e e e e e e e e e ee e e e e e eeeeaaas 112

6.2.1 Preparation Of MV=1 .......ooiiiiiie et 112
6.3 STXM-XMCD MEaSUICIMENTS ......uveiriiiieiieeeiieeeieeentte et e eniteeesiteeebbeesbteesbeeesbeeesneee e 113
0.4 RESUILS ...ttt ettt et e ettt st e b e aeas 113

6.4.1 Orientation dependent XIMCD SPECLIOSCOPY ..uvvvrerrrreerrreerreeeriieeriieeesaeesnsreeenseeeenns 113

6.4.2 Observation of MV-1 with one flagellum at each end during replication.................. 115

6.4.3 Mechanism of cell division in SS MV-1 MTB..........coocoiiiiiiiieeeee, 116

6.4.4 Statistical study of magnetic polarity of SS MV-1 cells.......ccccvvvviiieriieiiiieeiene, 118
0.4, DISCUSSION ...ttt ettt et ettt et e et e bt e e et e e bt e s it e e bt e eabeebeesateebeeenbeanseas 119

Chapter 7 Measuring spectroscopy and magnetism of extracted and intracellular

magnetosomes using soft X-ray ptychography ........ciccvccceeicssssnnrcccssnneccscnnns 124

7.1 INETOAUCTION ...ttt ettt et e st e bt e e st e et e sateebeeenbeeeeas 125
7.2 Materials and MeEthOdS.........coiuiiiiiiiiiie e e 126
7.2.1 SAMPIE PIEPATALION ....eeeuivieeiiieeiiieeiieeeitieeeieeeeteeestaeesbeeessseeessseeessseeesseessseesnsneesnnes 126
7.2.2 Experimental Methods ........cc.oeeiiiiiiiiiciicceeeeeee et 126
7.2.3 Ptychographic ReCONSIUCTION ......cccuviieiiiieiiieciieeciee et e 127
7.2.4 Image and spectral analySis ......cceeeciieeiiiieiiieciieeciie et 128
7.3 RESUILS ...ttt ettt b e ettt st e b e aeas 128
7.3.1 Fe 2p spectro-ptychography study of extracted magnetosomes...........c.cceeveeennennnee. 128
7.3.2 Fe 2p spectro-ptychography study of intact MV-1 cells........cccceevviiieiiiieiiieiiene, 132
7.3.3 Ptychographic XMCD study of extracellular and intracellular magnetosomes......... 137
T4 DISCUSSION ...ttt ettt ettt ettt e bt e et e b e s it e e bt e eab e e bt e sabe e bt e eabeebeesabeebeeenbeenseas 142



Chapter 8 Summary and OULIO0K .......eeiieeiveeiicsisnniissssnricssssnsnecssssssssssssssssssssssssssssssssssssssssess 145

FOT BN 11010 0 T 1 PSPPI 145
8.2 Original contribution of this thesiS ........ccceeiiiieiiiieiecee e e 147
8.3 FULUIE WOTK ...ttt ettt ettt 148
8.3.1 Verification of the proposed polar magneto-aerotaxis model for MV-1 ................... 148
8.3.2 Time-course biomineralization study on MTB cells with ptychography .................. 150
8.3.3 Tomography study of MTB cell in the natural, hydrated state...........c.cccccveeveveennenn. 151
8.3.4 Spectroscopy of Fe;S4 and its application to characterize other Fe;S4 producers..... 154
8.3.5 Studies of gene mutant and other MTB Species........cccccvevvuiiirciieenceeeiieeeiee e, 154
RECIEICES c.ueeenneeiiniiiiniiinnticittncinnecsteeisteesssseessstesssseesssssesssssessssssssssssssssasssssesssssasssssnssssasssssane 156
APPEINUICES. . eeiiinniiiiintiiiiniiiiiasiesesssessessssssssssosssssosssssssssssssssssssssssssssssssssssnsse 180
APPEINUIX A coveiiiiiinniiensisnreccssssssscsssssssssssssssssssssssssssssssssessssssssssssssssssssssssssssssssssssssssssssssssssssssssnsas 180
A.1 Ptychography setup at ALS........ooooiiiiiiieeieeee ettt 180
A.2 Ptychography reCONSIUCTION. ......cccuviiiiiieeiieeeiieeeiee et e et e eeree e eeeereeeereeeeaeeeneeeenneeas 181
APPENAIX B auuueiiiiinnriiiiiinniiniisnnicsssssnicsssssssessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnsas 186
BT PUBLICALIONS ...ttt ettt et st ettt e b e st ebe e 186
B.2 Conference preSentations ........c.eeccveeeeiiieeeiieeeiieeeiieeesreeesreeessreeessreeessseeessseesnsseessseesseens 187
APPENUIX Caunrrriirinnrrinsisnnricssssnsecsssssssossssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss 189
C.1 Software packages used for this thesiS.........ccciieiiiiiiiiiiieece e 189

xi



Chapter 1

Figure 1.1

Figure 1.2

Figure 1.3

Figure 1.4

Figure 1.5
Figure 1.6

Figure 1.7

Figure 1.8

Figure 1.9

Figure 1.10
Figure 1.11
Figure 1.12
Figure 1.13
Figure 1.14

Figure 1.15

LIST OF FIGURES

TEM images of a magnetotactic bacterium observed by Blakemore in 1975. ....... 7
TEM images of cells and magnetosomes of the thermophilic magnetotactic

bacterium strain HSMV-1 (Candidatus Thermomagnetovibrio paiutensis). .......... 9
TEM images of various morphological forms of MTB. ...........cccccoeviiiiniinnnnenn. 10

Diagram showing how magnetotactic bacteria use magnetotaxis to swim

to the OATZ in the Northern versus the Southern Hemisphere on Earth. ............ 14
Demonstration of axil and polar magneto-aerotaxis in MTB. ...........c.cccccveeeneenn. 15
[llustration of two-state aerotactic sensory mechanism. ...........ccocceeeeeveercuveennneen. 17

(A).TEM image of magnetosome chains extracted from MV-1 MTB cell;
(B). Magnified TEM image corresponding to the red square in (A)..................... 19
TEM and selected area electron diffraction (SAED) of BW-1 cell. ..................... 21

TEM images of crystal morphologies and intracellular organization of

magnetosomes found in various magnetotactic bacteria. .........occeeeeveeeeieercnneennne. 23
Combinations of forms compatible with Fd3m symmetry...........ccccoeevverriiencnnennn. 24
Box-plot for bacterial and inorganic magnetic nanoparticles ............ccceeeveerennennn. 25
Magnetosome chains are flanked by long cytoskeletal filaments. ........................ 27
A model for magnetosome formation under genetic control. ............ccceeeeuveennneen. 28
[lustration of origin of XIMCD CONIast. .......ccceeeeiieeiiieeiiieeeiie et ereee e 31

Crystallographic and magnetic structure in Fe O

,O,, near tetrahedrally (site A)

and octahedrally (site B) coordinated Fe atoms. ..........cccceeevveeviiieecieeeciee e, 33

Xii



Figure 1.16
Figure 1.17

Figure 1.18

Chapter 2

Figure 2.1

Figure 2.2

Figure 2.3
Figure 2.4
Figure 2.5
Figure 2.6

Figure 2.7

Figure 2.8

Figure 2.9
Figure 2.10
Figure 2.11

Figure 2.12

Chapter 3

Figure 3.1
Figure 3.2

Figure 3.3

Experimental and calculated Fe L, 3 XMCD spectra of Fe3Ou4. ..oovveniiiniinncnnen. 34

Crystallographic and magnetic structure for greigite (Fe;S,).....cccovvvviviiieninennne. 35
Comparison of published Fe L, 3 XAS and XMCD spectra of Fe;Sa. .................. 37
Schematic of the main components of a modern synchrotron source.................... 42

Qualitative radiation patterns related to charged particles moving
1N @ CITCULAT OTDIL. ..ottt 43

Schematic diagram (top) and photos (bottom) of 10ID-1 beamline at CLS. ........ 45

Schematic diagram of Apple II EPU. Figure reproduced from Chang et al. ........ 45
Schematic diagram of STXM MICIOSCOPEL. ..cccvvreervrreeiiieeiieeriieenieeeereeeseeeeeereens 48
Schematic presentation of principles of zone plate. .........ccceeeevveerciieiciiieeiiiecie, 49

A. Schematic of the 5.3.2 STXM components. B. Layout of ZP, OSA, sample
holder, and detector at the ambient STXM at CLS beamline 10ID1. ................... 51

A stabilization of better than 5 nm in both X and Y axis over short time in

the CTYO-STXM . .ottt ettt et e et e et e e e nae e eaaeeensneeenns 53
A. Schematic of a ptychographic measurement. .............ccccceeevvieerieeenieeseieeenen. 55
X-ray microscopy of partially delithiated LiFEPOy. ..ccvvveeevveeiiiiiiiieeee, 57
Conventional STXM and ptychography images of MV-1 cells.........c.ccccvveeennenn. 59
Flow chart of PIE algorithm for data recorded at N illumination positions........... 60
Collection of MTB from local environment. ............ccocceeiiieniiiiiinieneeieeeeee, 64
Capillary racetrack used to isolate MTB cells from environment. ....................... 65
TEM images of MTB cells collected from Cootes Paradise (A~D). .........cccuu...... 66

Xiil



Figure 3.4
Figure 3.5
Figure 3.6

Figure 3.7
Figure 3.8
Figure 3.9

Figure 3.10

Figure 3.11

Chapter 4

Figure 4.1

Figure 4.2

Figure 4.3

Figure 4.4

Figure. 4.5

Various sample plates used for STXM and STXM-XMCD measurements. ........ 68
[llustration of need of a tilt geometry for XMCD detection. ..........ccccceeeveveeennnnn. 69
Graphical User Interface for STXM.......cccooiiiiiiiieiiieeieecieeeee et 71

STXM transmission image of magnetosome chains measured with “line

by line” (A) and “point” Modes (B). ......ccceeviiiiiiiieiiieceeee e 74
Example of 2 spatial-region, multi-energy region sample scan definition. .......... 75
Single component map of Fe in MV-1 cells. .....cccoevviiniieiiiieieeecee e 78
STXM optical density (OD) image and XMCD mapping of a MV-1 cell............ 79

Four spectral models, including sulphide phase (S-sulphide), sulphate

phase (S-sulphate), chloride and matrix (no S signals) ........cccceeeveeeviieerieeecieeennee, 82

Comparison of Fe L, 3 edge XAS and XMCD spectra from thin film

magnetite, magnetosomes from Magnetovibrio blakemorei strain MV-1,

and abiogenic Sigma Aldrich nano-magnetite powder.....................ccovenne.n 86
XRD powder pattern of nano-magnetite as-received from Sigma—Aldrich,
recorded using Co Ko radiation...........c.ooeiiiiii i, 87
XRD powder pattern of nano-magnetite reduced with Hp. ..................... ... 87
(a) TEM image of H,-reduced Sigma—Aldrich nano-magnetite powder.

(b) Fe L, 3 XAS and XMCD spectra of the Hy-reduced Sigma—Aldrich
NANO-MAZNELIte POWACT ... .uiintit et e e e e e e 88
(a) TEM images and Fe L3 spectra of the biogenic magnetitechain

extractedfrom cells of the magnetotactic bacterium Magnetovibrio

blakemorei stralnl MV -1 . ..o e e e 88

Xiv



Figure 4.6

Figure. 4.7

Chapter 5

Figure 5.1

Figure 5.2

Figure 5.3

Figure 5.4

Figure 5.5

Figure 5.6
Figure 5.7

Figure 5.8

Comparison of Fe L3 XAS and XMCD spectra of the extracted magnetosome
chains, which have been exposed in air for (a) 1 week, (b) 2 months, and

(C) BMONTNS. ...t e 89
(a) TEM image of the MV-1 derived magnetite heated in air at 600 C for 3 h.

(b) Fe L3 XAS and XMCD spectra of the air-heated magnetite...................... 90

Powder X-ray diffraction (XRD) patterns of the as-synthesized Fe;S4
nanoparticles, recorded using Co Ko radiation. ...........cccceeevvieeniieenieeecieeeieens 96
S 2p XAS (a) and Fe 2p XAS and XMCD spectra (b) of hydrothermally
synthesized Fe;Ss nanoparticles. ........oouviveiieiiiiiieiie e 98
(a)~(c). Stack maps of S (a), O (b), and Fe (c¢) in a MMP cell. (d). A re-scaled
colour composite of the S (green), O (blue), and Fe (red) stack maps. ............ 101
Four spectral models, including sulphide phase (S-sulphide), sulphate

phase (S-sulphate), chloride and matrix (no S signals), which are used to

derive the component map of each species from the S2p stack of a MMP. ..... 103
The sulphur component distribution in a MMP cell obtained by using stack

fitmethod. ... ... e 104
STXM OD images and XMCD map of a whole MMP cell.............ccccuu..... 106
Fe L, 3-edge XAS and XMCD spectra of biogenic Fe;S4 magnetosomes. ....... 107
Comparison of Fe L3 XAS spectra of Fe;S4 magnetosomes in MMPs

when they are exposed in air for less one week (fresh), three months,

one year and OVEr fOUT YEATS. ...c.eieeuieeriieeiiieeiie e et e eieeeereeeeaeeeeaeeeeeeesnsaee e 108

XV



Chapter 6

Figure 6.1

Figure 6.2

Figure 6.3

Figure 6.4
Chapter 7

Figure 7.1

Figure 7.2

Figure 7.3

Figure 7.4

Figure 7.5

Figure 7.6

Figure 7.7
Chapter 8

Figure 8.1

Figure 8.2

[lustration of the dependence of the XMCD spectrum on orientation of the
magnetic moment relative to the polarization of incident X-ray beam............. 114
Example of a dividing MV-1 cell with a flagellum at each end. ...................... 116
Cartoon of two different hypothetical cell division mechanisms for single
flagellum species such as MV-1. ..o 117

[lustration of the aerotactic sensory mechanism of MV-1 cells. ..................... 122

Ptychography reconstruction of magnetosomes extracted from MV-1 cells.... 129
Observation of organic biomaterials surrounding magnetosomes by
ptychography modulus mode. ...........ccceeviiiiiiiiniiiece e 131
Comparison of intact MV-1 cells between conventional STXM and
ptychography modulus IMages..........c.ceeevieeiiieeiieeeieeecee e 132
Spectro-ptychography of intact MV-1 cells at Fe L, 3 edge. ......ccccevveeiienicne 133
Chemical study of a single MV-1 cell with spectro-ptychography at
S DT [ TSRS RPSPR 136
Ptychographic XMCD measurements of extracted magnetosome chains. ....... 138

Ptychographic XMCD measurements of intracellular magnetosome chains. .. 141

Cells of E. coli viewed labeled with Oregon Green 514 (A and B) and
with Alexa Fluor 532 (C and D) ....cccvveeiiieiieeeeeeeee e 149

Projection images of an AMB-1 cell in culture solution. ..........cccccceeveveernnnn. 153

xvi



Appendix A

Figure A.1

Figure A.2

Figure A.3

Ptychography setup at beamline 11.0.2 at ALS............coooiiiiiiiiiiiinn.. 180
Parameters for single ptychography image reconstruction with
NANOSUIVEYOT . ...ttt ettt ettt e et et e e e e e e aee e aaen e 183
Parameters for single ptychography image reconstruction with

NANOSUIVEYOT . ..ttt ettt et e e e e e e e e e e e e e e e enaeeens 184

xvii



LIST OF TABLES

Chapter 1
Table 1.1 Physical parameters of several magnetotactic bacteria. ......................coeeeee. 11
Chapter 3
Table 3.1 Different STXMs and related instruments on different beamlines around

the WOTT. ...t 69
Chapter 6
Table 6.1 Statistical results of magnetic polarities of SS MV-1 cells.......................... 119

xviii



ALS
CLS
CXRO
OrN

Ar

cmu

erg

FOV

I;
Iy

kg

LCP
LUMO

MC-1
MFM
n(E)
MMP
MSR-1
MTB
MV-1

LIST OF ABBREVIATIONS AND SYMBOLS

Angstrom

Distance between sample and order-sorting aperture
Advanced Light Source

Canadian Light Source

Center for X-Ray Optics

Width of the Most Outer Zone (Nth) of a Zone Plate
Diffraction Limited Spatial Resolution

Zone Plate Diameter

Energy

Electromagnetic Unit

unit of energy or work (centimeter-gram-second system)
Focal Length

Field of View

Gauss

Magnetic Field Strength

Transmitted Photon Intensity

Incident Photon Intensity

Kelvin (unit of temperature)

Boltzmann constant, 1.38 x 10™'® erg/K

Wavelength of light

Left Circular Polarization (Polarized Light)

Lowest Unoccupied Molecular Orbital

Magnetic Moment

Magnetococcus sp. (bacterial strain)

Magnetic Force Microscopy

Energy Dependent Mass Absorption Coefficient
Multi-cellular Magnetotactic Prokaryote
Magnetospirillum gryphiswaldense (bacterial strain)
Magnetotactic Bacteria

Marine Vibrio (bacterial strain)

X1X



NEXAFS
NS
OATZ
OD

OSA
PBS
PGM
RCP

ROI

SGM
SQUID
SS
STXM
SVD

TEM
TEY
UFRJ
UNLV
XAS
XANES
XMCD
Zp

Near Edge X-Ray Absorption Fine Structure
North-Seeking (bacterial motility)
Oxic-Anoxic Transition Zone

Optical Density

Order Sorting Aperture

Phosphate-Buffered Saline Solution
Plane-grating Monochromator

Right Circular Polarization (Polarized Light)
Region of Interest (in STXM images)
Sample Density

Energy-dependent Mass Absorption Coefficient
Second

Spherical-grating Monochromator
Superconducting quantum interference device
South-Seeking (bacterial motility)

Scanning Transmission X-Ray Microscopy
Singular Value Decomposition

Sample Thickness

Temperature

Transmission Electron Microscopy

Total Electron Yield

Federal University of Rio de Janeiro
University of Nevada, Las Vegas

X-ray Absorption Spectroscopy

X-ray Absorption Near Edge Structure
X-Ray Magnetic Circular Dichroism

Fresnel Zone Plate

XX



Ph.D. Thesis - Xiaohui Zhu Chapter 1
McMaster University - Chemistry

Chapter 1

Introduction

This chapter outlines the projects I have performed within this thesis. It then gives an
overview of magnetotactic bacteria and their magnetic organelles, magnetosomes. This is
followed by an introduction to X-ray Magnetic Circular Dichroism (XMCD), and its application
to investigate magnetic properties of two types of minerals, magnetite (Fe;O4) and greigite
(FesSy), in magnetosomes. Finally, this chapter concludes with the goals and outline of the

thesis.
1.1 Overview of the thesis

Microorganisms have long been thought to play crucial roles in ecosystems as they are
actively involved in the global cycles of principal elements necessary to life, such as, C, O, N, P,
S, and Fe, etc. (Ehrlich, 1998; Nazaries et al., 2013). These living organisms selectively take up
certain elements from the local environment, transform their chemical state and synthesize
minerals inside or outside the cells under strict biochemical and genetic control, a process known
as biomineralization. To date, over 60 different minerals of biological origin have been identified
(Gargaud et al., 2011). One of the most fascinating examples of biomineralization is the
formation of single-domain magnetic nanocrystals, termed magnetosomes, within magnetotactic
bacteria (MTB) (Bazylinski and Frankel, 2004). The magnetosomes, made of magnetite (and less
commonly, greigite), are surrounded by lipid membranes and organized in chains inside
magnetotactic bacteria. The chain of magnetically aligned magnetosomes imparts a sufficiently

large magnetic moment to the cells so that they are spatially oriented by the magnetic interaction
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with the Earth’s geomagnetic field (Bazylinski and Frankel, 2004). This alignment, coupled with
chemical aerotaxis, is believed to help magnetotactic bacteria locate and maintain position at the
oxic-anoxic transition zone, their preferred habitation (Bazylinski and Lefévre, 2013).
Ferrimagnetic particles have also been found in other organisms such as algae (Torres de Araujo
et al., 1986), fish (Mann et al., 1988), insects (Maher, 1998), birds (Wiltschko and Wiltschko,
2005), and even humans (Kirschvink et al., 1992). As one of the simplest biomineralizing micro-
organisms, magnetotactic bacteria serve as a useful model for understanding the evolution and
mechanism of biomineralization (Komeili, 2012; Staniland et al., 2007). In addition, they
provide an easily accessible system to study the significance of biomagnetism for detection and
use of the local Earth’s magnetic field in other living organisms.

Imaging and quantifying magnetic properties of magnetotactic bacteria has been achieved
with several techniques including superconducting quantum interference device (SQUID)
magnetometry (Qian, 2013), magnetic force microscopy (MFM) (Amemiya et al., 2005) , and
electron holography in transmission electron microscopes (TEM) (Dunin-borkowski et al.,
1998). However, SQUID microscopy only provides the integral properties of ensembles of
magnetic particles so that the magnetic characterization of individual particles is still inaccessible
(Sievers et al., 2012). MFM has a spatial resolution of better than 10 nm but the direct extraction
of quantitative information from MFM images is challenging (Freeman and Choi, 2001).
Although electron holography in transmission electron microscopes provides quantitative
information about magnetic structure of individual magnetosomes with high spatial resolution
(Dunin-Borkowski et al., 2001), radiation damage and the strict requirement for sample thickness
(less than 50 nm) limit its application. In addition, the presence of the magnetic field in electron

holography might also influence the internal magnetic structure of magnetotactic bacteria, and
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there is no element or site specificity. In this context, synchrotron-based soft X-ray
spectromicroscopy, which detects the intrinsic magnetism of a sample through the X-ray
magnetic circular dichroism effect (Stohr and Siegmann, 2006), is an ideal tool to probe valence
state, site occupancy and element-specific magnetic moments in biologically generated magnetic
structures with nanoscale spatial resolution (Hitchcock, 2012; Stéhr and Siegmann, 2006).

X-ray magnetic circular dichroism (XMCD) is the difference of X-ray absorption spectra
(XAS) recorded with circularly polarized X-rays parallel and antiparallel to the magnetization
direction. For the past few years, our group have been developing XMCD measured in a soft X-
ray scanning transmission X-ray microscope (STXM) as a tool to study the chemistry and
biomagnetism of MTB with a spatial resolution of 30 nm. The first, proof-of-principle
measurement was reported in 2010 (Lam et al., 2010). An improved XMCD acquisition method
was reported in 2012 (Kalirai et al., 2012). Motivated by these prior studies, this thesis aims at
understanding MTB and its magnetosomes from a spectroscopic and biochemical point of view.
The four specific projects performed in this thesis are described below:

Project 1: Spectroscopic study on biogenic and abiogenic Fe;O4:

Despite extensive studies, the published XAS and XMCD spectra of Fe;O4 are not
consistent and often contradict each other. Specifically, some of the published Fe L3 XAS spectra
of Fe;O4 exhibit a low energy shoulder at ~708 eV (about 1.5 eV below the main 2p;,—3d peak),
while others do not (Zhu et al., 2015a). The goal of this project was to clarify the confusion
existing in the literature as to the correct Fe L, 3 X-ray absorption spectra of Fe;O4. These results

have been published (Zhu et al., 2015a) and are presented in Chapter 4.
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Project 2: Chemical and magnetic study of greigite and Fe;S4 magnetosomes in
multicellular magnetotactic prokaryotes (MMP)

There are only two prior studies of the application of XMCD to characterize the magnetic
structure of Fe;S4 (Chang et al., 2012a; Letard et al., 2005), one of the two major magnetosome
minerals in MTB cells. However, the Fes;S, particles were identified as oxidized in both of these
studies. One of the goals in this project is to gain a better understanding of the electronic and
magnetic properties of Fe;S4 by means of the XAS and XMCD techniques. Multicellular
magnetotactic prokaryotes (MMP) are one of the most interesting MTB due to their unique
multicellular morphology (Balkwill et al., 1980) and capability to biomineralize Fe;Sy4
magnetosomes. The reliable reference spectra obtained from Fe;S4 nanoparticles can help to
better understand sulfur metabolism, biomagnetism, and magnetosome biomineralization in
bacteria (Keim et al., 2006). This material is the basis for Chapter 5.

Project 3: Cell division mechanism study of MV-1

In a recent study, Kalirai et al. (2013) showed that Magnetovibrio blakemorei strain MV-
1 can have anomalous magnetosome chains in a single cell in which there are gaps separating
sub-chains of opposite magnetic orientation. These results contradict previous understanding that
all the magnetosomes in a single chain would have the same magnetic alignment. More
important, magnetic reversal within the magnetosome chain of a single cell may also raise
questions regarding the cell division process in MV-1. For example, depending on the position of
the new flagellum and magnetic polarity in parent MV-1 cells, the daughter cells after division
may adopt the same or opposite magnetite polarities as their parent. Following up on this earlier

study, I performed a statistical measurement on the magnetic polarity of MV-1 cells in 3
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different cultures to probe the relation between establishment of magnetic moment and the
flagellum motile system during the cell replication process. This is discussed in Chapter 6.
Project 4: Spectro-ptychograhy studies on extracellular and intracellular magnetosomes
With respect to the mechanism(s) of magnetosome biomineralization in MTB cells, the
existence of intra-cellular mineral precursors has been debated. It is notable that an immature
magnetosome phase was observed previously using conventional STXM (Kalirai et al., 2013;
Lam et al., 2010). However, characterization by conventional STXM is very challenging,
particularly when the region of interest is smaller than 10 nm. Ptychography is an emerging
coherent diffractive imaging (CDI) technique (Thibault et al., 2014). Unlike conventional lens-
based microscopic imaging techniques such as STXM, ptychography is not limited by the quality
of the X-ray optics used, and has the potential to reach near atomic-scale spatial resolution with
very short wavelength X-rays (Edo et al., 2013). In this project, I applied the emerging soft X-ray
spectro-ptychography technique, which combines high spatial resolution and chemical
sensitivity, to study extracellular magnetosomes and intact MV-1 cells. I measured Fe L, 3 XAS
and XMCD spectra in ptychography mode from extracted magnetosomes and intact MV-1 cells.
This work achieved the most detailed spectral information to date from soft X-ray ptychography,
and also it is the highest spatial resolution for X-ray microscopy of any type at a photon energy

below 1 keV. The results of these studies are presented in Chapter 6.

1.2 Magnetotactic Bacteria (MTB)

1.2.1 Discovery
Magnetotactic bacteria (MTB) were first documented in 1963 by Salvatore Bellini, a

medical doctor at University of Pavia in Italy (Bellini 2009a, Frankel, 2009). Bellini observed
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that some bacteria constantly swam towards and accumulated at the north edge of the water drop
on microscope slides, which he thought was a response to the geomagnetic field. He called these
bacteria “magnetosensitive bacteria” (Bellini, 2009a). He also observed: a) the swimming
direction of the bacteria could be determined by an external magnetic field larger than the
geomagnetic field; b) dead bacteria still oriented in the magnetic field but did not move; ¢)
bacteria could lose magnetosensitivity when cultured in demineralized water but exhibited
magnetosensitivity again with the addition of soluble iron. Based on these observations, Bellini
proposed that some iron compound was present in these cells and functioned as a “biomagnetic
dipole” which caused the cells to swim downward in the northern hemisphere (Bellini, 2009a;
Frankel, 2009). In a further study of these magnetosensitive bacteria, Bellini (Bellini, 2009b)
showed that both magnetosensitivity and oxygen levels in the environment affected the
swimming behavior and growth of these organisms.

However, Bellini’s reports of magnetosensitive bacteria (Bellini, 2009a, 2009b) were not
easily accessed, so the discovery was “effectively lost” (Frankel, 2009) until Richard P.
Blakemore independently discovered these organisms from a salt marsh in Woods Hole
(Massachusetts, US) (Blakemore, 1975). Much like Bellini, Blakemore microscopically observed
a group of bacteria that rapidly swam in the same direction, which he described as a tactic
reaction to local geomagnetic field. He termed this behavior “magnetotaxis” (Blakemore, 1975).
Using transmission electron microscopy (TEM), which was inaccessible to Bellini at the time,
Blakemore visualized bundles of flagella attached to the cell surface and chains of iron-rich
particles enclosed within membrane vesicles (see Figure 1.1). He also claimed that these
intracellular iron-rich organelles might function as magnetic dipoles which imparted a magnetic

moment on the cell such that the cell could be aligned them in an external magnetic field
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Figure 1.1 TEM images of a magnetotactic bacterium observed by Blakemore in 1975.(A)
Two bundles of flagella insert at one side of the cell. Two chains of iron-rich particles are
present (arrows). The scale bar represents 0.5 um; (B). A portion of a magnetotactic bacterium
showing the two disks (arrows) into which flagella insert. The scale bar represents 0.25 wm;
(C). A chemically fixed and thin-sectioned magnetotactic bacterium stained with lead and
uranyl salts. The iron-rich particles (white arrowheads) have been unintentionally displaced
during thin-sectioning revealing intracytoplasmic membranes arranged as vesicles (black
arrows) adjacent to the cell plasma membrane. The scale bar represents 0.25 um; (D). A single
chain of particles containing iron present in a cell prepared as described for (C). The scale bar
represents 0.07 um; (Blakemore, 1975); Figure reproduced with permission from the

American Association for the Advancement of Science (AAAS).

(Blakemore,1975). By means of °’Fe Mossbauer resonance spectroscopy, Frankel et al. (Frankel

et al., 1979) first identified these iron-rich inclusions in the strain MS-1 to be magnetite (Fe;O4).
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The particles were later termed “magnetosomes” (Balkwill et al., 1980). Later on, another type of
magnetosome, greigite (Fes;S4), was observed in a motile multicellular aggregate of bacteria in
the Southern Hemisphere (Farina et al., 1990). Up to the present, magnetite (Fe;O4) and greigite
(FesSy) are the major mineral phases of magnetosomes that have been identified in magnetotactic
bacteria (Bazylinski et al., 1994). In addition, several non-magnetic iron-sulfide minerals such as
mackinawite (tetragonal FeS) and cubic FeS were also found in iron-sulfide
magnetosomes(Lefévre et al., 2011a; Posfai et al., 1998)

There is no doubt that Bellini was the first to discover and document magnetotactic
bacteria. However, it was Blakemore who introduced these unique microorganisms to the
scientific community worldwide (Komeili, 2012). Thus, both Bellini and Blakemore should be
acknowledged as their discoverers. Subsequent work on MTB has proved to continuously impact
a large number of scientific fields such as geology, mineralogy, biochemistry, physics,

oceanography and astrobiology (Bazylinski and Schiibbe, 2007).

1.2.2 General features of MTB

Magnetotactic Bacteria (MTB) are morphologically diverse and distributed worldwide.
Generally, MTB can be found in aquatic habitats such as, freshwater, sediments, marine,
brackish, marshes, etc. (Bazylinski and Frankel, 2004). Very rarely, they had also been observed
in soil (Fassbinder et al., 1990). Although MTB are known for biomineralizing Fe-bearing
magnetosomes (Fe;O4 and FesSy), the distribution of MTB is independent of the concentration of
Fe in the environment but rather dependent on the existence of an oxic-anoxic transition zone
(OATZ) (Bazylinski et al., 2000; Prozorov et al., 2013). For example, relatively high numbers of
MTB are usually found at OATZ, or the anoxic regions of the environment, or both (Bazylinski

and Moskowitz, 1998; Bazylinski et al., 1995). Sometimes the concentration of MTB can
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reach10°~10°/ml (Spring et al., 1993). In addition, different species of MTB may occupy
different habitats which have specific and different chemical conditions. For example, only
Fe;04 producing MTB are found in freshwater environments while both Fe;O4 and Fe;Sy
producers are observed in marine environments (Lefévre et al., 2011a). However, although one
strain of Fe;S4-producing MTB, BW-1, has been isolated and grown in axenic culture (Lefévre et
al., 2011b), most remain resistant to attempts at culturing. Therefore, much less is known about

Fes;S4-producing MTB compared to their Fe;O4-producing counterparts.

Figure 1.2 TEM images of cells and magnetosomes of the thermophilic magnetotactic
bacterium strain HSMV-1 (Candidatus Thermomagnetovibrio paiutensis). (A) TEM image of
a cell of HSMV-1 showing a single polar flagellum (black arrow) and a single chain of bullet-
shaped magnetosomes (white arrow). (B) High magnification TEM image of a magnetosome
chain of strain HSMV-1. Figure reproduced from (Bazylinski and Lefévre, 2013) with
permission from the Multidisciplinary Digital Publishing Institute (MDPI).
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Figure 1.3 TEM images of various morphological forms of MTB. (a). vibros; (b) cocci; (c).
rod-shaped; (d). spirilla; (e) mulberry-shaped and (f) pineapple-shaped multicellular
magnetotactic prokaryotes (MMPs). Figure a reproduced from (Keim et al., 2006), b and ¢
from(Lefevre et al., 2011a) with permission from Springer. Figure d reproduced from
(Schiiler, 2008)  with permission from Oxford University Press. Figure e reproduced from
(Keim et al., 2004) with permission from Elsevier. Figure f reproduced from (Zhou et al.,

2012) with permission from John Wiley and Sons.

Until recently, no MTB cells were identified as extremophilic as their growth generally
requires some restricted conditions such as ambient temperature, neutral pH, specific oxygen

level, etc. (Bazylinski and Lefevre, 2013). However, an uncultured magnetotactic bacterium,

10
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designated HSMV-1 (Candidatus Thermomagnetovibrio paiutensis, see Figure 1.2), was
recently found in the Great Boiling Springs (GBS) in Nevada where the temperatures range from
32°C to 63°C (Bazylinski and Lefévre, 2013). In addition, large numbers of MTB have been
found to grow in highly alkaline aquatic environments (Mono Lake, California) with pH 9.0-9.5
(Lefevre et al., 2011c). Since some MTB can survive/grow in high-temperature and high-
basicity environments (Bazylinski and Lefévre, 2013; Lefévre et al., 2011c¢) it is possible that
MTB may exist in other extreme environments such as extraterrestrial planets like Mars
(Bazylinski and Lefévre, 2013; McKay et al., 1996; Thomas-Keprta et al., 2001).

The great biodiversity of MTB can be exemplified with various morphological forms of
MTB observed in both freshwater and marine habitats, which mainly includes vibros, cocci, rod,
and spirilla (see Figure 1.3a~d). In addition, some MTB exhibit a unique multi-cellular feature
and thus are referred to as magnetic multicellular prokaryotes (MMPs) (Balkwill et al., 1980;
Keim et al., 2006, 2004). Until now, two kinds of MMPs have been observed: one mulberry-
shaped (Figure 1.3¢) (Keim et al., 2006) and the other with pineapple-like morphology (Figure
1.3f) (Zhou et al., 2012). Although the morphology may vary among different species, all known
MTB are motile by means of one or more flagella whose attachment can be polarly
monotrichous (single flagellum on one end), bipolar (single flagellum on each of opposite ends),
and lophotrichous (bundles of flagella on the surface) (Lefevre et al., 2011a; Matheron and
Caumette, 2015). Table 1.1 presents a few physical parameters of several magnetotactic bacteria.
It can be observed that the size, velocity of swimming speed, magnetic moments, etc. vary
among different species. For example, Candidatus Magnetobacterium bavaricum move with a
velocity of ~40 um/s while some cocci strains can move with a velocity up to 1000 um/s

(Frankel et al., 2007).

11



Ph.D. Thesis - Xiaohui Zhu Chapter 1
McMaster University - Chemistry

Table 1.1 Lengths, swimming speeds, and magnetic dipole moments of selected motile
microorganisms. Magnetotactic bacterial species are designated with an “*” in front of their name.
Reproduced from (Frankel et al., 2007) with permission from Springer.

Organism Average cell Observed Magnetic
length (um) swimming Moment
speed(um/s) (Am?)

* Magnetospirillum magnetotacticum 3 44 5.0x1071°
strain MS-1
* Candidatus Magnetobacterium 9 40 3.2x107
bavaricum
* Many-celled Magnetotactic Prokaryote 8 170/100
(MMP)
* Candidatus Bilophococcus magneticus 1 69 7.0x107"
* Unidentified Woods Hole Coccus 1 159
* Coccus “ARB-1” 1 1000

* Morro Bay greigite-containing Rod

Anisonema 3.6 9.0x107'¢
Anisonema platysomum (protist) 20 7 0x10713
Escherichia coli 2 20
Psuedomonas aeruginosa 15 55
Vibro comma 4 200
Thiovulum Majus 15 600

12
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1.2.3 Magneto-aerotaxis

In most unicellular MTB cells, magnetosomes are arranged in chains and along the long
axis of the cell. This arrangement maximizes the magnetic moment which in turn, optimizes the
preferred orientation of the cells in an aquatic environment (Frankel, 1984). It is thought that the
chain-like arrangement of magnetosomes imparts a magnetic dipole moment that passively
aligns the MTB cell with magnetic field as it swims by means of the flagella (Bazylinski and
Frankel, 2004), a behavior referred to “magnetotaxis”. Previous studies showed that MTB in the
northern hemisphere migrate preferentially in a direction parallel to the Earth’s magnetic field
lines (north-seeking, NS), whereas those in the southern hemisphere migrate anti-parallel with
Earth’s magnetic field lines, (south-seeking, SS), (Blakemore et al., 1980). Because of the
inclination, the Earth’s magnetic field is directed downward in the northern hemisphere and
upward in the southern hemisphere. Thus, the natural orientation of the magnetic moment of
MTB is with the earth’s magnetic field such that MTB migrate downward in either hemisphere
(see Figure 1.4). Therefore, the function of magnetotaxis was initially thought to make MTB
favorably swim downward, away from toxic higher oxygen concentrations at the water surface
and towards microaerobic or anaerobic sediments (Blakemore, 1975; Blakemore et al., 1980).
However, some MTB cells such as MC-1 and MO-1 were shown to have behaviors inconsistent
with this model (Frankel et al., 1997; Zhang et al., 2010). For example, cells of MC-1 reverse
their swimming direction when encountering different oxygen levels (Frankel et al., 1997). Later
on, a new model, which combined the function of magnetotaxis with aerotaxis (sensitivity to the
oxygen level) (Mazzag et al., 2003), namely “magneto-aerotaxis”, was proposed to help
understand how MTB locate and main their positions at the OATZ in the water column (Frankel

et al., 1997). Recently, analysis of the Magnetospirillum gryphiswaldense genome revealed at
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Figure 1.4 Diagram showing how magnetotactic bacteria use magnetotaxis to swim to the OATZ
in the Northern versus the Southern Hemisphere on Earth. Figure reproduced from (Chen et al.,

2012) with permission from Nature Education.

least 56 genes that encode putative chemoreceptors, known as methyl-accepting chemotaxis
proteins (MCPs), and four putative chemotaxis operons, designated cheOp 1-4 (Popp et al.,
2014).

According to the model of magneto-aerotaxis, the swimming direction of MTB is
determined by the sense of flagellar rotation, which in return is determined by the aerotactic
response of the cell (Frankel et al., 2007, 1997). Two different magneto-aerotaxis mechanisms
have been proposed for Magnetospirillum magnetotacticum strain MS-1 and Magnetococus
marinus strain MC-1(Frankel et al., 1997). For strain MS-1, the magnetic field B only provides
an axis but not a direction such that cells of MS-1 swim along B but with frequent reversals of
swimming directions. This mechanism is called axial magneto-aerotaxis. For strain MC-1, the
role of B is polar, which provides both axis and direction for cell mobility. Therefore, MC-1 is

found to swim persistently in a specific direction (either parallel or antiparallel to B) along the O,

14
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Figure 1.5 Demonstration of axil and polar magneto-aerotaxis in MTB. (A). Schematic
drawing of a flat capillary with one end closed and the other end open to air. Cell
suspensions are transferred to the capillary under a magnetic field B. A meniscus (M)
formed at the open end and oxygen diffused into the middle from this end. Results showed
that all the MTB cells formed a microaerobic band at an [O,] concentration less than 25 uM
(B). For axial magneto-aerotaxis, the initial band still remained intact after B was reversed.
(C). For polar magneto-aerotaxis, the initial band dispersed and separated into two groups,

which swam towards opposite directions. (Lefévre et al., 2014).

gradient, a mechanism called polar magneto-aerotaxis (Frankel et al., 1997). An effective way to
distinguish polar and axial magneto-aerotaxis is to transfer these cells into a microcapillary with
an oxygen gradient and watch the cell motion under a specific magnetic field. Polar and axial
cells behave significantly different when the applied magnetic field is reversed (see Figure 1.5).
Figure 1.5 illustrates an experimental setup to distinguish axial and polar cells. Figure
1.5 A demonstrates a flat capillary with one end closed and the other one open to the air. A cell

15
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suspension was transferred to the capillary and formed a meniscus (M) in the open end. The
oxygen level increased from the center to the open end of the capillary, opposite to the applied
magnetic field B. Using a similar setup, Lefevre et al. (2014) reported that 12 different species of
MTB all formed a well-defined microaerobic band (oxygen concentration lower than 25uM) 15
to 45 minutes after the transfer. The cells still continued to swim back and forth along the
magnetic field within the band. However, when the original magnetic field was reversed,
different species of MTB exhibit different behaviours. For axial magneto-aerotaxis, MS-1 cells
rotated 180° when the magnetic field was reversed but the band still remained intact (see Figure
1.5B). For polar magneto-aerotaxis, MC-1 cells also rotated 180° with the inversion of magnetic
field but the band further split into two subgroups of cells which swam in opposite directions
(see Figure 1.5C) (Frankel et al., 1997). This suggests that the mechanism for connecting
magnetic orientation and mobility is different for the two different types of magneto-aerotaxis
shown in Figure 1.5.

Axial magneto-aerotaxis is consistent with a sensory mechanism (Frankel et al., 1997;
Segall et al., 1986), in which cells can sense the oxygen gradient over a period of time. They
should also be able to compare whether the present oxygen level is above or below their
preferred levels (Lefevre et al., 2014). For example, when the cells sense that they are moving
away from their preferred [O;], they can reverse their swimming direction and then return to the
preferred location. In this way, the band is kept intact even when the external magnetic field is
reversed (Figure 1.5B).

Polar magneto-aerotaxis fits a model of a two-state aerotactic sensory system proposed
by Frankel et al. (1997), as shown in Figure 1.6. In this model, the sense of flagella rotation is

directly determined by the O, concentration, [O,]. When the present [O] is higher than preferred
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Figure 1.6 Illustration of two-state aerotactic sensory mechanism. Cells are thought to have
two sensory states,1 and 2, which cause the opposite direction of flagella rotation and lead to
opposite swimming direction along magnetic field B. Figure reproduced from (Frankel et al.,

1997) with permission from Elsevier.

level, the cells are in the “oxidized” state or state 1 in Figure 1.6. In this case, cells would rotate
their flagella counterclockwise (CCW) and swim parallel to magnetic field. When the present
[O;] is lower than the preferred level, the cells are in the “reduced” state or state 2 in Figure 1.6,
which causes them to rotate their flagella clockwise (CW) and leads to migration antiparallel to
the external magnetic field. When the magnetic field was reversed, the cell in either state would
continue to swim parallel (state 1) or antiparallel to magnetic field B (state 2), which causes them
to move away from their preferred [O;] and leads to a dispersal of the band, as shown in Figure
1.5C (Frankel et al., 1997). Lefévre et al. (2014) further proposed that cells with polar behaviour
sensed the oxygen gradient only when the oxygen gradient was antiparallel to the magnetic field,
which was also the natural environmental condition for these cells. When the initial magnetic

field was reversed and made parallel to the oxygen gradient (Figure 1.5C), these cells might turn
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off their sensory mechanism in such non-natural conditions and only rely on the magnetic field
to direct their movement.

Although only aerotaxis is discussed in this section, it is noted that the navigation of
MTB does not rely only on oxygen levels. Multiple chemical gradients and light (Alexandre et
al., 2004; Shapiro et al., 2011) also play roles in the movement of MTB, particular in complex
environments (Faivre and Schuler, 2008). Up to now, it is still unclear how aerotaxis, chemotaxis

and phototaxis are combined and how they transmit signals to the flagellar motor.

1.3 Bacterial Magnetosomes

1.3.1 Magnetosome membrane

Bacterial magnetosomes are intracellular inclusions in MTB that help them detect and align
themselves with external magnetic field. They consist of two main parts: the inorganic Fe-
bearing magnetic crystals (Fe;O4 or Fe;Sy4) and an organic phospholipid bilayer (Prozorov et al.,
2013). In most unicellular MTB cells, the magnetosomes are enclosed by a bilayer lipid
membrane and arranged in chains along the long axis of the cell such that the magnetic moment
can be maximized. The resulting magnetic moment and strength of the earth’s magnetic field are
then sufficient to prevent the random orientation of the cells in aquatic environment (Frankel,
1984). Figure 1.7A presents a TEM image of magnetosome chains extracted from
Magnetovibrio blakemorei strain MV-1 and B shows the image of red square region in Figure
1.7A. The membrane can mainly be found at both ends, side surfaces and possibly upper surface

of each magnetosome.
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Figure 1.7 (A).TEM image of magnetosome chains extracted from MV-1 MTB cell; (B).
Magnified TEM image corresponding to the red square in (A).

1.3.2 Biologically controlled mineralization of magnetosomes

The formation of minerals by prokaryotic microorganisms can be mainly divided into two
categories: biologically controlled mineralization (BCM) and biologically induced mineralization
(BIM) (Lowenstam and Weiner, 1989; Lowenstam, 1981). BIM refers to a mineralization
process where minerals are generally produced extracellularly and considered as an unintended
and uncontrolled consequence of the metabolic activity of the organism (Frankel and Bazylinski,
2003). However, in BCM, the synthesis of minerals mainly occurs within the cell or on the cell
surface, and is subjected to a high degree of crystallographic and chemical control (Bazylinski
and Frankel, 2003).,The formation of magnetosomes in MTB is one of the most clear-cut
examples of BCM. It involves: tight genetic control (Schiiler and Frankel, 1999): certain
elements (mainly iron) uptaken by the cell from the environment; nucleation and growth of
magnetosomes taking place at specific locations within the cell and only under certain chemical

conditions; well-defined magnetosomes ultimately formed with high chemical purity, consistent
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morphology, narrow size distribution, and specific arrangements, etc. (Bazylinski and Frankel,

2003).

1.3.2.1 Chemical purity of magnetosomes

Up to now, magnetite (Fe;O4) and greigite (Fes;S4), have been identified as two primary
mineral phases of magnetosomes (Bazylinski et al., 1994) in MTB cells. However, several other
iron-oxides and iron-sulfides, which appear to be precursors to magnetosomes, are also observed
in MTB. For example, Frankel et al. (1983) reported that an amorphous ferrihydrite
((Fe*"),05:0.5H,0) precursor was formed prior to Fe;0,4 magnetosome formation. Staniland et
al. (2007) observed that a non-magnetic hematite (a-Fe,O3) phase acted as the precursor of
Fes;0y4. In the case of Fe;Ss-producing MTB cells, several iron-sulfides including cubic FeS and
tetragonal FeS (mackinawite) were identified and attributed as the precursors to Fes;S4 (Posfai et
al., 1998).

In most cases, MTB biomineralize either Fe;O4 or Fe;S4 but not both. However, a large rod-
shaped bacterium, designated as strain BW-1, was isolated and grown in axenic culture, which
was found to synthesize Fe;O4 and Fe;S4in the same chain (see Figure 1.8) (Lefévre et al.,
2011b). In addition, it has been found that magnetic multicellular prokaryotes (MMPs)
sometimes synthesize both magnetite and greigite crystals in the same chain (Lins et al., 2007).
The fact that both types of magnetosomes can be biomineralized in Fe;O4 and Fe;S,4 producers
suggests that the mechanism of chain assembly is independent of the type of mineral, as

proposed by Bazylinski et al. (1995).
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Figure 1.8 TEM and selected area electron diffraction (SAED) of BW-1 cell. (A) TEM image
of large and rod-shaped strain BW-1. (B) Darkfield scanning TEM image of a magnetosome
chain containing both greigite (labeled B) and magnetite (labeled C). (C) High-magnification
TEM image of greigite crystal labeled in (A). (Inset) SAED of crystal viewed along the [0 —1
1] zone axis. Pattern is consistent with greigite. (C) High-magnification TEM image of
magnetite crystal labeled in (A). (Inset) SAED pattern of crystal viewed along the [-1 —12]
zone axis. Figure A~D reproduced from (Lefévre et al., 2011b) with permission from the

American Association for the Advancement of Science (AAAS).
With respect to the composition of magnetosomes, another interesting observation is that
some trace elements such as titanium (T1) (Towe and Moench, 1981) and copper (Cu)
(Bazylinski et al., 1993) can be doped into magnetosomes in environmental MTB cells. Staniland

et al. (Staniland et al., 2008) successfully controlled cobalt doping (between 0.2 and 1.4 at%) in

Magnetospirillum MTB cells in vivo by replacing iron quinate (FeQ) with cobalt quinate (CoQ)
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in the growth medium. In addition, Keim et al. (Keim et al., 2009) showed that some manganese
(Mn) can be incorporated into magnetosomes (up to 2.8 at%) in uncultured magnetotactic coccus
when MnCl; is added to microcosms. These results may open possibilities of designing

biologically synthesized nanoparticles with tailored properties (Staniland et al., 2008).

1.3.2.2. Morphology of magnetosomes

The shapes of Fe;O4 and Fe;Ss magnetosomes varies in a species-specific manner. Three
general morphologies of mature magnetosomes have been observed in MTB: cubo-octahedral
(Figure 1.9a) (Balkwill et al., 1980; Mann et al., 1984), elongated prismatic, (roughly
rectangular, Figure 1.9b, d, e, f) (Meldrum et al., 1993; Towe and Moench, 1981), and tooth-,
bullet-, or arrowhead-shaped (Figure 1.9¢) (Mann et al., 1987; Spring et al., 1993; Thornhill et
al., 1994).

Both Fe;O4 and Fe;S4 are spinel minerals with Fd3m space group (Devouard et al., 1998).
The crystal habits of magnetosome crystals are based on octahedral {111}, dodecahedral {110},
and cubic {100} forms (Devouard et al., 1998). For example, the idealized habits of cubo-
octahedral magnetosomes (Figure 1.9a) are composed of {100} and {111} with roughly equal
development of the six faces of the {100} form and eight faces of the {111} form (Figure
1.10A). However, most of the magnetosomes found in MTB cells appear to be elongated along
one face, leading to non-isometric and anisotropic morphologies (Figure 1.9b~f). The habits of
these non-equidimensional crystals are described as combinations of {100},{111} and {110}
forms (Figure 1.10B~D). Devouard et al. (1998) proposed that the morphologic anisotropy
observed in magnetosomes is linked to magnetic anisotropy, which allows for an easy axis of

magnetization and thus helps to align magnetic moments along the long axis of the cell.
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Figure 1.9 a~f. TEM images of crystal morphologies and intracellular organization of
magnetosomes found in various magnetotactic bacteria. Shapes of magnetotactic crystals
include cubo-octahedral (a), elongated hexagonal prismatic (b,d,e,f) and bullet-shaped
morphologies (c). The particles are arranged in one (a,b,c), two (e) or multiple chains (d) or
irregularly (f). Bar represents 100 nm. Figure a~f reproduced from (Schiiler and Frankel,

1999) with permission from Springer.

Generally, elongated growth can occur either because of anisotropy in the growth environment
or anisotropy in the growth site (Devouard et al., 1998). In the case of magnetosomes, the shape
anisotropy was attributed to an anisotropic flux of iron through the surrounding membrane
during magnetosome growth (Gorby et al., 1988). Interestingly, although elongated Fe;O4
crystals have been synthesized via simple inorganic processes in the laboratory (Piepho and
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Williams, 2010), most of these unusual magnetic crystals are observed in ancient and recent

011
(110}+{111}

7T AL
111

001 1 T1
{110}+{111}+{100} elongated {100}+{111}

Figure 1.10 Combinations of forms compatible with Fd3m symmetry. A. cuboctahedron
observed in both Fe;O4 and Fe;S4 magnetosomes; Elongated habits found in Fe;O4
magnetosomes (B and C), and in Fe;S4 magnetosomes (D). Figure 1.10A~D reproduced from

(Devouard et al., 1998).

sediments or in the Martin meteorite ALH84001 (McKay et al., 1996), and are referred to as
‘magnetofossils’ (Chang, 1989). The presence of magnetofossils is considered as evidence for
past existence of MTB in aquatic environments (Chang, 1989; Stolz et al., 1986) and even life on

ancient Mars (McKay et al., 1996; Thomas-Keprta et al., 2001).

1.3.2.3 Size distribution of magnetosomes

In addition to composition and morphology, the size distribution is another parameter
subjected to a tight control by MTB. The size of a magnetic crystal has a great effect on its
magnetic properties. MTB optimize the magnetic dipole moment on an individual magnetosome

basis by controlling its size (Muxworthy and Williams, 2006). Several results have shown that
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almost all Fe;O4 and Fes;S4 magnetosomes are distributed in a very narrow size range, which is

between 35-120 nm (see Figure 1.11)(Bazylinski and Moskowitz, 1998; Jandacka et al., 2013).

SUPER-
PARAMAGNETK |
NANOPARTICLES STABLE SINGLE-DOMAIN MAGNETIC NANOPARTICLES | MULTI-DOMAIN MAGNETIC NANOPARTICLES

e R T T R R Y

(MS-1) Mm ER

MV-1 —{{

MC-2 - 1 +—
Synthetic Fe304 —— [+ }

MSR-1 = { +]]

w2 | e T
(MMS-1) MV-4 ; N -
st - C 1

Sed | [T
83 =1 | F—-x
0 20 40 60 80 100 120 140 160 180
Particle size x (nm)

Figure 1.11 Box-plot for bacterial and inorganic magnetic nanoparticles (Jandacka et al., 2013).

When the size of magnetic crystals is 20~120 nm, they are single-domain (SD) particles,
meaning that they can be uniformly magnetized and have the maximum possible magnetic
moment per unit volume (Lins and Bazylinski, 2012). If the particles are larger than 120 nm,
they naturally create multiple magnetic domains, with the domain moments typically organized
to have a closed magnetic loop (Muxworthy and Williams, 2006). This prevents particles from
being uniformly magnetized and significantly reduces the magnetic moment. When the particles
are smaller than 20 nm, they are superparamagnetic particles (SPM). Although SPM particles are
SD, their magnetic moments can be reversed by thermal induction, which results in a time-
averaged moment of zero (Muxworthy and Williams, 2006). Therefore, it is clear that the
preference for stable SD particles facilitates the orientation of magnetosome chains in

geomagnetic field
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1.3.2.4 Magnetosome formation and arrangement

The hypothesized mechanism of magnetosome formation is a complex process, which
generally includes: iron uptake from the environment by the cell; magnetosome vesicle formed
intracellularly; iron transport into the magnetosome vesicle; and protein-mediated Fe;O4 or Fe;S4
formation inside magnetosome vesicles (Bazylinski and Schiibbe, 2007). It should be noted that
current study of the mechanism of magnetosome formation has mainly focused on
Magnetospirillum species (Yan et al., 2012) because they can be cultivated more readily than
most other MTB (Schiiler, 2002). However, even among closely related Magnetospirillum
species, such as AMB-1 and MSR-1, the formation and assembly of magnetosomes in these
organisms differs (Komeili, 2012). For example, in AMB-1, it has been observed that empty
magnetosome vesicles are already localized and organized into chains prior to magnetosome
formation (Komeili et al., 2006, 2004). Contrary to AMB-1, magnetosomes in MSR-1 nucleate
in widely-spaced vesicles and then move along a cytoskeletal filament to form tight chains
through magnetic interactions (Faivre et al., 2010; Scheffel et al., 2006). Recently, a special
genomic region was identified, one where genes for magnetosome formation in MTB cells are
located. The sequence is more or less conserved among a large number of MTB species. This
region is known as the “magnetosome gene island (MAI)” (Ullrich et al., 2005). The discovery
of MAI may allow people to classify genes associated with magnetosome formation and
promises to understand mechanisms of magnetosome chain assembly in different MTB cells.
Some of the knowledge on functional analysis of genes in MAI is summarized below.

With electron cryotomography (ECT), some distinct filaments were observed around the
magnetosome chain (Figure 1.12A~C) (Komeili et al., 2006; Scheffel et al., 2006). These
cytoskeletal filaments are composed of protein MamK. They are thought to function as structural

scaffolds for magnetosome chain organization. Green fluorescent protein (GFP)-tagged MamK
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Figure 1.12 Magnetosome chains are flanked by long cytoskeletal filaments. (A) Larger view
of the magnetosome chain in Fig. 1A. (B) Similar view of a magnetosome chain grown in the
absence of iron, which prevents the formation of magnetite crystals. Arrows point to the long
filaments. Scale bars, 100 nm. (C) Three-dimensional organization of magnetosomes (yellow)
and their associated filaments (green) shown in (B) with respect to the whole cell (blue). (D)
mamK mutant, where magnetosomes appear disordered and no filaments are found in their
vicinity. Figure reproduced from (Komeili et al., 2006) with permission from American

Association for the Advancement of Science (AAAS).

also appeared to form linear filaments along the curvature of the cell (Komeili et al., 2006). In
the absence of mamK, AMB-1 still produces proper magnetosomes with the same features as the
wild-type strain. However, the cytoskeletal filaments disappeared in this mutant and
magnetosomes did not assemble as one chain but were scattered throughout the whole cell
(Figure 1.12D) (Komeili et al., 2006). Another protein that relates to magnetosome chain
organization is MamJ, which is an acidic protein and considered as a candidate MamK regulator
(Greene and Komeili, 2012). It is proposed that MamJ may anchor magnetosomes into the
cytoskeletal filament to stabilize the magnetosome chain and prevent it from collapsing (Faivre

and Schuler, 2008; Keim et al., 2006). When the mamJ gene in strain MSR-1 is deleted, the
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Figure 1.13 A model for magnetosome formation under genetic control. Figure reproduced

from (Komeili, 2012) with permission from Oxford University Press.

magnetosomes do not organized into chains but aggregate into clusters (Scheffel et al., 2006).
The agglomeration occurs at a later stage of crystal growth and is probably caused by the
increasing magnetic attractions between magnetosomes once they are in close proximity
(Scheftel et al., 2006).

Based on numerous genetic and biochemical analyses of genes in MAI, Komeili (2012)
proposed a model for magnetosome formation (Figure 1.13): First, protein Maml, MamL,
MamQ, MaMB and other factors (green) reshapes the inner cell membrane and creates the
magnetosome membrane; second, protein MaME (blue) is recruited to the nascent magnetosome;
third, MamE recruits other proteins (red) to the magnetosome in manner independent of its
protease activity; fourth, proteins MamJ and MamK assist to assemble magnetosomes into chains;

fifth, biomineralization is initiated and small magnetite crystals start to form; finally, magnetite
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crystals continue to grow into mature ones, which requires the protease activity of MaME and

other factors including the Mms protein, etc.

1.4 X-ray Magnetic Circular Dichroism (XMCD)

1.4.1 Theory of XMCD

X-ray magnetic circular dichroism (XMCD) is a synchrotron-based technique, which
provides quantitative information about elemental and site-specific magnetism in magnetic
materials (Stohr and Siegmann, 2006). The XMCD effect was first discovered by Schiitz et al.
(1987) at the Fe K absorption edge in the hard X-ray region. The first XMCD spectrum in the
soft X-ray region was measured at the Ni L, 3 edge of nickel metal by Chen et al. (1990). Hard
X-rays typically probe K-edge levels, where the XMCD signal is in the order of 10~ of the
absorption signal or even less in saturation conditions (Mathon et al., 2004). In contrast, XMCD
at the L, 3 edge for 3d transition metal element or My 5 edge for rare earth elements can be as
high as 30%. Such edges are located in the 500~3000 eV energy range and thus XMCD
measurements are mainly performed in the soft X-ray region. The advent of high-brilliance 3™
generation synchrotron facilities equipped with elliptically polarizing undulator, which can
change from left to right circular polarization with a switching rate in the 0.1Hz regime, has
greatly improved the accuracy of XMCD measurements (Kang et al., 2005).

The XMCD signal is defined as the difference of the two X-ray absorption spectra (XAS)
recorded with circularly polarized X-rays when the photon spin and magnetic moment in the
sample are aligned parallel and anti-parallel. In these conditions, the photon spin and magnetic
moment vectors are either parallel or anti-parallel aligned. This can be achieved equivalently by

either switching circular polarizations for a fixed sample magnetization direction or changing the
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magnetization direction of the sample and using a single circular polarization. A good starting
point to explain the mechanism of XMCD is the interaction between X-rays and the matter.
According to the Lambert-Beer law, the intensity of X-rays, /,, decreases exponentially with the
distance, d, travelled in the sample:

L,=1-e* with u=p-o (1.1)
where /) is the intensity of the incident X-rays, u is the absorption coefficient, p is the sample
density and o is the absorption cross section. The absorption cross section o is defined as the
number of excited states created per unit time divided by the number of incident photons 7 per

unit time and per unit area:

Pi—)f

o= (1.2)

Iy
where P, ¢ refers to the transition amplitude between the inititial state i and the final state /. The
transition amplitude P;_ s can be calculated from Fermi’s golden rule:

Py = Z|< fV]i > D& (13)
where |< f |V|i >| is the transition matrix element and D (Ef) is the energy density of electric-
dipole copuled final states. Thus, the absorption coefficient u can be determined by

we |< f|7]i >|” - DEE. (1.4)

Here, the transition matrix element remains constant for mutual polarizations but the density of
final states varies with different polarizations, which causes the XMCD contrast.
The origin of XMCD can be understood with the so-called two-step model (Stohr, 1995), which
is described in Figure 1.14A. In the first step, a circularly polarized photon is absorbed and an

inner-shell electron is excited into empty states above the Fermi level. For a left or right

circularly polarized photon, it also has a defined angular momentum, # or -A. If the
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photoelectron originates from a spin-orbit split state, for example the 2ps/, or 2py/; state in Figure
1.13a, the angular momentum added by the absorbed photon is partly transferred to the electron
spin via spin-orbit coupling (Stéhr, 1999, 1995). This leads to a preferential absorption of
photons with A momentum in the 2ps/; state (L3 edge) and preferential absorption of photons
with -A momentum in the 2p;, state (L, edge) (Stohr, 1995). Magnetic properties of the sample

would then play roles
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Figure 1.14 Illustration of origin of XMCD contrast. (A). A two-step model of the XMCD

effect where circularly polarized light excites 2p electrons to empty 3d states. The unbalanced
density of final states leads to an XMCD contrast. (B). X-ray absorption spectra of a magnetic
materials recorded with two polarized light (top panel) and the derived XMCD spectrum
(bottom panel). Course of A.Scholl,

http://xraysweb.lbl.gov/peem?2/webpage/Project/Tutorial Contrast.shtml

in the second step. For the magnetized materials, an imbalance in empty spin-up and spin-down
states exists in the valence band, which makes the valence shell act as a “spin-detector” (Stohr,

1995). As shown in Figure 1.14A, due to the conservation of the spin in the absorption process,

31



Ph.D. Thesis - Xiaohui Zhu Chapter 1
McMaster University - Chemistry

the spin-up photoelectrons only occupy the empty spin-up final states while spin-down
photoelectrons only fill the empty spin-down final states. This means the density of empty final
states, D (Ef), in a magnetized material is different for the two types of spin-polarized
photoelectrons, which causes different absorption coefficients for different circularly
polarizations (see Figure 1.14B) . This is the orgin of the XMCD contrast. It should be noted
that since 2ps; and 2p;, have opposite spin-oribt coupling, /+s and /-s, respectively, the XMCD

contrast at L3 and L, edge is inverted, as shown in Figure 1.14B.

1.4.2 XMCD of Magnetite (Fe;O4) at the Fe L, ; edge

Magnetite, Fe;O4, is ferromagnetic with an inverse spinel structure with space group Fd3m
(227) and a lattice constant of 8.3941 A (Fleet, 1981). It is a mixed valence compound with a
Fe(II)/Fe(III) ratio of 0.5. The relatively large O ions form a face-centered cubic (fcc) lattice
where different Fe ions are located in interstitial sites (Stohr and Siegmann, 2006). As shown in
Figure 1.15, the tetrahedral sites (A4) are occupied by Fe(II) ions while the octahedral sites (B)
are occupied by a random distribution of Fe(II) and Fe(III) ions. Due to its unique properties,
Fes;04 has been used in biomedical application (Mohapatra and Anand, 2010), magnetic storage
media (Yamaguchi et al., 1990), catalysts (Zhang et al., 2005), etc. Therefore, a good

understanding of theelectronic and magnetic structure of Fe;Oy is of great importance.
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Figure 1.15 Crystallographic and magnetic structure in Fe;Oq, near tetrahedrally (site A) and
octahedrally (site B) coordinated Fe atoms. Figure reproduced from (Stohr and Siegmann,

2006) with permission from Springer.

Figure 1.16 A shows the Fe L, 3 X-ray absorption (XAS) spectra of a magnetized
magnetite thin film for two different magnetizations (Goering et al., 2007). The XMCD
spectrum, the difference between these two XAS spectra, is also shown. The Fe L, 3 XAS
spectrum exhibits two main bands which are the L3 (2p32) and L, (2pi2) peaks separated by the
spin-orbit coupling of the 2p hole. Each band has a fine structure which is determined by a
complex interplay of ligand field splitting, covalent interactions and atomic multiplets for each of
the distinct electronic/magnetic sites in magnetite (Antonov et al., 2003; Kuiper et al., 1997;
Pattrick et al., 2002). The XMCD spectrum of Fe;O4 consists of three distinct peaks in the L;
region, which are typically located at 708.1 eV (peak B;), 709.1 eV (peak A), and 709.9 eV
(peak B;). Multiplet calculations showed that each of these three peaks has its major
contributions from states with the promoted electron associated with Fe ions in three different
sites (Crocombette et al., 1995; Pattrick et al., 2002): d°0y, (octahedral Fe(I)site, peak B)), d*Tq

(tetrahedral Fe(IlD)site, peak A), and d°Oy, (octahedral Fe(III) site, peak B,) (see Figure 1.16B).
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Another prominent feature of the Fe L; XMCD of Fe;Oy is the “negative-positive-negative”

sense of the structure in the L3 region. The Fe (II) and Fe(III) ions in the octahedral
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Figure 1.16 Experimental and calculated Fe L, 3 XMCD spectra of Fe;O4. (A). Fe Ly 3 X-ray
absorption (XAS) spectra of thin film magnetite recorded using total electron yield detection,
with two circularly polarized X-rays (data courtesy of Goering et al. (Goering et al., 2007); (B)
Calculated XMCD spectra of Fe components in different sites. Figure adapted from Pattrick et
al (2002).

sites are parallel coupled while the two Fe(III) in the tetrahedral and octahedral sites are anti-
parallel coupled. Thus, the calculated XMCD spectrum of d°Oy, site has the same sign with d® Oy,
but opposite to d°Tg, as shown in Figure 1.16B. In addition, due to the antiferromagnetic

coupling between d’ T4 and d° O, sites, their magnetic moments of +5up cancel each other which

leaves a net magnetic moment of 4 pb from the d® Oy, site (Stohr and Siegmann, 2006).
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1.4.3 XMCD of Greigite (Fe3;Sy) at the Fe L, ; edge

Greigite (Fe3;Sy) is a thiospinel of iron with a lattice constant of 9.876 A (Rickard and
Luther, 2007). Like Fe;04, FesSq, is ferrimagnetic with a mixed valence compound with Fe(II)
and Fe(III) occupying octahedral and tetrahedral sites (see Figure 1.17). However, the site
distribution of Fe(II) and Fe(III) in Fes;S,4 is not well understood (Chang et al., 2012a; Letard et

al., 2005).

Tetrahedral (A) site Octahedral (B) site

Figure 1.17 Crystallographic and magnetic structure for greigite (Fe,S,). Fe’ occupies
tetrahedral (A) sites; both Fe** and Fe’* occupy octahedral (B) sites. The octahedral and
tetrahedral ions are anti-ferromagnetically coupled with arrows representing the magnetic

moment direction at each Fe ion. Figure reproduced from Roberts et al. (2011) .

Greigite and the pyrrhotites (Fe; S, 0<x<0.13) are the two major ferromagnetic iron-
sulfide minerals (Letard et al., 2005). Because Fe;S4 was thought to be thermodynamically
metastable and to transform to pyrite (FeS;) under sedimentary, reducing conditions with excess
sulfide, its geological importance in sediments was previously underestimated (Berner, 1984;
Roberts, 1995; Roberts et al., 1996). However over the last few decades, increasing evidence has

demonstrated that greigite can persist in the geological record of sediments for long periods of
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time (Porreca and Mattei, 2010; Porreca et al., 2009; Roberts et al., 2011; Snowball and
Thompson, 1988). Thus, if greigite can be preserved in environments such as soils, rocks and
sediment, they may provide information regarding the history, properties and behavior of the
geomagnetic field (Roberts, 1995; Roberts et al., 2011).

The magnetic properties of Fe;S4 have been characterized using several techniques
including Mdssbauer spectroscopy (Lin et al., 2014), ferromagnetic resonance (FMR)
spectroscopy (Chang et al., 2012b) and superconducting quantum interference device (SQUID)
magnetometry (Feng et al., 2013). Neutron powder diffraction and polarized neutron diffraction
also demonstrated that Fe;S, has a collinear ferrimagnetic structure with antiferromagnetic
coupling between Fe ions in tetrahedral and octahedral sites (Chang et al., 2009a) (see Figure
1.16). However, to date, there are only two published studies reporting on
application of XMCD to characterize magnetic structures of Fe;S4 (Chang et al., 2012a; Letard et
al., 2005).

Figure 1.18 A presents one XAS and XMCD study on Fe;S4 nanoparticles reported by
Chang et al. ( 2012a). For the XAS spectrum, two main bands are also observed due to the spin-
orbit splitting of the Fe 2p core level into the L3 (2ps2) and L, (2p12) components, which is
similar to that of Fe;O4. However, a two-peak feature with an energy separation of 1.5 eV in the
L; energy region was also observed. This is not consistent with the spectrum of Fe;O4, which
only shows one peak in the L3 region. Chang et al. (Chang et al., 2012a) attributed the high-
energy peak in the XAS spectrum to the presence of a non-magnetic, oxidized layer on the Fe;Sy
crystal surface, which dominated the Fe L, 3 XAS signal as the surface-sensitive TEY (total-
electron-yield) detection mode was used to acquire XAS spectra in their study. Recently, Bauer

et al. (Bauer et al., 2014) reported a different Fe L, 3 XAS spectrum of Fe;S4, which only showed
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a single peak in the L; region and shared similar features as Fe metal (Figure 1.18B). In XMCD
spectrum of Fes;S4 reported by (Chang et al., 2012a), as shown in Figure 1.18A, it is significantly
different from the XMCD spectrum of Fe;O4 which shows three characteristic peaks in the L3
region (Goering et al., 2007). Chang et al. (2012a) reported that the experimental XMCD
spectrum of FesS, can be fit well only by using Oy Fe? and Oy, Fe*"peaks obtained by multiplet
calculations, but without using a calculated T4 Fe’ peak. However, neutron diffraction patterns
indicated that the same Fe;S4 sample (Chang et al., 2012a) had almost full Fe occupancy (Chang
et al., 2009a). This literature survey shows that, Fe;S, is a complicated system whose electronic

and magnetic structure is highly complex and not understood well.
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Figure 1.18 Comparison of published Fe L, 3 XAS and XMCD spectra of Fe;S4. (A): Fe L3
XAS and XMCD spectra of fresh natural and synthetic Fe;S4; (Chang et al., 2009b); (B): Fe
L, 3 XAS spectra of Fe;S4 and Fe;(Bauer et al., 2014).
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1.5 Outline of the thesis

Chapter 2 describes the principles of synchrotron radiation and the technique of scanning
transmission X-ray microscopy (STXM), including its principles, instrumentation, performance,
etc. Chapter 2 concludes with a description of ptychography, an emerging coherent diffraction
based imaging technique. The instrumentation, reconstruction algorithm and current status are
covered.

Chapter 3 describes the methods used for preparing MTB samples, performing STXM and
STXM-XMCD measurements, and data analysis.

Chapter 4 presents results of a spectroscopic study on biogenic and abiogenic Fe;O4. The
goal of this project is to clarify the confusion existing in the literature as to the correct Fe L, 3 X-
ray absorption spectra of magnetite and maghemite. We used STXM, powder X-ray diffraction
and chemical modification to show that magnetosomes extracted from MV-1 are stoichiometric
magnetite while as-received synthetic nano-magnetite was partly oxidized, with a powder pattern
closer to that of y-Fe,O3 than that of Fe;O4. Our results suggest that one of the reasons for
differing literature XAS spectra of Fe;O4 and y-Fe,Os is due to differences in the samples. This
chapter is presented in as-published format (Chapter 4: X.Zhu, S.S.Kalirai, A.P.Hitchcock,
D.A.Bazylinski, Journal of Electron Spectroscopy and Related Phenomena, 2015, 199, 19-26).

Chapter 5 presents results of chemical and magnetic study of Fe;S4 magnetosomes in
multicellular magnetotactic prokaryotes by STXM. We first measured XAS and XMCD spectra
of FesS4 nanoparticles synthesized via hydrothermal method. We showed that, although the XAS
spectra of abiotic Fe;S,4 nanoparticles and biotic magnetosome FesSy4 crystals in MMPs are
slightly different, the XMCD spectra of these two types of Fe;S, were in good agreement,

indicating that the Fe;S, crystals in magnetosomes biomineralized by MMPs are close to

38



Ph.D. Thesis - Xiaohui Zhu Chapter 1
McMaster University - Chemistry

stoichiometric. In addition, two other sulfur species, sulfate and sulfide, were also identified in
MMPs, both of which are likely involved in sulfur metabolism in MMPs.

Chapter 6 presents the results of a study of the cell division mechanism in MV-1 cells. This
project is built on the Master thesis work of S. Kalirai (Kalirai et al., 2013), which reported
anomalous magnetic orientations of magnetosome sub-chains in a single MV-1 MTB cell. We
first observed a couple of MV-1 cells with a single flagellum on each of two opposite ends,
indicating it is in the division state. Magnetic reversal of magnetosome sub-chains was observed
in this cell. We then performed XMCD mapping on MV-1 cells which were extracted from
culture medium at different time intervals and thus were at different growth states. In a sampling
of 110 cells, only ~ 2% cells have magnetically reversed magnetosome sub-chains. Based on
these results, a mechanism of how parent MV-1 pass on magnetic polarities to their daughter
cells is proposed.

Chapter 7 presents results of spectro-ptychograhy studies of extracellular and intracellular
magnetosomes in MV-1 cells. The high spatial resolution (7 nm) achieved with spectro-
ptychography allowed visualization and measurement of the Fe 2p spectra of precursor-like and
immature magnetosome phases in an intact MV-1 cell. A model for the pathway of
magnetosome biomineralization for MV-1 is proposed. In addition, The Fe L; XAS and XMCD
spectra of individual magnetosomes were obtained with ptychographic modulus and phase mode.

Chapter 8 summarizes the results and significant contributions of this thesis. It also gives

suggestions for future work.
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Chapter 2

Methods

Chapter 2 describes the principles of synchrotron radiation and the technique of
scanning transmission X-ray microscopy (STXM), including its principles, instrumentation,
performance, etc. Chapter 2 includes a description of ptychography, an emerging coherent
diffraction based imaging technique, which provides much improved spatial resolution. The

instrumentation, reconstruction algorithm and current status are covered.
2.1 Synchrotron radiation

Synchrotron radiation refers to a phenomenon in which relativistic charged particles emit
electromagnetic radiation when accelerated along curved paths by external magnetic fields
(Balerna and Mobilio, 2015). Due to its unique characteristics, synchrotron radiation has become
one of the most powerful techniques for investigating matter at the molecular and atomic level.
Typically, a synchrotron facility consists of the main components (Willmott, 2011) shown in
Figure 2.1. These are the vacuum system (metal pipe), injection system (e.g. a electron source, a
low energy linear accelerator and a booster synchrotron), bending magnets (BM), quardupole,
hexapole and other steering magnets, a radiofrequency cavity, insertion devices, beam position
monitors and beam controls (Riekel et al., 2009). Briefly, an electron source, such as a heated
filament in an electron gun or a photocathode, emits electrons which are then accelerated by
microtrons or linear accelerators (linac). The electrons are injected into a booster ring in which

they are further accelerated and finally injected into a storage ring. There are several bending
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magnets per arc sections in the ring which are used to modify the trajectory of electrons and
force them to move in a closed path. For example, the Advanced Light Source (ALS) uses a
triple bend achromat design (3 BM/sector) while the Canadian Light Source (CLS) uses a double
bend achromat design (2 BM/sector). In addition, insertion devices (ID) such as wigglers and
undulators, which are placed in the straight sections between bending magnets along the orbit,
are used to provide brighter radiation. Brightness is defined as the number of photons per unit
time (second), per unit source size (mm?), per unit angular divergence (mrad®) in a given energy
bandwidth (0.1% of E) (Weckert, 2015). Both BM and ID produce radiation, but bending-
magnet radiation is significant lower in brightness than radiation produced by insertion devices.
In part this is because undulators concentrate all the radiation into a few narrow, intense peaks
(with an energy and polarization controlled by the physical structure of the undulator), while
bend magnets give a continuous distribution over a very wide energy range. Due to the emission
of radiation, the electrons lose energy which needs to be compensated by a radiofrequency (RF)
cavity where an electromagnetic field acts in synchronism with the arrival of electrons and
boosts the energy of the electrons every time they pass through the RF cavity. Finally, the
synchrotron radiation emitted from insertion devices and bending magnets travels downstream
along evacuated metallic pipes, called beamlines. A beamline usually consists of gratings,
mirrors, slits, etc., which are optimized for a specific photon energy range and type of
experimental technique (diffraction, spectroscopy, microscopy, crystallography, etc).
Experimental end stations, such as diffractometers or microscopes are attached at the end of the

beamline (Willmott, 2011)
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Figure 2.1 Schematic of the main components of a modern synchrotron source. Figure reproduced

from Willmott (Willmott, 2011) with permission from John Willey & Sons.

2.1.1 Properties of synchrotron radiation

Although any charged particle which is accelerated (increase in speed, or moving in a
curved path at a constant speed) will emit electromagnetic radiation, the property of the emitted
radiation largely depends on the velocity of the particle. If the electron moves at a velocity (v)
much smaller than the speed of light (c), v <<c, the emitted radiation has a dipole distribution
with a frequency comparable to the angular frequency (w) of the electron (see Figure 2.2a).
However, in the case of high kinetic energy particles where the electron speed (v) approaches the
speed of light (e.g. v <c, relativistic condition), the radiation pattern is compressed into a narrow
cone in the forward direction, with a larger frequency on the order of y’w due to relativistic

effects, as shown in Figure 2.2b. v is the Lorentz factor:

E

Y = (2.1)

mc?
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Figure 2.2 Qualitative radiation patterns related to charged particles moving in a circular
orbit. The dipole pattern achieved for slow particles (Figure 2.2a) (v << ¢) is distorted into a
narrow cone when v~c (Figure 2.2b) Figure reproduced from Balerna et al. (Balerna and

Mobilio, 2015) with permission from Springer.

where mc? is the rest mass energy of electron, equal to 511 keV, and E is the kenetic energy of
electron. Thus, y can be rewritten as:
y = 1957 - E (GeV) (2.2)

In addition, the half-opening angle of the narrow radiation cone, v, in Figure 2.1b is given by:

2

pr—=~y! (23)
For example, for a synchrotron storage ring with an energy of 1 GeV, v is roughly equal to 0.5
mrad (0.029°). Synchrotron radiation is highly collimated, and increasingly so as the ring energy
increases (ALS operates at 1.9 GeV, CLS operates at 2.9 GeV). Compared with other natural and
laboratory-based light sources, synchrotron radiation has many advantages such as:
(1). High brightness. For example, for an undulator-based synchrotron source, the brightness can

reach larger than 10" photons/s/mm*/mrad®/0.1%BW while it is only 10°~10"
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photons/s/mm*/mrad®/0.1%BW for a typical X-ray tube (Nuhn, 2004). Note that lab sources
are typically single line in the hard X-ray region so they can not be used to perform
spectroscopy.

(2). High collimation, i.e. narrow angular distribution of the beam

(3). High degree of linear polarization from BM and also, pure linear, circular and elliptical
polarized X-rays with controllable directions from suitable insertion devices.

(4). Broad and continuous range of photon energies from infrared to hard x-ray region.

(5). Pulsed photon emission with pulse widths of 10 — 100 ps, which allows for study on

dynamic processes with similar temporal scale.

2.2 Beamline instrumentation

The schematic diagram and photos of beamline 10ID-1 (Spectromicroscopy (SM)
beamline) at Canadian Light Source (CLS) are shown in Figure 2.3 (Kaznatcheev et al., 2007).
At this beamline, the X-rays are generated by an Apple II type elliptically polarized undulator
(EPU), which consists of four magnet assemblies (Figure 2.4). By moving the girders holding
the magnet arrays relative to each other, the magnetic field is varied and radiation with various
polarizations can be generated. One particular feature of the EPU at CLS BL10ID]1 is that it can
deliver 100% linearly polarized light with an orientation from -90° to 90° relative to horizontal,
which allows one to easily control the angular relationship between the electric field of X-rays
and the sample. In addition it can produce left and right circular polarized light, which makes it a
suitable tool to study magnetic structures in magnetotactic bacteria (MTB) by means of X-ray

magnetic circular dichroism (XMCD).
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Figure 2.3 Schematic diagram (top) and photos (bottom) of 10ID-1 beamline at CLS.

Figure 2.4 Schematic diagram of Apple II EPU. Figure reproduced from Chang et al. (Chang

et al., 2012¢) with permission from Taylor & Francis.

X-rays emitted from the EPU impinge on the M1 mirror inside a radiation protection
hutch which deflects the beam horizontally. A plane grating monochromator (PGM) is used to
monochromate the synchrotron radiation, which disperses the soft X-rays (100~3000 eV)

vertically with a resolving power between ~3000 to ~10,000, depending on the size of the
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vertical exit slit. After the PGM, the beamline has two slower diverging paths: one leading to a
toroidal mirror, an exit slit, and the two scanning transmission X-ray microscope (STXM)
endstations; and the other one leading to a toroidal mirror, exit slit, a refocusing ellipsoidal
mirror and then into a commercial photoemission electron microscope (PEEM). The M3STXM
mirror which directs the beam into the STXM branch is fixed, while M3PEEM, which deflects

the beam into the PEEM branch, can be moved in or out of the beam.

2.3 Scanning transmission X-ray microscopy (STXM)

Scanning transmission X-ray microscopy (STXM) is a synchrotron-based technique
which is able to identify and quantitate electronic, chemical and magnetic structures of samples
at a high spatial resolution. The primary contrast mechanism is near edge X-ray absorption fine
structure (NEXAFS) spectra (Hitchcock, 2015) of the chemical or magnetic components of the
sample. Compared with non-spatially resolved spectroscopies and other spectromicroscopies,
STXM has many advantages including good spatial resolution, high sensitivity to chemical
structure, high energy (spectral) resolution and radiation damage that is ~ 100-fold less than the
directly comparable technique of core level electron energy loss spectroscopy in a transmission
electron microscope (TEM) (Wang et al., 2009). This makes STXM a suitable tool to study
biogeochemical and environmental samples (Hitchcock et al., 2012; Lawrence et al., 2012; Rema
et al., 2014) as well as radiation-sensitive nanostructures (Zhu et al., 2015b). With the advent of
elliptically polarizing undulators (EPU) in modern synchrotron facilities, linearly, left and right
circularly polarized light can be generated by adjusting the relative positions of rows of magnets
in the EPU. The CLS-SM EPU is particularly powerful since all four quandrants can be

translated (most EPUs only provide for moving 2 of the 4 quadrants), which gives greater
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flexibility in setting the polarization of the light (Kaznatcheev et al 2007) This makes the
XMCD measurement convenient since one can keep the sample fixed and easily alternate the
two circular polarizations with the EPU.

XMCD measured with STXM has been successfully applied as a tool to study chemistry,
magnetism, and biomineralization mechanism of magnetotactic bacteria on an individual
magnetosome basis (Kalirai et al., 2013, 2012; Lam et al., 2010). In this thesis, [ have used
STXMs from three beamlines, beamline 10ID-1 at the Canadian Light Source (CLS) in
Saskatoon, and beamlines 5.3.2.1. and 11.0.2 at the Advanced Light Source (ALS) in Berkeley,

to study magnetotactic bacteria.

2.3.1 STXM principles

Figure 2.5 shows a schematic of STXM, in which the monochromated X-rays generated
by bending magnet or insertion devices are focused to a spot (30~50 nm) on the sample by a
Fresnel zone plate. An image at each photon energy is generated by raster scanning the region of
interest of the sample through the X-ray focal spot while detecting the transmitted intensity in
single photon counting mode, using a phosphor to convert soft X-rays to visible light followed
by detection of the visible light using a high performance photomultiplier detector. Spectral data
are acquired by collecting a sequence of images over the energy range of interest. The image

sequences are also called a “stack” and was first implemented by Jacobsen et al. (2000).
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As a zone plate based imaging technique, the spatial resolution of STXM depends on the
illumination, numerical aperture (NA) of the zone plate, and the nature and thus contrast of the
object (Chao et al., 2009). The zone plate (ZP) is the key component for STXM imaging. A ZP
is a circular diffraction grating, which is capable of focusing the incident beam to a point. It
consists of a series of concentric metal rings (typically gold or nickel) alternating with
transparent circular slots mounted on a thin soft X-ray transparent substrate such as Si3Ny, as
shown in Figure 2.6. According to the trigonometry shown in Figure 2.6 (left), the interference

condition of a zone plate is given by:

mna. o

ffe =0+ (2.4)

2
where f'is the focal length, n is the zone number, 7, is the radius of the nth zone, m is the
diffraction order (m=0, =1, 2, +3, ... ) and A is the wavelength of the X-rays being focused.

Since zero order (m=0) light is un-diffracted while the first order light is the most intense

Scanned

Fresnel sample
zone plate

monochromated g N/

e Soft X-rays @ i
| Y Detector
Light ¥ o8 o 4
source - =
Order sorting
aperture

Figure 2.5 Schematic diagram of STXM microscope. Figure reproduced from Hitchcock et al.

(Hitchcock et al., 2014) with permission from Elsevier.
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diffracted light (~10-15 % of the total flux), an order-sorting aperture (OSA), typically 50-90 pm
in diameter, and a central stop centered on the ZP structure are used to isolate the first order
light, block zero order light, and reduce contributions from other higher order diffracted light

(see Figure 2.6, right).

Zone Plate A OSA

n

)
¥

Figure 2.6 Schematic presentation of principles of zone plate. Left: A Fresnel zone plate lens
with plane wave illumination, showing only the convergent (+1st) order of diffraction; Right:
Schematic geometry of a zone plate and the focusing scheme of a STXM with a plane wave
illumination of X-rays. (OSA: order sorting aperture). Figures reproduced from Attwood

(Attwood, 1999).

Since only the first order diffracted light (m=+1) is used in most STXM measurements, equation

2.4 can be simplified to:

T.Z _ AZnZ
n 4

+ frd ~ fnd (f » nd) (2.5)

and the focal length can be written as:

2

f=3 (2.6)

Because each zone in a ZP has equal area, the number of zones, n, can be calculated by:

7'1,'?"»,«,_2 ™

= (Ar, = 1-101) (2.7)

2Ty ATy - 2Arp
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Thus, equation 2.6 converts to:

f = (2.8)

Equation 2.8 shows that the focal length, f, is inversely proportionally to the wavelength of the
beam (A) and thus linearly proportionally to the photon energy. This means, the ZP must move
upstream, away from the sample, as the photon energy increases.

The numerical aperture (NA) is defined as (Attwood, 1999):

NA=D2=2 (2.9)

£ 24r,

The spatial resolution of a ZP, J, can be calculated according to the Rayleigh criterion:
2
o= 0.61*E = 1.22*Ar, (2.10)

Therefore, the diffraction-limited spatial resolution of a ZP is largely determined by its outer
zone width, although the alignment of the ZP relative to the X-ray beam, higher order diffraction
terms, and zone plate quality also play a role. With smaller outer zone width, a better spatial
resolution can be achieved in principle. The ZP should be sufficiently thick to provide reasonable
efficiency at the photon energy of interest (Sakdinawat and Attwood, 2010). The aspect ratio,
the ratio of zone thickness to the smallest lateral structural size, dramatically increases with
smaller outer zone width, which makes nanofabrication increasingly difficult. For a ZP to work
properly each zone has to be positioned with an accuracy of 1/3™ of the wavelength. Thus for a
240 wm diameter zone plate with 20 nm outer zone widths, the precision of placement of the
outer zone across the width of the zone plate (240 um) has to be 0.2 nm at a photon energy of
2400 eV (A= 0.5 nm) or 1 part in 10°. Although the best spatial resolution of zone plate imaging
reported is 10 nm (Chao et al., 2012, 2009; Sakdinawat and Attwood, 2010) , in fact there are
very few examples of zone plates with less than 20 nm outer zone width. Recently ptychography,

a new coherent diffraction technique, is attracting more and more attention because it is not
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Figure 2.7 A. Schematic of the 5.3.2 STXM components. B. Layout of ZP, OSA, sample
holder, and detector at the ambient STXM at CLS beamline 10ID1. Figure A reproduced from
Kilcoyne et al. (2003). Figure B: Courtesy of 10ID-1 CLS STXM manual.

limited by the properties of the X-ray optics used. It is believed that ptychography has the
potential to reach near atomic-scale spatial resolution with very short wavelength X-rays (Edo et
al., 2013). The published record spatial resolution from ptychography is 3 nm at 1600 eV
(Shapiro et al., 2014), with 2 nm at 1600 eV reported at a recent X-ray microscopy conference

(Tyliszczak et al., 2014). Ptychography was also used in this thesis. It is described in section 2.4.

2.3.2 STXM instrumentation

Although the STXM microscopes located at beamlines 10ID-1 (CLS), 11.0.2 and 5.3.2.1
(ALS) are different, they share the same general features. Figure 2.7A is a schematic of the
major STXM components including zone plate z stage, OSA x, y stages, sample x, y coarse
stage, sample X, y fine piezo stage, sample z stage, detector x,y,z stage and interferometer system
(Kilcoyne et al., 2003). Figure 2.7B shows a photograph of the ZP, OSA, sample holder and
detector. Zone plates used in this thesis are provided by the Centre for X-ray Optics, Lawrence

Berkeley National Lab. A zone plate with outer zone width of 25 nm, outer diameter of 240 um
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and 95 pum central stop is typically used, which provides a theoretical diffraction limited spatial
resolution of 31 nm. Note that the central stop is made sufficiently thick to block the X-rays over
the full photon energy range of the beamline (<0.1% transmission). The OSA is a thin metal
strip, which has a smaller diameter (usually 50 um ) than the diameter of the center stop
(typically 95 um). By carefully aligning the OSA with the ZP, only first order diffraction light is
selected.

While the ZP optics fundamentally limit the spatial resolution of STXM, many other
factors and parameters must be optimized to achieve the best possible resolution and
performance. These include beamline intensity, ring and beamline stability, precision of scanning
system, OSA position, ZP Z-scale calibration, sample focus, detector efficiency, accuracy of
energy scale, etc (Wang, 2008). Besides these factors, one of the critical aspects of STXM
measurements is how to stabilize the beam position as the ZP moves as a function of the photon
energy (Hitchcock, 2012). Deviations can arise from several sources including: misalignment of
the X-ray and ZP-z motion axes; misalignment of the interferometer mirrors; thermal drift; and
inadequate attachment of the sample to the sample support system. As shown in equation 2.8, the
focal length is linearly proportional to photon energy. When the energy is changed by 50 eV, the
width of a typical XAS spectrum, the ZP moves by several hundred microns. If the energy
changes from the carbon K edge (280 eV) to the iron L, 3-edge (700 V), the ZP moves by
several millimeters. However, in order to preserve the spatial resolution achieved at a single
photon energy, the alignment of the (X,Y) co-ordinates of the ZP (which determines the X-ray
beam position) and the sample must be kept much better than the size of the focused beam
(spatial resolution, 20~50 nm) (Tyliszczak and Chou, 2010). It is not possible to build a

mechanical stage which can scan 10-20 mm in one dimension, without there being significant
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deviations in the two orthogonal directions (called run-out). During translations of a few mm, the
run-out can be in the order of several hundreds of nanometers (Kilcoyne et al., 2003). All of the
STXMs used in this thesis dramatically reduce this run-out by using a differential laser
interferometer feedback system to drive a fast scan piezoelectric stage to compensate for the ZP-
z stage run-out, and other factors such as thermal drift, and mechanical instabilities. The
interferometer system uses mirrors placed on the ZP and sample stages, carefully adjusted to
have their reflective surfaces parallel to the X-ray beam (see Figure 2.7A) (Kilcoyne et al.,
2003; Tyliszczak and Chou, 2010). The interferometer signal, which is read out at MHz rates, is
used as the feedback signal in an active control system which constantly adjusts the position of
the piezo fast scan sample stage to keep the desired position of the sample aligned with the
centre of the focused X-rays. The feedback system achieves a stabilization of better than 10 nm
over short times (see Figure 2.8). A positional stability of better than 50 nm can be achieved over

the full energy range of the ALS 5.3.2.2 beamline (150~1150 eV) (Kilcoyne et al., 2003).

Closed loop, on foam in hutch

<1 nm RMS!

Turbo off, cooling water flowing '™ #eeene

Figure 2.8 A stabilization of better than 5 nm in both X and Y axis over short time in the cryo-
STXM (in commissioning phase, as of Aug 2016). Courtesy of A. Leontowich and R.Berg.

Similar plot for ambient STXM has peak-to-peak excursions of ~10 nm.
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The transmitted X-rays are converted to a burst of visible photons by a thin phosphor.
The photon pulse is then detected using a high performance photomultiplier which, with
associated electronics, can detect the X-rays in single event counting mode linearly up to 20
MHz. All threes beamlines can greatly exceed this intensity in the focused spot so it is essential
when operating the beamline to reduce the exit slits to values which keep the signal at the most

intense part of the energy range measured to less than 20 MHz.

2.4 Ptychography

Although synchrotron-based X-ray microscopy can routinely achieve a spatial resolution
of a few tens of nanometers, the spatial resolution is limited by the quality of the image-forming
optics, such as the zone plate in STXM. One of the approaches to address this issue is to perform
coherent diffraction imaging (CDI), which does not rely on X-ray optics and holds promise for
imaging with wavelength-limited resolution (Miao et al., 2012; Schroer et al., 2008). In CDI
experiments, the transmission diffraction patterns, from a partially or fully coherent X-ray beam
impinging on a sample, are measured and then reconstructed into high resolution images (Miao
et al., 1999). A major challenge for all CDI methods is how to solve the phase problem because
the phase information, unlike amplitude, can not be measured directly. Sayre (Sayre, 1952) once
suggested that if the diffraction patterns can be sampled with enough precision, the phase
information can be retrieved. This was later experimentally verified by Miao et al. (1999) who
demonstrated that the phase shift when coherent X-rays scatter from a non-crystalline sample
can be determined if the diffraction patterns are oversampled. In this work, Miao et al were able
to reconstruct an images from the CDI signal with a spatial resolution of 75 nm using an iterative

algorithm (Miao et al., 1997). However, there are still a few drawbacks with traditional CDI
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Figure 2.9 A. Schematic of a ptychographic measurement. An area X-ray detector is used to
collect diffraction patterns while sample is scanned with overlapping illumination regions,

represented by open circles in the figure (Tripathi et al., 2014).

techniques such as the requirement for sufficiently small and isolated sample to achieve
oversampling (Thibault et al., 2009), difficulty in controlling the convergence of the
reconstruction (Xiong et al., 2014), etc.

Ptychography is an emerging CDI technique (Thibault et al., 2014), in which coherent
scattering patterns are measured from an array of spots in a region of interest. When the spots are
chosen with sufficient spatial overlap, the complex-valued information of the sample can be
retrieved from the the set of measured elastic scattering patterns with a ptychographical iterative
algorithm (Thibault et al., 2014, 2008). Figure 2.9 shows a schematic of the experimental setup
of a ptychography measurement. An area X-ray detector, placed behind the sample, collects the
diffraction patterns with high dynamic range. The beam or the sample is then raster scanned in a

pattern which overlaps the sampled spots. There is no requirement for a small isolated object, as
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is the case of other, non-ptychographic CDI techniques. More important, the overlapping regions
means there are multiple diffraction measurements sampling each region in the sample, which
greatly aids the reliability and speed of convergence of the image reconstruction and reduces
image artifacts (Tripathi et al., 2014). The substantial amount of overlap (typically 30-40%)
between different sampling spots can dramatically increase the success of reconstruction as it
requires the algorithm to find a solution where the phase and amplitude of the reconstructed
image must be the same in the overlapping parts of neighboring spots (Faulkner and Rodenburg,
2004; Guizar-Sicairos and Fienup, 2008).
In ptychography, the complex transmission function of the sample, T'(r) can be modeled

with the following approximation (Maiden et al., 2013):

T(r) = exp [2mi(n(r)-1)t(r)/A] (2.11)
where A is the wavelength of the incident beam, #(7) is the sample thickness and # is the
complex-valued index of refraction. n can be written as:

n=1-4-if (2.12)

where the real part 0 is the phase and imaginary part 3 is the absorption term of the refraction

2mét
index. As pointed by Maiden et al. (2013), the phase contrast is proportional to - HT while the

2Bt
A

natural log of the modulus image gives - . Because the index of refraction, n, can be

determined in the reconstruction, one can quantitatively measure the phase and absorption
signals at the same time, as well as the phase and amplitude properties of the probe illumination
(Thibault et al., 2014).

Figure 2.10 presents recently published results from soft X-ray ptychography at the

Advanced Light Source (ALS) (Shapiro et al., 2014). Figure 2.10A and Figure 2.10 B present

56



Ph.D. Thesis - Xiaohui Zhu Chapter 2
McMaster University - Chemistry

w100 M

Figure 2.10 X-ray microscopy of partially delithiated LiFePO,4. A and B. Optical density maps
from STXM (a) and ptychography (b) at 710 eV, showing maximum absorption contrast
between the end members; C. Phase of the ptychographic reconstruction at 709.2 eV, showing
maximum relative phase shift between the end members; D. Colourized composition map
calculated by principal component analysis, clustering and singular value decomposition of the
full complex refractive index. Figures reproduced from (Shapiro et al., 2014) with permission
from Nature Publishing Group (NPG).
conventional STXM and ptychography images of partially delithiated LiFeO4 at 710 eV,
respectively. Whereas STXM can only resolve the general shape of the particle, the
ptychography image clearly shows cracks (red arrow) along the crystallographic axis c. Figure
2.10C presents the ptychography phase image of the same particle at 709.2 eV. Figure 2.10D
shows a color coded composite of the component maps of LiFeOy4 (red) and FeO,4 (blue), which

were derived by fitting the ptychographic Fe Lj spectra with principal component analysis and

singular value decomposition methods. Both the phase and amplitude components were used in
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the analysis which effectively modeled the full X-ray - sample interaction, including the spatial
distribution of the illumination probe which is also generated in ptychography. The data was
recorded using a zone plate with outer zone width of 60 nm and achieved a spatial resolution of
the chemical component maps of ~18 nm, nearly an order of magnitude smaller than the spot
size (150 nm). With such high spatial resolution, the delithiation mechanism can be visualized in
fine details. The results showed that LiFeO4 and FeO4 coexist in small plates and suggests the
lithation/ delithiation processes probably occur in two steps. (Shapiro et al., 2014).

In a recent study, our group showed that ptychography can also be applied to image
intracellular magnetosomes and probe magnetic structures in individual MTB cells, as shown in
Figure 2.11 (Hitchcock, 2015). Figure 2.11A presents a conventional STXM optical density
image of two MV-1 MTB cells at 710 eV. Figure 2.11B shows the ptychography absorption
image of the magnetosome chain in a horizontal cell (indicated with a pink rectangle in Figure
2.11A. This image was measured at 708.2 eV where the XMCD signal is the strongest. Its spatial
resolution is estimated to be around 7 nm (Zhu et al., 2016), which allows for better visualization
of the gaps between magnetosomes (white arrow), and magnetosomes with various sizes. A
major outcome of my thesis work is to demonstrate this capability, which has tremendous
potential to lead to a better understanding of how magnetosomes are biomineralized in MTB
cells, as discussed in detail in chapter 7. Figure 2.11C presents the color coded composite of the
XMCD signal obtained by taking the difference between two ptychography modulus images
recorded with left and right circularly polarized lights, at 708.2 eV. The red and blue means
opposite magnetic polarities of magnetosomes. This is consistent with our previous study which
showed that, some magnetosome sub-chains in a single MTB cell have magnetic moments

pointing in opposite directions (Kalirai et al., 2013). It also showed that the biomagnetism in
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Figure 2.11 Conventional STXM and ptychography images of MV-1 cells. (A). Conventional

STXM image of several MV-1 cells measured at 710 eV. The ptychography measurements
were made on the intact cell indicated by the pink rectangular; (B). The ptychography
absorption image of magnetosome chain at 708.2eV. The gaps are indicated by white arrows;
(C). Magnetic map at 708.2 eV of the magnetosomes in this cell from single energy X-ray
magnetic circular dichroism (XMCD)—the difference of ptychography OD images measured
at 708.2 eV with the photon spin parallel and anti-parallel to the magnetic moment. There are
gaps in the chain (white arrows) and the orientation of the magnetic vector is opposite on each
side of the right most gap. The uneven distribution of intensity within individual
magnetosomes is an artefact of the ptychographic data processing; Figures reproduced from

Hitchcock (Hitchcock, 2015) with permission from Elsevier.

MTB cells can be probed with soft X-ray spectro-ptychography. Therefore, we launched a
project that measures XMCD spectra from magnetosomes via ptychography, with the aim of
probing biomineralization mechanism and magnetic properties of MTB simultaneously with high

spatial resolution. This will be covered in chapter 7 in this thesis.
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2.4.1. Ptychographic Iterative Engine

Chapter 2

Ptychographic iterative engine (PIE) refers to a phase retrieval algorithm proposed by

Rodenburg and Faulkner (2004), which uses the redundant information of overlapping

diffraction patterns to retrieve the amplitude and phase of both object and the illumination probe.

Figure 2.12 presents a schematic for the PIE algorithm for data recorded at N different
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Figure 2.12 Flow chart of PIE algorithm for data recorded at N illumination positions. Figure

produced from Wang et al. ( 2013) with permission from The International Society

of Optics and Photonics (SPIE).

As shown in Figure 2.12, the PIE algorithm generally works by executing the following

steps (Rodenburg and Faulkner, 2004):

1. It starts with an arbitrary guess at the object function O, , (r), where g indicates it is a

guessed function and 7 represents the nth iteration of the algorithm;
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2.

It assume the illumination probe P(r) is known and the object function O, , (r) and
illumination probe P(r) are positioned relatively to each other by a distance R. Then, the
exit wave function can be produced by multiplying the object function with the
illumination function:

Vg, R) = 0y, (r) P(r-R) (2.13)

Since the data is collected by an area detector in the diffraction plane, which is related to
the object plane by a Fourier transform, the wave function in the diffraction plane can be

obtained as:
W, (k,R) = F[p, (1, R)] (2.14)
Next, the wave function in the diffraction plane can be rewritten as a function of
amplitude and phase:
Wy n(k, R) = |¥y (k, R)| e7*0onteR) (2.15)
where |¥, ,(k, R)| is the amplitude and 8, (k, R) is the phase in the diffraction space at

iteration 7.

. Because the amplitude of diffraction patterns, unlike phase, can be measured directly, the

guessed amplitude in the diffraction plane can be replaced by the measured diffraction
patterns, which gives a corrected wave function in the diffraction space:

Y,k R) = |¥,,(k,R)| e t0an(kR) (2.16)
An improved guess for the exit wave function can be obtained by inverse Fourier

transform:
Wen( R) = F [ n(k,R)] (2.17)

Using the following update function, the object function can be updated:
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|P(r-R)| P*(r-R)

Oora ) = 00n O+ 1 G RITTPG-RP + @)

XBWen(r, R)-Wyn(r,R)) (2.18)
where P,, ., (r-R) is the maximum value of amplitude of P(r), @ and 8 are constants. « is
used to prevent the denominator to be zero if |P(r-R)|=0 and B is the feedback parameter
in the algorithm. Lower f increases the importance of the newest estimate of the

objection function, while higher f4]es Increase the importance of previous estimates. 3

can vary between 0.5~1 (Rodenburg and Faulkner, 2004)

8. Move to the next position, for which the illumination pattern partly overlaps with a
previous position

9. Repeat previous steps (2~7) for all the sample positions. Sum squared error (SSE) is
usually used to measure the convergence, which compares the measured amplitude with

the calculated ones in the diffraction plane:

2
|®(k, R)|*-|¥, (k,R)|
N

SSE =

where N is the number of pixels in the array representing the wave function (Faulkner

and Rodenburg, 2005).

As shown in Figure 2.10, PIE requires the algorithm to loop through all the illumination
positions, from position 1 to position N, for one entire iteration and then repeat for other
iterations until the image is reconstructed with satisfactory quality. Typically, multiple graphical
processing units (GPU) on a host with adequate memory can efficiently carry out the
reconstructions. For example, at ALS beamline 5.3.2.1, the nanosurveyor instrument is able to

reconstruct the ptychography data in quasi-real time i.e., 1 s/um?” for data pre-processing time

and 1.6 s/um” for GPU reconstruction time.
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Chapter 3

Experimental

Chapter 3 describes: the methods used to prepare MTB samples for STXM studies, detailed
procedures for performing STXM and STXM-XMCD measurements, and how the resulting data

was analyzed.

3.1 Magnetotactic bacterial samples

3.1.1 Sample sources

In the course of this thesis, both cultured and environmental MTB cells have been
investigated. North-seeking MV-1 and BW-1 samples were provided by Professor Dennis
Bazylinski from University of Las Vegas, Nevada. South-seeking MV-1 and MMP samples were
provided by Professor Ulysses Lins and his graduate student, Pedro Leao, from Universidade
Federal do Rio de Janeiro.

MTB samples were also collected from a local area, Cootes Paradise, in Hamilton, where
bottles containing sediment and water were collected and brought to the lab for further study

(Figure 3.1).

63



Ph.D. Thesis - Xiaohui Zhu Chapter 3
McMaster University - Chemistry

Figure 3.1 Collection of MTB from local environment. Left: The water area of Cootes
Paradise.; Right: A clear glass bottle containing a sediment and water sample collected from

Cootes Paradise.

In this project, a method called “capillary racetrack” was used to isolate MTB cells from crude
sediment (Wolfe et al., 1987). Generally, the procedure of capillary racetrack involves the
following steps (Oestreicher et al., 2012):

(1). One end of the capillary tube was sealed by Bunsen burner.

(2). Wetted cotton was plugged into the one-end-sealed capillary tube

(3). Environmental solution sampled from the area 1-2 cm above the sediment was added
into the capillary tube.

(4). South pole of a stirring-bar magnet was placed at the closed end of the capillary.

Thus, MTB cells migrated quickly through the cotton and reached the closed end (Figure 3.2)
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Figure 3.2 Capillary racetrack used to isolate MTB cells from environment. (A). A magnet is
placed at the closed end of the capillary. MTB swim though a cotton plug (arrow) towards the
south end of the bar magnet; (B). A close up view of the capillary racetrack showing the
sample, cotton, filtered fluid, sealed end of the capillary tube and south end of a bar magnet.

(C). Cross-sectional view of hanging drop; Figure reproduced from Oestreicher et al. (2012)

(5). Once the MTB have been enriched from the racetrack, the bottom part of the
capillary, where MTB cells aggregated, was chopped off.

(6). One drop of the enriched solution obtained from the previous step was placed on a
coverslip for “hanging-drop” visualization (see Figure 3.2C) with an optical microscope using
differential interference contrast (DIC) or phase contrast.

(7) Finally, the drop was put on a TEM grid for TEM and STXM measurements.

Figure 3.3A~D show TEM images of MTB cells isolated from Cootes Paradise.
Although most of the Cootes MTB cells are spirillum bacteria (Figure 3.3 A~C), one cocci
bacterium was observed (Figure 3.3D). Magnetosome chains can be clearly observed in these
cells. This means MTB cells have been successfully isolated from the local environment. Further
work such as genetic analysis, magnetic measurements, fluorescence labeling etc. can be

conducted on these cells.
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Figure 3.3 TEM images of MTB cells collected from Cootes Paradise (A~D).

3.1.2 Sample preparation for STXM
Samples for STXM measurement were prepared by placing MTB culture solution on a

formvar-coated TEM grid or Si3N4 window. According to our Brazilian collaborator, Pedro
Ledo, the procedure to prepare MTB samples on formvar coated grids was:
(1) TEM Grid is glow discharged immediately before use to improve cell adherence
(2) 10 pl of sample culture solution is placed onto the grid for 5 minutes at room temperature
(3) The excess sample solution is gently removed with a filter paper placed at one side of the

grid
(4) The grid is then placed with the sample side facing down on top of a 2% phosphotungstic

acid (PTA) drop for 2 minutes for negative staining of cellular structures
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(5) Excess PTA is wicked away with a filter paper placed at one side of the grid

(6) The grid is air-dried and stored in a desiccator until further measurements.

3.1.3 Sample mounting

Depending on the type of STXM measurement to be performed, various sample
mounting strategies have been used (see Figure 3.4). For non-XMCD-type measurements, the
samples are normally mounted on a standard flat plate. The sample plate used in ALS 11.0.2 has
four holes evenly distributed in one row while that for 10 ID-1 STXM has 6 holes evenly
distributed in 2 rows (Figure 3.4A). The diameter of each hole is 2.7 mm, a little smaller than a
TEM grid (3 mm) such that the TEM grid centered on the hole has 0.15 mm overlap with the
plate and can be attached with three small (~0.5 mm * 1 mm) strips of tape. A small drop of nail
polish or epoxy is also used for a more secure mounting. In addition, the grid should be carefully
mounted such that the orientation of the grid squares aligns with the x and y axes of the STXM

to allow maximum access to the sample region with minimum scan area.

67



Ph.D. Thesis - Xiaohui Zhu Chapter 3
McMaster University - Chemistry

s | (D) @) Q)

2.6-3 um

Coars

o 1@ & ©
-5000 0 +5000
Coarse X

Figure 3.4 Various sample plates used for STXM and STXM-XMCD measurements. (A). A
standard flat sample plate holder. Note for 11.0.2 STXM, holes#1, 2, and 3 are not accessible.
Courtesy of 10ID-1 CLS STXM manual; (B) A twist plate; (C) A wedge (inset) mounted on a
flat plate; (D). A tomography rotator placed into STXM chamber. Inset is a tomo-stub where
a TEM grid can be attached with nail polish.

In contrast to many other types of STXM-XMCD measurements used in materials
science (Lacour, et al, 2015), an external magnetic field is not used in the STXM chamber during
these measurements since the goal of the study is to measure the intrinsic magnetic moment of
the MTB without modification. Since the intrinsic magnetic moment of magnetosomes in MTB
cells is almost always in the plane of the grid, a tilted or rotated mounting is used for STXM-
XMCD measurements. When the sample plate is mounted such that its plane is tilted relative to
the X-ray beam direction and the magnetic moment is horizontal, there is a projection of the

sample magnetic moment on to the spin vector of the photon beam. The latter lies along the
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direction of propagation of the X-ray beam. Figure 3.5A shows the situation for measurement in
the normal geometry, where the flat sample plate is orthogonal to the X-ray propagation
direction. In this geometry, neither horizontal nor vertical magnetic moments have a projection
along the X-ray propagation direction. Thus, in-plane magnetic moments can not be detected in
this geometry. Figure 3.5B shows the geometry when the sample plate is tilted by 6. In this case,
although vertical magnetic moments still have no projection along the X-ray propagation
direction, the horizontal magnetic moment, M, would have a projection component, M,, M,=
M.sin6, on to the X-ray beam axis. Therefore, XMCD signals can be detected from horizontal

magnetosome chains with this experimental geometry.

A. Flat sample plate B. Tilt sample plate
y
g
!;-'z —~—L
M M
/\/\/\/ ....... I /\/\/\J """" > b
M,
X-rays X-rays
—

Figure 3.5 Illustration of need of a tilt geometry for XMCD detection. (A).The normal
geometry, where the flat sample plate is orthogonal to the X-ray propagation direction (0
XMCD intensity for in-plane M in any orientation). (B). The geometry when the sample plate
is tilted by 0 degree (M.sin XMCD intensity for horizontal in-plane M).
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Various sample mounting strategies were used to achieve the required tilted orientation,
including the twist plate (Figure 3.4B), the wedge plate (Figure 3.4C), and the tomography stub
(Figure 3.4D). In this thesis, the twist plate was used for STXM-XMCD measurements in most
cases. With larger tilt angle, the projection of the MTB magnetic moment along the X-ray
propagation direction increases. However, at higher tilt angles the plate can hit the OSA,
particularly when a large motion in x axis is made. Considering the physical constraints in the
STXM chamber, the sample plate was routinely rotated by ~30°, which means there is a sin(30°)
=0.5 (50%) projection of the magnetic moment onto the X-ray beam axis for completely

horizontal moments.

3.2 Measurements of MTB

3.2.1 STXM measurements of MTB

In this thesis, all of the STXM measurements were performed using STXM _control,
which provides full control of both the STXM microscope and the associated beamline and
insertion device, as well as data acquisition, display and storage (Kilcoyne et al., 2003). The top
level of the graphical user interface (GUI) for STXM_control is shown in Figure 3.6.

STXM control uses configuration files to adapt the software at run-time to allow it to operate
many different STXMs and related instruments on different beamlines around the world (see
Table 3.1 for a list). STXM_control operates the microscope in many different modes, with
some scan types used to align and verify the microscope set-ups (detector, OSA, OSA focus,
motor); and others used to acquire data using 1D, 2D, 3D, 4D and even 5D scanning. In the

sample scan mode STXM control can measure the sample transmission at 1 or more points,
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Figure 3.6 Graphical User Interface for STXM, which gives the user access to control photon

energy, ZP, OSA, detector, beamline polarization, etc.

along a line, or over 1 or more 2D areas, at one energy or at a sequence of photon energies
(image sequence or stack (Jacobsen et al., 2000). Other scan types include: XMCD-sample,
DAC-sample, 2D motor, tomography, pattern generation, and ptychography. Among the many
possible modes of using STXM_control, single energy images, stacks, XMCD-sample scans, and

ptychography scans (image, stacks) are the major data acquisition modes used in this thesis.
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Table 3.1 STXMs around the world (as of Aug. 2015)”

Facility BL location Source | E-range (eV) | 1* image | Status | software® type®
ALS 5322 Berkeley, US BM 250-750 2001 op STXM_control | HKT2003
ALS 11.0.2 Berkeley EPU 100-2000 2002 op STXM _ control | HKT2003
ALS 5321 Berkeley BM 500-2500 2011 op STXM _control | HKT2003
ALS NS-10n5321 | Berkeley BM 500-2500 2011 op STXM control | HKT2003
ALS NS-1on7.0.1 | Berkeley EPU 100-4000 | 2015 con STXM _control | HKT2003
Australian SR Melbourne Und-L 100-2000 2014 op Xradia
Bessy-II MAXYMUS Berlin, Germany EPU 250 - 1500 | 2008 op STXM control | Bruker
CLS 10ID1 Saskatoon, Canada | EPU 130-2500 2006 op STXM control | HKT2003
CLS 10ID1 Saskatoon EPU 130-2500 2015 com pySTXM HKT2003
Diamond 108 Dideot, UK EPU 250-2500 2015 op pixelator Bruker
Elettra Twin-mic Trieste, Italy Und-L 250 - 2000 2002 op custom
UVSOR BL4U Okazaki, Japan Und-L 50-800 2013 op STXM control | Bruker
NSRRC BL0O9AI1 Hinschu, Taiwan Und 60-1500 2017 des STXM_control | Tyliszczak
PLS NANOSCopy Pohang, Korea EPU 100 - 2000 2014 op STXM control Bruker
PF Various BL | Tsukuba, Japan BM 100-8000 | 2013 op Atto-cube
SLS PolLux Villigen, Switz. BM 250-750 2006 op pixelator Bruker
SLS NanoXAS Villigen, Switz. BM 270-1800 | 2009 op custom
Soleil Hermes Saint-Aubin, France | EPU 250- 1500 | 2016 op pixelator Bruker
SSRF SXS Shanghai, China EPU 200-2000 | 2011 op Xradia
SSRL 13-1 Stanford, USA EPU 2501000 2010 op STXM_control | Atto-cube
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a. adapted and updated from Hitchcock (2012)

b. op=operating, con=construction, com=commissioning, des=design

¢. HKT2003-evolution from interferometer controlled STXM designed by Peter Hitchcock, David Kilcoyne and Tolek

Tyliszezak (Kilcoyne et al., 2013); Bruker-commercial version of HKT sold by Accel (2004-2008), Bruker (2008-2014),

Research instruments (2015-now) and Axilon (2015-now), Xradia-from their collaboration with APS (now part of Zeiss)
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3.2.1.1 Single energy images

In order to record a single energy image (ie. an image taken at a specific photon energy),
one needs to define the following parameters: photon energy, position of the center of the image,
size of the image, point spacing (pixel size) in each dimension of the image, as well as the dwell
time in each pixel. As shown in Figure 2.7 in Chapter 2, there are two sets of sample stages in
STXM. When the x-dimension of the image is over a defined upper size limit (80 um at CLS
ID10.1, 30 um at ALS 11.0.2, ALS 5.3.2.1-NS-1) a coarse scan stepper stage with a large travel
(6-25 mm) is used. When the image size is smaller than the upper limit, a fine scan piezo stage is
used. Compared with the coarse stepper stage, the piezo stage provides greater precision and
better stability. In addition, the STXM image can be measured in two different modes: either
using “line by line”” mode (faster, but less precise as the interferometer feedback is disengaged
while each line is scanned at a constant velocity), or “point” mode (slower, requires 2-4 ms settle
time, but more precise, as the interferometer feedback is always engaged). Figure 3.7A and 3.7
B shows STXM image of the same magnetosome chains with line-by-line and point mode,
respectively. The dwell time for each image was Sms. Clearly, the “point” mode generates better
quality images, with better contrast and sharpness, greater precision and higher statistical quality.
However, point mode images take a longer time to collect than “line-by-line” mode. In this work,
“line-by-line” mode was used for large area imaging such as navigation. while “point” mode was
used for imaging small areas (below 1 micron) with more detail and higher quality, as is required

to apply STXM to study ~50 nm magnetosomes in MTB.
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B

Figure 3.7 STXM transmission image of magnetosome chains measured with “line by line”
(A) and “point” modes (B). The image was measured with a ZP with an outer zone width of
25 nm which has a diffraction limited spatial resolution of 31 nm. Images were measured at

11.0.2 STXM at ALS.

3.2.1.2 Image sequences (stacks)

In STXM, the spectral data can be obtained by recording a sequence of images, with
defined image size, pixel size, dwell time and energy steps, over the energy range of interest. In
order to probe the biochemical components of both Fe;O4-and Fe;S4- producing MTB cells, XAS
spectra at various edges were measured in this thesis, including C 1s (270~320 e¢V), O 1s
(520~560 eV), S 2p (150~200 eV), and Fe 2p (695~745 eV). Since the STXM control program
allows users to set up to 10 energy ranges in one stack, one can use different energy increments
for different energy regions. For example, a fine energy spacing (less than 0.2 eV) can be used
for the main edge region while a coarse spacing
(0.2~0.6 eV) can be used for pre-edge and post-edge regions - see Figure 3.8 for the GUI used

to define a multi-region, multi-energy, sample scan.
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Figure 3.8 Example of scan parameters for an XMCD stack scan at Fe L; edge in STXM

The size of the individual single crystal magnetosomes in MTB cells range from ~40 to
about ~80 nm, which makes imaging of individual magnetosomes in STXM rather challenging
as the spatial resolution of STXM (routinely 30 nm) is similar to the size of magnetosomes.
Therefore, it is challenging to visualize individual magnetosomes with high statistical quality.
One way to improve the image quality is by over-sampling, which means using sufficiently small
pixel size (~5-8 nm) and a long dwell time at each pixel (6-10 ms). Since the “line-by-line”
scanning mode only works with pixel sizes > 10 nm and dwell times < 5 ms, the point mode was
typically used to image individual magnetosomes. Although point mode generally improves the
image quality, it requires longer time to collect data. Therefore, the image size has to be
restricted to small dimensions (1~2 um) in this mode. Spatial drifting was often a problem, such
that a multi-hour stack would need to be split into 3 or 4 separate measurements, with re-

centering of the image area to keep the object of interest in the field of view.
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Unlike magnetosomes, over-sampling is not necessary for imaging the biochemical
components in MTB cells. For example, the pixel size for a C 1s stack can range from 20~50 nm
and the dwell time can be 1~2 ms with “line-by-line” scanning mode. Since organic molecules
are more sensitive to radiation damage than the inorganic magnetosomes, stacks used to
investigate the biological components (S 2p, C 1s, N 1s, O 1s) were measured before measuring

Fe 2p XAS and XMCD.

3.2.1.3 STXM-XMCD measurements of MTB

XMCD measurements of MTB were carried out using a twist sample plate (see Figure
3.4A). Compared with a conventional STXM stack, XMCD is a polarization dependent signal,
which will have a non-zero signal only when the in-plane magnetic moment is horizontal and has
a projection along the X-ray propagation direction (Lam et al., 2010). Therefore, XMCD
measurements were performed on MTB cells with horizontal chains instead of those with
vertical chains. In order to make XMCD measurements, the XAS signals need to be recorded
with left and right circularly polarized light. By putting different codes into the sample scan
interface of STXM_control, the EPU can be automatically switched between the two circular
polarizations. There are two modes to collect XMCD data. One is successive mode, in which the
complete stack is first measured with one polarization before reversing the polarization and
measuring a second stack. The other one is concurrent mode, in which the two different
polarizations are alternated at each energy point. For XMCD, the left and right polarizations are
alternated. However, in other cases, two different linear polarizations can be used (Zhu et al
2015). According to a previous study (Kalirai et al., 2012), XMCD measurements of

magnetosomes using the successive mode is much more dependent on beamline stability and is
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very sensitive to artefacts associated with carbon build-up on the sample. Therefore, the
concurrent mode was always used to acquire the STXM-XMCD stacks reported in this thesis.
Unfortunately at the time of the XMCD-ptychography measurements, due to software limitations,

it was not possible to use concurrent mode so sequential mode was used.
3.3 Data Analysis

All the STXM data ws analyzed with the software aXis2000, which is written in
Interactive Data Language (IDL). It is available free for non-commercial use from

http://unicorn.mcmaster.ca/aXis2000.html.

3.3.1 Stack and XMCD maps

A stack map refers to a measurement of images at two photon energies, which are
converted to optical density and subtracted. The difference of the signal at a characteristic X-ray
absorption energy (on-resonance) and at a pre-edge energy (off-resonance) can determine if a
certain element or chemical component exists in a sample. Stack maps can also be used to give a
quantitative distribution of the elements or chemical component. Figure 3.9A and 3.9B presents
a STXM optical density image of a MV-1 cell at 710 eV and 700 eV, respectively. Figure 3.9 C
is a stack map derived by the difference between Figure 3.9 A and B, which cancels out the
background absorption from non-iron components and only demonstrates the distribution of Fe
components. Figure 3.9D is a color coded composite of the pre-edge image (purple, 700 eV) and
the stack map (green, Figure 3.9C), which shows the relative distribution of organic matter

relative to the magnetosome chains.
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Figure 3.9 Single component map of Fe in MV-1 cells. (A) and (B), STXM optical density
images of a MV-1 cell measured at 700 eV and 710 eV, respectively; (C). Stack map derived
the difference between Figure 3.9B and 3.9A, revealing the area containing Fe components; (D)

Color coded map of organic matter (green) and Fe components (blue)

XMCD mapping is performed by taking the difference between two STXM optical density
images recorded with left circularly polarized light (LCP) and right circularly polarized light
(RCP) at a specific photon energy where the maximum XMCD signal is located. In the case of
magnetite (magnetosome), XMCD maps are measured at 708.2 eV. Figure 3.10 presents an
example of an XMCD map of a MV-1 cell. It should be notable that the LCP and RCP optical
density images appear the same, as shown in Figure 3.10A. The only difference between them is
the maximum optical density values: 0.249 for LCP and 0.254 for RCP. Figure 3.10 B shows
two contrast levels (bright and dark) in the XMCD map, indicating there are magnetosome sub-

chains in this cell which have opposite magnetic polarities. This is consistent with a previous
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study which showed that some MV-1 cells contain magnetosome sub-chains with opposite

magnetic polarities (Kalirai et al., 2013).

w— 200 nm

Figure 3.10 STXM optical density (OD) image and XMCD mapping of a MV-1 cell. (A).
STXM optical density image of a MV-1 MTB cell recorded with either left circularly
polarized light (LCP) or right circular polarized (RCP) light. (B). XMCD map of the
difference between LCP and RCP optical density images. The bright and dark contrast in the
XMCD map indicates magnetic polarities of magnetosomes are not the same: magnetosome

1, 2, 5 and 6 have one magnetic polarity while magnetosome 3 and 4 have the opposite

XMCD mapping was routinely used in thesis because of its advantages relative to full stacks:

1. An XMCD mapping usually takes 5~10 minutes which gives a quick “glimpse” to check if
the region of interest has potential for a full XMCD stack which usually takes several hours.

2. The contrast in XMCD mapping can be used to determine the magnetic polarity.

3. XMCD mapping allows for efficient statistical studies of magnetic polarity in sampling sizes

of hundreds of cells.
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3.3.2 Analysis of stacks

Stacks are analyzed using aXis2000. It generally includes the following steps: pre-

processing, alignment, conversion to optical density, and spectromicroscopy analysis.
3.3.2.1 Pre-processing

Before the actual analysis, it is important to check that each image in a stack is
analyzable. It is common that some images are corrupted because of instability in the storage
ring, beam injection, interference or vibration from outside environment, etc. Sometimes the
region of interest drifts out of the field of view. There are multiple functions in aXis2000, such
as filter, deglitching, and histogram, which can be used to correct the image. If issues still exist,

images are deleted if deletion will not pose problems to the further analysis.
3.3.2.2 Stack alignment

A normal stack usually takes 30 minutes and a full XMCD stack can take several hours.
Thus, misalignment inevitably occurs due to temperature changes in the STXM chamber,
instrumental drift, sample drift, etc. Meaningful spectral data can be acquired only if the signal is
extracted from exactly the same location in each image in a stack. Therefore, it is necessary to
align all the images in a stack before extracting spectra. There are several routines in aXis2000
that can be used to align the images (“Zimba”, “Jacobsen stack analyze’). Auto-alignment is
generally performed first. Multiple iterations are executed until a convergence is reached. In
some cases, one may need to manually align images to obtain a good alignment. One way to
monitor the alignment quality is to average all the images of the stack and check if there is any
‘halo’surrounding cells or magnetosomes which is indicative of misalignment.

Good alignment is particularly crucial to XMCD analysis since it is a difference between

two polarization stacks. In concurrent mode the images from the left and right circular
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polarization (RCP, LCP) are stored separately. In order to get both stacks aligned in the same
way, the two polarization stacks are merged into one stack (using an energy shift to keep the
images from the 2 polarization modes separate) and then align the appended stack. This ensures
that when a single region of interest (ROI) is used to extract spectra from two polarization stacks
the XMCD spectrum is derived from exactly the same region.

3.3.2.3 Conversion to optical density

Once the stack is aligned, the STXM transmission images need to be converted to optical

density (OD) using the Lambert-Beer Law:

0D =In (Y) 3.1)
where Iy and I represents the incident and transmitted x-ray photon intensity, respectively. The
choice of Iy is usually a region close to the ROI but free of the cell and magnetosomes, i.e. the
polymer supporting membrane of the TEM grid or a bare area of a silicon nitride window. In the
case of XMCD stacks, it is important to use the same ROI to extract the Iy from exactly the same
area of each of the aligned polarization stacks.

3.3.2.4 Spectral analysis

Since various elements are present in MTB cells, such as C, Fe, O, S, etc., it is important
to quantitatively probe the distribution of different chemical components. aXis2000 provides two
methods to derive chemical component maps from energy stacks. Both procedures, called SVD
and stack fit in the aXis2000 menu, use a single-pass matrix procedure called Singular Value
Decomposition (SVD) (Koprinarov et al., 2002), which is equivalent to an optimized least
squares fitting for over-determined data sets (typically there are 10° - 10° spectra in a stack which
can be represented by less than 6 different independent spectra). The SVD method fits each

spectrum of a stack to a set of reference spectra of different chemical
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Figure 3.11 Four spectral models, including sulphide phase (S-sulphide), sulphate phase (S-

sulphate), chloride and matrix (no S signals), which are used to derive the component map of

each species from the S2p stack of a MMP.
components provided by the user (typically from independent measurements, or extracted from
the stack being analyzed). Stack fit is the same as SVD except that an additional constant term
(an intensity without a spectral variation) is included. With either approach, the fitting coefficient
for each reference spectrum is proportional to the amount of each component at a given pixel. A
set of fitting coefficient constitutes a chemical component map. Figure 3.11 plots four spectra,
including sulphide phase (S-sulphide), sulphate phase (S-sulphate), chloride and matrix (no S
signals), which were used to derive component maps of each sulphur species inside a
multicellular magnetotactic prokaryote (MMP) cell using the stack fit method. Figures 3.12a~d
present the derived component maps of sulphide, sulphate, chloride and matrix in the MMP cell.
After generating chemical component maps the user can combine them to form color coded
composites to examine spatial correlations (see Figure 3.12e and f). aXis2000 also allows for
generating ROI masks based on the intensities of individual component maps. The spectra from

ROIs can then be examined and the quality of a given analysis can be evaluated in ‘spectral
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space’. In many cases, multiple analysis procedures are explored to build confidence in the final

result.

S-sulphide S-sulphate (SO,2) Cloride

S-sulphide Cl S-sulphate Cloride Matrix

Figure 3.12 The derived sulphur component maps using stack fit method. Sulphide (a),
sulphate (b), chloride (c) and matrix regions (d) regions in a MMP cell derived with stack-fit
method using the spectra in Figure 3.11; (e) Scaled color composite of S-sulphide (Figure
3.12a), S-sulphate (Figure 3.12b) and cloride map; (f) Scaled color composite of chloride
(Figure 3.12 ¢) and matrix (Figure 3.12d). The scale bar represents 1 um
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Chapter 4

What is the correct Fe L, ; X-ray absorption spectrum of magnetite?

This paper presents results of spectroscopic study of biogenic and abiogenic magnetite,
with the aim of clarifying the confusion existing in the literature as to the correct Fe L3 X-ray
absorption spectra of magnetite and maghemite.

MV-1 cultures were grown by Prof. Dennis Bazylinski. Samanbir S. Kalirai made the
STXM-XMCD measurements of abiogenic magnetite powder purchased from Sigma Aldrich
company. The author of this thesis extracted magnetosomes from the MV-1 cells and chemically
modified the biogenic magnetosomes and abiogenic magnetite powder. The powder X-ray
diffraction and STXM-XMCD of these samples were measured by the author. The data was
analyzed by the author and Prof. Adam P. Hitchcock. This paper was drafted by the author and
edited and revised by the author, Prof. Adam P. Hitchcock and Prof. Dennis A. Bazylinski This

paper has been published: 10.1016/j.elspec.2014.12.005
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Various groups have reported Fe L,3 X-ray absorption spectra (XAS) of magnetite (Fe304), each claiming
to be that of magnetite, but which contradict each other. Here we report an XAS study of two kinds of
magnetite: one is biogenic magnetite nanocrystals extracted from the magnetotactic bacterium Mag-
netovibrio blakemorei strain MV-1; the other is synthetic, abiogenically produced nano-magnetite. We
see significantly different XAS spectra of these two materials. Only when the abiogenic magnetite was
reduced under H, did it give the same spectrum as the biogenic sample. Extensive heating of the biogenic
magnetite in air produced spectra similar to that of the abiogenic magnetite. These two spectra are typ-
ical of the range of published Fe L,3 spectra of magnetite. X-ray diffraction confirmed that the biogenic
material is stoichiometric Fe304, and showed that the as-received or partly reduced abiogenic material
is a non-stoichiometric oxide, intermediate between magnetite and maghemite (y-Fe;03). When the
membrane which surrounds magnetosome chains was intact, the biotic magnetite single crystals were
surprisingly resistant to oxidation. This study clarifies a significant confusion existing in the literature as
to the correct Fe L3 X-ray absorption spectra of magnetite and maghemite.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Iron oxides, a group of minerals consisting of iron and oxygen
and/or hydroxide, include some of the most important transition
metal oxides [1]. To date, there are sixteen known phases of iron
oxides differing in composition, Fe valence, and crystal structure
[2]. Among them, magnetite (Fe;0,4) and maghemite (y-Fe,03) are
two particularly important members based on their unusual prop-
erties. For example, they are the only magnetic materials approved
for use in biomedical applications [3,4]. They are also used in mag-
netic storage media [5], gas sensing materials [6], as catalysts [7],
and they are being evaluated as electrodes in Li-ion batteries [8].
Fe;04 and y-Fe, 05 are of strong fundamental interest due to their
interesting physical and chemical properties. Fe30,4 has an inverse
spinel structure with space group Fd3 m and a unit cell edge length
0f8.3941 A [9]. It is a mixed valence compound with a Fe(Il)/Fe(IIl)
ratio of 0.5. In each unit cell, the tetrahedral sites are occupied by 8
Fe(Il) ions while the octahedral sites are occupied by a random dis-
tribution of 8 Fe(Il) and 8 Fe(III) ions. y-Fe, 05 is iso-structural with
Fe304 but has a slightly smaller lattice constant of 8.3474A [2]. It

* Corresponding author. Tel.: +1 905 525 9140x24749; fax: +1 905 521 2773.
E-mail address: aph@mcmaster.ca (A.P. Hitchcock).
1 Present address: Inorganic Chemistry and Catalysis, Utrecht University, 99 Uni-
versiteitweg, Utrecht, The Netherlands.

http://dx.doi.org/10.1016/j.elspec.2014.12.005
0368-2048/© 2014 Elsevier B.V. All rights reserved.

has no divalent Fe ions and the trivalent Fe ions are positioned in
the tetrahedral and octahedral sites.

Due to the structural similarities between Fe3O4 and y-Fe; O3, it
is difficult to distinguish these two oxides. The Fe 2p photoelectron
spectra of these two species are very similar but distinguishable
[10]. Acidic dissolution, Mdssbauer spectroscopy and powder X-
ray diffraction are common approaches to address the issue of
stoichiometry in magnetite [11-13] but they all have limitations
[14]. The acidic dissolution method cannot be applied to natural
or mixed-phase samples which contain other redox active compo-
nents or functional groups. Méssbauer spectroscopy and powder
X-ray diffraction are limited by the effect of impurities which could
influence results obtained by these two methods. Thus, additional
methods are required for characterizing magnetite samples, par-
ticularly for nanoparticle samples.

Over the past two decades, synchrotron-based soft X-ray spec-
troscopy and imaging techniques, in particular X-ray absorption
spectroscopy (XAS) with circularly polarized light, have been used
to measure electronic properties of samples, through the near edge
structure, and magnetic properties, through the X-ray magnetic cir-
cular dichroism (XMCD) signal. XAS is a suitable technique since
the near edge fine structure is an excellent probe of valence state,
local bonding and structure, while XMCD provides element and
crystal site-specific magnetic moments of transition-metal ions
[15-17]. Many different groups have reported X-ray absorption
spectra of materials which are claimed to be magnetite (Fe304

85



TEY, total electron yield; TFY, total fluorescence yield.

[18-29]) or maghemite (y-Fe;O3 [30-37]). Miedema and de Groot
[38] have recently published a comprehensive overview of Fe 2p
spectroscopy of Fe oxides and other Fe compounds. These authors
maintain a web site (www.anorg.chem.uu.nl/xaseels/) which pro-
vides a complete listing and links to all references reporting Fe 2p
spectra. Despite the extensive studies, the published X-ray absorp-
tion spectra of magnetite are not consistent and often contradict
eachother. Arepresentative sample of this literatureis summarized
inTable 1 where the reported spectra are categorized as falling into
one of two shapes. Specifically, some of the published Fe L3 spectra
of Fe;0, exhibit a low energy shoulder at ~708 eV (about 1.5eV
below the main 2p;;; — 3d peak), while the others do not. Simi-
larly, some of the published Fe L3 spectra of y-Fe, 05 exhibit a low
energy shoulder at ~708 eV, while the others do not. This raises
the question, what is the correct spectrum of each of these important
materials?

Here, wereport adetailed investigation of the Fe L3 XAS of mag-
netite. We used scanning transmission X-ray microscopy (STXM) to
measure XAS spectra of the bulk material and thus reduce the sen-
sitivity to surface oxidation, while at the same time using the high
spatial resolution of STXM (30 nm) so that particles in the few hun-
dred nm size scale can be measured in order to avoid absorption
saturation. Two representative types of magnetite were studied:
one type is magnetite nanocrystals extracted from the magneto-
tactic bacterium (MTB), Magnetovibrio blakemorei strain MV-1 [39];
the other type is chemically synthesized nano-magnetite, obtained
commercially from Sigma-Aldrich. A detailed comparative study of
the Fe Ly3 XAS and XMCD of biogenic versus abiogenic magnetite
nanoparticles was published by Carvallo et al. [40]; our results are
compared to theirs. The organization of the paper is as follows.
After describing materials and experimental techniques (Section
2), the existence of an extra shoulder in the low-energy side of L3
spectrum of abiogenically produced nano-magnetite, as compared
with the L3 spectrum of biogenic magnetite, is documented (Sec-
tion 3.1). Powder X-ray diffraction (Section 3.2) is used to show that
the biogenic magnetite is stoichiometric Fe304 and that the abio-
genic nano-magnetite is an intermediate phase between Fe3 04 and
vy-Fe;03. We then show that the extra shoulder on the low-energy
side of the Fe L3 spectrum can be “switched off” by Hy reduction
(Section 3.3) or “switched on” by air oxidization (Section 3.4). We
also document that the membrane enveloping the magnetite crys-
tals in cells of M. blakemorei can protect magnetite crystals from
air oxidation for a surprisingly long period of time. Our results are

compared to those of Carvallo et al. [40] in Section 4, followed by a
summary in Section 5.

2. Experimental methods

Nano-magnetite powder (average particle size of 5nm, stated
purity of >95%) was purchased from Sigma-Aldrich [41]. The bio-
genic magnetite crystals were extracted from cells of M. blakemorei
strain MV-1, which were grown anaerobically in liquid cultures
with nitrous oxide as the terminal electron acceptor as previously
described [42]. Cells were harvested from cultures at mid- to late-
exponential phase of growth. By using the procedure described by
Alphandéry et al. [43], the membrane-encased magnetite crystals,
referred to as magnetosomes, were extracted from cells of MV-
1. For some studies the membranes enclosing the magnetosomes
were removed to accelerate oxidization by suspending extracted
magnetosomes in 1% aqueous sodium dodecyl sulfate (SDS) and
sonicating for 15min at a power of 15W. Finally, these stripped
magnetosomes were heated at 600°C in air for 3h. The samples
were imaged with a JEOL Model JEM 1200 EX transmission electron
microscope. The phase composition was determined by powder X-
ray diffraction (XRD) using a Bruker D8 Advance instrument with
Co Ko or Cu Ka radiation.

STXM measurements were performed at the soft X-ray spectro-
microscopy (SM) beamline (10ID1) at the Canadian Light Source
(CLS), Saskatoon, Canada [44]. The beamline was operated at an
energy resolving power Ef AE>3000. The source point for the CLS
SM beamline is an elliptically polarizing undulator (EPU) which
provides nearly 100% circularly polarized light at the Fe L3 edge.
The samples were mounted on a flat sample plate. The bottom
20% of the plate (that to which the grid sample was attached)
was cut to generate a narrow strip which could be twisted by 30°
about the long axis of the plate in order to achieve a 50% projec-
tion of the magnetization vector onto the direction of the incident
X-ray beam. The tilt sample plate was mounted on an interfero-
metrically controlled piezo stage, without any additional applied
magnetic field. Images were measured in transmission mode by
raster scanning the sample over the region of interest while detec-
ting the transmitted signal. Spectral data was acquired by collecting
a sequence of images over the energy range of interest, called a
“stack” [45]. In order to measure the Fe L3-edge XMCD, image
sequences were recorded with both left circularly polarized light
(LCP) and right circularly polarized light (RCP), with alternation
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Table 1

Summary of published L-edge XAS spectra of Fe304 and y-Fe;03.
Sample Synthetic method Shoulder at 708 eV (Y/N) Detection method Reference
Fe;04 thin film Epitaxy on MgO Partly TEY [18]
Fe;04 ultrathin film Epitaxyon Pt (111) N TEY [19]
Fe304 colloid Co-precipitation Y TEY [20]
Fe;04 Unspecified Y TEY [21]
Fe;04 nanoparticles Reacting iron salts in microemulsion reactors N TEY [22]
Fe;04 thin film Pulsed laser deposition N TEY [23]
Fe;04 single-crystalline sample - N TEY [24,25]
Fe304 nanoparticles Solution based Y TEY [26]
Fe304 nanoparticles From Alfa Aesar Y Transmission [27]
Fe;04 nanoparticles Solution based Y TEY [28]
Fe;04 film Epitaxy on GaAs (001) N TEY [29]
y-Fe;03 film Oxygen-plasma-assisted molecular beam epitaxy N TEY [30]
y-Fe203 nanoparticles Solution based N TEY [31]
y-Fe;03 nanoparticles Soft chemistry in a two-step process N TEY [32]
y-Fe;03 nanoparticles Sono-chemistry Y TEY [33]
y-Fe;03 nanoparticles Solution based Y TEY/TFY [34]
y-Fe;03 nanoparticles Solution based Y TEY [35]
y-Fe203 nanoparticles Biomineralized by Helicobacter pylori Y TEY [36]
y-Fe;03 nanoparticles Wet synthesis method Y TEY [37]
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of the circular polarization at each photon energy. This concur-
rent acquisition mode [46] results in higher quality spectral data
than when the full RCP and LCP spectra are recorded sequentially
[47]. Data analysis was performed using aXis2000 [48]. The RCP
and LCP stacks were combined and aligned together. The transmis-
sion signals were converted to optical densities using the incident
flux signals through a region free of Fe but adjacent to the region
under study. The acquired stacks (after alignment and conversion to
optical density) consist of a near edge X-ray absorption fine struc-
ture (NEXAFS) spectrum at each pixel. The X-ray magnetic circular
dichroism (XMCD) stack was obtained from the difference of the
signals recorded with the two types of circular polarization. The L3
and L, signals are only presented for some samples due to limited
beam time to make measurements. The L, signal provides com-
plementary information to the L3 signal. However the L, signal is
~3 times weaker than the L3 signal. Thus ~10 times more beam
time would be needed to define the L, signal to the same quality as
measured for the L3 signal. Since measurement of just the L3 edge
take several hours per spectrum due to the very small amount of
material being examined, it was not practical to record complete
Fe Ly3 spectra in all cases, especially considering that access to the
beam time on the high performance STXM beamlines needed for
this work is very competitive.

3. Results
3.1. X-ray absorption spectroscopy

Fig. 1a shows the Fe L3 spectrum of a magnetized magnetite
thin film recorded with the photon polarization parallel (red) and
antiparallel (green) to the sample magnetization using total elec-
tron yield (TEY) detection [24]. That sample was very carefully
prepared and is believed to be stoichiometric Fe304. Its spectrum
agrees with that we measure from the biogenic MV1 magnetite
[46], which supports the use of the spectra reported by Goering
et al. [24] as the true spectrum of magnetite — see below. The
XMCD spectrum (blue), the spectrum recorded with the photon
polarization parallel minus that recorded with the photon polar-
ization antiparallel to the sample magnetization, is also shown. The
XMCD intensity of the Goering et al. [24] data has been reduced
by a factor of 2 to make a valid comparison to the XMCD derived
from the STXM-XAS spectra, since the magnetization of the MV-
1 magnetosomes is in the plane of the sample which is tilted
30° from the normal to the X-ray beam and thus only 50% of the
magnetic moment of the chain is aligned along the photon polar-
ization vector [47]. Fe Ly3 XAS spectra exhibit two main bands
which are the L3 (2p3p) and L (2pj;) peaks separated by the
spin-orbit coupling of the 2p hole. Each band has a fine structure
which is determined by a complex interplay of ligand field split-
ting, covalent interactions and atomic multiplets for each of the
three distinct electronic/magnetic sites in magnetite [18,49,50].
Fig. 1b presents the Fe L3 spectraand XMCD of a chain of magnetite
magnetosomes inside a single cell of the magnetotactic bacterium
M. blakemorei strain MV-1, recorded using transmission detection
in STXM [46]. The inset indicates the magnetosome chain from
which the spectra were obtained. Fig. 1c shows the Fe Ly3 spec-
trum and XMCD of the as-received Sigma-Aldrich nano-magnetite
powder. The inset is a STXM optical density image of the aggre-
gate of Sigma-Aldrich nano-magnetite particles from which the
XAS signals were extracted. In contrast to the spectra reported by
Goering et al. [24] or the spectra of the magnetosomes [46], the L3
spectrum of the abiogenic nano-magnetite exhibits an additional
peak at 708 eV, which was not observed in biogenic magnetite syn-
thesized by magnetotactic bacteria [46,47]. We note that the XAS
spectrum of nano-magnetite presented in Fig. 1c¢ matches well with
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Fig. 1. (a) Fe L3 X-ray absorption (XAS) spectra of thin film magnetite recorded
using total electron yield detection, with circularly polarized X-rays parallel (red)
and antiparallel (green) with respect to the sample magnetization (data courtesy of
Goering et al. [24]). A polynomial was fit to the pre-edge signal and the intensity at
730 eV was unit-normalized. The difference signal (parallel minus antiparallel), the
X-ray magnetic circular dichroism (XMCD, blue) is plotted using the same vertical
scaling. The XMCD in (a) is divided by two, as the XMCD measured in the STXM is
only ¥2 of the full amount due to use of a 30° sample tilt angle [47]. (b) Fe L3 spec-
tra of a chain of magnetite magnetosomes from Magnetovibrio blakemorei strain
MV-1, recorded in STXM with circularly polarized X-rays parallel (red) and antipar-
allel (green) to the magnetization of the sample. The inset is a STXM image of the
magnetosomes from which the spectra were obtained. (c) Fe L3 XAS spectra of the
as-received Sigma-Aldrich nano-magnetite powder recorded in STXM with circu-
larly polarized X-rays parallel (red) and antiparallel (green) to the magnetization of
the sample. The inset is a STXM optical density image of the agglomerate of nano-
magnetite particles from which the XAS signals were extracted. In each case, the
XMCD spectrum (blue), the difference signal (parallel minus antiparallel), is shown
below the spectral curves. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 2. XRD powder pattern of nano-magnetite as-received from Sigma-Aldrich,
recorded using Co Ko radiation. The experimental (black) and calculated (red) pow-
der patterns (for magnetite, but with modified unit cell parameters, as discussed
in the text) are plotted, along with the difference (experimental minus calculated
patterns) (green). The peaks are labeled with their corresponding crystallographic
planes. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

that which has been reported for maghemite by several groups,
such as that reported by Kim et al. [33].

Total electron yield (TEY) is a common detection mode used to
measure X-ray absorption spectra. Nolle et al. [51] applied both
TEY and transmission mode detection to measure XAS and XMCD
spectra of FePt/FeOx. They observed a higher oxidation state at the
surface of the sample when the detection mode was switched from
transmission to TEY. The Fe Ly3 spectra of biogenic magnetite syn-
thesized extracellularly by Shewanella oneidensis MR-1 were found
to exhibit the lower energy 708 eV shoulder in the L3 region when
TEY detection mode was used [52] but not when transmission
detection was used (see Fig. 3 in Ref. [53]). Likewise, Peak et al.
[54] observed the 708 eV shoulder in Fe Ly spectra of synthetic
magnetite when TEY detection mode was employed. TEY is highly
surface sensitive and heavily influenced by surface oxidation. Previ-
ous studies have shown that brief exposure (<1 day) of Fe304 films
to the atmosphere does not affect the XAS and XMCD measure-
ments, whereas longer exposures would oxidize the surface of the
films [18,55]. This could explain the lower energy shoulder in the
L; region that is often, but not always - see Table 1, observed with
TEY detection. In the present work transmission detection in STXM
was used, which is more bulk sensitive and less likely to be affected
by surface oxidation. Thus, our spectra, measured in transmission
mode, are more likely to reflect the intrinsic spectrum of a sam-
ple than TEY mode measurements on the same sample. It should
be noted that the STXM samples need to be quite small to avoid
absorption saturation. The magnetosomes examined in this work
are typically 50 nm in diameter, while the nano-magnetite samples
are in the range of 20-30 nm. At this size scale the particle surface
is still an insignificant fraction of the total sample. At 50 nm diam-
eter, assuming a surface modification over ~1nm at the surface,
the surface contribution would be of the order of 10~4. However,
for nanoparticle samples with diameters below 5 nm where a 1 nm
zone at the surface contains about 10% of the material, the differ-
ences between transmission and TEY detection would be minimal.

3.2, Powder diffraction

Fig. 2 presents powder X-ray diffraction (XRD) patterns of the
as-received Sigma-Aldrich nano-magnetite sample. The peaks are
labeled according to their crystallographic planes. Although the
XRD patterns of nano-magnetite and nano-maghemite are nearly
identical due to their structural similarities, the unit-cell length
obtained from the XRD can be used to distinguish these two oxides

Fig. 3. XRD powder pattern of nano-magnetite reduced with H;. For technical rea-
sons, this signal was recorded using Cu Ka radiation, which resulted ina larger noise
level due to Fe Ka fluorescence, which is excited by the Cu Ko but not the Co Ko
line. The experimental (black) and calculated (red) powder patterns (for magnetite,
with unit cell parameters similar to that for magnetite, as discussed in the text) are
plotted, along with the difference (experimental minus calculated patterns)(green).
The peaks are labeled with their corresponding crystallographic planes. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)

[ 14]. The unit-cell length of the Sigma-Aldrich nano-magnetite was
determined to be 8.3638+ 0.0004A (a=b=c) using the Rietveld
method. This value lies between the cell length of pure magnetite
(8.3941 A) and that of pure maghemite (8.3474 A). This suggests
that the as-received Sigma-Aldrich nano-magnetite sample was
not pure magnetite, but rather a nonstoichiometric magnetite, an
intermediate phase between magnetite and maghemite. The ratio
of Fe(Il) to Fe(Ill) oxidation states can be determined by an equation
developed by Gorski and Scherer [14]:

a=0.1094x4 + 8.3424 (1)

where a is the unit-cell length and x4 is the ratio of the amount of
total Fe(Il)in the octahedral sites to that of total Fe(Ill) in both octa-
hedral and tetrahedral sites. Based on this equation the Fe(I){Fe(III)
ratio in the as-received Sigma-Aldrich nano-magnetite sample was
0.2, which is considerably smaller than the value of 0.5 for pure
magnetite. Oxidation of magnetite (Fe;04) to maghemite (Fe;03)
causes the Fe(Il)/Fe(Ill) ratio to decrease. If magnetite was com-
pletely oxidized to maghemite, the Fe(Il)/Fe(Ill) ratio would be
0. Thus, the powder diffraction data suggests that almost half of
the total Fe(Il) ions in as-received Sigma-Aldrich nano-magnetite
had been oxidized to Fe(Ill). In other words, the Sigma-Aldrich
nano-magnetite was actually partially oxidized magnetite, or an
intermediate phase between magnetite and maghemite. Is the addi-
tional peak observed at 708eV in the Fe-Ly XAS of Sigma-Aldrich
nano-magnetite related to this partial oxidization?

3.3. Generating pure magnetite from the commercial sample

To investigate this hypothesis, the as-received Sigma-Aldrich
nano-magnetite powder was heated under a H, atmosphere at
309°C for 0.5h. Fig. 3 shows the XRD pattern of a Sigma-Aldrich
nano-magnetite sample after reduction by Hj. The data is sig-
nificantly noisier than that in Fig. 2 due to Fe Ka fluorescence
background since Cu Ka rather than Co Ko radiation was used. The
peaks are labeled with their corresponding crystallographic planes.
The unit-cell length of Hy-reduced Sigma-Aldrich nano-magnetite,
extracted by the Rietveld method, was 8.4058+0.0007 A. This
value is in a good agreement with the reported unit-cell length of
pure magnetite (8.3941A) [9], indicating that the previously par-
tial oxidized Sigma-Aldrich nano-magnetite had been successfully
reduced to pure magnetite.
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Fig. 4. (a) TEM image of Hy-reduced Sigma-Aldrich nano-magnetite powder. The
red square indicatesthe area fromwhich the Fe L,5 XAS spectra were extracted. (b) Fe
L3 XAS and XMCD spectra of the Hy-reduced Sigma-Aldrich nano-magnetite pow-
der recorded with circularly polarized X-rays parallel (red) and antiparallel (green)
to the magnetization of the sample. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

Fig. 4ais a transmission electron microscopy (TEM) image of Hp-
reduced Sigma-Aldrich nano-magnetite powder. The Fe Ly XAS
spectrum was measured from the area in the red square. Fig. 4b
shows the Fe L,3 XAS spectra of the Hy-reduced Sigma-Aldrich
nano-magnetite powder recorded using X-rays with parallel (red)
and antiparallel (green) polarization relative to the sample magne-
tization, along with the derived XMCD (blue). Fig. 4b shows that
the peak previously observed at 708 eV in the Fe Ly3 XAS spec-
trum of the as-received Sigma-Aldrich nano-magnetite (Fig. 1c)
was eliminated by H, reduction. Thus, the additional peak at 708 eV
in the Fe Ly3 XAS spectra of as-received Sigma-Aldrich nano-
magnetite is caused by partial oxidization. Thus we assume that
similar peaks observed in the Fe Ls-edge XAS of Fe304 reported
by Garcia et al. [21] and Pool et al. [26] (among others) are also
due to partial oxidation, either at the surface, and sensed pref-
erentially due to the TEY detection, or from the bulk, due to a
non-stoichiometric synthesis or the overall sample being partially
oxidized.

3.4. Generating oxidized magnetite from magnetosomes

Fig. 5a presents a TEM image of a biogenic magnetite chain
extracted from a cell of M. blakemorei (MV-1). Fig. 5b shows the
Fe L3 XAS spectra of biogenic magnetite magnetosomes extracted
from cells of M. blakemorei (Fig. 5a). The parallel (red), antiparal-
lel (green) spectra and the XMCD (blue) all appear similar to the
spectra of intracellular magnetosomes in cells of M. blakemorei
(Fig. 1b) [46,47], and the spectra of Hj-reduced Sigma-Aldrich
nano-magnetite (Fig. 4b). X-ray diffraction determined the unit-
cell length of these extracted biogenic magnetite crystals to be
8.402 A, indicating that magnetite crystals biomineralized by mag-
netotactic bacteria are stoichiometric, as determined and reported
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Fig. 5. (a) TEM image of the biogenic magnetite chain extracted from cells of the
magnetotactic bacterium Magnetovibrio blakemorei strain MV-1. (b) Fe L3 XAS spec-
tra and XMCD of the biogenic magnetite chain extracted from MV-1 recorded with
circularly polarized X-rays parallel (red) and antiparallel (green) to the magnetiza-
tion of the sample. (c) Magnified TEM image corresponding to the red area labeled
in (a). (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

elsewhere [56]. Careful comparison of the magnitude of the XMCD
signal from intact MV-1 cells with that from the Goering et al. [24]
data has shown that intracellular magnetosomes are fully magne-
tized [46]. Thus, the Fe Ly; XAS and XMCD spectra measured from
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biogenic magnetite can be considered as the standard spectrum of
magnetite.

The extracted magnetosome chain sample experienced signifi-
cant air contact between the time it was extracted and the time it
was measured, yet there is little or no evidence of oxidation. Why
are the long time air-exposed extracted biogenic magnetosomes still
stoichiometric? Note that transmission X-ray detection was used
for the spectra reported in both Figs. 4 and 5 and thus they are
characteristic of the bulk of the sample, not the surface. Fig. 5¢
shows a magnified TEM image corresponding to the red arealabeled
in Fig. 5a. A dense membrane tightly adhering to these magnetite
crystals is observed. This membrane may limit air contact, thereby
effectively protecting the magnetic crystals from being oxidized.

In order to probe the protective character of the membrane,
the biogenic magnetite extracted from cells of a magnetotactic
bacterium, M. blakemorei strain MV-1, was investigated after pro-
longed oxidation. Fig. 6a—c present Fe L3 spectra of magnetosome
chains extracted from M. blakemorei recorded over an extended
time period. These magnetosome chains were enclosed by mem-
branes, as shown in the inset in each panel, and were exposed to
air for 1 week, 2 months, and 8 months, respectively. As shown
in Fig. 6¢, the magnetosome chain which was exposed to air for 8
months still does not exhibit any extra peak on the low energy side
of the Fe Ly-edge XAS spectra, but rather its spectrum is similar to
the magnetosome chain exposed in air for only one week (Fig. 6a).
This indicates that the membrane enclosing the magnetosomes
effectively protects the magnetite single crystals from oxidation
by air for a relatively long time. In order to further quantify the
proportional changes of Fe ions in these stripped magnetosome
chains, we compare the three XMCD spectra obtained from stripped
magnetosome chains with the one acquired from the intracellu-
lar magnetosome chain, and with the reference XMCD spectrum
reported by Goering et al. [24] (see Fig. 6d). All the XMCD spec-
tra in Fig. 6d are similar, indicating that the membrane allows
these extracted magnetosome chains to effectively resist air oxi-
dization under ambient conditions. The excellent match in the
XMCD intensity (after correction for the 50% reduction due to the
30° tilt geometry we use) between all of the magnetosome sig-
nals (which are measured without an externally applied field) with
that from a magnetite thin film in a strong external magnetic field
[24] shows that both the intracellular magnetosomes [46] and the
stripped magnetosomes are highly stoichiometric, and are fully
magnetized.

Gaoetal.[57] reported that Fe304 nanoparticles are partly trans-
formed into y-Fe, 03 after heating at 200°C for 3 h in air and are
completely transformed into y-Fe;Os if they are heated at 600°C
for 3 h.Inorder to investigate the corresponding transformation for
biogenic magnetite, we took biogenic magnetite isolated from MV-
1 bacteria, stripped it of its membrane with surfactant, and heated
it in air at 600 °C for 3 h. Fig. 7a presents a TEM image while Fig. 7b
shows the Fe L3 XAS spectra of the air-heated biogenic magnetite
crystals recorded with parallel (red) and antiparallel (green) polar-
ization, and the associated XMCD (blue). A strong peak is observed
at 708 eV (labeled by an arrow in Fig. 7b). This is similar to the
structure observed at the low energy side of the Fe L;-edge signal
of as-received Sigma-Aldrich nano-magnetite (Fig. 1c). This sup-
ports our interpretation that the Sigma-Aldrich nano-magnetite
was a partially oxidized phase. Also, the experimental results for
oxidized magnetosomes match well with a theoretical prediction
that the Fe Ly3XAS of maghemite should exhibit a peak on the lower
energy side of the Ly peak [58]. Finally, we suspect the reason that
Fe Ly3 XAS spectra of maghemite reported by Anders et al. [30]
and Brice-Profeta et al. [32] did not exhibit a peak on the lower
energy side of the L3 peak was due to the fact that their supposed
maghemite samples were not pure maghemite but rather a mixture
with a large fraction of magnetite.
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Fig.6. FeL; spectraofthe extracted magnetosome chains, which have beenexposed
in air for (a) 1 week, (b) 2 months, and (¢) 8 months, recorded with circularly polar-
ized X-rays parallel (red)and antiparallel (green) tothe magnetization of the sample.
The insets in(a)-(c) indicate the magnetosome chains enclosed by the magnetosome
membrane from which these spectra were obtained. (d) Comparison of the XMCD
spectra, the difference signal (parallel minus antiparallel), forall three samples of the
extracted magnetosome chains (1 week (green), 2 months (blue), 8 months (red))
and that of the intracellular magnetosome chain (black). The XMCD reported by
Goering et al. [24] is also plotted, scaled by 50% (pink). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

4. Discussion

Carvallo et al. [40] presented a detailed study of the Fe Ly3 XAS
and XMCD of biogenic magnetite (from Shewanella putrefaciens CIP
59.28) and abiogenic magnetite (nanoparticles prepared by adding
1 M NaOH to a suspension of lepidocrocite in an aqueous solution of
FeCly). In that work the Fe Ly3 XAS spectra are very similar to each
other and to the spectra of magnetosomes from MV-1 presented
here, as well as to the spectra of abiogenic magnetite reported by
Goering et al. [24]. (Note that the energy scale of the Carvallo et al.
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Fig. 7. (a) TEM image of the MV-1 derived magnetite heated in air at 600 C for 3 h.(b)
Fe L3 spectra of the air-heated magnetite recorded with circularly polarized X-rays
parallel (red) and antiparallel (green) to the magnetization of the sample, and the
associated XMCD. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

[40] spectra is displaced by almost 4eV to higher energy - i.e. they
claim the energy of the strongest XMCD signal is 712 eV, whereas
our work, as well as that of Goering et al. [24] and many others,
places the strongest XMCD signal at 708.2eV.) Carvallo et al. [40]
do see a small but reproducible difference in the XMCD spectra
of their biogenic and abiogenic magnetite nanoparticles. By mod-
eling the Fe L3 XMCD signal with a linear combination of three Fe
ion contributions in Fe30y4, they concluded that their (extracellular)
biogenic nano-magnetite contained a higher amount of octahedral
Fe(Il) than their abiogenic nano-magnetite. In our study, we also
observed differences in the XAS spectra between Sigma-Aldrich
nano-magnetite and biogenic magnetite crystals biomineralized by
cells of the magnetotactic bacterium M. blakemorei. Compared with
the subtle XMCD difference investigated by Carvallo et al. [40],
the difference between the XAS of biogenic and abiogenic mag-
netite reported in this work (Fig. 1a-c) is much larger. Based on the
structural data obtained via XRD measurements (Section 3.2), it is
clear that the difference between the XAS of biogenic and abiogenic
magnetite found in this study is due to non-stoichiometry or par-
tial oxidization in those samples showing the low energy L3 peak.
More importantly, we have shown that this XAS difference, the
extra peak in the low energy side of L3 region, could be “switched
on” and “switched off” by using air oxidization and H, reduction
methods, respectively. The small difference in XMCD reported by
Carvallo et al. [40] may exist in our data set, but it is masked by the
much larger difference due to a gross difference in the chemical
nature of the two samples. Pattrick et al. [49] and Coker et al. [52]
have used changes in the XMCD signal to study non-stoichiometric
effectsin bio-generated magnetite in a similar manner. While these
results are completely credible, they are a more subtle effect than
the effects reported in this work.

5. Summary

This work aimed at better understanding the reasons for incon-
sistencies in the literature regarding the shape of Fe L3 XAS
spectra claimed to be that of Fe304. We used STXM, powder
X-ray diffraction and chemical modification to show that magne-
tosomes extracted from MV-1 are stoichiometric magnetite while
as-received synthetic nano-magnetite was partly oxidized, with a
powder pattern closer to that of y-Fe;05 than that of Fe304. Our
results suggest that one of the reasons for differing literature XAS
spectra of Fe304 and y-Fe;04 is due to differences in the sam-
ples. In particular, some samples that were considered to be either
Fe304 or y-Fe; 03 were most likely solid solutions of Fe;04 and
v-Fe,03. Other factors that can play a role are (i) differences in
detection method, with surface-sensitive TEY being more likely to
show the 708 eV feature characteristic of partial oxidation; and (ii)
non-stoichiometry of Fe504 samples, in terms of modified site occu-
pancies. X-ray absorption spectroscopy, using both the Fe L-edge
spectral shape and detailed analysis of the XMCD, is a useful tool
to probe site occupancies, as outlined in this work and exploited in
detailed studies by Pattrick et al. [49] and Coker et al. [52]. Finally,
we showed that the membrane enclosing the magnetite crystals
in MV-1 magnetotactic bacteria can effectively protect magnetite
crystals from being oxidized. At this point we are puzzled as to
why the membrane in magnetosome extracts appears to be air-
impervious, while that same membrane, inside the cell, is able
to transport Fe ions and oxygen during magnetosome synthesis.
Further studies are required to understand this phenomenon.
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Chapter 5

Chemical and magnetic studies of greigite and greigite

magnetosomes in multicellular magnetotactic prokaryotes

This chapter presents results of chemical and magnetic studies of multicellular
magnetotactic prokaryotes (MMP) by means of STXM technique. Specifically, it investigates the
difference of XAS and XMCD spectra between abiogenic Fe3S; nanoparticles and FesS,
magnetosomes in MMP. The spectral difference between Fe;O4 and FesSy is also discussed. It is
demonstrated that two sulfur species are present inside MMP. These results are discussed in

terms of possible sulfur metabolism mechanisms in MMP.
5.1 Introduction

Multicellular magnetotactic prokaryotes (MMPs) are one of the most interesting MTB due to
their unique multicellular morphology (Balkwill et al., 1980). They have been detected in a large
number of aquatic habitats (Bazylinski et al., 1990; Delong et al., 1993; Simmons et al., 2004;
Farina et al., 1983). Most MMPs are roughly spherical shaped cell aggregates with a diameter
varying between 3-12 um (Keim et al., 2006). Typically they are composed of approximately 10-
40 genetically-identical Gram-negative cells that are tightly bound to one another and radially
organized around an internal acellular compartment located at the center of the whole organism
(see Figure 1.3e in Chapter 1) (Balkwill et al., 1980; Keim et al., 2006, 2004). Recently, another
kind of MMP with an ellipsoidal, rather than spherical, morphology was described, which is
composed of ~40 cells but arranged in interlaced circles (see Figure 1.3f in Chapter 1) (Zhou et

al., 2012).
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Although a few non-magnetic iron-sulfide minerals such as mackinawite (tetragonal FeS)
and cubic form of FeS have been identified in MMP, the dominant mineral phase in
magnetosomes produced by MMPs is greigite (Fe;Ss) (Anders et al., 1998; Posfai et al., 1998).
As the only known magnetotactic multicellular prokaryote, MMPs represent an important model
for understanding cell evolution, multicellularity, sulfur metabolism, and magnetosome
biomineralization in bacteria (Keim et al., 2006). In this study, the XAS and XMCD spectra of
abiogenic Fe;S4 nanoparticles syntheized via hydrothermal method were measured. These
spectra were then used as reference spectra to investigate the chemical and magnetic properties
of MMP, with the aim of better understanding the magnetic microstructures as well as the Fe;S4

magnetosome biomineralization in this interesting microorganism.

5.2 Materials and Methods

5.2.1 Preparation of MMPs

Since the isolation and cultivation of MMPs in axenic cultures have not been successful,
environmental MMP samples were used in this study. Water and sediment were collected at
Araruama Lagoon (22° 50' S, 42° 13' W) in Rio de Janeiro State, Brazil. MMPs were
magnetically isolated with a custom glass flask and home-made coil, as previously described
(Lins et al., 2003). A droplet of enriched MMPs was deposited on formvar coated TEM copper
grids. After several washes with distilled water, the grid is dried in air and then anaerobically

transported to the synchrotron facility for STXM measurements.

5.2.2 Synthesis and characterization of Fe;S, nanoparticles

The abiotic Fe;S4 nanoparticles were prepared by hydrothermal reactions of ferric chloride

(FeCls-6H,0) with thiourea (SC(NH;),) in ethylene glycol (C;HsO;) solution at 180 °C for 12
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hours, as described in (Zhang and Chen, 2009). The phase composition of the as-synthesized
Fes;S4 sample was determined by powder X-ray diffraction (XRD) using a Bruker D8 Advance
instrument with Co Ka radiation. The stoichiometric composition of the sample was further
confirmed with the energy-dispersive X-ray spectrometer (EDS) on a JEOL 7000F scanning
electron microscope (SEM). For STXM-XMCD analysis, the Fe;S4 nanoparticles were sonically
dispersed in ethanol and a droplet of the solution was deposited onto a formvar-coated copper

grid. The grid sample was anaerobically transported to synchrotron facility for further analysis.

5.3 STXM-XMCD Measurements

STXM measurements were carried out at 10ID-1 spectromicroscopy (SM) beamline at
the CLS and 11.0.2 beamline at the ALS. These two beamlines both use elliptically polarizing
undulator (EPU) as radiation source, which provides nearly 100% circularly polarized light at the
Fe L, 3 region at 10ID-1 beamline (CLS) and about 90% circularly polarized light at 11.0.2
beamline (ALS). Details of the STXM instrumentation in these two beamlines have been
mentioned in section 2.3.2 in Chapter 2 and elsewhere (Kaznatcheev et al., 2007; Tyliszczak et
al., 2004). Data analysis was performed using aXis2000 software. The procedures to analyze

STXM and STXM-XMCD data using axis2000 have been described in section 3.3.

5.4. Results

5.4.1 S and Fe L, ; analyses of abiotically-produced Fe;S, nanoparticles
Two mineral phases were identified from the powder X-ray diffraction (XRD) patterns of
the hydrothermally-produced, abiotic Fe;S4 nanoparticles (Figure 5.1). One was Fe;S4 (red

circle) and the other, mackinawite (tetragonal FeS) (blue rhombus). According to semi-
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Intensity

20/°
Figure 5.1 Powder X-ray diffraction (XRD) patterns of the as-synthesized Fe,S,

nanoparticles, recorded using Co Ka radiation. Two mineral phases are identified: one is

Fe,S, labeled with red circle; the other one is FeS phase (mackinawite) labeled with blue

rhombus.

quantitative analysis, Fe;S4 was identified as the major phase while the percent mackinawite
phase was estimated to be ~10% wt%. The presence of mackinawite in the sample may be due to
decomposition of Fe;Ss which occurs about 190°C under hydrothermal conditions as reported by
Uda (1967). However, since mackinawite is non-magnetic at ambient temperature, its presence
likely does not have a detectable effect on the magnetic characterization of the abiotically-
produced Fe;S4 nanoparticles.

Figure 5.2a presents a S 2p XAS spectrum of the abiotically-produced Fe;S4 nanoparticles
and inset is the STXM image at 710 eV, where XAS and XMCD spectra are measured. As

shown in Figure 5.2a, the S 2p spectrum of Fe;S, shares similar features with other thiospinels
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such as linnaeite (Co3S4) and carrollite (CuCo2S4) (Li et al., 1995). Generally, four well-
defined peaks were observed, which are labeled A, B, C and D in Figure 5.2a. According to a
previous study (Li et al., 1995), peak A corresponds to the transition of S 2p electron to S 3s-like
states mixed with unoccupied Fe 3d crystal-field bands in the band gap; B is due to the transition
of S 2p electron to S 3s-like states; and peaks C and D are attributed to transitions of S 2p
electron to ty, and e, Fe 3d states.

Figure 5.2b shows Fe L, 3-edge XAS spectra of hydrothermally-synthesized Fe;S4
nanoparticles recorded with circularly polarized X-rays parallel and antiparallel to the magnetic
moment of the sample. The XMCD spectrum of Fe;S4 nanoparticles, obtained by taking the
difference between two XAS spectra, is shown on the bottom panel. Two main peaks are present
in the Fe L, 3 XAS spectra and are due to the spin-orbit splitting of the Fe 2p core level into the
L3 (2ps2) and L, (2pi12) components. However, Chang et al. (2012a) reported an L, 3 XAS
spectrum of Fes;S4, which showed a two-peak feature with an energy separation of 1.5 eV in the
L; energy region (see Fig. 1.18) instead of the single peak in these results. The authors claimed
that the high-energy peak in the XAS spectrum was due to the presence of a non-magnetic,
oxidized layer on the Fe;S4 crystal surface, which dominated the Fe L, 3 XAS signal since the
surface-sensitive TEY (total-electron-yield) detection mode was used to acquire XAS spectra in
their study. Letard et al. (2005) also observed an amorphous shell surrounding Fe;S, grains using
electron energy loss spectroscopy (EELS) in a TEM. The shape of the EELS spectra of Fe;Sy
they reported is similar to that of Chang et al. (2012a), but has a different energy scale. Recently,
Bauer et al. (2014) reported an Fe L, 3 XAS spectrum of Fes;S, crystals which showed only a
single peak in the L; region, similar to that presented in Figure 5.2b in this study. Besides the

chemical purity of the Fe;S,, the detection mode used to determine XAS spectra might be
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Figure 5.2 S 2p XAS (a) and Fe 2p XAS and XMCD spectra (b) of hydrothermally
synthesized Fe,S, nanoparticles. The inset in Figure 5.2a is a STXM image of Fe,S,
nanoparticles at 710 eV, where the XAS spectra are collected. The XMCD spectrum (blue) in
Figure 5.2 b is obtained by taking two XAS spectra obtained with circularly polarized X-rays

parallel (red) and antiparallel (green) to the magnetic moment of the sample.
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another reason for the inconsistency among the published Fe L, 3 XAS spectra of this mineral
(Bauer et al., 2014; Chang et al., 2012a; Letard et al., 2005). Although TEY is a common
detection mode used to collect XAS spectra, it is a surface-sensitive technique and generally has
a probing depth of only a few nm. Greigite is relatively easily oxidized when exposed to air and
oxidization first occurs at the crystal surface (Santos-Carballal et al., 2016). In this case, the XAS
spectra collected with TEY detection mode may be heavily influenced by surface oxidization and
surface cleaning. For example, Nolle et al.(2009) reported that a higher oxidation state of Fe was
observed at the surface of crystalline FePt/FeOx when the detection mode was switched from
transmission to TEY.

The XMCD spectrum of Fe;S4 (Figure 5.2 b) exhibits three characteristic peaks in the L3
region located at 707.1 eV (feature B;), 708.0 eV A) and 709.1eV (B,). Since Fe;Sy is
structurally a ferrimagnetic inverse spinel (Pattrick et al., 2002; Rickard and Luther, 2007),
similar to Fe;O4, these three peaks are thought to correspond to three different iron sites in the
FesS, crystal structure: d® Oy, (octahedral Fe?" site, peak B)), d°Tq (tetrahedral Fe®" site, peak A),
and d°Oy, (octahedral Fe® site, peak B,). However, according to our previous study (Kalirai et al.,
2012; Lam et al., 2010; Zhu et al., 2015a), the three peaks in the Fe L3 XMCD spectrum of Fe;04
occur at 708.1 eV, 709.1 eV, and 709.9 eV. It is possible that the differences in bond lengths and
effective charges between Fe;O4 and Fe;Sy crystals are responsible for the negative shift in the
XMCD spectra (Chang et al., 2012a). In addition to the energy shift, the shape of Fe;S4 XMCD
spectrum is also different from that of Fe;O4. Letard et al. (2005) claimed the XMCD difference
was due to the presence of iron vacancies in Fe;S,4. Chang et al. (2012a) reported a similar
XMCD spectrum of Fe;S,4 and found that the experimental XMCD spectrum can be fit well only

by using O, Fe*"and d°® Oy, Fe’"peaks obtained by multiplet calculations, but without using a
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calculated T4 Fe** peak. However, neutron diffraction patterns indicated that the same Fes;Sy
sample (Chang et al., 2012a) had almost full Fe occupancy (Chang et al., 2009a). Regarding the
electronic structure of Fe;S4, Spender et al (1972) reported that FesS, is a semi-metal and
proposed two alternative schemes for the electronic structures: one is it has an average of Fe(II)
and Fe(III) on the octahedral sites; the other is it has only Fe(II) on octahedral sites. Later, the
first scheme was supported by ab initio calculation (Devey et al., 2009). However, in a recent
theoretical calculation of the electronic structure of Fe;S4, Zhang et al. (2012) reported that Fes;S4
is not half-metallic like Fe;O4 but is a normal metal with a complicated Fermi surface. This
might be consistent with the Fe L, 3-edge XAS spectra of Fe;S, in Figure 5.2b, which show

similar features as a Fe crystal (Bauer et al., 2014).

5.4.2 Distribution of other important elements in MMPs

In order to characterize the distribution of elements such as sulfur, oxygen and iron in
whole MMPs, the “stack map” method was used in this study. A stack map is the difference of
two STXM OD images recorded at a characteristic X-ray absorption energy (on-resonance) and a
pre-edge energy (off-resonance). Figures 5.3 a-c show the stack maps of S, O and Fe within an
MMP, derived from the difference of two STXM OD images at 173 and 168 eV, 540 eV and 528
eV, and 708.3 and 700 eV, respectively. The two numbers on the upper and lower right corner of
each stack map refer to the OD limits of the gray scale display. Figure 5.3d shows the re-scaled
color composite of the S (green), O (blue), and Fe (red) stack maps. In most unicellular MTB
cells, magnetosomes are typically arranged in chains that lie along the long axis of the cell such
that the magnetic moment of the chain is maximized, which provides preferred orientation of the
cells in an aquatic environment (Frankel, 1984). However, in MMP, the magnetosomes (red in

Figure 5.3d) inside MMP are not arranged as long chains but rather as aggregates or clumps and
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short chains at multiple locations at the periphery of the cells (Keim et al., 2004). Winklhofer et
al. (2007) once reported that the degree of magnetic optimization (DMO) of individual MMPs in

vivo was consistently above 80%.

@ Sulfur region @

Oxygen region

@ Sulfur Oxygen Iron

Figure 5.3 (a)~(c). Stack maps of S (a), O (b), and Fe (c) in a MMP cell, derived from the
difference of two STXM OD images at 173 / 150 eV, 540 / 528 eV, and 708.3 / 700 eV,
respectively; the blue rectangle in Figure 5.3b indicates some oxygen-rich region surrounding
Fe,S, magnetosome chains, which may be some intermediate oxides involved in the Fe,S,
biomineralization process (Farina et al., 1990).(d). A re-scaled colour composite of the S

(green), O (blue), and Fe (red) stack maps. The scale bar in Figure 5.3 represents 1 um.
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As expected, the O signal is distributed throughout the cells of the MMP as shown in
Figure 5.3d, most surely coming from the organic material of the cell (e.g., protein, lipids etc.) as
well as other oxygen-containing molecules such as phosphate and sulfate. In addition, some
oxygen-rich regions (labelled with a blue rectangle in Figure 5.3b) are also present surrounding
Fes;S4 magnetosome chains, which may be some intermediate oxides involved in the Fe;Sy
biomineralization process (Farina et al., 1990). A detailed analysis at the S 2p edge is described
below.

Figure 5.4 plots four reference spectral, including sulphide phase (S-sulphide), sulphate
phase (S-sulphate), chloride and matrix (no S signals), which are used to derive the component
map of each species using the “stack fit” method based on singular value decomposition (SVD)
analysis (Koprinarov et al., 2002). Each model spectrum in Figure 5.4 was measured from
uniform regions in the S 2p image stack. However, because the general shapes of the S L, 3 XAS
spectra for mono-sulphides, di-sulphides and Fes;S4 are very similar (Li et al., 1995), it is
challenging to accurately distinguish different sulphide species with the stack fit method at the S
2p edge. The component map of the sulphide phase (S-sulphide) derived with stack fit as shown
in Figure 5.5a, appears to be mainly due to intracellular Fe;S4 magnetosomes. In addition, some
sulphide phase, probably from the marine water and resulting salts from evaporation from the
samples, is observed surrounding the MMPs outside of the cells. Compared with the S-sulphide
spectrum (blue) in Figure 5.4, the S-sulphate spectrum (red) has two sharp features (A and B)
due to the presence of SO4> anion, which can be assigned to the transition of S 2p electrons to t,
(S 3s-like) state and to S 3d-like states, respectively (Li et al., 1995). The component map of S-
sulphate derived with stack fit is presented in Figure 5.5b. Figure 5.4 also indicates that some

chloride is present inside MMPs, whose component map is shown in Figure 5.5¢. The two sharp

102



Ph.D. Thesis - Xiaohui Zhu Chapter 5
McMaster University - Chemistry

1.2

()

 S-sulphate

S-sulphide

Optical Density

I

Chloride

0.0

160 180 200
Energy (eV)

Figure 5.4 Four spectral models, including sulphide phase (S-sulphide), sulphate phase (S-
sulphate), chloride and matrix (no S signals), which are used to derive the component map of

each species from the S2p stack of a MMP.

features (C and D) in the energy range of 200~205 eV in the chloride spectrum (blue) in Figure
5.4 are attributed to the transition of CI 2p electrons to 3d orbitals. Figure 5.5d presents the
component map of the region free of S in an MMP, which is derived using the “matrix” model
spectrum in Figure 5. 4. Fig. 5.5e shows a scaled color composite of the S-sulphide (Figure 5.5a),
S-sulphate (Figure 5.5b) and cloride map (Figure 5.5c). As shown in Figure 5.5c¢, the S-sulphide

(green) signal is spatially correlated with the Fe signal (Figure 5.3c) inside MMPs while the S-
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sulphate signal (red) appears around the Fe signal in many areas. This suggests that sulphate is
also involved in the Fe;S4 biomineralization process. Genomic and genetic evidence strongly

indicates that MMPs are dissimilatory sulfate-reducing bacteria (Delong et al., 1993).

S-sulphide S-sulphate (SO,2) Cloride

atrix (No S) S-sulphide Cl S-sulphate Cloride Matrix

Figure 5.5 Sulphur component distribution in a MMP cell obtained by using stack fit
method. Sulphide (a), sulphate (b), chloride (c¢) and matrix (d) regions in a MMP cell; (e)
scaled color composite of S-sulphide (Figure 5.5a), S-sulphate (Figure 5.5b) and cloride map
(Figure 5.5¢); (e) scaled color composite of chloride (Figure 5.5¢) and matrix (Figure 5.5d).

The scale bar in Figure 5.5 represents 1 um.

Figure 5.5 f is a color-coded composite of chloride (green, Figure 5.5¢) and matrix (red, Figure

5.5e) component maps. As shown in Figure 5.5f, the chloride signal is roughly spherical in shape

104



Ph.D. Thesis - Xiaohui Zhu Chapter 5
McMaster University - Chemistry

and is distributed in multiple locations inside MMPs. It is most likely a remnant of the high
amount of chloride ion in marine salts. However, chloride might also be associated with some
intracellular inclusions in MMPs as chloride has also been observed in some phosphorus-

containing granules in MMPs (Keim et al., 2005).

5.4.3 Magnetic measurements on MMPs

Figures 5.6a and 5.6b show a STXM OD image of a MMP cell at 707 eV but recorded with
circularly polarized X-rays parallel and antiparallel to the magnetic moment of the sample,
respectively. Note 707 eV is where the first XMCD peak of Fe;S4 magnetosomes occurs. Figure
5.6¢ shows the XMCD map difference between these two OD images, which indicates the
intensity and polarity of XMCD signals. It should be notable that the XMCD polarity depends on
the orientation of the spin polarization of X-ray photons relative to the magnetization of the
sample. In a recent magnetic configuration model for one MMP, Acosta-Avalos et al. (2012)
proposed that the cellular magnetic moment is given by the vector sum of the magnetic moments
of each constituent cell, which is arranged in a spherical helix and aligns the organism along the

magnetic field in the same way as other MTB species.
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Figure 5.6 STXM OD images and XMCD map of a whole MMP cell. Two STXM OD image
of a MMP cell at 707eV but recorded with circularly polarized X-rays parallel (a) and anti-
parallel (b) to the magnetic moment of the sample, respectively. (c) XMCD map of the cell.

The red region demonstrates where the XMCD spectra were collected. The scale bar in Figure

5.6 represents 1 um.

An Fe L, 3-edge XAS spectra of Fe;S4 magnetosomes in an MMP cell (red area labelled
in Figure 5.6¢) is shown in Figure 5.7a which was recorded with left and right circularly
polarized X-rays, respectively. Compared with the Fe L; spectra of abiotic Fe;S4 nanoparticles in
Figure 5.2a, which only show a single peak at about 708 eV, the spectra of biogenic Fe;Sy
magnetosomes show an additional feature in the 708.5 eV to 710 eV energy range, which was
indicated by the arrow in Figure 5.7a. Letard et al. (2007) reported a similar feature at a higher
energy position than the main L; peak in pyrrhotite (Fe;Ss) and found that this feature decreased
when the sample surface was removed although the MCD signals did not change with the
elimination of the sample surface. Letard et al. (2007) concluded this high-energy feature to be a
result of the oxide layer surrounding the Fe;Sg surface and concluded that this surfacial oxide
was not magnetic and thus did not contribute to the XMCD signals. Figure 5.7b shows a

comparison between the Fe L, 3-edge XMCD spectra of Fe;S4 nanoparticles and Fe;S4
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Figure 5.7 Fe L,;-edge XAS and XMCD spectra of biogenic Fe,;S, magnetosomes. (a). Fe
L,;-edge XAS spectra of Fe,S, magnetosomes in MMP cell recorded with circularly polarized
X-rays parallel (red) and anti-parallel (green) to the magnetic moment of the sample. The
arrow indicated the additional feature observed in Fe,S, magnetosomes but not in Fe,S,
nanoparticles in Figure 5.2. (b) Comparison of XMCD spectra between abiotic Fe,S,

nanoparticles and biotic Fe;S, magnetosomes.
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magnetosomes. The two XMCD spectra in Figure 5.7b are rather similar although the XAS
spectra are different, suggesting that the XAS difference between abiotic and biotic Fe;S4 shown
in Figure 5.7a might also be caused by the surface oxidization of biotic Fe;S, magnetosomes.
Previous study also showed that an amorphous phase which contained oxygen was present at the
surface but absent from the core of magnetosomes in MMP (Lins and Farina, 2001).

In order to probe the mechanism and kinetics of biotic Fe;S4 magnetosome oxidation in
MMPs, we tracked the spectral changes of the Fe;Ss as MMP cells were exposed to air over
time. Figure 5.8 shows Fe L3 XAS spectra of Fe;S4 magnetosomes in MMPs when exposed to
air for less than one week (fresh), three months, one year and over four years. Clearly, the

intensity ratio of peak B to peak A in Figure 5.8 greatly increases as the exposure time. This also
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Figure 5.8 Comparison of Fe L; XAS spectra of Fe,S4 magnetosomes in MMPs when they are

exposed in air for less one week (fresh), three months, one year and over four years.
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confirms that the additional feature observed in biotic Fe;Ss magnetosomes but not in abiotic
Fes;S4 nanoparticles in Figure 5.7a is indeed caused by surface oxidization of Fes;Sy stored in air.
Another prominent spectral change occurred when MMPs were exposed to air for over four years
because the peak B already dominated the Fe L3 spectrum. Letard et al. (2005) once identified a
surficial oxidized layer on Fes;S4 to be hematite (a-Fe,O3), whose L3 XAS spectrum is very close
to that obtained from Fes;S4 magnetosomes exposed to air for over four years. Thus, it seems
likely that, Fe;S4 magnetosomes in MMPs stored under air slowly convert to the iron oxide

hematite, which is a non-magnetic mineral.

5.5 Discussion

In this study, the STXM-XMCD technique was used to characterize the chemistry and
magnetism of Fe;S4 magnetosomes in an unusual multi-cellular MTB species known as MMPs.
Phylogenetically, MMPs belong to dissimilatory sulfate-reducing bacteria (dSRB) in the
Deltaproteobacteria class of the Proteobacteria phylum (Delong et al., 1993). Figure 5.5 shows
that two different forms of sulfur, sulfate and sulfide, are present in MMPs, whose spatial
distribution and spectroscopic information might be helpful in understanding sulfur cycling in
these organisms. Both these sulfur species are key components in the sulfur metabolism in dSRB.
Sulfate is utilized by dSRB as a terminal electron acceptor and is reduced to sulfide (S*), which
often reacts with many metal ions to form metal sulfides, such as FeS (Jong and Parry, 2003).

Postai et al. (1998a, 1998b) suggested that MMP did not synthesize greigite directly but
initially produced either cubic FeS or mackinawite (tetragonal FeS). In addition, they reported
that mackinawite could only be observed in relatively fresh samples because mackinawite

crystals converted to greigite in ten days (Anders et al., 1998; Pdsfai et al., 1998). In this study,
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we did not observe the presence of any of the Fe;S4 precursors. One of the possible reason might
be that the precursors had already transformed to Fe;S4 before the STXM measurements.

When compared with abiotic, chemically-produced Fe;S, nanoparticles, the Fe L, 3 edge
XAS spectra of Fe;S4 magnetosomes have an additional spectral feature at a higher energy
position than the main Lj absorption peak. Otherwise, the XMCD spectra of these two FesSy
samples are generally in good agreement. This might suggest that the magnetic moment in Fe;Sy
magnetosome chains is close to that of saturated abiotic Fe;S4 nanoparticles. However, because
the abiotic Fe;S,4 nanoparticles examined in this study were slightly oxidized, the magnetization
of these nanoparticles might be underestimated. Nevertheless, these results demonstrate that
STXM-XMCD has an excellent capability to probe both chemical and magnetic properties in
MMPs. In addition, as more STXM-XMCD studies are acquired, analyzed and published, this
technique promises to be applicable and of great value in understanding biomineralization in

numerous organisms in the future.
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Chapter 6

Probing magnetic property inheritance in cell division of

Magnetovibrio blakemorei strain MV-1

This chapter builds on previous work by Kalirai et al. (Kalirai et al., 2013), in which
anomalous reversed sub-chain magnetic orientation in a single MV-1 cell was observed. In this
chapter, the magnetic properties of a set of south-seeking (SS) MV-1 cells, which were in
different growth states, were measured with STXM. Only one out of measured 110 MV-1 cells
contain magnetically opposite magnetosome sub-chains despite a large population of cells which
exhibited gaps and sub-chains. It was also observed in several cells that a new flagellum was
assembled at the end opposite to the old flagellum. The significance of these results related to the
two opposed mechanisms of magnetic property inheritance in cell division of MV-1 cells is

discussed.

6.1 Introduction

According to the model of magnetotaxis (Blakemore, 1982), MTB organize magnetosomes
in a chain all with the same magnetic orientation such that the magnetic moment will be stronger
and interact more with the earth’s magnetic field, which in turn spatially orients the cell and
helps MTB search for their preferred OATZ environment more efficiently. However, it has been
reported recently that some cells of cultured magnetotactic bacterium Candidatus Magnetovibrio

blakemorei strain MV-1 contain magnetosome chains with gaps, and that, the magnetism of the
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sub-chains on either side of the gap was opposed in some cases (Kalirai et al., 2013). Since this
magnetic reversal significantly reduces the net magnetic moment of those cells, the existence of
a sub-population of this type is a puzzle. Further study of its occurrence may help understand the
mechanism and function of magnetic alignment in MTB cells. It raises some fundamental
questions as to the process of replication in MV-1 cells, in particular, “How do parent MV-1
cells pass on their magnetic polarity to their daughter cells during the replication?”.

Here we report an extension of this earlier study. Several model mechanisms for establishing
a single moment chain during replication are hypothesised. A connection is made between these
models and the orientation of the magnetic moment relative to the motile system in the single-
flagellum species MV-1 species. The hypothesized mechanisms were then tested by using a
combination of high resolution transmission electron microscopy (to locate the flagellum, which
is too fine to see with the current spatial resolution of STXM) and STXM-XMCD (to determine
the orientation of the magnetic moment) to study the identical MV-1 cells. However, in contrast
to the previous study (Kalirai et al., 2013), the frequency of magnetic reversal in a population of
150 MV-1 cells was found to be very low (~3%). Based on these results, the mechanism of

magnetic property inheritance in cell division of MV-1 cells is discussed.

6.2 Materials and Methods

6.2.1 Preparation of MV-1

South-seeking (SS) MV-1 cells were prepared by Pedro Ledo, a PhD student of Professor
Ulysses Lins (Microbiology, Universidade Federal do Rio de Janeiro, Brasil). MV-1 cells were
first grown in a culture medium that was free of iron. After these cells became completely non-

magnetic (i.e. no magnetosomes), they were incubated with full culture medium, containing
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Fe(Il). Samples of the MV-1 cells were extracted from the culture medium after 9 hours, 18
hours, and 21 hours of incubation. Then, these cells were separated by a magnetic field and only
SS MV-1 cells were collected. A droplet of the isolated sample solution was deposited on a
formvar coated TEM copper grid. After several washes with distilled water to remove culture
salts, the grid was dried in air and then transported to the synchrotron facility for STXM

measurements.

6.3 STXM-XMCD Measurements

STXM measurements were carried out at beamline 11.0.2 at the ALS. This beamline uses
an elliptically polarizing undulator (EPU) as the radiation source, which provides about 90%
circularly polarized light at 11.0.2 beamline (ALS). STXM instrumentation and acquisition
methods were described in section 2.3.2 in Chapter 2. Data analysis was performed using

aXis2000 as described in section 3.3 in Chapter 3.

6.4. Results
6.4.1 Orientation dependent XMCD spectroscopy

X-ray magnetic circular dichroic (XMCD) spectra depend on the orientation of the
magnetization vector of the sample relative to the spin polarization of the incident X-ray photon.
Figure 6.1A and 6.1B show the averaged STXM OD and XMCD signal of a magnetosome chain
measured at 708.2 eV (peak of XMCD signal). Figure 6.1C and Figure 6.1D shows the STXM
OD and XMCD images of the same chain after 180° rotation. Figure 6.1B and 6.1D clearly show
opposite contrast (bright versus dark), a clear indication that the sense of the XMCD is inverted
when the orientation of the magnetic moment of the magnetosome chain relative to the photon
spin vector is changed by 180°. This is confirmed by Figure 6.1E, which compares the Fe L;

XMCD spectrum of the magnetosome chain before and after 180° rotation. Before rotation, the
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Figure 6.1 Illustration of the dependence of the XMCD spectrum on orientation of the
magnetic moment relative to the polarization of incident X-ray beam. (A) Average of 60
STXM optical density (OD) images (699 - 712 eV) of a magnetosome chain in an MV1
magnetotactic bacterium. Numbers at upper and lower left are OD limits of the grey scale.
(B) XMCD map, the difference of the images at 708.2 eV recorded with left and right
circular polarized X-rays (C) Average of 60 STXM OD images (699 - 712 eV) of the same
cell after rotation by 180°. (d) XMCD map of the cell in panel (C). (E) Plot of the XMCD
spectra (difference of Fe L, spectra recorded with LCP and RCP X-rays) of the magnetosome

chain (averaged over all magnetosomes) in the two orientations.
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XMCD spectrum from 708 to 712 eV has a “down-up-down” character while it has a “up-down-
up”’ character after 180° rotation. This demonstrates how XMCD spectroscopy, and associated
XMCD imaging, can be used to determine the spatial orientation of magnetic moments. In order
to investigate the role of the magnetic moment direction in magnetotactic bacteria, a “reference
point” for this orientation is needed. A convenient reference point is a suitable structure in the
cell, such as the flagellum of single flagella bacteria. In this study, MV-1 magnetotactic bacteria,
which have a single polar flagellum, were used to investigate the relationship between magnetic

polarity and magnetosome biomineralization.

6.4.2 Observation of MV-1 with one flagellum at each end during replication
During cell division, previous results have shown that most monotrichours bacteria
(single flagellum on one end) assemble the new flagellum at the end opposite to the old
flagellum (Green et al., 2009). Figure 6.2A presents a color coded composite of +ve (green) and
-ve (red) XMCD maps of a SS MV-1 cell at 708.3 eV with the whole cell signal imaged at 700
eV (blue). Figure 6.2B shows a TEM image of the same cell with a single flagellum, labeled
with a red arrow, at each end of the cell. Note that the body of the dividing cell is opaque (non-
transparent to the electron beam) as it is too thick. There are five sub-chains (1 or more
magnetosomes separated by gaps) inside this cell, which are labeled 1 to 5. The XMCD
measurements clearly show that chains 1, 3 and 5 have the same magnetic polarity but opposite
to that of chains 2 and 4. This can also be verified in Figure 6.2c, which shows the Fe L; XAS
spectra and corresponding XMCD spectra of the different sub-chains. The XMCD signals in the
707 to 712 eV range demonstrate that sub-chains 1, 3 and 5 have a “down-up-down” character
while chains 2 and 4 have a “up-down-up” character. This is similar to the previous study which

reported two magnetically reversed sub-chains in a single NS MV-1 cell (Kalirai et al., 2013).

115



Ph.D. Thesis - Xiaohui Zhu Chapter 6
McMaster University - Chemistry

A C

Antiparallel (RCP)
Parallel (LCP)

Chain 1&3&5

Optical Density

Chain 2&4

Antiparallel (LCP)
Parallel (RCP)

Chain 2&4

XMCD (LCP - RCP)

704 706 708 710 712 714
Energy (eV)

Figure 6.2 Example of a dividing MV-1 cell with a flagellum at each end. (A) Color coded
composite of +ve (green) and -ve (red) XMCD map and the image at 702 eV (blue). (B) TEM
bright field image of the cell. The arrows point to the flagella present at each end. (C) Fe L,
XAS and derived XMCD spectra for the 5 magnetosomes in the dividing bacterium.

6.4.3 Mechanism of cell division in SS MV-1 MTB

The original model of north-seeking and south-seeking behavior of MTB cells proposed
by Torres de Araujo et al. (1990) stated that these two polarity types can be differentiated by
comparing whether it is the north-seeking pole or the south-seeking pole of the cellular magnetic
dipole that is pointing forward (i.e. toward the opposite end of the cell relative to the flagellum).
Torres de Araujo et al. (1990) also proposed that daughter cells inherit magnetosomes from their

parents during cell replication such that they also inherit the parental polarity. However, with
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respect to the cell division process, most studies assume all the magnetosomes in parent cells
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Figure 6.3 Cartoon of two different hypothetical cell division mechanisms for single flagellum
species such as MV-1. (A) It there are two sub-chains and magnetic reversal in the parent cell
then the parent and daughter cells will have the same magnetic moment relative to the
flagellum. (B) It there is no magnetic reversal in the parent cell, then parent and daughter cells

will have the opposite magnetic moment relative to the flagellum.

have the same magnetic polarity and neglect the possibility that they can also have opposite
magnetic polarities in the same cell. Figure 6.3 A and 6.3B present two possible hypothetical
division processes in SS MV-1 cells. Note that the new flagellum is assumed to be positioned on
the opposite end to the old flagellum as shown in Figure 6.2. In one case (6.3A) the parent cell
has partial chains with opposite magnetic polarity. In the second case (6.3B) parent cell has all
magnetosomes with the same polarity. During cell division, if the sub-chains in the parent cell

have opposite magnetic polarities, both daughter cells (A1 and A2 in Figure 6.3A) end up with
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the same magnetic polarity relative to the flagellum. If the sub-chains in the parent cell have the
same magnetic polarities, the two daughter cells (B1 and B2 in Figure 6.3B) have opposite

magnetic polarities relative to the flagellum.

6.4.4 Statistical study of magnetic polarity of SS MV-1 cells

In order to further study the magnetic polarity of MV-1 cells, XMCD maps were
measured for 120 SS MV-1 cells, which were in different growth states. These MV-1 cells were
extracted from the culture solution, after incubating non-magnetic cells in a full culture medium
for 9, 18 and 21 hours, which were designated as SSMV-1 (9h), SSMV-1 (18h), and SSMV-1
(21h). Table 6.1 presents the statistical results of the magnetic polarities of these MV-1 cells. In
a previous study, Kalirai et al.(2013) reported the frequency of NS MV-1 cells containing two or
more sub- chains of magnetosomes with opposite magnetic polarities was ~10% based on a
sampling size of 150 cells. In this study, we only observed one cell from the sample of SS MV-1
(21h), which contained magnetically opposite sub-chains. This gives a frequency of magnetic
reversal of 3% of the total cell population (35 cells), and a 4.2% frequency with respect to the
population of cells with chain gaps (24 cells), where the gap was defined as a separation of 2
magnetosomes of more than 50 nm, which is much larger than typical separation distance among
magnetosomes in a condensed chain (Kalirai, et al. 2013). In a comparative study between wild
AMB-1 and AMB-1 AMamK cells, Komeili et al. (2006) showed that MamK deletion mutants
have more widely dispersed magnetosomes in the cell. Klumpp and Faivre (Klumpp and Faivre,
2012) further simulated that, if gene mamK was deleted during the biomineralization process, the
magnetosome transport would be “turned oft”, which produced small magnetosome chains

typically with different magnetic polarities. Therefore, it is possible that the magnetic reversal in
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the sample of SS MV-1 (21h) is a consequence of the large number of multiple and gap-
separated sub-chains in the SS MV-1 (21h) cell population.

Table 6.1 Statisticcal results of magnetic polarities of SS MV-1 cells

Total cell # of cells with
Cell type .
’ measured magnetic reversal
SSMV-1 (5h) 43 0
SSMV-1 (18h) 31 0
SSMV-1 (21h) 35 1

6.4. Discussion

As shown in Table 6.1, the frequency of opposite magnetic polarities in a single MV-1
cell is much lower than that of the same magnetic polarities in a MV-1 cell. It would seem that
path B is the one that SS M V-1 cells choose to pass on their magnetic polarities to daughter cells.
Magnetotaxis (Blakemore, 1982) is believed to be an approach for MTB to locate and maintain
an optimal environment efficiently by reducing a three-dimensional search to a one-dimensional
search (Bazylinski and Frankel, 2004). Based on this model, if MTB can organize magnetosomes
in a chain and with the same magnetic orientation, the interaction with the earth’s field can be
stronger and the search efficiency can be maximized (Mo et al., 2014). However, the statistical
results presented in Table 6.1 and Figure 6.2 show that there is a small fraction of SS MV-1 cells
containing magnetosome sub-chains with opposite magnetic polarities.

With respect to the origin of opposite magnetic polarity in a single MTB cell, Klumpp

and Faivre simulated a dynamic study on magnetosome chain organization (Klumpp and Faivre,
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2012). They showed that the formation of magnetosomes into a chain is coordinated by both
magnetic interaction and biologically controlled magnetosome transport. According to their
simulations, if active magnetosome transport is removed and only the magnetic interaction exists
then small magnetosome sub-chains with opposite magnetic polarities are produced. They
propose such a defect in active transport as an analogy of the AmamK deletion mutant (Klumpp
and Faivre, 2012). In previous studies, cytoskeletal proteins MamK and MamJ have been shown
to play important roles in magnetosome chain formation. MamJ has been shown to link
magnetosomes to the filament which is formed by MamK. Without MamK or MamJ,
magnetosome chain is not observed (Komeili et al., 2006; Scheffel et al., 2006). In the case of
MV-1, it is known that magnetosomes are not adjacent to each other but commonly separated by
large gaps (Dunin-borkowski et al., 1998). Therefore, if the gaps between pre-existing sub-chains
and newly forming chains are large enough, the old sub-chains would have little effect on the
forming magnetosomes. There is about equal probability that the newly forming magnetosomes
adopt either the same or opposite polarity as the pre-existing magnetosomes (Kalirai, et al., 2013;
Torres de Araujo et al., 1990).

If magnetic reversal occurs in a single MV-1 cell (Figure 6.3A) the two daughters would
have the same magnetic polarity relative to the flagellum orientation. As a result, in order for
each daughter cell to move toward the OATZ, they should rotate their flagella in the same way.
The flagellum rotation direction would then be coupled to the oxygen concentration sampled by
chemotaxis (Lefévre et al., 2015). However, different magnetic orientations in the same cell
would definitely cancel with each other, leading to a reduced magnetic dipole moment and thus a
weaker magnetic interaction with the geomagnetic field, which in turn deteriorates their search

efficiency for the optimal environment.

120



Ph.D. Thesis - Xiaohui Zhu Chapter 6
McMaster University - Chemistry

One the other hand, if all magnetosomes in the parent cell have the same magnetic polarity,
(Figure 6.3B), opposite magnetic polarities (relative to the flagellum location) would be passed
on to the daughter cells after division. In order for these two daughter cells to achieve the same
movement direction, they must rotate their flagellum in opposite directions. Bazylinski et al.
(2013) reported that MV-1 cells swim in one direction with longer excursions than the opposite
direction in the hanging-drop assays, suggesting that they exhibit polar magneto-aerotaxis
behaviour (Frankel et al. 1997). According to the model proposed by Frankel et al. (1997), polar
magneto-aerotaxis is a two-state aerotactic sensory system, in which O, concentration [O;]
directly determines the sense of flagella rotation. In other words, such a sensory mechanism can
control the direction of flagellum rotation of the daughter MV-1 cells and thus the swimming
direction of daughter cells independent of the magnetic field.

According to the statistical results shown in Table 6.1, it appears that magnetic reversal in
a single cell only occurs with a low frequency and that most of the cells synthesize magnetosome
chains with the same magnetic polarity. Therefore, it is assumed that the majority of parent MV-
1 cells would adopt mechanism B (Figure 6.3B) to pass on their magnetic polarities to daughter
cells. This, in turn, would lead to a modified model for polar magneto-aerotaxis behavior for
MV-1 (see Figure 6.4). According to the original polar magneto-aerotaxis model proposed by
Frankel et al. (1997), the MTB cells have two sensory states, depending on the surrounding [O;].
Frankel et al. (1997) proposed that if the [O5] is higher than the preferred level [O,], the cells are
in state 1, which cause them to rotate their flagella counter clockwise (CCW). If the [O-] is lower
than the preferred level [O,]’, the cells are in state 2, which cause them to rotate their flagella
clockwise (CW). As shown in Figure 6.4A, the two daughter MV-1 cells contain magnetically

opposite chains relative to the flagellum orientation, indicated by black and blue arrows in the
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Figure 6.4 Illustration of the aerotactic sensory mechanism of MV-1 cells. [O,]  represents the

optimal O, level. [O;]; means the O; level is higher than [02]* and [O;], represents O, level is
higher than [O,] . The magnetic field B is anti-parallel to the oxygen gradient [O,], similar to
the natural environmental conditions for these cells. When the MV-1 cells are close to [O3];
region, they are in state 1, which causes the cells to rotate the flagellum counter clockwise
(CCW,red arrow); when the MV-1 cells are close to [O,], region, they are in state2, which
causes the cells to rotate the flagellum clockwise (CW, green arrow). In either region, if the
MV-1 cells contain magnetically opposite magnetosome chains, indicated with black and blue
arrows inside the circle, relative to the flagellum orientation, these cells would swim in

different directions.

circle in Figure 6.4. For example, if these two daughter cells are in the O, region ([O,]; state),
they both rotate their flagella CCW, which makes them swim towards the opposite directions
(indicated by the dash arrow). This is also applicable to the situation when the daughter MV-1
cells are in the O,-depleted region ([O-]) state. The daughter cells would rotate the flagella CW,
but also swim towards opposite directions. Therefore, it is expected that different MV-1 cells
with opposite magnetic polarities can still swim towards the same direction (i.e. behave the

north-seeking or south-seeking behavior) as long as they rotate their flagella in opposite ways. In
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fact, aerotaxis controls the sense of rotation of the flagella which lets the cells locate the
preferred region more efficiently. Several methods which can be used to verify this model will be

described in Chapter 8.
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Chapter 7

Measuring spectroscopy and magnetism of extracted and intracellular

magnetosomes using soft X-ray ptychography

This chapter presents the application of spectro-ptychography at the Fe L edge to study
magnetosomes from MV-1 magnetotactic bacteria both extracted and intracellularly. The Fe 2p
XAS and XMCD spectra of individual magnetosomes were obtained with ptychographic modulus
and phase modes. A world record spatial resolution of 7 nm was achieved. Precursor-like and
immature magnetosome phases in an intact MV-1 cell were visualized and their Fe 2p spectra
measured. Based on these new results, a model for the pathway of magnetosome
biomineralization for MV-1 is proposed.

This chapter is extracted from a manuscript submitted to Proc. Natl. Acad. Sci. U.S.A and
currently in revision. MV-1 cultures were grown by Prof. Dennis Bazylinski and Prof. Ulysses
Lins. The author of this thesis did all the spectro-ptychography measurements. The data was
analyzed by the author and Prof. Adam P. Hitchcock. Tolek Tyliszczak and David Shapiro
helped to set up ptychography measurements and image reconstruction. This paper was drafted

by the author and edited and revised by the author and Prof. Adam P. Hitchcock.
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7.1 Introduction

In previous chapters, X-ray magnetic circular dichroism (XMCD) measured with a
scanning transmission X-ray microscope (STXM) has been successfully applied as a tool to
study chemistry, magnetism, and the biomineralization mechanism of magnetotactic bacteria on
an individual magnetosome basis (Kalirai et al., 2013, 2012; Lam et al., 2010). However the
spatial resolution of current STXMs is typically ~30 nm when generated by a 25 nm outer zone,
Fresnel zone plate, and the monochromaticity and lateral coherence of the X-rays is such that the
spot size is diffraction limited. This is just sufficient to resolve and measure XMCD of individual
magnetosomes (Kalirai et al., 2013, 2012; Lam et al., 2010) but the size, morphology, and
orientation of magnetosomes is not well resolved, which makes extraction of spectral
information difficult.

Unlike conventional zone plate imaging techniques, ptychography is not limited by the
properties of the X-ray optics used, has the potential to reach near atomic-scale spatial resolution
with very short wavelength X-rays (Edo et al., 2013), and can image with Raleigh wavelength
limited resolution in the soft X-ray region (at the Fe L3 edge the wavelength is 1.8 nm).
Ptychography has been applied to image biological cells (Giewekemeyer et al., 2010; Maiden et
al., 2013), labyrinthine domains in magnetic multilayers (Tripathi et al., 2011) and 3D structure
with 16 nm spatial resolution (Holler et al., 2014). Recently, soft X-ray spectro-ptychography
was developed at the Advanced Light Source (Shapiro et al., 2014; Shi et al., 2016; Yu et al.,
2015), which opens up the possibility of chemical speciation via X-ray spectroscopy with few-
nanometer spatial resolution. Here, we present the first application of spectro-ptychography to

measure X-ray absorption and XMCD spectra at the Fe L, 3 edge to study spatially resolved
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chemistry and magnetism of magnetosomes extracted from cells and inside intact magnetotactic

bacterial cells.

7.2 Materials and Methods

7.2.1 Sample preparation

The cells of Magnetovibrio blakemorei strain MV-1 were cultured anaerobically in liquid
cultures. The magnetosomes were extracted from MV-1 cells using the procedure developed by
Alphandéry et al. (2009). A droplet of sample solution was deposited on formvar coated TEM
copper grids. After several washes with distilled water, the grid was dried in air and then

transported to synchrotron facility for STXM measurements.

7.2.2 Experimental Methods

Ptychographic measurements were carried out using the 5.3.2.1 bending magnet and
11.0.2 undulator beamlines at the ALS, Lawrence Berkeley National Laboratory. The
ptychographic results shown in Figures 7.1, 7.4 and 7.5 were measured with the STXM on
beamline 11.0.2 while the ptychographic results shown in Figures. 7.2 and 7.3 were measured
using the Nanosurveyor I instrument at beamline 5.3.2.1. At beamline 11.0.2, a zone plate with
outer zone width of 60 nm was utilized for illumination and a Princeton Instruments direct-sense
X-ray camera was used for data collection. The sample was scanned in focus with a step size of
50 nm. A double exposure mode which combined 15 ms (short exposure)/150 ms (long
exposure) was used at beamline 11.0.2 to extend the dynamic range as described by Shapiro et al.
(2014). At beamline 5.3.2.1, a 100 nm outer zone width zone plate was used with a step size of
70 nm. A custom, high frame rate CCD detector, developed at LBNL and BNL, was used to

record the diffraction data. At beamline 5.3.2.1 a single exposure time of 200 ms was used and a
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partially transmitting silicon beam stop was used to increase dynamic range. In both systems, the
incoherent background signal was measured at frequent intervals with the same CCD settings

and the beamline shutter closed. This background was then subtracted in the data processing.

7.2.3 Ptychographic Reconstruction

The ptychography reconstruction provides a complex valued result, where the real part is
related to elastic scattering and the imaginary part is related to absorption (Rodenburg, 2008). If
we denote the exit wave reconstructed with ptychography as P, then the optical density (OD) can
be calculated as:

OD = -In(|P}/|P_0)

where P_0 is the signal in the reconstruction in a region unobstructed by the sample, or from a
measurement in a featureless region containing non-sample components, measured under the
same instrumental conditions (zone plate, incident flux, sampling time, camera settings etc) and
reconstructed in exactly the same way. In this paper we refer to this result as ptychography
absorption.

The wave function P can be divided into a real part (Re[P]) and an imaginary part Im[P].
Then, a relative phase term ¢, referred to ptychography phase in this study, can be calculated
as:

¢=arctan(Im[P]/Re[P]) - arctan(Im[P_0]/Re[P_0])

The measured ptychography images were reconstructed using 200 iterations of the RAAR
algorithm implemented in the SHARP-CAMERA ptychography code (Marchesini et al., 2016;
Donatelli et al., 2015; Luke, 2004). Illumination and incoherent background refinements were

used every other iteration.
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7.2.4 Image and spectral analysis

Individual ptychography modulus and ptychography phase images were assembled into
stacks and analyzed in aXis2000. The stacks were aligned using Fourier correlation methods. A
threshold masking procedure was used to establish regions of interest (ROI), including individual
and chains of magnetosomes, as well as intracellular regions. These ROI masks were then
applied to the ptychography stacks to generate XAS and XMCD spectra. The ptychography
modulus and STXM transmission signals were converted to optical density signals using the
intensity through an area free of iron and off the cell or extracted magnetosomes but close to the

region under study.

7.3. Results

7.3.1 Fe 2p spectro-ptychography study of extracted magnetosomes

Figure 7.1A presents a conventional STXM image of a large region of a set of chains of
magnetosomes extracted from Magnetovibrio blakemorei strain MV-1 cells. This image was
measured with a zone plate with a 60 nm outer zone width and thus a 72 nm diffraction limited
spot size. Figure 7.1B shows the ptychography modulus (amplitude) image of the area indicated
by purple rectangular in Figure 7.1A, recorded using the same zone plate (ZP). The conventional
STXM and ptychography modulus images were measured at 708.2 eV, which is the energy of
the strongest XMCD signal. In the conventional bright field STXM image (Figure 7.1A), only
the outline of magnetosome chains could be identified with the gaps between the individual
magnetosomes only partially resolved. In contrast, the individual magnetosomes were spatially

well resolved with ptychography using the same zone plate. After the STXM measurements, the
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Figure 7.1 Ptychography reconstruction of magnetosomes extracted from MV-1 cells. (A)

Conventional STXM image of extracted magnetosome chains. (B) Ptychography m dulus

image of the same magnetosome chains in A. The ptychography data was measured using a

photon energy of 708.2 eV, with an image size of 2 um x 2 um (40x40 points) and a dual

sampling approach where at each pixel the diffraction pattern was measured with both 15 and

150 msec dwell time. A zone plate (ZP) with a 60 nm outer zone width was used. (C) TEM

image of the same area as shown in A and B. (D) Fourier Ring Correlation analysis of the

image in B. The spatial resolution is 6.8 nm if the half bit threshold is used.
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same region of this sample was imaged by TEM. The TEM bright field image (see Figure 7.1 C)
shows a pattern of magnetosomes with identical size, morphology and orientation as that seen in
the ptychography modulus image. Note that the dark rectangular regions in Figure 7.1C are due
to a build-up of carbon contamination produced by the long-exposure ptychographic
measurements.

In order to quantify the spatial resolution of the ptychography images, several methods
were used. Figure 7.1 D presents the calculated Fourier Ring Correlation (FRC) of the
reconstructed image in Figure 1a. The FRC curve (blue) drops below the chosen threshold line of
0.5 (dashed grey line) at a spatial frequency of 0.147 nm™', which corresponds to a spatial
resolution of 6.8 nm. A simple 10-90 % edge sharpness evaluation gave an estimate of 7 nm
(Zhu et al., 2016), while a power spectral density (PSD) method estimated a spatial resolution of
5 nm. In a recent study, a spatial resolution of 6 nm, as measured by FRC, was achieved at the Fe
L, 3 absorption edge (Yu et al., 2015). A yet higher spatial resolution of 3 nm was reported in by
Shapiro et al. (2014), but that was measured using X-rays with a considerably shorter wavelength
(1500 eV, 0.85 nm) on a very high contrast one dimensional test pattern.

Another interesting observation is that some organic material surrounding the extracted
chains can also be visualized with ptychography (see Figure 7.2). Figure 7.2A presents an
expanded scale ptychography modulus image of part of the magnetosome chains plotted in
Figure 7.1B (identified with a red rectangle), in which some organic material surrounding the
extracted chains is indicated by red arrows. Although the amount of material is very small, it is
possible to measure its C 1s spectrum using STXM (see Figure 7.2B). The C 1s spectrum

indicates the material surrounding the magnetosomes is organic and that it has a lipid-like
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signature, consistent with it being a residue of the lipid membranes which surround

magnetosome chains in MTB.
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Figure 7.2 Observation of organic biomaterials surrounding magnetosomes by ptychography

modulus mode. (A) Ptychography modulus image of extracted magnetosome chains, from the

region indicated by a red rectangle in Figure 7.1B. The red arrows indicate regions showing

the additional material located between magnetosomes. (B) Comparison of the C 1s spectrum

of the organic material surrounding magnetosomes in Figure 7.2A with that of 1,2-dioleoyl-

sn-glycero-3-phosphocholine (DOPC) lipid.
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7.3.2 Fe 2p spectro-ptychography study of whole MV-1 cells

Figure 7.3 compares the conventional STXM transmission image (Figure 7.3 A) of multiple
whole MV-1 cells with the ptychography modulus (Figure 7.3B) image of the same region. The
data was measured at 710 eV (the peak around Fe L3 absorption) using a 100 nm outer zone
width zone plate. Here the typical morphology of chains of well resolved individual

magnetosomes is observed in the ptychography modulus image, whereas the magnetosomes are
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Figure 7.3 Comparison of intact MV-1 cells between conventional STXM and ptychography
modulus images. (A) Conventional STXM image of multiple MV-1 cells using a 100 nm
outer zone plate. (B) Ptychography modulus image of the same region. Both images were
measured using the Nanosurveyor I instrument on beamline 5.3.2.1. The photon energy was
710 eV. A 100 nm outer zone ZP was used. The STXM image was recorded with 60x76
points and a dwell time of 5 ms while the ptychographic data was measured with 43x50
points and a dwell time of 300 ms. The red rectangle is the area where the detailed spectro-

ptychography stack was measured.
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not individually resolved and barely differentiated from the cell structure in the STXM image,

due to the low resolution zone plate used (120 nm diffraction limited resolution).
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Figure 7.4 Spectro-ptychography of intact MV-1 cells at Fe L,3; edge. (A) Reconstructed
ptychography absorption and ptychography phase images of intact MV-1 cells at five photon
energies, 703.0, 706.7, 708.5, 709.5 and 712.0 eV. (B) Fe L,3-edge ptychographic absorption
(red) and phase (green) spectra averaged over all the magnetosomes in the MV-1 cells in Fig. 3a.
The inset image is the average of all ptychography absorption images in the stack, with the
region from which the spectra are extracted indicated in red (BL 5.3.2.1)
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Figure 7.4A presents ptychography absorption and ptychography phase images of the region
outlined in red in Figure 7.3 B, at five of the 76 photon energies measured. The ptychography
absorption images are obtained by converting the ptychography modulus images to optical
density (OD) images. Figure 7.4B plots the ptychographic phase (green) and absorption spectra
(red) over the full photon energy range, and averaged over all the magnetosomes in one cell (see
inset for location). The ptychographic absorption spectrum (red in Figure 7.4B) corresponds to
excitation of Fe 2p electrons to final states dominated by (2p™', Fe 3d) configurations. The
maximum L3 ptychographic absorption signal occurs at 709.5 eV, which is in good agreement
with literature X-ray absorption spectra of magnetite (Goering et al., 2007; Kalirai et al., 2013,
2012; Lam et al., 2010; Zhu et al., 2015a). The ptychographic phase images (Figure 7.4A) show
that magnetosomes can be clearly visualized in the phase signal in the pre-edge region (energies
below 707 eV), at photon energies where the magnetosomes are barely visible in the
ptychographic (or STXM) absorption signal. As the photon energy approaches the absorption
peak, magnetosomes become less visible in the phase reconstruction, and increase in visibility in
the absorption signal. The phase signal is minimum at 708.5 eV and then the contrast inverts
after 709.5 eV, as shown in Figure 7.4B. Maiden et al. (2013) reported the ptychography phase
spectrum of CoFe,0y4 in the Fe 2p region and found the minimum around the same energy, while
Shapiro et al. (2014) found the minimum in the ptychography phase spectrum at 708.0 eV in
LiFePO4 and 708.5 eV in FePO,. The ptychography absorption spectrum of magnetosome chains
tracks that of the X-ray absorption spectrum. The significant change in the contrast and
morphology in the phase signal several eV below the absorption maximum means that the phase
signal might offer advantages in terms of chemical differentiation and mapping. Often the

changes in phase signal across an edge provides more detail, and clearer features than the
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absorption signal (Maiden et al., 2013; Shapiro et al., 2014), at energies where the X-ray
absorption is smaller, which gives advantages with respect to reducing radiation damage. In
addition, analysis of the combined phase and absorption signals provides improved chemical
contrast, as shown by Shapiro et al. (2014).

Figure 7.5A displays the average of 76 ptychography OD images of a single MV-1 cell
recorded from 700 to 732 eV. Four different regions (A, B, C, D) are labelled. Figure 7.5B
presents the ptychography absorption spectra extracted from these four areas, in comparison to
reference spectra of Fe(Il) and Fe(III) (Nagasaka et al., 2013). Region A corresponds to a gap
between two magnetosome sub-chains. Here the absorption spectrum exhibits a two-peak feature
in the L; region with the stronger peak at around 708 eV and the weaker one at 710 eV. The
reference spectra of Fe(Il) and Fe(IIl) (Figure 7.5B) clearly show that Fe(II) species have their
main intensity around 708 eV while Fe(IIl) species have their main intensity around 710 eV
(Chueh et al., 2013). This suggests that the gap region between two magnetosome sub-chains
consists of both Fe(II) and Fe(III), with the Fe(II) character stronger than the Fe(III) character.
Region B represents a region close to one end of a magnetosome chain, where a weak precursor-
like structure can be visualized. Similar to that of region A, the spectrum of region B also has a
two-peak feature in the L3 region, but with an inversed intensity ratio of the 708 and 710 eV
peaks. Although it is challenging to quantitatively determine the amount of Fe(III) and Fe(II)
ions in region B, it is evident that there is more Fe(IIl) in precursor B than in gap area A. Region
C corresponds to a single immature magnetosome, while region D represents a mature
magnetosome. Compared with that of mature magnetosomes (D), the spectrum of the immature
magnetosome (C) is rather different with a shoulder evident on the low energy side of the L;

region, labeled with a red arrow, suggesting that these immature magnetosomes might be an
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Figure 7.5 Chemical study of a single MV-1 cell with spectro-ptychography at Fe L; edge.
(A). Average of 76 ptychography absorption images of a single MV 1-cell from 700 to 732¢V.
Four regions, labelled A, B, C, and D, are identified. (B) Fe L; spectra from a gap in the
magnetosome chain (region A), a precursor-like region (B), an immature magnetosome (C),
and a mature magnetosome (D). The spectra of FeCl,.4H,0O [Fe(II)] and FeCl;.6H,O [Fe(I1I)]
are also plotted (Nagasaka et al., 2013). (BL 5.3.2.1)

Fe,;Os phase (Kim et al., 2009). In our previous study, we showed that these immature
magnetosomes are non-magnetic as they have zero XMCD signals (Kalirai et al., 2013).
Recently, in a real-time XMCD study of Magnetospirillum gryphiswaldense, strain MSR-1,

Staniland et al (2007) reported that the non-magnetic phase found prior to mature magnetosomes
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is hematite (a-Fe,O3), which covers the magnetic phase underneath and can convert to magnetite

in a very short time.

7.3.3 Ptychographic XMCD study of extracellular and intracellular
magnetosomes

Figure 7.6A presents the ptychographic XMCD absorption signals of an extracellular
magnetosome chain measured at 708.2, 709.5 and 710.5 eV. The XMCD signal is generated by
taking the difference of two images, one recorded with the photon polarization parallel and the
other, antiparallel to the magnetosome magnetization. Figure 7.6B shows the Fe L3 XAS spectra
of the extracellular magnetosome chain recorded with the photon polarization parallel (red) and
antiparallel (green) to the sample magnetization, which were extracted from the full sequence of
ptychographic absorption images. The corresponding XMCD spectra (blue), the difference of the
two ptychographic absorption spectra (parallel and antiparallel), is also plotted in Figure 7.6B.
The ptychographic XMCD absorption spectrum of the magnetosomes (Fe;O4) in Figure 7.6B has
three distinctive peaks, B; (708.2 eV), A (709.5 eV), and B, (710.5 eV), which are mainly
associated with Fe(Il) in the octahedral site, Fe(III) in the tetrahedral site, and Fe (III) in the
octahedral site, respectively (Kuiper et al., 1997). In addition, the sign of each of these three
peaks is determined by the spin direction (spin up or spin down) of the Fe ions which is related
to antiferromagnetic coupling between the spins on the octahedral and tetrahedral sites (Kuiper et
al., 1997). As a result, the signs of By, and B, are negative while that of the A peak, is positive.
This is also verified by the contrast change in the ptychographic XMCD absorption images in
Figure 7.6A, which correspond to the energies of peaks B;, A and B, and show an alternation of

contrast of magnetosomes as the energy increases from 708.2 to 710.5 eV. The extracted
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Figure 7.6 Ptychographic XMCD measurements of extracted magnetosome chains. (A)
Ptychography absorption XMCD signals from an extracellular magnetosome chain measured
at 708.2, 709.5 and 710.5 eV, respectively.(B) Ptychography phase XMCD signals from an
extracellular magnetosome chain measured at 708.2, 709.5 and 710.5 eV, respectively. (c) Fe
Ls-edge absorption and (D) phase signals integrated over the extracellular magnetosome

chain in Figure 5a. The XMCD spectrum (blue) is also plotted in (b) and (¢). (BL 11.0.2)

magnetosome sample was partly oxidized due to exposure to air over many months. As a result,

the oxidized state of this sample leads to a shoulder at 708.5 eV in the ptychography absorption
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spectrum and a much stronger B, peak in the XMCD absorption spectrum (Zhu et al., 2015a).
Figure 7.6C presents the ptychographic XMCD phase signals of the extracellular
magnetosome chain measured at 708.2 eV, 709.5eV, and 710.5¢V. Figure 7.6D shows the Fe Ls
ptychographic phase spectra of the extracellular magnetosome chain recorded with the photon
polarization parallel (red) and antiparallel (green) to the sample magnetization, which were
extracted from the full sequence of ptychographic phase images. Contrary to the “negative-
positive-negative” contrast change of magnetosomes in ptychographic XMCD absorption signals,
an almost reversed “positive-negative-positive” contrast change is observed in the ptychographic
XMCD phase signals in Figure 7.6C. The interpretation of ptychography phase spectra is not
well established. The phase spectra recorded with the two opposite elliptical polarizations do
have different spectral fine structures. More importantly, the ptychographic XMCD phase
spectrum (blue) derived from the difference of the two ptychographic phase spectra (parallel and
anti-parallel) also exhibits a three-peak feature in the L3 region but with an opposite sign to that
in the ptychographic absorption spectrum in Figure 7.6B. In a previous study, Scherz et al.
(Scherz et al., 2007) applied soft X-ray holography to magnetic Co/Pd multilayer samples using
left and right circular polarization and they also observed that the absorption and phase
differences had opposite signs in the resonance region. These results indicate that XMCD signals
computed from ptychographic phase spectra contain information related to magnetic properties
of the sample which can be used to probe site occupancy and magnetic moments of different Fe
environments in magnetosomes. In addition, the spectral features in the range of 710 to 716 eV
in the XMCD phase spectrum change more significantly than those in 708-710 eV region. One
possible reason might be related to the successive mode used to collect XAS data. In this study,

the complete image stacks were first measured with one polarization before elliptically
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polarizing undulator (EPU) reverses the polarization. According to a previous study (Kalirai et
al., 2012), measurements made using the successive mode are of lower quality and reliability,
due to beamline instability and carbon build-up, than concurrent mode measurements, which
alternate two opposite polarizations at each energy point.

Figure 7.7A compares the XMCD signals of an intracellular MV-1 magnetosome chain, as
observed in the ptychography absorption and ptychography phase signals, respectively. These
XMCD images were measured at 708.2, 709.5 and 710.5 eV, which correspond to the energies of
the XMCD peaks B, A and B, respectively (see Figure 7.7b). Figure 7.7B and 7.7C present the
Fe L; XAS spectra of the intracellular magnetosome chain recorded with the photon polarization
parallel (red) and antiparallel (green) to the sample magnetization, which were extracted from the
full sequence of ptychographic absorption and phase images, respectively. The corresponding
XMCD spectra (blue) are also plotted in Figures 7.7B and 7.7C. The measured XAS and XMCD
ptychography absorption spectra are in a good agreement with reference XAS and XMCD
spectra of magnetosomes recorded in conventional transmission mode (Kalirai et al., 2012; Lam
etal., 2010; Zhu et al., 2015a), suggesting that the magnetic information is retrieved properly
with ptychography absorption. As with the ptychographic XMCD absorption signals of
extracellular magnetosome chain (Figure 7.6A), the intracellular magnetosome chain exhibits a
“negative-positive-negative” contrast change as the energy increases from 708.2 to 710.5 eV
(Figure 7.7A). However, the ptychography XMCD phase signals in Figure 7.7A do not show the
alternating contrast change of magnetosomes with increasing energy. In addition, the
ptychographic XMCD phase spectrum of intracellular magnetosome chain is ill-defined in the
708-711 eV region (Figure 7.7C). This is in contrast to the case of the extracellular magnetosome

chain, where an XMCD phase spectrum with a reversed sign relative to the XMCD absorption
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spectrum was observed in phase mode (Figure 7.6D). Possible reasons for this discrepancy are

discussed below.
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Figure 7.7 Ptychographic XMCD measurements of intracellular magnetosome chains. (A)
Comparison of the XMCD signal from a single magnetosome chain in an individual MV-1
cell, in the reconstructed ptychography absorption and ptychography phase signals,
respectively. The XMCD signal was measured at 708.2, 709.5 and 710.5 eV. (B) Fe L;-edge
OD and (C) phase signals of the intracellular magnetosome chain in Figure 7.7A. The XMCD
spectrum (blue), the difference of two XAS spectra recorded with photon polarization parallel

(red) and antiparallel (green) to sample magnetization, is shown below in each panel.
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7.4. Discussion

The existence of mineral precursors in the process of magnetosome biomineralization in
MTB cells has been debated. Using Mossbauer spectroscopy, Frankel et al. (1983) reported that
an amorphous ferrihydrite ((Fe*"),05-0.5H,0) precursor was formed and then partially reduced
and dehydrated to Fe;O4. In contrast, Abe et al. (1999) have suggested that ferric hydroxyl
phases of goethite (a-FeOOH) and lepidocrocite (y-FeOOH) are the precursor of Fe;O41n a
process mimicking bacterial magnetosome synthesis. However, Faivre et al (Faivre et al., 2007)
reported that a mineral precursor was not observed in a time-resolved Mdssbauer study and
suggested that Fe(Il) and Fe(IIl) were quickly co-precipitated to Fe;O4 within magnetosome
vesicles. Recently, by using XAS combined with XMCD techniques, Staniland et al. (2007)
observed that a non-magnetic hematite (a-Fe,O3) phase acted as the precursor of Fe;O4, which
then rapidly converted to mature Fe;O4 in 15 minutes. It is notable that an immature
magnetosome phase was observed previously using conventional STXM (Kalirai et al., 2013).
However, characterization by conventional STXM is very challenging, particularly when the
region of interest is smaller than 10 nm. In this context, localization of mineral precursors and
the observation of a single immature magnetosome inside an MV-1 cell (Figure 7.5A), shows
that ptychography will be a valuable tool to study biomineralization process in MTB cells.
Figure 7.5B shows that the gap, precursor-like region, immature magnetosome and mature
magnetosome have different Fe L3 absorption spectra, indicating that different iron species are
present in the MV-1 cell. These results, and further systematic ptychographic spectroscopy
studies as a function of magnetosome development, will provide a better understanding of how
these Fe phases are converted and mediated to form Fe;O4. Previous studies have shown that

Fe(Il) is taken up from the environment and transported into magnetosome vesicles by several
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types of MTB cells, including Aquaspirillum magnetotacticum MS-1 (Frankel et al., 1983),
Magnetospirillum gryphiswaldense MSR-1 (Faivre et al., 2007), and Magnetospirillum sp.
AMB-1 (Nakamure et al., 1995). In this study, over 70% of the iron in the culture medium used
to grow MV-1 cells is Fe(Il) so it is assumed that Fe(II) is also the major Fe component that is
taken up by the MV-1 cell (Bazylinski and Frankel, 2004). This is consistent with the result that
there is more Fe(II) than Fe(III) in the gap area. However, the fact that the precursor-like region
has more Fe(III) than the gap area suggests that Fe(II) is probably oxidized to Fe(III) to form the
precursor phase. In addition, it is likely that the precursor is further oxidized to hematite (o-
Fe,0s3) phase in the form of immature magnetosomes (Figure 7.5A). a-Fe,O; can be considered
as an intermediate phase prior to Fe;O4 formation, as reported by Staniland et al. (2007). Based
on these observations we propose that the pathway of magnetosome biomineralization for the
MV-1 strain is as follows:
(1) Iron is taken up from the environment as Fe(II) or Fe (III)
(i1) Part of the Fe(II) is then oxidized to Fe(III) to form a precursor, either inside or as the Fe(Il)
enters the cell.
(ii1) The precursor is further oxidized and transformed to a-Fe,Os3, which is then ultimately
converted to mature Fe;Oj,.

We have used soft X-ray spectro-ptychography to measure the X-ray absorption (XAS) and
X-ray magnetic circular dichroism (XMCD) spectra from individual magnetosomes within an
individual magnetotactic bacterium (MTB). Taking advantage of a fast CCD camera and the
Nanosurveyor-I instrument at ALS 5.3.2.1 beamline (Yu et al., 2015), Fe 2p XAS spectra (from
700 to 732 eV) were measured in ~8 hours on multiple MTB cells over an area of 2.5 um x 2.5

um. This allowed measurement of the full Fe L-edge ptychographic absorption and phase spectra
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of magnetosomes in intact cells for the first time. Previously, other studies showed that chemical
differentiating can be achieved through the phase signal derived from ptychographic
measurements (Beckers et al., 2011; Maiden et al., 2013; Takahashi et al., 2011). However, the
ptychographic data in those prior studies was only collected at a few discrete points so that the
full ptychography spectra were missing. Recently, absorption and phase spectra over the full
energy range of an absorption edge have been achieved (Shapiro et al., 2014; Yu et al., 2015). In
this study, the ptychographic scan spanned from 700 to 732 eV with 76 points, which provided a
detailed comparison of the absorption and phase signal over the full range of the Fe L, 3
absorption and phase spectrum. The phase signal exhibited inverted contrast compared to the
modulus signal in the pre-edge region but reversed its sign after the absorption edge (Figure 7.4).
Because the phase signal changes more significantly than modulus signals through the absorption
resonance, it might possess unique advantages over absorption signal in terms of chemical
differentiation, especially around absorption resonance region. Using the high brightness and
90% circularly polarized light in 11.0.2 undulator beamline at ALS, we measured Fe L; XMCD
spectra from both extracellular and intracellular magnetosomes. We showed that XMCD spectra
could be derived from both isolated and intracellular magnetosomes and that the XAS isin a
good agreement with absorption reference spectra (Kalirai et al., 2013, 2012; Lam et al., 2010).
The ptychographic XMCD phase spectrum was measured from magnetosomes extracted from
cells, and exhibited a “negative-positive- negative” feature from 708 to 712 eV, similar to the
absorption and ptychographic modulus. However, the phase signal from intracellular
magnetosomes differed. We speculate this difference may be due to the presence of surrounding
poorly crystallized biomaterials. The results clearly indicate that both absorption and phase

ptychography signal can probe magnetic dichroic information.
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Chapter 8

Summary and Outlook

This chapter provides a summary of the thesis, followed by an outline of the major original
contributions I have made. Suggestions are provided for the future studies of magnetotactic

bacteria with soft X-ray microscopy
8.1 Summary

Soft X-ray STXM (scanning transmission X-ray microscopy) and ptychography were
used to characterize the chemistry and magnetism of magnetotactic bacteria (MTB) on an
individual cell and an individual magnetosome basis. The research can be divided into three
categories: spectroscopy, biochemistry and biomineralization, and instrumentation.

For the spectroscopic aspects, the Fe L-edge X-ray absorption spectra (XAS) and X-ray
magnetic circular dichroism (XMCD) of Fe;O4 were first investigated at the start of my thesis, as
the published XAS and XMCD spectra of magnetite (Fe;O4) were not consistent and often
contradicted each other. Specifically, some of the published Fe L3 XAS spectra of Fe;O4
exhibited an additional low-energy shoulder at ~708 eV (about 1.5 eV below the main 2ps,—3d
peak), while others did not (Zhu et al., 2015). By chemically modifying biogenic magnetosomes
and abiogenic Fe;O4 nanopowder with air oxidization and H; reduction, I showed that the spectra
with an additional peak at 708 eV are due to the existence of maghemite in the samples, in some
cases emphasized by the use of a surface sensitive detection mode such as total electron yield

(TEY). Regarding greigite (FesSs), its XAS and XMCD spectra were measured and found to be
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very different than that of magnetite. As a matter of fact, the Fe L3 XAS spectrum of Fe;Sy
appears to be rather similar to that of elemental Fe. With respect to the electronic structure of
FesS4, some groups have stated it is semi-metal (Devey et al., 2009; Spender et al., 1972) while
others claim it is metallic (Zhang et al., 2012). Although the electronic structure of Fe;S4 has yet
been fully understood, our results may shed light on this issue.

In the area of the MTB biochemistry and biomineralization, two different species were
examined: magnetotactic multicellular prokaryote (MMP), a greigite producer, and
Magnetovibrio blakemorei strain MV-1, a magnetite producer. First, the XAS and XMCD
spectra of MMP were extracted and compared to those of synthesized greigite nanoparticles. I
showed that, although the XAS spectra of the synthetic Fe;S4 nanoparticles and Fe;S4
magnetosomes in MMP were slightly different, their XMCD spectra were rather similar,
indicating that Fe;S4 magnetosomes biomineralized by MMPs were close to stoichiometric. In
addition, two sulfur species, sulfate and sulfide, were identified in MMPs, both of which were
likely involved in sulfur metabolism in MMPs. Second, as a follow-up to an earlier study
(Kalirai et al., 2013), I performed a statistical study of magnetic polarities of south-seeking (SS)
MV-1 cells. It was observed that only one out of 110 MV-1 cells exhibited magnetic reversal,
and that the sub-population with gaps increased as the cell culture matured. This work showed
that magnetic reversal in a single cell occurs with a low frequency and that most MV-1 cells
produce magnetosome chains with the same magnetic polarity during cell replication. Based on
these results, I proposed a modified model of polar magneto-aerotaxis behavior for MV-1, which
took into account the effects of surrounding O, concentration, flagellum rotation, and magnetic

polarity of magnetosome chains on the swimming behavior of SS MV-1 cells.
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In the area of instrumentation and technique development, I showed that the spatial
resolution of X-ray spectro-microscopy of MTB can be greatly improved by applying soft X-ray
spectro-ptychography. Specifically, I used Fe L,3 spectro-ptychography to record the first Fe L;
XAS and XMCD spectra of individual magnetosomes in both ptychographic absorption and
phase modes. With the high spatial resolution achieved (7 nm), precursor-like and immature
magnetosome phases in an intact MV-1 cell were visualized and their Fe 2p spectra measured.

Based on these new results, I proposed a model for magnetosome biomineralization byMV-1.

8.2 Original contribution of this thesis

Based on the observations, results, and conclusions, the major original contributions
contained in this thesis are:

» Clarification of the confusion in the literature as to the shape of the Fe L-edge XAS
spectra of magnetite (Fe;O4). Provided experimental verification of the link between
spectral shape and degree of oxidization and crystal structure of Fe;O4

» Characterization of Fe;Ss-producing MMP MTB with STXM-XMCD. Magnetic
microstructures and sulfur metabolism were probed.

» Development of a method which combined TEM imaging and XMCD mapping to
determine the magnetic polarity of magnetosome chains relative to the flagellum
orientation.

» Performing a statistical study of magnetic polarity of MTB cells which resulted in a
modified polar magneto-aerotaxis model for MV-1 MTB cells which explicitly applies to

both single polarity cells and those with sub-chains of opposite magnetic polarities.
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» Application of spectro-ptychography to study biomineralization and magnetism of MTB
cells. A spatial resolution of 7 nm below 1000 eV was achieved with ptychography,
which was the highest in the soft X-ray region so far. Observation of precursor-like and
immature magnetosomes in intact MV-1 cells with ptychography. Proposing a model for
the pathway of magnetosome biomineralization for MV-1.Demonstrating that XMCD
spectra could be derived with both ptychography modulus and phase modes, and the

phase and absorption mode XMCD were found to be very different.

8.3 Future work

8.3.1 Verification of the proposed polar magneto-aerotaxis model for MV-1

According to the statistical results in Table 6.1 (Chapter 6), magnetic reversal of two or
more sub-chains in a single cell only occurs with a low frequency. Based on this and the previous
polar magneto-aerotaxis model proposed by Frankel et al. (1997), a modified model for
magneto-aerotaxis behavior of MV-1 was proposed (see Figure 6.5). According to this model,
the flagellum rotation of MV-1 cells is mainly determined by the O, level, which in turn controls
the swimming direction. If this is true, MV-1 cells with opposite magnetic polarities can still
swim towards the desired direction (i.e. behave with north-seeking or south-seeking behavior) as
long as they rotate their flagella in opposite ways. I hypothesized that only the link of flagella
rotation direction and [O2] is meaningful; that the magnetic moment polarity is not relevant.

One approach to verify this hypothesis would be to collect north-seeking (NS) and south-
seeking (SS) MV-1 cells from the same culture and measure the magnetic polarity of these cells
with STXM-XMCD, using TEM to visualize the flagellum location relative to the magnetosome

chains. It is expected that NS and SS cells will exhibit opposite magnetic polarities relative to the
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flagellum orientation because the O; level mainly determines the swimming direction according
to the proposed model. However, since the flagellum is very fragile and can be dethatched from
the cell body easily, extreme care must be taken when preparing these samples.

Another approach to verify the model is to directly probe the flagellum rotation in a
single live MTB cell, which can be achieved in several ways. One way is to label the flagellum

and the MTB cell with location-specific fluorescence dyes. Figure 8.1 presents fluorescence

Figure 8.1 Cells of E. coli viewed labeled with Oregon Green 514 (A and B) and with Alexa
Fluor 532 (C and D) (Turner et al., 2000).
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images of Escherichia coli cells which are labeled with different fluoresce dyes (Turner et al.,
2000). If the flagellum and/or the MTB cell body can be tagged with fluorophores, one can
record the cell motion in real time with a video camera in a fluorescence microscope, which,
after measuring sufficient number of cells, can determine whether north-seeking cells rotate in
the same or in opposite directions relative to south-seeking cells. Another way to visualize the
flagellum rotation is to attach some fluorescence beads to the flagellum of the cell as described
by Cluzel et al. ( 2000). By monitoring the movements of the fluorescence beads, one can probe

the rotation of the flagellum.

8.3.2 Time-course biomineralization study on MTB cells with ptychography

In Chapter 7, I demonstrated that spectro-ptychography can measure Fe L, 3 XAS and
XMCD spectra of different regions in an MV-1 cell and showed that different regions contain
different chemical signatures (see Figure 7.5). This helped to understand the biomineralization
process in MV-1 cells. Note that this measurement was performed on only one MV-1 cell under
a certain growth state. In the future, it will be worthwhile to perform a time-resolved study on
MTB cells, aiming to get more details regarding the mechanism of magnetosome
biomineralization. For example, we can continuously extract the MTB cells from the growth
medium at specific times after magnetosome synthesis starts (Staniland et al., 2007). The
extraction will cease when the mature magnetosome chain appears. Fe L-edge spectro-
ptychography measurements will be performed on the MTB cells in the different growth states.
The derived XAS absorption spectra from ptychography reconstruction would be measured from
the gaps, immature magnetosomes, cytoplasm, and mature magnetosomes inside individual cells.
These results can identify different Fe species and thus monitor how the ratio of Fe(II) to Fe(III)

changes, and how the different Fe species change, as the biomineralization of Fe;O4 proceeds.
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The high spatial resolution and chemical sensitivity provided by spectro-ptychography can

provide new insights into magnetosome formation and the biomineralization mechanism.

8.3.3 Tomography study of MTB cell in the natural, hydrated state

In the past few years, cryo-electron tomography (cryo-ET) has been used to probe the 3D
internal structure of magnetotactic bacteria cell in three-dimensional space(Komeili et al., 2006,
2004). However, the relatively shallow penetration depth of electrons means that the cells can
only be imagined after they have been cut into sections less than 0.5 pm thick (McDermott et al.,
2012; Parkinson et al., 2008). There are significant concerns that the fidelity of the cell
ultrastructure is affected by the sectioning process. Because of more penetrating properties of X-
rays compared to electrons, thick biological specimens can be observed by soft X-ray
tomography (SXT) without sectioning. Thus 3-D imaging of whole intact magnetotactic bacteria
cells could be achieved with SXT. In this thesis, all measurements were performed on air-dried
samples. When the MTB cells are dried in air, it is inevitable that the cell shape changes and the
magnetosome chains are no longer arranged as they are in intact, fully hydrated MTB cells.
Although cell fixation can help to main cell morphology during the drying process, some
information regarding the orientation of organelles such as magnetosome chains may still not be
preserved well. Therefore, it is worthwhile to measure MTB cells in natural and hydrated states.
My colleague, Juan Wu, and I have tried to perform a tomography study of AMB-1 MTB cell in
the hydrated state using the approach developed by Schmid et al. (2014) (see Figure 8.2). Figure
8.2A presents a STXM transmission image of an AMB-1 cell in culture solution at 710 eV,
where a magnetosome chain is visualized. Figure 8.2 B and C presents the component image of
AMB-1 cell and H,O while Figure 8.2D shows the overlap of these two images. These

component maps are derived by the stack fitting method using the O1s XAS spectra of AMB-1
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cell and H,O as the reference spectra (Figure 8.2E). As shown in Figure 8.2D, the AMB-1 cell
and surrounding H,O can be easily differentiated based on their O 1s spectra. Since
magnetosomes have strong absorption signals in the energy range of 708~710 eV, it is relatively
easy to measure the Fe L,3 spectra of magnetosomes in the presence of water. In future studies,
in addition to 2D spectromicroscopy, tomography studies of MTB cells at the O 1s and Fe 2p
edges should be measured in order to obtain the three dimensional structure of magnetosome

chains relative to the MTB cell body in the natural hydrated state.
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Figure 8.2 Projection images of an AMB-1 cell in culture solution. (A) STXM transmission
image of an AMB-1 cell in solution. Component images of AMB-1 cell (B) and H,O (C). (D)
Overlay image of B and C. (E) The Ols XAS spectra of AMB-1 cell and H,O used to derive

the component images, B and C, in the stacking fitting procedure.
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8.3.4 Spectroscopy of Fe;S, and its application to characterize other Fe;S4
producers

It has been demonstrated that Fe;S4 nanoparticles have rather different XAS and XMCD
spectra from those of Fe;O4, although Fe;S, is generally considered as a sulfur analog of Fes;Oa.
A recent density functional theory (DFT) calculation showed that Fes;S,4 1s metallic (Zhang et al.,
2012). This is consistent with the Fe XAS spectrum of Fe;S,4 I measured (Figure 5.2 in Chapter
5), which is much more similar to elemental Fe than that of Fe;O4. From the point of view of
crystal structure, the difference between Fe;O4 and FesSy is the degree of covalence of iron with
oxygen and sulfur. More spectroscopic measurements and theoretical calculation are needed to
understand the o electronic properties and Fe L,3 spectra of greigite.

The XAS and XMCD reference spectra of synthesized greigite can be used as reference
spectra to characterize more complicated MTB species, such as BW-1. BW-1 is the first Fe;Ss-
producing MTB that has been isolated and grown in axenic culture (Lefévre et al., 2011b). It has
been shown that BW-1 can synthesize both Fe;O,4 and Fe;S4. However, the distribution of
various elements (Fe, O, S, C, etc.), and how the magnetic particles are distributed in BW-1 cells
have not yet been addressed, although they are key to understanding the mechanism of
biomineralization and magnetosome chain assembly. By imaging the distribution of different
chemical components in individual cells of BW-1, the biomineralization mechanism of this

special magnetotactic bacterium will be better understood.

8.3.5 Studies of gene mutant and other MTB species
Up to now, about 20 magnetosome-specific proteins have been identified in MTB cells,
which have specific functions in vesicle formation, iron transport, magnetosome crystallization,

and magnetosome chain organization (Schiiler, 2008). By comparing the features of

154



Ph.D. Thesis - Xiaohui Zhu Chapter 8
McMaster University - Chemistry

magnetosomes and magnetosome chains (size, morphology, chain length, magnetism, etc.) of
individual MTB cells with and without a specific gene, the function of that gene may be
understood.

All the samples studied in this thesis are wild type. It is notable that STXM-XMCD can
also be applied to study gene defective mutant strains of MTB cells. In particular, STXM-XMCD
can measure the magnetism (i.e. magnetic moment and magnetic polarity) of MTB cells.
Previous Monte Carlo simulations show that if active magnetosome transport is removed and
only the magnetic interaction exists then small magnetosome sub-chains with opposite magnetic
polarities are produced. Such a defect in active transport is considered as an analog of the
AmamK deletion mutant (Klumpp and Faivre, 2012). However, this hypothesis has not been
verified experimentally. In this sense, if STXM-XMCD technique is used to compare wild type
MTB and AmamK deletion mutant, it may be possible to verify the function of mamK gene in
the process of magnetosome chain formation, in particular to determine whether it plays a role in
the magnetic alignment of magnetosome sub-chains.In addition, since I have isolated some MTB
cells from local area in Hamilton, further study such as cultivation, STXM-XMCD
characterization, genetic analysis, would be interesting to perform.

Due to its excellent chemical sensitivity and high spatial resolution, STXM has become
an indispensable technique for researchers addressing issues in various scientific fields. The
methodology and results presented in this thesis will shed light on chemical, magnetic and

biomienralization properties on MTB species and other biological systems in the future.
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Appendix A

This appendix presents a brief introduction to ptychography setup at the Advanced Light

Source. The general procedures to reconstruct ptychography images and stacks are summarized.

A.1 Ptychography setup at ALS

As mentioned in section 2.4, in ptychography, the sample is scanned through the focused
beam of X-rays using overlapped steps. The diffraction data is collected with a CCD camera and
the modulus and phase inforamtion of the sample can be retrieved with sophisticated interactive

algorithm. Because ptychography has similar setup as conventional STXM, ptychography setup

Figure A.1: Ptychography setup at beamline 11.0.2 at ALS.
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can be created by modifying existing STXM instrumentation with new hardware. Figure A-1
presents a photo of ptychography setup at beamline 11.0.2 at ALS. The biggest difference
between conventional STXM and ptychography is the addition of a CCD camera, which is used
to record 2D diffraction data. A ptychography measurement always starts with a conventional
STXM imaging with a PMT detector, which is used to locate areas for the subsequent
ptychography measurement. Therefore, at beamline 5.3.2.1 and 11.0.2, both PMT detector and
CCD camera are used in ptychography measurement. These two detector can be easily switched
by using different detector coordinates (Detector X, Detector Y), such as, (0,0) for PMT (0, 0)

and (10000, 2400) for the CCD .

A.2 Ptychography reconstruction

At both beamlines 11.0.2 and 5.3.2.1, where the ptychography data was collected in this
thesis, the program “Nanosurveyor” is used to process ptychography data. The general

procedures are described below.

A.2.1 Start “Nanosurveyor” program

1. Go to the “Terminal” on the desktop and type command line: “nanosurveyor”. The
Nanosurveyor window should pop up.

2. Three tabs (see Figure A.2) are observed at the top of the nanosurveyor program

panel, which are: image viewer, ptychography viewer and reconstruction.
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Figure A.2: Three tabs (Image Viewer, Ptychography Viewer and Reconstruction) in
Nanosurveyor interface

(1). Image Viewer Tab: From which, open a bright field image of Zone Plate Image (see
below). At the beginning of each reconstruction, a few parameters regarding Zone plate (ZP)
need to be determined, such as, its X&Y center pixel and the ZP pupil width

(2). Ptychography Viewer Tab: From which, one can view the reconstructed image and
save these images as tif files.

(3). Reconstruction Tab: From which, all the parameters will be input to perform
reconstruction. Different than 1102, 5321 nanosurveyor allows users to directly load

reconstructed parameters from the STXM scan.

A.2.2 Reconstruction of a single ptychography image

Take an example of ptychography scan, 160521030, which is a single ptychography
image of a MV-1 cell. To perform the reconstruction:

1. Load the parameters from the STXM scan: one needs go to “Basic pre-processor’/
“load scan”/ phases-data on phases/160521/NS 160521030.hdr”. After hdr is loaded, all the

parameters such as step size, exposure time should be the same as the ptychography scan setting.
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Figure A.2: Parameters for single ptychography image reconstruction with Nanosurveyor

2: Click “Run”;

3. One can monitor the process from the “terminal window”. Once when the following
info is ovserved “writing data to file:/global.../160521/001/160521001.cxi”, this means the “cxi”
file is already generated;

4. Go to “ptychography viewer” to open the ‘cxi’ file—at the beginning, a calculated
STXM image is generated;

5. Wait until the reconstruction is done, the previous calculated STXM image is replaced
by a Ptychogrpahy Amplitude Image.

6. Then, the STXM, Ptychography and Phase images can be saved.
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A.2.2 Reconstruction of a ptychography stack

Take an example of ptychography scan, 160521044, which is a ptychography stack of a
MV-1 cell. To perform the reconstruction:

1. Load the parameters from the STXM scan (see Figure A.3). One need to go to “Basic
pre-processor”’/’load scan”/phases-data on phases/160521/NS_160521044/NS 160521044 .hdr”.
After hdr is loaded, all the parameters such as step size, exposure time should be the same as the
ptychography scan setting.

2. Click “Save Config” to save the configuration file for the script to process.
Specifically, the configuration should be saved at:/phases-data on

phases/160521/NS 160521044/160521044”.

Figure A.3: Parameters for ptychography stack reconstruction with Nanosurveyor

3. Ask for the script “runStack.py” from beamline staff scientist. Once you have it,

change the “scanDate” to “160521” and change the “scanNumber” to “044”. Then click “Save”.

184



Ph.D. Thesis - Xiaohui Zhu Appendix A
McMaster University - Chemistry

4. Go the “terminal” window and type “runStack”. This will start to process the ptycho-
stack;

5. One can monitor the process from the “terminal” window. When the following info is
observed “writing data to file:/global.../160521044/001/NS_160521004.cxi”, this means the
“cxi” file is already generated and saved in the folder 001.

6. Once the reconstruction is done, a folder named “tiffs” can be found at: phases-data on
phases/160521/NS_160521044/160521044”. The tiffs folder contains 5 sub-folders including
complex, intensity, modulus, phase, stxm. If the energy stack has 33 points, one should find 33

files in each sub-folder labelled with the energy point.
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Appendix B
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Appendix C

This appendix lists all software packages used for this thesis
C.1 Software packages used for this thesis

1. axis 2000
All the STXM data ws analyzed with the software aXis2000, which is written in Interactive
Data Language (IDL). It is available free for non-commercial use from

http://unicorn.mcmaster.ca/aXis2000.html.

2. Microsoft Office (2003)

The word processing program Word was used to prepare reports and publications. The
presentation program PowerPoint was used to prepare presentations and figures for publications.
Excel application was used for data manipulation and analysis.

3. PaintShop Pro, version 4 and 5

PaintShop Pro, from JASC Incorporated, was used to edit images for presentations and
publications
4. SigmaPlot 6.0

SigmaPlot (by Jandel Scientific) was used to plot spectroscopy data and generate
publication quality graphs.

5. STXM_ Control
This program controls all the STXM microscope used in this thesis. It was written and

developed by Dr. Tolek Tyliszczak and Peter Hitchcock.
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