
Faculty of Sciences
Department of Analytical Chemistry

X-Ray Microspectroscopy and Imaging group

X-RAY FLUORESCENCE IMAGING OF BIOLOGICAL SAMPLES

ON THE (SUB)MICRON SCALE

USING SPECIALIZED SAMPLE ENVIRONMENTS

Thesis submitted in fulfilment of the requirements for the degree of
Doctor of Science: Chemistry

by

Eva Vergucht

Supervisor: Prof Dr Laszlo Vincze
Co-supervisor: Prof Dr Frank Vanhaecke
Co-supervisor: Dr Manfred Burghammer

December, 2015





Dankwoord

Met het schrijven en voorstellen van dit boekje sluit ik een mooie tijd af. Een periode waar

ik met een glimlach op terugkijk, waarin ik sterk groeide als persoon en ook een flinke portie

doorzettingsvermogen kweekte. Echter, dit project was niet alleen mijn verdienste, maar een

mooie symbiose tussen verscheidene onderzoeksgroepen en individuen. De onmisbare bijdrages

aan dit multidisciplinaire project zet ik hieronder graag even in de verf.

First of all, I would like to thank my supervisor Prof Dr Laszlo Vincze for giving me the opportu-

nity to perform my Ph.D. project in his research group. During this challenging period, I could

always count on his critical input, broad scientific network, enthusiasm, unlimited patience and

financial support. A set of conditions that were undoubtedly crucial for guiding me to this success

story. Thank you Laszlo, for the excellent supervision during this endeavour, an experience that

shaped my future professional and personal pathway.

Daarnaast bedank ik ook graag mijn copromotor, prof. dr. Frank Vanhaecke voor de steun tijdens

de opstart van mijn IWT project, alsook gedurende mijn doctoraat. In deze context zet ik ook

graag even de bijdrage van Stijn in de verf, een bodemloos vat aan energie en kennis met wie het

bijzonder fijn samenwerken is.

Furthermore, I would like to acknowledge Dr Manfred Burghammer, my second co-supervisor

who’s support was of vital importance for my research project. Thank you Manfred, for giving

me the confidence to work with the optical tweezers setup and perform experiments at ESRF-

ID13. Additionally, I like to express my gratitude to Dr Silvia Santucci and Prof Dr Dan Cojoc

for sharing their knowledge and expertise on the optical manipulation setup. I wish to thank

the beamline staff, in particular Christian, Britta, Martin and Lionel, for their support prior

to and during the synchrotron experiments. Besides, the ESRF is acknowledged for granting

experimental measuring time to my project, as well as for the financial support.

Since part of my research was carried out at PETRA III-P06, I acknowledge DESY for the

experimental measuring time and the financial support. Moreover, I would like to thank Dr

Walter Schröder for his guidance and the introduction into the fascinating world of cryogenic

in-vacuum analysis. It is needless to say that without his support, critical view and expertise, I

iii



wouldn’t have succeeded in producing the final chapter of my thesis. In addition, words of thanks

go to the beamline staff, particularly Dr Gerald Falkenberg and Ulrike for their support prior to

and during the measurements.

Graag ook een woordje van dank aan de collega’s van de XMI onderzoeksgroep. Vooreerst bedank

ik graag dr. Bart Vekemans voor de uitstekende voorbereiding op mijn IWT verdediging, alsook

voor de introductie tot de wereld van IDL en zijn steeds kritische blik op mijn werk. Verder

bedank ik Bart ook graag voor de goede ondersteuning bij de start van mijn doctoraat, alsook

voor het transport bij de buitenlandse trips. In mijn beginjaren genoot ik het plezier om een

bureau te delen met Tom en Lien, de oude garde die me met open armen heeft ontvangen en

steeds paraat stonden om hun kennis te delen. Ook bedank ik graag Jan, een bodemloos vat

aan energie en steeds vergezeld van zijn sappig Antwerps accent. Jean, jouw input aan mijn

doctoraatsproject valt niet op een pagina te beschrijven. Ik kon steeds beroep te doen op jouw

vakkennis, IT skills en ingenieursachtergrond. Ook in het buitenland kon ik steevast op jouw

aanwezigheid en transportmogelijkheden rekenen, waarbij ik ook graag terugdenk aan onze vele

autoritjes. Mijn trips naar Grenoble werden tevens gekleurd door Stephen, standvastig aan mijn

zijde bij de metingen aan ID13 en verantwoordelijk voor de nodige portie ambiance. Verder

bedank ik Pieter en Brecht voor de wetenschappelijke discussies in ons bureau, evenals voor de

ontspannende babbels tijdens onze lunchpauzes. Om dezelfde redenen richt ik graag een woordje

van dank aan Björn, alsook voor het verrichte naleeswerk. Bovendien bedank ik Eddy & Aljosa

en wens ik hen veel succes toe met het verdere verloop van hun doctoraat. Guys, thank very

much for the great effort!

Daarnaast ook een speciale vermelding van prof. dr. ir. Filip Beunis en dr. ir. Toon Brans

voor de fantastische ondersteuning van mijn project. Jullie bijdrage en kennis van het optische

manipulatie domein waren van doorslaggevend belang voor mijn doctoraatsproject. Werkelijk,

zonder jullie input was een groot deel van mijn onderzoek waarschijnlijk niet tot stand gekomen.

Ik herinner me nog beeldig onze eerste ontmoeting en ben dan ook bijzonder blij dat hieruit

een mooie samenwerking is voortgevloeid. Ik denk alsook met plezier terug aan onze succesvolle

experimenten en bijhorende etentjes in Grenoble. Daarnaast genoot en geniet ik nog steeds van

onze ontspannende avondjes in het Geuzenhuis en daarbuiten!

iv



Graag ook een woordje van dank aan de onderzoeksgroep van prof. dr. Colin Janssen voor de

bereidwillige medewerking aan mijn onderzoek. Ook zonder hun input was mijn doctoraatsproject

grotendeels niet tot stand gekomen. Tijdens de beginperiode van mijn onderzoek genoot ik het

voorrecht om samen te werken met Michiel, die me steeds voorzag van de nodige stalen tijdens de

zoektocht naar het ideale testorganisme. Ook met David was het aangenaam samenwerken, zowel

in België als in het buitenland. Echter, de grootste bijdrage vanuit ecotoxicologisch standpunt

werd zonder twijfel geleverd door Maarten. In januari 2014 gaf hij me een staaltje met Scripp-

siella’s, nietsvermoedend dat dit de grote doorbraak in mijn onderzoek zou betekenen! Ettelijke

celculturen, wetenschappelijke discussies en verscheidene gezamenlijke trips naar Grenoble later,

kan ik hem niet genoeg bedanken voor zijn fantastische bijdrage!

Mijn dank gaat ook uit naar prof. dr. Strijckmans, voor het ter beschikking stellen van de

infrastructuur en voor de goede leiding van de vakgroep. Daarnaast ook een woordje van dank

aan Pieter-Jan, mijn vaste collega tijdens de practicumoefeningen radiochemie. Bovendien zet

ik ook graag even het administratief en technisch personeel van de vakgroep in the spotlight, in

het bijzonder Jorge, Philip, Tine en Harry voor alle hulp. Ook een bedankje aan Chantal, voor

de berg administratief werk dat ze voor me klaarde, alsook voor de vele last-minute bestellingen

waarmee ik telkens kwam aandraven. Ook een dikke merci aan Davy, voor het vakmanschap

dat hij telkens aan boord legt bij zijn creaties. Het is ongelofelijk in welk tijdsbestek en met

wat voor een topkwaliteit hij telkens het gevraagde werk aflevert! De vele collega’s uit de andere

onderzoeksgroepen bedank ik ook graag voor het opfleuren van de lunchpauzes.

Verder richt ik ook een woordje van dank aan het agentschap voor Innovatie door Wetenschap en

Technologie, kortweg IWT, voor de financiële ondersteuning van mijn project. Het verkrijgen van

zo’n doctoraatsbeurs gaat typisch gepaard met een pittige voorbereidingsperiode, maar achteraf

gezien was dit de ideale start van mijn doctoraat.

Graag maak ik ook vermelding van de bijdrage van dr. Willy Nachtergaele, mijn voormalige

chemieleerkracht in het secundair onderwijs. Hij wakkerde mijn interesse in chemie destijds sterk

aan, wat resulteerde in het aanvatten van de opleiding Chemie aan de UGent. Met het afronden

van mijn doctoraat treed ik hierbij verder in zijn voetsporen.

v



Echter, de boog kan niet altijd even gespannen staan. Hierbij zet ik ook graag even mijn vrienden

in de bloemetjes! Bedankt loeties, voor de vele avondjes uit waarop ik mijn zinnen kon verzetten

en het doctoraatswerk even mijlenver uit mijn gedachten was. Ik denk in het bijzonder aan onze

reisjes, kerstmarkten, weekendjes weg, quizzen, verjaardagsfeestjes etc., alsook aan ons recente

topweekendje in de Ardennen! Met stip op één bedank ik Evelien voor haar vriendschap en steun.

We stapten vier jaar geleden samen in het doctoraatsavontuur, een pittige tijd waaruit we beiden

veel opgestoken hebben. Ik denk dan ook met een brede glimlach terug aan de vele etentjes,

avondjes uit, alsook aan onze Italiaanse kooklessen. Daarnaast bedank ik ook graag Anabelle,

steeds te vinden voor een avondje plezier (al dan niet met lint) en destijds ook regelmatig mijn

lunchpartner in resto Astrid. Verder kon ik ook steeds rekenen op mijn andere vrouwelijke partners

in crime zoals Lena, Elise en Joke, typisch geflankeerd door Maarten, Arnout, Mathias, Brecht en

Thierry. Verder blik ik ook graag terug op de fijne uitjes en etentjes met mijn oud-klasgenoten,

Katrien, Matthias, Dieter en Koen.

Als laatste en belangrijkste bedank ik mijn familie, voor hun voortdurende steun en liefde. Be-

dankt tante Leen en nonkel Eric voor de fantastische vakantie in de zoeten inval in New York!

Ook Geert en Brigitte bedank ik voor hun steun door alle jaren heen. Broer, jij staat steeds

voor me paraat en slaagt er telkens opnieuw in om een brede glimlach op mijn gezicht te toveren.

Mama, jij bent mijn rots in de branding, luisterend oor en bron van advies steeds vergezeld van

de nodige kritische noot. Daarnaast bedank ik ook mijn papa, ik ben ervan overtuigd dat jij ook

trots zou zijn op wat jouw kleine meid voor elkaar gebracht heeft.

Eva Vergucht

Gent, december 2015

vi







Contents

1 Introduction 1
1.1 Scope of the research and methodological challenges . . . . . . . . . . . . . 1
1.2 Structure of the dissertation . . . . . . . . . . . . . . . . . . . . . . . . . . 3
Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2 Synchrotron Radiation X-ray Spectroscopy 7
2.1 X-rays and photon-matter interactions . . . . . . . . . . . . . . . . . . . . 7
2.2 Synchrotron radiation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.2.1 General characteristics . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.2.2 Synchrotron radiation facilities . . . . . . . . . . . . . . . . . . . . 17
2.2.3 The generation of synchrotron radiation . . . . . . . . . . . . . . . 20
2.2.4 X-ray optics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

2.3 X-ray fluorescence spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . 28
2.3.1 Principles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
2.3.2 X-ray fluorescence analysis of biological samples . . . . . . . . . . . 33

2.4 Small angle X-ray scattering . . . . . . . . . . . . . . . . . . . . . . . . . . 36
Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

3 Laser-based Optical Manipulation 47
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
3.2 Optical manipulation: basic principles . . . . . . . . . . . . . . . . . . . . 47

3.2.1 Optical manipulation by radiation pressure . . . . . . . . . . . . . . 48
3.2.2 Optical levitation by radiation pressure . . . . . . . . . . . . . . . . 52
3.2.3 Optical trapping using a single-beam gradient force trap . . . . . . 53
3.2.4 Cooling and trapping of atoms with laser light . . . . . . . . . . . . 55

3.3 Applications of optical tweezers . . . . . . . . . . . . . . . . . . . . . . . . 57

ix



Contents

3.3.1 Cell analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
3.3.2 Mechanical molecule measurements . . . . . . . . . . . . . . . . . . 59
3.3.3 Spectroscopic methods combined with optical tweezers . . . . . . . 61

3.4 Optical manipulation of biological model organisms . . . . . . . . . . . . . 66
3.4.1 Critical parameters for sample selection . . . . . . . . . . . . . . . . 66
3.4.2 Scrippsiella trochoidea as a model organism . . . . . . . . . . . . . 72

Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

4 Optical Tweezers Setup Optimized for XRF Imaging 81
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
4.2 Compact optical tweezers setup . . . . . . . . . . . . . . . . . . . . . . . . 82

4.2.1 Optical breadboard . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
4.2.2 Laser system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
4.2.3 Spatial light modulator . . . . . . . . . . . . . . . . . . . . . . . . . 90
4.2.4 Mirrors and lens system . . . . . . . . . . . . . . . . . . . . . . . . 95
4.2.5 Microscope trapping objective . . . . . . . . . . . . . . . . . . . . . 95
4.2.6 Imaging system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
4.2.7 Sample motorized system . . . . . . . . . . . . . . . . . . . . . . . 99

4.3 Sample area . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
4.3.1 General outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
4.3.2 Objective coverslip and its implications . . . . . . . . . . . . . . . . 102

4.4 Optical stability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

5 Optical Tweezers-based in vivo XRF Imaging 109
5.1 OT XRF setup integration at ESRF-ID13 . . . . . . . . . . . . . . . . . . 109
5.2 Case studies and experimental results . . . . . . . . . . . . . . . . . . . . . 113

5.2.1 Proof of principle experiment . . . . . . . . . . . . . . . . . . . . . 113
5.2.2 Binary toxicity study . . . . . . . . . . . . . . . . . . . . . . . . . . 120
5.2.3 Complementary XRF and integrated SAXS spectroscopy . . . . . . 127
5.2.4 XRF imaging combined with high resolution SAXS spectroscopy . . 134

5.3 Data processing strategy . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139
5.4 Summary and conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . 142
Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144

x



Contents

6 Methodological Challenges of Optical Tweezers-based XRF Imaging 147
6.1 Challenges related to the biological organisms . . . . . . . . . . . . . . . . 147
6.2 Challenges related to the optical tweezers setup . . . . . . . . . . . . . . . 150
6.3 Challenges related to XRF analysis . . . . . . . . . . . . . . . . . . . . . . 152

6.3.1 Conventional OT XRF imaging . . . . . . . . . . . . . . . . . . . . 152
6.3.2 Confocal OT XRF imaging and its implications . . . . . . . . . . . 154
6.3.3 X-ray sample damage . . . . . . . . . . . . . . . . . . . . . . . . . . 161

Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 164

7 Cryogenic XRF Imaging Using a State-of-the-art Cryochamber 167
7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 167
7.2 State-of-the-art cryochamber . . . . . . . . . . . . . . . . . . . . . . . . . . 168

7.2.1 Cryochamber design . . . . . . . . . . . . . . . . . . . . . . . . . . 168
7.2.2 Experimental conditions . . . . . . . . . . . . . . . . . . . . . . . . 170
7.2.3 Analytical characterization . . . . . . . . . . . . . . . . . . . . . . . 170

7.3 Samples and sample preparation . . . . . . . . . . . . . . . . . . . . . . . . 172
7.3.1 Microalgae cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 172
7.3.2 Sample mounting . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173
7.3.3 Plunge freezing procedure . . . . . . . . . . . . . . . . . . . . . . . 173

7.4 Case studies and experimental results . . . . . . . . . . . . . . . . . . . . . 177
7.4.1 Preliminary study . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177
7.4.2 Cross-validation study . . . . . . . . . . . . . . . . . . . . . . . . . 179
7.4.3 Influence of ice layer thickness on experimental results . . . . . . . 186

7.5 Summary and conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . 187
Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 189

8 Closing Discussion and Outlook 193
8.1 XRF analysis using a compact optical tweezers setup . . . . . . . . . . . . 194
8.2 XRF analysis using a state-of-the-art cryochamber . . . . . . . . . . . . . . 197
8.3 Cross-validation via LA-ICP-MS imaging . . . . . . . . . . . . . . . . . . . 199
8.4 General conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 200
Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 202

9 English Summary 205

10 Nederlandstalige Samenvatting 209

xi



Contents

A Practical Considerations 213

B Supplementary Data 217

C Supplementary Videos 219

D Publications and Activities 223
D.1 List of publications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 223
D.2 Conferences and meeting abstracts . . . . . . . . . . . . . . . . . . . . . . 224
D.3 List of attended beamtimes . . . . . . . . . . . . . . . . . . . . . . . . . . 227
D.4 Workshops, summer schools and research trips . . . . . . . . . . . . . . . . 229
D.5 Teaching activities . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 230

xii



List of Abbreviations

CAD Computer-aided design
CCD Charge-coupled device
CRL Compound refractive lens
DM Dichroic mirror
ESRF European Synchrotron Radiation Facility
ESRF-ID13 Microfocus beamline ID13 of the ESRF
FWHM Full Width at Half Maximum
FPM Fundamental parameter method
ID Insertion device
IDL Interactive data language
IR laser Infrared laser
KB Kirkpatrick-Baez
LA-ICP-MS Laser ablation-inductively coupled plasma-mass spectrometry
LN2 Liquid nitrogen
LOD Limit of detection
NA Numerical aperture
NIST National Institute of Standards and Technology
OT Optical tweezers
OT XRD OT setup optimized for XRD imaging
OT XRF OT setup optimized for combined XRF and SAXS
POP Proof of principle
SAXS Small angle X-ray scattering
SEM Scanning electron microscopy
SLM Spatial light modulator
SR Synchrotron radiation
SRM Standard reference material
S. trochoidea Scrippsiella trochoidea microalgae
TEM Transverse electromagnetic mode
WD Working distance
XRD X-ray diffraction
XRF X-ray fluorescence

xiii





Chapter 1

Introduction

1.1 Scope of the research and methodological challenges

This doctoral dissertation focuses on the combination of X-ray fluorescence (XRF) imag-
ing with two specialized sample environments at synchrotron facilities for the analysis of
biological organisms under conditions preserving their in vivo state as much as possible.
When performing X-ray fluorescence experiments, the sample is excited by an incoming
X-ray beam resulting in several types of interactions between the incident X-rays and the
atoms present in the sample, which in turn result in a measurable response in the form of
scattered and fluorescent X-ray radiation. Appropriate detection and analysis of the result-
ing fluorescent signal allows highly sensitive, multi-elemental analysis providing two- and
three-dimensional information on the sample composition with trace level detection lim-
its, accompanied by a non-destructive character for samples with sufficient X-ray damage
resistance.

In the bioanalysis research field, single cell studies seek for deeper insights in biological
processes through cellular analysis which require quantitative techniques with high ele-
mental and chemical sensitivity combined with high spatial resolution, such as synchrotron
radiation based X-ray fluorescence micro-/nano-imaging. In particular, the spatial distri-
bution and concentration of trace elements in single cells can provide answers to funda-
mental questions, as they are involved in many biological processes of living organisms,
e.g. metabolism, interaction of nutrients, processes associated with pathological disorders,
etc. [1–3]. Within this research project, testing and optimisation of two specialized sample
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Chapter 1. Introduction

environments were performed while conducting research within the field of environmental
toxicology by studying the metal accumulation properties and response of marine microal-
gae cells exposed to toxic concentration levels of transition metals.

When performing X-ray micro-analysis of biological organisms with the aim of obtaining
results representative to their natural state as closely as possible, two distinct approaches
can be followed, i.e. modifying the sample and making it suitable for analysis and/or
optimizing the applied analytical methodology [4]. Regarding the sample preparation,
it is hard to provide a universally applicable procedure, as the sample treatment steps
are primarily determined by the biological specimen itself. Consequently, each biological
sample asks for careful optimization and testing of the preparation procedure in order to
preserve the cellular structure, retain the elemental distributions and avoid the introduction
of exogenous material [5]. Yet, it is important to note that when analysing biological
samples that manifest and reproduce in a hydrated environment, elemental imaging at
the high resolution level is ideally performed on fully hydrated samples [6]. This however
imposes particular methodological challenges including the construction and application of
a dedicated sample environment and dealing with a certain level of X-ray sample damage
[7, 8].

This study aimed at the development and application of two specialized sample measure-
ment environments for the analysis of biological organisms providing analytical results that
are representative to the natural, in vivo state, both applying a certain level of the two
distinct approaches outlined above.

1. The use of optical tweezers (OT) allows for truly free-standing investigation of
microscopic samples, enabling non-contact sample manipulation and positioning in an
aqueous environment. In this way two-dimensional elemental micro-/nano-analysis
can be performed on essentially living biological samples, allowing to step away from
the generally accepted trend of applying time-consuming, often invasive and error-
prone sample preparation steps prior to analysis [9].

2. In addition, biological samples were investigated under cryogenic conditions using a
state-of-the-art cryochamber, thus preserving the biological specimen in terms
of structural properties close to their natural state and reducing the probability of
radiation damage due to the ice matrix acting as a sort of cage that limits the
spreading of radicals [10].
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1.2. Structure of the dissertation

1.2 Structure of the dissertation

Chapter 2 of the dissertation focuses on the theoretical background of the synchrotron
radiation based X-ray analytical techniques applied in this work. First, the theoretical
aspects of X-rays and the relevant photon-matter interactions are discussed, followed by
an introduction to the various aspects of synchrotron radiation. In the final section of
Chapter 2, the principles of X-ray fluorescence imaging are highlighted together with a
brief introduction to small angle X-ray scattering.

In Chapter 3, theoretical insights are provided regarding optical manipulation that repre-
sents the working principle of the optical tweezers-based specialized sample environment
applied in this work. Besides elaborating on the basic principles, an extended overview
is presented on the main optical manipulation applications and on the selected biological
model organism.

An extensive technical overview of the optical tweezers setup optimized for XRF imaging is
presented in Chapter 4, where particular attention is paid to the components of the setup
and the optimized sample area.

In Chapter 5, a description is presented regarding the OT XRF experimental setup and
its integration at the Microfocus beamline ID13 of the European Synchrotron Radiation
Facility (Grenoble, France). Furthermore, the experimental results of four case studies are
presented, all focusing on applications in the research field of environmental toxicology and
demonstrating the feasibility, repeatability and high throughput potential of the OT XRF
methodology. To conclude, a short summary is given on the OT XRF data processing
strategy applied in this work.

The development phase of the in vivo optical tweezers-based XRF imaging technique in-
volved tackling many methodological challenges that are outlined in Chapter 6. First, an
outline is given on the selection and culturing conditions of the selected biological speci-
mens, followed by an overview of the optical tweezers setup alignment procedure, concluded
by a description of challenges associated with elemental micro-imaging.

The state-of-the-art cryochamber is introduced in Chapter 7 which represents the second
specialized sample environment applied in this dissertation. Here, a description is given
with respect to the analytical instrumentation and the experimental conditions employed at
the P06 X-ray Microprobe of PETRA III (Hamburg, Germany). In addition, an overview
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of the applied sample preparation procedure is presented together with the results of two
dedicated studies focusing on the elemental analysis of biological single-cell organisms.

In the final outlook section in Chapter 8, a summary is given on the further ideas and
perspectives with respect to the methodological development of the specialized sample
environments. Moreover, preliminary results are presented on a first cross-validation study
based on laser ablation inductively coupled plasma mass spectrometry, ultimately showing
its potential for bio-imaging at the single-cell level.
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Chapter 2

Synchrotron Radiation X-ray
Spectroscopy

This dissertation describes the combination of X-ray spectroscopy, particularly X-ray flu-
orescence imaging, with two specialized sample environments at synchrotron facilities for
the analysis of biological organisms under conditions that preserve their natural, in vivo,
state as closely as possible. Chapter 2 presents a theoretical overview on the fundamentals
of X-rays and the relevant photon-matter interactions associated with X-ray attenuation.
In addition, the unique characteristics of synchrotron radiation are outlined together with
the synchrotron facilities used during this project, including the ESRF located in Greno-
ble (France) and PETRA III situated in Hamburg (Germany). In addition, the principles
of synchrotron radiation generation are discussed, followed by a description of the most
commonly employed X-ray optics used in hard X-ray micro/nanoprobes. After a brief in-
troduction to the principles of X-ray fluorescence (XRF) imaging, several points of special
interest with regard to the analysis of biological samples by means of XRF spectroscopy
are highlighted. In a final section, small angle X-ray scattering is shortly explained that
represents a complimentary X-ray spectroscopic technique applied in this work.

2.1 X-rays and photon-matter interactions

X-rays represent a class of short wavelength electromagnetic waves that were first dis-
covered and first characterized by Wilhelm Conrad Röntgen in 1895, later on awarded
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Chapter 2. Synchrotron Radiation X-ray Spectroscopy

with the first Nobel Prize in Physics [1]. Characterized by an invisible nature and highly
penetrative character, X-rays cover an energy range from 100 eV to 100 keV, corresponding
approximately to wavelengths ranging from 10 nm to 0.01 nm and therefore being in the
range of the interatomic distances. Based on the general energy-wavelength expression of
Equation 2.1, Equation 2.2 shows the relation between the X-ray energy E expressed in
keV and the electromagnetic wavelength λ in Angström. The symbols in Equation 2.1
correspond to Planck’s constant h, the frequency ν and the velocity of light in vacuum c.

E = hν = hc

λ
(2.1)

E (keV ) = 12.39
λ (Å)

(2.2)

When X-rays interact with matter, several phenomena occur including absorption, followed
by the emission of fluorescent radiation, scattering, diffraction and refraction [2]. The fol-
lowing sections give a theoretical description on the main phenomena that result from X-ray
interaction with matter, being the photoelectric effect, Compton scattering and Rayleigh
scattering; all occurring concurrently corresponding to their respective probabilities.

Photoelectric effect
In case of the photoelectric effect, the energy of the incoming X-ray is completely trans-
ferred to one of the inner shell electrons of an atom, resulting in the ejection of a photoelec-
tron with corresponding kinetic energy Ekin given by Equation 2.3. The emission of this
photoelectron results in an inner shell vacancy and hence an exited/ionic state of the atom
that will relax by refilling with an electron originating from one of the higher shells. This
electron transition releases the excess energy by the emission of an element specific X-ray
fluorescence photon with an energy equal to the energy difference of the shells involved in
the electron transition. As described by Moseley’s law, a mathematical relationship can
be derived between the energy of the characteristic fluorescent radiation and the atomic
number Z as stated in Equation 2.4. Here, σ is the so-called screening constant and k is
a proportionality constant. Furthermore, the newly created vacancy will in turn be filled
by an electron originating from a further outer shell, ultimately resulting in a cascade of
transitions. Note that are all these transitions are governed by strict quantum-mechanical
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selection rules as shown in Equation 2.5 where j and l represent quantum numbers.

Ekin = hν − Ebinding (2.3)

1
λ

= k(Z − σ)2 (2.4)

∆j = ±1; 0 and ∆l = ±1 (2.5)

A competing process with the emission of characteristic radiation involves the relaxation
of an excited atom via a radiationless transition. In particular for low atomic number ele-
ments, the probability for emission of an Auger electron will dominate over the probability
of fluorescence photon emission, expressed by the fluorescence yield ω. The latter parame-
ter generally refers to the probability that the filling of a vacancy will be accompanied by
a radiative transition. For higher atomic number elements, the emission of characteristic
fluorescent X-rays is favoured ultimately making X-ray fluorescence spectroscopy a highly
sensitive analytical tool for elemental composition analysis for all but the lightest elements
[3, 4]. In general, the total photoelectric absorption cross-section is given by τ and depends
on the atomic number Z and the energy E of the incident photon as described by Equation
2.6 [5].

τ ∼ Z4

E3 (2.6)

With regard to the filling of a vacancy, several transitions can occur that depend on the
shell where the vacancy is created and the origin of the electron filling up the core hole.
Traditionally, XRF spectroscopy uses the Siegbahn notation (Figure 2.1) for naming the
X-ray fluorescence lines corresponding to given electronic transitions. In this notation, the
X-ray line is denoted by the combination of the capital letters K, L, M, etc., indicating the
shell of the original vacancy, with a subscript from the Greek alphabet, corresponding to
the relative intensity of the emitted fluorescence line. For instance, the most intense Kα-
line corresponds to a combination of electron transitions from L sub-shells to the K-shell,
where the original vacancy was created (detected as a single peak by a conventional energy-
dispersive XRF detector). The 5-10 times weaker Kβ-line corresponds to a combination of
specific M/N to K transitions. In their turn, the resulting L and M vacancies are filled up
by electrons from higher shells again resulting in the emission of additional characteristic
L-lines and M-lines. This cascade of electron transitions ultimately gives rise to several
fluorescence peaks in the spectrum, all present with variable intensities.
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Figure 2.1: Siegbahn notation for XRF photons. Image reproduced from [6].

Compton scattering
In case of a scattering event, the incident X-ray photon interacts with electrons in an elastic
or inelastic manner. Compton or incoherent scattering is an inelastic scattering type where
the incoming X-ray predominantly interacts with one of the loosely bound valence electrons.
Part of the photon energy is transferred to the electron which is removed from the atom,
resulting a wavelength increase of the scattered photon. As shown by the Compton formula
(Equation 2.7), the wavelength shift ∆λ is related to the scattering angle θ, where large
scattering angles cause large energy shifts of the scattered photon Escat (Equation 2.8).
Here, E0 is the incident energy of the photon, h corresponds to Planck’s constant and mec2

represents the rest mass energy of an electron.

∆λ = λscat − λ0 = h

mec
(1− cosθ) (2.7)
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Escat = E0

1 + E0
mec2 (1− cosθ)

(2.8)

The probability for an inelastic scattering event can be calculated based on the total
cross-section σC . Furthermore, the change in direction of propagation of the photon due
to Compton scattering of linearly polarized X-rays can be derived from the Compton
differential cross-section which is related to the scattering angle θ, the azimuthal angle
φ and the energy Escat (Equations 2.9 and 2.10). Here, dσKN denotes the Klein-Nishina
cross-section for Compton scattering on free electrons over a solid angle Ω, while S(x, Z)
represents the incoherent scattering function that depends on the atomic number Z and
the variable x via Equation 2.11.

dσC
dΩ (θ, φ, Escat) = dσKN

dΩ (θ, φ, Escat)S(x, Z) (2.9)

dσC
dΩ (θ, φ, Escat) = r2

e

2

(
Escat
E0

)2 [Escat
E0

+ E0

Escat
− sin2θ × (1− p+ 2pcos2φ)

]
S(x, Z)

(2.10)

x = sin(θ/2)Escat(keV )
1.239 (2.11)

Compton scattering dominates in case of light elements and its probability increases upon
increasing incident photon energy, while also depending on the electron density. Con-
sequently, the Compton scatter intensity allows to obtain information on the irradiated
sample mass and can be applied to correct for differences in illuminated mass between
samples in quantitative studies. Furthermore, the Compton scatter peak distribution may
be decomposed into a complex structure consisting of various spectral components arising
from single, double and multiple scattering, being less pronounced for higher atomic num-
ber elements due to the increased photoelectric and Rayleigh cross-section (see further)
[7–9].

When describing the above-mentioned mathematical relationships in a spherical coordinate
system as shown in Figure 2.2, the angular distribution reaches a minimum when the
scattering angle θ is set to 90°, the azimuthal angle φ being 0° and when working with a
100% linearly polarised beam available at state-of-the-art synchrotron radiation facilities.
This geometrical arrangement refers to detection of fluorescent photons perpendicular to
the primary beam and in the plane of linear polarisation. However, in practice, this ideal
situation almost never manifests as the scattering angle and azimuthal angle will naturally
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deviate slightly from these ideal values and a polarisation degree p close to 1 is a more
realistic value. Moreover for the optical tweezers-based experiments in this study, the
azimuthal angle φ was set to 45° due to the short working distances implied by the X-ray
focusing optic in front of the detector, yet perpendicular to the primary beam (θ = 90°).
For the analysis under cryogenic conditions using the cryochamber, the XRF detector
was mounted at a scattering θ angle of 115° in the plane of linear polarisation (φ =
0°). Note that due to these spatial constraints, the ideal detection geometry with respect
to the primary beam cannot be achieved, consequently implying an approximate eighty
times larger Compton scattering contribution for the optical tweezers-based measurements
[8, 10, 11].

Figure 2.2: Representation of the spherical coordinate system. Blue arrow indicates an incident
photon that travels along the Z-axis in the XZ plane of linear polarisation. The scattering angle
θ shows the angular deviation of a scattered photon in the polarisation plane. The azimuthal
angle φ denotes the angular deviation out of the plane of linear polarisation.

Rayleigh scattering
When the incident X-rays interact with electrons in an elastic manner, coherent or Thom-
son scattering is observed. Here, the interaction predominantly takes place between an
incoming photon and a tightly bound inner shell electron, resulting in no energy transfer
and therefore no wavelength shift. In X-ray fluorescence spectra, the Rayleigh peak will
therefore always correspond to the highest X-ray energy in case of a monochromatic pri-
mary beam. Similarly to the previous interactions, the probability for an elastic scattering
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event can be calculated based on the total Rayleigh scattering cross-section σR. Once
more, the change in photon direction due to elastic scattering can be derived from the
Rayleigh differential cross-section which is related to the scattering angle θ, the azimuthal
angle φ and the energy E in in Equations 2.12 and 2.13. Here, dσT denotes the Thomson
cross-section over a solid angle Ω and F (x, Z) refers to the atomic form factor [10]. The
mathematical relationships show that the Rayleigh contribution vanishes for θ = 90°, φ
= 0° and a perfect linearly polarized primary beam. As described above, the Rayleigh
contribution will be increased due to deviating scattering angle θ, azimuthal angle φ and
polarisation degree p.

dσR
dΩ (θ, φ, E) = dσT

dΩ (θ, φ)F 2(x, Z) (2.12)

dσR
dΩ (θ, φ, E) = r2

e

2
[
2− sin2θ × (1− p+ 2pcos2φ)

]
F 2(x, Z) (2.13)

Rayleigh scattering mainly occurs with low energy X-rays and dominates in case of heavier
atoms. When examining the ratio of Compton and Rayleigh scattering, important insights
can be provided on the mean atomic number of the investigated sample. Both scattering
phenomena result in a major contribution to the spectral background, extending from the
excitation energy towards the lower energies and depend strongly on the polarisation state
of the incident beam. Hence, the scattering contribution greatly influences the signal-to-
noise ratios and therefore the achievable limits of detection [12–14].

Attenuation
When X-rays interact with matter, attenuation will manifest via the photoelectric effect,
Compton scattering and Rayleigh scattering, all occurring at rates defined by their prob-
abilities which can be calculated based on their respective interaction cross-sections. The
total probability that a photon will have an interaction is governed by the total mass at-
tenuation coefficient µtotal that comprises therefore three attenuation coefficients that are
element and energy dependent, as shown in Equation 2.14 [5].

µtotal(Z,E) = τ(Z,E) + σcoh(Z,E) + σincoh(Z,E) (2.14)

When analysing a sample composed of several elements ni, the total cross-section is calcu-
lated by taken the sum over all the elements Zi weighted with their corresponding weight
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fractions wi in Equation 2.15.

µcompound(E) =
n∑
i=1

wiµi(Z,E) (2.15)

The total mass attenuation coefficient is typically expressed in cm2/g and can subsequently
be used for calculating the transmitted X-ray intensity I upon interaction interaction with
a sample of thickness T and density ρ. The corresponding mathematical relationship is
given by the Lambert-Beer law in Equation 2.16 that assumes an incident intensity I0 of
a monochromatic beam and can as well be rewritten by inserting the linear attenuation
coefficient µL expressed in cm−1 [15].

I = I0e
−µ(E)ρT = I0e

−µL(E)T (2.16)

A graphical overview of the attenuation contributions is shown in Figure 2.3 that shows
the cross-section in cm2/g with respect to the energy in the analytical X-ray region for
molybdenum. The representation shows that the photoelectric cross-section dominates in
the energy range of 1 to 100 keV with steep increases at specific energies, corresponding
to absorption edges for the removal of electrons from the K-shell or L-shells. The position
of these edges shifts towards higher energies with increasing atomic number, reflecting the
stronger electron binding energy resulting from the higher nuclear charge. Furthermore,
the contribution of Compton scattering increases with increasing energy and an opposite
trend is observed for the Rayleigh scattering contribution.

Figure 2.3: Overview of the cross-section contributions for molybdenum in the energy range of
1 to 100 keV. Values obtained from xraylib [16].
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2.2 Synchrotron radiation

X-rays can be generated in several ways, for example by the application of natural or arti-
ficial radioactive isotopes that decay e.g. via electron capture and the subsequent emission
of γ-radiation or (characteristic) X-ray fluorescent radiation. Next to these sources, X-
ray tubes are typically applied in laboratory XRF instrumentation which generate X-rays
based on the bombardment of accelerated particles that interact with an anode target
via a number of processes [3]. As a result, characteristic X-ray emission lines are emit-
ted by the target element, being superimposed on a continuous background of so-called
Bremsstrahlung. The latter arises from the deceleration/braking of incoming electrons in
the field of atomic nuclei, giving rise to a gradual decrease in energy.
A third, more powerful source of X-rays, represented by synchrotron radiation (SR)
sources, was used for the experiments described in this thesis. In case of these sources,
X-rays combined with other wavelengths are generated by forcing relativistic charged par-
ticles, mainly electrons or positrons, to follow a curved pathway in strong magnetic fields.
The electromagnetic radiation emitted by the relativistic charged particles (v ≈ c) accel-
erated this way, covers a broad spectral range tuned towards the hard X-ray regime in
case of multi-GeV electron/positron energies. This broad spectral-range electromagnetic
radiation possesses unique properties and is typically generated in dedicated synchrotron
facilities operating world wide. In a fourth type of X-ray source, ultrafast X-ray pulses of
very high power and coherence are generated in an X-ray free-electron laser (XFEL) that
is the laser-like counterpart of a synchrotron source [17].

The following section outlines the unique characteristics of synchrotron radiation, together
with the state-of-the-art third generation SR-sources used in this work, i.e. the ESRF in
Grenoble (France) and PETRA III in Hamburg (Germany). Furthermore, an introduction
is given to the generation principles and the generally applied X-ray optics.

2.2.1 General characteristics

Artificially generated, ′man made′ synchrotron radiation was first observed using a 70 MeV
General Electric accelerator in 1946. As introduced above, synchrotron radiation encom-
passes a broad electromagnetic spectral range, covering the infrared up to the hard X-ray
region, produced via the acceleration of charged particles (e.g. electrons or positrons) near
the speed of light. When charged particles are forced to follow a curved path, they undergo
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a centripetal acceleration which results in the emission of electromagnetic radiation, more
specifically synchrotron radiation. In the most basic configuration, the curved trajectory is
established using strong magnetic fields created by dipole, or so-called bending, magnets.

To date, three storage ring based synchrotron generations have been established with in-
creasing brilliance over time (Figure 2.4). In the 1st generation designed for high energy
physics experiments, the observed synchrotron radiation was a source of energy loss for
the accelerated particles and was therefore highly undesirable. Synchrotron radiation was
nevertheless used in a so-called parasitic mode due to the recognition of its unique proper-
ties. The unique properties of synchrotron radiation led to the development/construction
of dedicated facilities and can be summarized as follows [17]:

• Extremely high intensity compared to lab sources, up to 1011−14 times more brilliance
• tuneable beam-energy (typically from 1 to 100 keV)
• natural collimation, in the range of a few tens of micro-radians
• high degree of polarisation (> 99%)
• pulsed time-structure (ns) which is highly desirable for time-resolved experiments

Due to these attractive characteristics, dedicated 2nd generation SR-facilities were built in
the 1980s, using bending magnets for photon production and greatly influencing the impact
of X-ray related science. The current generation of storage ring based facilities, the so-
called 3rd generation SR-sources, apply specific magnetic structures, i.e. insertion devices,
resulting in an even higher brilliance. Note that besides the above-mentioned advantages,
the availably and accessibility of an experimental facility may present a limiting factor.

Figure 2.4: Overview of the increase of X-ray brilliance over time. Image reproduced from [18].
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2.2.2 Synchrotron radiation facilities

Synchrotron radiation is generated in dedicated facilities operating world wide on more
than fifty locations. At these facilities, research is carried in many scientific fields, con-
tributing to ground-breaking discoveries that have been awarded with several Nobel Prizes
in Chemistry. For instance, P. Agre and R. MacKinnon were awarded jointly with a Nobel
Prize in Chemistry in 2003 for their work on channels in cell membranes. Besides, V.
Ramakrishnan, T. Steitz and A. Yonath performed pioneering research on the structure
and function of the ribosome and received a Nobel Prize in Chemistry in 2009. More
recently in 2012, R. Lefkowitz and B. Kobilka were jointly awarded for their studies of
G-protein-coupled receptors [1, 19].

The table and map in Figure 2.5 give an overview of the synchrotron facilities located in
Europe where the blue pins indicate the institutes relied on during this project, namely
the European Synchrotron Radiation Facility located in Grenoble (ESRF, France) and the
Deutsches Elektronen-Synchrotron stationed in Hamburg (PETRA III, DESY, Germany),
both briefly introduced below.

Country Facility
Sweden MAX IV
Denmark ISA

Russia
DELSY
KSRS
TNK

Germany

PETRA III
BESSY II
ANKA
DELTA
ELSA

UK Diamond

France ESRF
SOLEIL

Italy Elettra
DAFNE

Switserland PSI
Spain ALBA

Figure 2.5: Locations of synchrotron facilities in Europe, blue pins indicate the ESRF in France
and PETRA III in Germany. World map reproduced from [20], data taken from [21].
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Figure 2.6: Top views of the ESRF storage ring located in Grenoble, France (left) and the
PETRA III hall located in Hamburg, Germany (right). Images reproduced from [22, 23].

ESRF-ID13 Beamlime ID13 of the ESRF houses two endstations consisting of the Mi-
crofocus branch (>1 µm focused beam) and the Nanofocus experimental hutch (≈ 200 nm
focal spot) located respectively 46 and 99 metres away from the undulator source optimized
for an X-ray energy of 12.46 keV. It allows to perform measurements at the microscopic and
nanoscopic level by providing a variety of techniques such a diffraction, small/wide X-ray
angle scattering, X-ray fluorescence and complementary laser Raman imaging; compatible
with a range of specialized sample environments such as optical tweezers, microfluidics etc.
Although the ID13 beamline is part of the ESRF soft condensed matter group, its appli-
cations range extends towards materials science, life sciences, planetary sciences, cultural
heritage etc. [22]. For this project, experiments were performed at the ID13 Microfocus
branch where the optical tweezers setup was applied as a specialized environment for
elemental analysis of biological organisms under in vivo conditions.

PETRA III-P06 Beamlime P06 of the PETRA III synchrotron source is dedicated to
scanning X-ray microscopy in the broad energy range of 5-80 keV by applying X-ray fluo-
rescence, X-ray absorption spectroscopy, X-ray diffraction and coherent diffraction imaging
as analytical techniques. Beamlime P06 houses two experimental hutches subdivided as
the hard X-ray Microprobe (200-700 nm focused beam) and the hard X-ray Nanoprobe
(<100 nm focal spot) [23], suitable for a variety of scientific applications in the fields of en-
ergy technology, cultural heritage, geology, biology etc. For this project, experiments were
performed at the P06 Microprobe where the state-of-the-art cryochamber was applied as
a specialized environment for XRF imaging of biological organisms providing conditions of
a very high degree of sample preservation.
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Figure 2.7: Top view of the ESRF-ID13 beamline with an indication of the Microfocus and
Nanofocus branch. Image obtained from [24].

Figure 2.8: Top view of the P06 Hard X-ray Micro/Nano-Probe at PETRA III. Image adapted
from [25].
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2.2.3 The generation of synchrotron radiation

As mentioned earlier, synchrotron light is produced when the trajectory of relativistic elec-
trons or positrons is bent by a magnetic field. In particular, when a charged particle travels
through an external magnetic field, a Lorentz force ~FB will manifest that changes the trans-
verse momentum of the particle. Equation 2.17 denotes the corresponding expression that
contains the particle charge q, the particle speed ~v and the magnetic field strength ~B. The
arising Lorentz force, responsible for the transversal acceleration, is directed perpendic-
ularly to the magnetic field and perpendicular to the direction of motion of the charged
particle (Figure 2.9).

~FB = q(~v × ~B) (2.17)

This inward acceleration will result in the emission of electromagnetic radiation with a
spectral/angular distribution depending on the velocity of the moving charged particle.
Figure 2.10 shows a schematic representation of the radiation originating from an acceler-
ated electron where the intensity distribution changes to a narrow fan emitted tangentially
to the orbit of a relativistic electron, applicable at synchrotron facilities. The opening
angle of the forward cone is governed by γ, the Lorentz contraction factor that depends
on the energy of the charged particle E and its rest energy E0 given by the product of the
particle rest mass m0 and the (squared) speed of light in vacuum c (Equation 2.18). The
corresponding power P radiated by a relativistic particle that is moving along a curved
trajectory with radius R is given by Equation 2.19. Here, e denotes the charge of the
particle that is orbiting in a vacuum environment with relative permittivity ε0. Note, that
due to the dependence on m0, the orders of magnitude lighter electrons and positrons
are preferred over protons in synchrotron radiation sources. Moreover, positrons possess
the additional advantage of being less susceptible to recombination with trapped ions and
therefore allow for a longer lifetime of the particle beam [3, 8, 17, 23, 26].

γ = 1√
1− β2 = E

m0c2 and β = v/c (2.18)

P = e2c

6πε0R2

(
E

m0c2

)4
(2.19)

In practice, a synchrotron facility is built up from several components, schematically de-
picted in Figure 2.11. In the electron gun (1), a heated metallic cathode produces pulses
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Figure 2.9: Schematic overview of the movement of a negatively charged particle q with speed
~v in a homogeneous magnetic field ~B and the resulting Lorentz force ~Fb. Figure adapted from
[27, 28].

Figure 2.10: Intensity distributions of an electron accelerated in a magnetic field. (Top) Clas-
sical radiation. (Bottom) Relativistic electron radiation. Figure adapted from [29].
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of electrons which are pre-accelerated within a linear accelerator (LINAC) into electron
bunches of an energy of a few MeV. The accelerated electrons are subsequently inserted
into the booster ring (2) that provides an energy boost up to several GeV and completes
the pre-acceleration phase. Next, the charged particles enter the large storage ring (3)
where synchrotron radiation is generated via dedicated sources. In the storage ring, bend-
ing magnets (4) modify the trajectory of the particle beam forcing them to follow a closed
path along the ring. Due to the deflected trajectory, energy will be lost due to the emission
of synchrotron radiation. As SR sources, bending magnets were mainly used in second gen-
eration synchrotron facilities. In addition, the straight sections can accommodate specific
magnetic structures for synchrotron radiation production with higher brilliance. These
magnetic structures are referred to as insertion devices (5) and are characteristic for
the third generation synchrotron sources. The synchrotron storage ring also houses radio
frequency cavities (6) for maintaining the energy of the charged particles via accelerat-
ing electric fields. The produced synchrotron radiation is guided towards the experimental
hutch via a beamline (7) that houses several types of X-ray optics for tuning and focusing
the incoming beam. In the experimental hutch, the beam is directed onto the sample and
computer-controlled measurements are performed [17, 18].

Figure 2.11: Overview of a synchrotron facility. The electron gun (1) produces charged parti-
cles that are linearly accelerated and boosted in energy in the booster ring (2). After subsequent
injection into the storage ring (3), bending magnets (4) and insertion devices (5) allow for the
production of synchrotron radiation. Within the storage ring, radio frequency cavities (6) com-
pensate for the particle beam energy losses. The produced electromagnetic radiation is then
guided trough a beamline (7) that allows experimentalists to perform measurements several me-
tres away from the source. Image adapted from [30].
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In a storage ring, three types of magnetic structures force the particles to deviate from their
straight pathway and hence allow for the production of synchrotron radiation. Below, a
brief description is given on the three magnetic structures typically present in a synchrotron
ring having a steep increase of brilliance in the order: bending magnet < wiggler <
undulator.

Bending magnets As main sources of synchrotron radiation, bending magnets char-
acterize second generation synchrotron facilities which are also used to keep the particle
beam in a closed orbit by defining a curved trajectory through the corresponding magnetic
fields. The emitted radiation from a bending magnet has a smooth continuous emission
spectrum characterized by a critical wavelength λc that depends on the ring and magnet
parameters. As mentioned earlier, synchrotron radiation has a highly collimated nature,
however for bending magnets the horizontal collimation is lost and partially restored by
means of a slit system resulting in reduced photon flux (Figure 2.12).

Wigglers and undulators At third generation synchrotron facilities, the limited bril-
liance of bending magnets is overcome by the use of wigglers and undulators, also referred
to as insertion devices (ID). These dedicated magnetic structures are installed in the
straight sections of the storage ring and consist of arrays of magnets with alternating poles,
thereby initiating many oscillations of the particle beam perpendicularly to their direction
of movement. As each bend results in the generation of electromagnetic radiation, a sig-
nificant increase in the total photon flux is obtained. Besides, the magnetic field strength
can be adapted, resulting in the possibility to cover a larger spectral range.
Both undulators and wigglers differ by the magnitude of the oscillations, given by the
dimensionless deflection parameter K (Figure 2.12). Wigglers are characterized by large
deflection angles and therefore large K values (K » 1). The radiation is produced in strong
magnetic fields, having n poles and adds up due to the overlap of the emission cones.
Compared to a bending magnet, the total intensity is proportional to 2n and once more
characterized by continuous white radiation due to the incoherent addition of the emission
fans. For undulators, the deflection angle of the particle beam is smaller (K ≤ 1) due
to the weaker magnetic fields in which the particles oscillate. In this case, the addition of
the emission cones is coherent producing quasi-monochromatic radiation, creating radia-
tion with a few relatively narrow spectral peaks. For an undulator having n poles, a total
intensity proportional to n2 is obtained with respect to a bending magnet [4, 17, 18, 23].
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Figure 2.12: (Left) Synchrotron radiation emission from a bending magnet. The loss in horizon-
tal collimation can be compensated by a slitting system. (Right) Schematic drawings of insertion
devices. Top: Wiggler characterized by large deflections. Bottom: Undulator characterized by a
small deflection angle and hence smaller K value. Images adapted from [3, 17].

Figure 2.13 compares the spectra coming from a bending magnet, a wiggler and an un-
dulator. The graphical representation shows that both wigglers and bending magnets
produce a continuous spectrum, yet strongly differing in terms of brilliance due to the high
number of particle undulations and consequent superposition of emission cones in case of
insertion devices. Moreover, undulators are SR sources producing radiation with narrow
spectral peaks and high brilliance due to the coherent superposition of radiation cones,
corresponding to harmonics that manifest at specific energies (i.e. photon wavelengths).

Figure 2.13: Comparison of the spectra obtained using a bending magnet, a wiggler and an
undulator. Image taken from [23].
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2.2.4 X-ray optics

As mentioned above, synchrotron radiation encompasses a broad electromagnetic radiation
spectral range, covering the infrared to hard X-ray region. However, synchrotron radiation
X-ray measurements typically require X-ray beams with a suitable energy and size which
is achieved by placing specific X-ray optics between the synchrotron radiation beam and
the sample, including X-ray monochromators and X-ray focusing optics.

X-ray monochromators
For selecting a narrow X-ray energy range defined by the energy resolution ∆E

E
, a monochro-

mator applies diffraction from perfect crystals by achieving wavelength selection based on
the Bragg principle. Examples include Si(111) and Si(311) crystals that are able to pro-
vide an energy resolution of ∆E

E
≈ 10−4, well-suited for X-ray absorption measurements.

Only the diffracted X-rays which fulfil the Bragg condition will interfere constructively and
consequently being directed towards the sample (Figure 2.14). The corresponding relation
in Equation 2.20 includes the parameter d representing the distance between two atom
layers, θ being the incident angle, the diffraction order n and the wavelength λ.

2dsinθ = nλ (2.20)

Besides changing the energy distribution, crystal optics modify the direction of the X-ray
beam as well. Therefore, multiple Bragg reflections are typically applied, for example by
using a double crystal monochromator that yields a monochromatic beam being directed
parallel to the primary beam [17]. For moderate energy resolution (∆E

E
≈ 10−2), energy

selection can also be performed by a multilayer monochromator that consists of periodic
layers with alternating electron density (e.g. W/Si, Mo/Si).

Figure 2.14: Bragg principle for the energy selection of X-rays. Image adapted from [20].
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X-ray focusing optics
Due to the great demand for smaller X-ray spot sizes to obtain higher spatial resolution
levels, a wide variety of focusing optics is currently available providing X-ray spot sizes
down to the nanometre level [31, 32]. In this respect, an important remark should be made
with regard to the refractive index n of materials upon interaction with X-rays, being only
slightly less than unity in air or vacuum, ultimately resulting in weak refraction. Due to
the particular value for the refractive index n, X-rays cannot be concentrated by standard
glass lenses that are typically applied for visible light. Equation 2.21 shows the complex
refractive index n where the parameter δ relates to the refractive index decrement and θ
denotes the absorption [33, 34].

n = 1− δ + iβ (2.21)

In the field of X-ray focusing, three categories can be distinguished based on the interaction
phenomena including total reflection, refraction or diffraction. Below, a brief introduction
is given to the various types of focusing optics that were applied in this study.

Total reflection optics X-ray focusing by means of total reflection is mostly applied
at synchrotron beamlines and manifests at grazing incidence, arising from the particular
value of the refractive index n for X-rays. In particular, total reflection will occur when the
angle of incidence θ is smaller than the critical angle θc (few mrads), otherwise resulting in
absorption of the incident X-rays. Kirkpatrick-Baez (KB) mirror systems are typically
applied for focusing hard X-rays (10-100 keV) and consist of a pair of X-ray elliptical mir-
rors which enable separate horizontal and vertical focusing, available in a static or dynamic
configuration [17]. Note that although the working principle of this X-ray focusing optic is
relatively straightforward, the production is exceptionally difficult. Using such achromatic
optics, a highly intense X-ray beam is obtained that enables high spatial resolution mea-
surements (< 100 nm) in the hard X-ray region. Within this study, a Kirkpatrick-Baez
mirror system was used during preliminary studies at Microfocus ESRF-ID13 and the Hard
X-ray Microprobe beamline P06 at PETRA III.

θc(mrad) ≈ 30
E(keV ) (2.22)

A second X-ray focusing possibility based on total reflection involves the use of capillary
optics, both monocapillary and polycapillary [2, 35]. A polycapillary optic consists of the
order of hundred thousand glass fibres fused together through which X-ray propagation
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depends once more on the angle of incidence. Only the incident photons with an entrance
angle θ smaller than the energy-dependent critical angle θc will be reflected and continue
propagating (Equation 2.22). By applying a polycapillary optic for X-ray focusing, mod-
erate spatial resolution measurements (≈ 10 µm) can be performed at energies above 10
keV [36]. Within this study, polycapillary half lenses were used for guiding the fluorescent
X-rays from their focus towards the XRF detector, resulting in a confocal detection
arrangement. The confocal detection geometry defines a specific micro-volume that cor-
responds to the intersection volume of the primary X-ray beam and the energy-dependent
acceptance of the polycapillary optic [37]. Since only the fluorescent signal from the confo-
cal micro-volume is detected, a significant reduction of the interfering fluorescent/scatter
signal from the surrounding sample environment is obtained.

Refraction The working principle of compound refraction lenses (CRLs) is based on
the refraction of X-rays at the interface between the lens material (Al, Be, SU-8 polymer)
and the surrounding medium. As mentioned earlier, the refraction of X-rays is very weak
and therefore this type of focusing optic was not considered useful for a long time. However,
since refraction of X-rays is not zero and absorption is not infinite, compound refractive
lenses are currently being developed and applied for focusing hard X-rays down to a few
nanometres [38, 39]. Due to the particular value of the refractive index for X-rays, focusing
can be achieved by using a series of double concave lenses with a small radius of curvature
[17, 33]. To minimize absorption, the lenses are usually produced from a low atomic
number material such as Al, Si, Be. Despite the smaller accepting aperture, important
advantages include the ease of adjusting the focal length and X-ray spot size by adding
or removing individual lenses [22]. For this project, X-ray focusing by CRLs was applied
for the optical tweezers-based studies at ESRF-ID13 and the for the cryogenic in-vacuum
studies at PETRA III-P06.

Diffraction X-ray focusing based on diffraction phenomena relies on constructive inter-
ference thereby fulfilling the Bragg condition, previously outlined in Equation 2.20. A
Fresnel zone plate is a circular diffraction grating that consists of radially symmetric
rings with alternating absorbing and transmitting zones. The incoming X-rays will diffract
around the opaque zones and yield X-ray spot sizes down to the nanometre level at lower
X-ray energies, typically below 10 keV. Note that this type of X-rays focusing optics was
not applied in this study, yet briefly introduced for completeness.
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2.3 X-ray fluorescence spectroscopy

2.3.1 Principles

When performing X-ray fluorescence experiments, the sample is excited by an incoming
X-ray beam resulting in several interactions between the incident X-rays and the atoms
present in the sample. The most important interactions being the photoelectric effect and
two types of scattering interactions namely Compton scattering and Rayleigh scattering.
Appropriate detection and analysis of this fluorescent signal allows highly sensitive, multi-
elemental analysis on the sample composition in a 2D/3D-fashion with trace level detection
limits, accompanied by a non-destructive character under well-chosen experimental condi-
tions. The following section briefly introduces the confocal X-ray fluorescence detection
principle, the applied detection equipment, the employed data processing pathway and a
short summary on the quantification strategy used in this work.

Confocal X-ray fluorescence imaging

Besides providing two-dimensional elemental information on the sample composition under
conventional geometry, three-dimensional X-ray fluorescence methods are available as well,
such as XRF tomography that allows multi-elemental analysis of a virtual sample cross-
section thereby relying on the penetrative character of X-rays [40, 41]. Confocal micro-XRF
provides an alternative approach for this 3D scanning variant by collimating the detector to
only a small segment of the entire beam path within the sample [37]. This is accomplished
by positioning a polycapillary half-lens in front of the energy dispersive detector, such that
the detection volume is confined to the intersection of the exciting beam and the energy-
dependent acceptance of the polycapillary (Figure 2.15). Next to 3D analysis capability,
confocal detection can also be used to reduce scattering and fluorescence from the sample
environment around the micro-volume of interest. Within this study, the confocal detection
geometry was crucial for the elemental analysis of the biological samples manipulated by
optical tweezers. For the XRF study under vacuum conditions using the cryogenic sample
environment, a conventional XRF detection geometry was employed where a collimator
was used to limit the detector solid angle.
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Figure 2.15: Confocal X-ray fluorescence detection geometry that defines a specific micro-
volume from which fluorescent signal is captured. Image adapted from [42].

Fluorescent X-ray detection

For the experiments performed in this study, detection of fluorescent photons was achieved
by using energy-dispersive silicon drift detectors (SDD) that measure the incoming X-ray
energy based on the generation of charge carriers. When an X-ray photon is absorbed by the
silicon crystal ultimately, electrons from the semiconductor valence band will be excited
to the conduction band thereby generating electron-hole pairs. The number of created
electron-hole pairs depends on the energy of the incident photon and the application of a
potential difference consequently enables the separation of these charge carries. Subsequent
amplification and analysis of the generated pulses is performed by a digital pulse processor,
followed by storage in separate channels by the multi-channel analyser ultimately resulting
in an XRF energy spectrum. Next to the detection of fluorescent X-rays, detector artefacts
can give rise to spectral peaks as well. For example, when two intense fluorescent X-rays
strike the detector crystal at nearly the exact same moment, the detector will fail to
discriminate between both photons and process them as a single photon having the sum of
energies. In addition, above the Si-K absorption edge energy, the absorbed X-ray photons
generate Si-Kα, β fluorescence, which can escape from the detector crystal. This process
leads to a loss of the deposited energy in the crystal, and to the appearance of so-called
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escape peaks, with the highest intensity observed at 1.74 keV below the actual XRF line,
i.e. the parent peak energy [2].

Another detector-related artefact involves the dead time τ arising from the inability of the
detection system of measuring a new fluorescent photon when the previous fluorescent X-
ray is still being processed. The time interval during which the detector is not available for
processing generates a difference between the measuring time (real time) and the detection
time (live time) that can be corrected for using Equation 2.23. Here, the parameters
Iuncorr and Icorr respectively represent the measured intensity where the corrected value
corresponds to the situation as if the dead time was zero [4].

Icorr = Iuncorr
1− τ (2.23)

In addition to the employed silicon drift detector, other types of detectors are frequently
applied for XRF purposes as well. For instance, large area silicon charge-coupled device
(CCD) based detectors recently entered the research field and are nowadays frequently
applied for full-field fluorescence measurements greatly benefiting from X-ray imaging in
terms of simplicity and the reduction of measuring time [25, 43, 44].

Spectrum evaluation and data processing

Spectral deconvolution of the individual XRF spectra was performed by the non-linear
least-squares fitting software AXIL [45]. The abbreviation AXIL stands for Analysis of
X-rays by Iterative Least Squares and relies on the non-linear fitting of a mathematical
function to the experimentally obtained spectra. By means of the non-linear least squares
fitting strategy, a weighted sum of differences χ2 is minimised between the experimental
data y and a mathematical function yfit that describes the fluorescence peaks and the
spectral background. The corresponding mathematical expression for χ2 is presented in
Equation 2.24.

χ2 = 1
n−m

∑
i

[yi − yfit(i)]2
yi

(2.24)

In this equation, parameter yi represents the content of channel i in the experimental
spectrum and yfit(i) denotes the calculated content of the fitting function in this channel.
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Furthermore, parameter n corresponds to the number of channels in the fitting window and
parameter m represents the estimated number of parameters of the fitting function. The
fitting function itself is composed of the fluorescence peaks and the spectral background
according to Equation 2.25 where index j runs over all characteristic line groups. Here, the
first term corresponds to the fluorescence peaks included in the model and the second term
represents the spectral background. During the spectrum evaluation, all the parameters
in the fitting model are optimised to obtain the best match between the model and the
spectral data.

yfit(i) =
∑
j

yj(i) + yback(i) (2.25)

Subsequent batch processing of the individual XRF spectra is performed using the Mi-
croXRF2 software package written in the IDL programming environment (Interactive Data
Language, Exelis Visual Information Solutions, Boulder, Colorado) [46]. The obtained net
fluorescent line intensities are then combined into two-dimensional maps, displaying the
distributions of the detected elements throughout the scanned areas based on their Kα
lines. For visualizing the elemental distribution maps, basic image processing is carried
out using in-house developed software written in IDL.

X-ray fluorescence quantification

Minimum detection limits The lower limit of detection (LOD) for a given experi-
mental setup is defined as the minimum concentration or mass of an element that can
be detected in certain time interval and for a specific matrix [3]. In practice, a limit of
detection curve is obtained by measuring a standard reference material for a specific time
interval, followed by spectrum evaluation and applying the mathematical expression in
Equation 2.26. Here, cLOD,i denotes the minimum detection limit of element i, Nb and
Nn indicate the number of background and XRF counts respectively, corresponding to
concentration ci available from the certificate. Nowadays at state-of-the-art third genera-
tion synchrotron sources, sub-ppm minimum detection limits are easily achieved within a
feasible time frame [32, 37].

cLOD,i = 3
√
Nb

Nn

ci (2.26)
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Fundamental parameter method (FPM) The quantitative elemental analysis of the
obtained XRF data was performed by using the fundamental parameter approach. This
strategy is very effective when coupled with the measurement of a standard reference
material and relies on the theoretical relationship between the net-line intensities and the
elemental concentrations [11, 47]. The fundamental parameter equation is presented in
Equation 2.27 and relates the Kα fluorescence intensity of element i to several parameters.
Here, I0 is the photon flux coming from a monochromatic beam, G is the geometry factor
determined by the geometrical characteristics of the detector and its position with respect
to the primary beam, wi corresponds to the weight fraction of element i, Qi,Kα is the
XRF production cross-section and ρ and T are the density and the effective thickness of
the sample, respectively. For a confocal detection geometry, the factor εPC is included
as well that reflects the element dependent efficiency of the polycapillary confocal optic.
Furthermore, the absorption correction term Acorr is of importance as it corrects for the
absorption of both the impinging beam and the escaping fluorescence X-rays [5, 16]. Within
the absorption correction factor Acorr, parameter χ depends on the experimental setup
configuration via the incident angle α and escaping angle β (Figure 2.16). In Equation 2.29,
parameter wi represents the weight fraction of element i and µi corresponds to the mass
attenuation coefficients at the incident energy E0 and fluorescent energy Ei of element i.
Note that the practical implementation of the fundamental parameter method is presented
in section 5.3 that describes the optical tweezers-based XRF data processing strategy.

Ii,Kα = I0GwiQi,KαρTεPCAcorr (2.27)

G = ΩDET

4πsinα and Acorr = 1− exp(−χρT )
χρT

(2.28)

χ =
∑n
i=1wiµi,0
sinα

+
∑n
i=1wiµi,1
sinβ

(2.29)

Figure 2.16: Top view of a basic XRF geometrical arrangement. Image adapted from [5].
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Characterized by its relative simplicity compared to more advanced Monte Carlo simulation-
based quantification strategies, the fundamental parameter method exhibits a few limita-
tions. For instance, the typical FPM approach considers only first order interactions,
thereby discarding secondary effects that may produce a significant level of secondary flu-
orescent photons resulting in the overestimation of concentration levels. The latter can
be particularly pronounced for samples containing transition metals at percentage level
concentrations and differing by 2 in atomic number, e.g. Cr, Fe and Ni in stainless steel.
However, enhancements effects are insignificant in case of biological matrices containing
only traces of the elements of interest [3, 48, 49]. The fundamental parameter approach
used here assumes a monochromatic primary beam, a condition that was fulfilled for the
synchrotron radiation measurements preformed in this study. The above-mentioned quan-
tification strategy relies on an ideal detector combined with the investigation of (locally)
homogeneous and flat samples. In addition, the requested XRF production cross-section
may not be well known, which can be circumvented by selecting an appropriate standard
reference material that is being measured under the exact same circumstances as the sample
in question [5].

2.3.2 X-ray fluorescence analysis of biological samples

Owing to its high sensitivity, multi-elemental and (under well-chosen experimental con-
ditions) non-destructive nature, synchrotron radiation-based X-ray fluorescence imaging
offers the potential of providing two- and three-dimensional information on the sample
composition and elemental distributions with trace level detection limits [50, 51]. Particu-
larly in the field of single cell analysis, deeper insights into biological processes and cel-
lular analysis require quantitative techniques with high elemental and chemical sensitivity
combined with high spatial resolution, such as synchrotron radiation based X-ray fluores-
cence micro-/nano-analysis. The spatial distribution and concentration of trace elements in
biological organisms and single cells can provide answers to fundamental questions, as they
are involved in many biological functions/processes of living organisms, e.g. metabolism,
nutrition, pathological disorders etc. In particular, the transition metals iron, copper,
zinc, manganese and nickel are vital for almost all living organisms due to their particular
chemical and physical properties, including their oxidation state. These transition metal
ions are typically incorporated in a multitude of catalytic enzymes where they fulfil a crit-
ical role in the biochemical protein activity upon binding. With respect to the transition
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metal homeostasis and spatial distribution, the cellular local concentrations are usually
strictly regulated via a variety of transport mechanisms, otherwise resulting in significant
damage to cell structures. When studying the associated cytotoxic effects, the increased
availability of third-generation SR-sources offering highly intense, monochromatic X-ray
beams of sub-micrometre resolution can provide a powerful tool for investigating cells at
the cellular level without the need for staining or labelling [3, 47, 52–57].

When working with biological samples, an inherent difficulty of synchrotron radiation-
based imaging experiments is associated with the need to position, manipulate and observe
the biological sample while keeping it in its natural state. Currently, a challenging task
is to mount microscopic samples on a support that can be attached to the motor system
and which does not interfere with the measurement itself. In the best situations they are
”free-standing” but e.g. still glued on a sharp tip [58, 59]. In addition, SR-based scanning
techniques typically require that the biological sample remains unchanged during a time
frame of minutes to hours, during which 2D/3D raster scans are performed by moving
the sample through the X-ray beam. In order to be able to perform such analysis on the
micro/nanoscopic level, the immobilization of the sample on the motor stage system and
the accurate and precise movements (XYZθ) of the sample are real challenges.

As mentioned earlier, when performing X-ray micro-analysis of biological organisms close
to their natural state, two distinct approaches can be followed, i.e. (1) modifying the
sample and making it suitable for analysis and/or (2) optimizing the applied analytical
methodology. Regarding the sample preparation, it is hard to provide a universally appli-
cable procedure, as the sample treatment steps are primarily determined by the biological
specimen itself. Consequently, each biological sample asks for careful optimization and
testing of the preparation procedure to minimize potential artefacts. Moreover, the pres-
ence of high amounts of water in most biological samples poses a major challenge due to
dehydration and chemical deterioration effects [60]. Yet, it is important to note that when
analysing biological specimens that live and reproduce in a hydrated environment, elemen-
tal imaging at the high resolution level is ideally performed on fully hydrated samples [61].
This, however, imposes particular methodological requirements including the construction
and application of a dedicated sample environment. Among the challenges one has to note
the presence of a certain level of radiation damage arising from the interaction of the X-
rays (primary damage) combined with time-dependent reactions arising from free radicals
and secondary electrons (secondary damage) [62, 63].
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Many biological sample preparation methods are currently available to remove the water
content, however possibly inducing structural changes in the measured elemental distribu-
tions combined with stringent preparation procedures having the possibility of introducing
sample contamination [40, 61, 64, 65]. As water has a high surface tension, air-drying of
biological specimens should be avoided to prevent cell collapse, aggregation and shrinkage.
Other approaches consist of embedding the biological specimen in a medium that later
hardens to form a solid matrix [66, 67]. Note, that the employed chemicals should be of
low viscosity, preserve the fine structure, retain the chemical identity, be relatively inex-
pensive and maintain stably in the X-ray beam. For biological organisms a more general
approach consists of applying low-temperature specimen preparation, thereby working be-
low the glass transition temperature of water (136 K), followed by lyophilisation to obtain
freeze-dried biological samples and final storage in a dried atmosphere [53, 68, 69]. As-
sociated difficulties involve devitrification and subsequent recrystallization events in the
course of the sample preparation procedure, therefore crucially asking for a highly experi-
enced experimentalist. Ideally the specimen is analysed immediately after completing the
sample preparation procedure, which is not straightforward when working at synchrotron
environments, as all of the above-listed sample preparation steps ask for a dedicated lab-
oratory, trained personnel and strict health and safety regulations due to the involvement
of hazardous chemicals [70, 71].

This study aimed at the development and application of two specialized sample measure-
ment environments for the analysis of biological model organisms close to the natural,
in vivo state. Both environments apply a certain level of the two distinct approaches
for performing X-ray micro-analysis of biological organisms close to the natural state as
outlined above. The use of optical tweezers enables truly free-standing investigation
of microscopic samples, combined with performing non-contact sample manipulation and
positioning in an aqueous environment. In this way two-dimensional elemental micro-
/nano-analysis could be performed on essentially living biological samples [72–74]. This
first dedicated sample environment allows to step away from the generally accepted trend
of applying time-consuming, often invasive and error-prone sample preparation steps prior
to analysis. In addition, biological samples were investigated using a cryogenic sample
environment, thus preserving their native state as much as possible and reducing the
probability of radiation damage due to the ice matrix acting as a sort of cage that limits
the spreading of radicals [75].
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2.4 Small angle X-ray scattering

This section shortly describes small angle X-ray scattering (SAXS) that represents the
second X-ray analysis technique applied in this work. Within this project, the optical
tweezers-based XRF methodology was successfully combined with complementary inte-
grated SAXS imaging that enables to probe the micro/nanoscopic structure and electron
density fluctuations of soft matter objects.

The physical background of small angle X-ray scattering relies on the elastic scattering
of monochromatic X-ray photons by matter, therefore resulting in no wavelength shift of
the scattered photons with respect to the incident beam. The schematic drawing in Figure
2.17 gives an overview of a typical SAXS experimental layout showing the incident wave
vector ki and the scattered wave vector ks in the forward direction under an angle θ. The
scattered intensity is typically collected at a fixed distance by using a large two-dimensional
(2D) detector, while the primary transmitted beam is absorbed by a beamstop. During a
SAXS experiment, a large 2D detector measures the number of scattered photons under
the scattering angle θ, followed by dedicated data processing using the scattering vector q
= ki - ks [17, 18, 76].

For demonstration purposes, Figure 2.18 shows an example of scattering by highly oriented
particles with similar shape but varying size distribution. The measured scattering distri-
bution is strongly oriented, while randomly distributed particles give rise to an isotropic
distribution with maxima located at multiple concentric rings.

Note that for this project, only basic data reduction was carried out by targeting a specific
region of interest that contains the strongest scattering intensity. After data processing,
the integrated SAXS results perfectly enabled to visualize the biological specimen outline
and internal structure which were subsequently used for combined and improved semi-
quantitative data processing. In addition, an increased scattered data quality was obtained
by applying a flight tube flushed with helium gas resulting in reduction of the absorption
processes and scattering by air.
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Figure 2.17: Schematic overview a small angle X-ray scattering experimental setup. Image
adapted from [76].

Figure 2.18: Scattering patterns obtained from particles with variable size in a highly oriented
fashion (left) and random distribution (right). Image adapted from [76].
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Chapter 3

Laser-based Optical Manipulation

3.1 Introduction

Optical manipulation refers to a class of methods that provide a unique way of handling
nano- and microscopic objects without any physical contact on size scales that are not
easily accessible by other techniques [1]. Since the invention of optical tweezers in the
early 1970s, optical manipulation has proven to be a powerful tool in many research fields
ranging from theoretical thermodynamics to biophysics, thereby representing a focal point
of interdisciplinary science [2]. The current chapter gives an overview of the basic princi-
ples behind laser-based optical manipulation and its main applications. Furthermore, the
critical parameters regarding the optical manipulation of biological model organisms are
highlighted, together with a brief introduction of the selected model organism.

3.2 Optical manipulation: basic principles

The fundamental principles of optical manipulation are based on the ability of light to
exert pressure on dielectric matter, as stated by Maxwell in 1873 [3]. Indeed, light that is
reflected, refracted or absorbed by relatively small particles undergoes a change in linear
momentum [1]. During the above-mentioned phenomena, due to the conservation of mo-
mentum, nanonewton to piconewton forces are generated that act on the sample and allow
for non-contact sample manipulation and positioning.
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3.2.1 Optical manipulation by radiation pressure

In the early 1970s, Arthur Ashkin and co-workers made pioneering discoveries in the re-
search field of laser-based optical manipulation. At the time, they observed that relatively
transparent micron-sized latex particles could be accelerated and trapped using the radi-
ation pressure force from a weakly focused TEM00 Gaussian laser beam [4]. A schematic
overview of their experimental setup is presented in Figure 3.1, consisting of an Ar laser
(λ = 515 nm) and a glass cell filled with aqueous medium and relatively high refractive
index latex spheres (φ ≈ 3 µm). The results showed that when an off-centred latex sphere
was exposed to a mildly focused Gaussian beam, the particle was (1) drawn towards the
illuminated beam axis and (2) accelerated in the direction of the laser light. The particle
was ultimately stopped at the front surface of the glass cell where it remained trapped in
the beam. In summary, the sphere as a whole was accelerated towards the center of the
beam and in the direction of propagation of the incident laser light, resulting in a stable
2D confinement [5].

From these findings, the conclusion was drawn that micron-sized spheres in liquid or air are
captured in a stable optical potential well formed by light. This stable optical potential well
is composed of two forces: one in the direction of the laser beam and a second component
towards the region of maximum light intensity. Simplified ray optics can be applied for
explaining the optical forces active on a relatively large particle with respect to the trapping
wavelength (d » λ). The schematic representation in Figure 3.1 shows the directions
of the arising optical forces, consisting of a scattering force and a gradient force. The
scattering force, ~Fscat, is related to the reflection and absorption of laser light, while
being proportional to the incident light intensity. The gradient force, ~Fgrad, arises from
the Gaussian laser beam profile and is related to the refraction of laser light resulting
in a change of linear momentum ~p [1]. Equation 3.1 shows the mathematical relationship
between the linear momentum p of a photon beam with power P travelling in a medium
with refractive index n and c being the speed of light in vacuum. In this respect, Snell′s law
in Equation 3.2 should be considered because the spherical particle has a slightly higher
refractive index n2 compared to the surrounding medium n1.

p = nP

c
(3.1)

n1sinθ1 = n2sinθ2 (3.2)
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Figure 3.1: Optical manipulation by radiation pressure. (Top) Experimental setup used for
demonstrating the acceleration and trapping of particles by radiation pressure. (Bottom) Sim-
plified ray optics diagram showing the origin of the optical forces impacting on a sphere when
illuminated with a mildly focused Gaussian laser beam. Decomposition into reflection and refrac-
tion. Note that due to the Gaussian profile of the laser beam, a photon beam with higher power
P is incident on location a of the sphere compared to location b. Images reproduced from [5] and
[6].

When a photon beam with power P travels from a medium with a low refractive index n1

towards a medium with a higher refractive n2, Newton′s second law states that the rate
of change of momentum d~p

dt
will generate a force ~F proportional to the light intensity as

shown in Equation 3.3 [7–9]. Here, m denotes the mass of the sphere and ~v represents its
velocity. Furthermore, due to the conservation of momentum as a consequence of Newton′s
third law, an equal and opposite momentum change and hence reaction force ~Freaction will
be exerted on the sphere given by Equation 3.4.

49



Chapter 3. Laser-based Optical Manipulation

~F = d~p

dt
= d(m~v)

dt
(3.3)

~Faction = −~Freaction (3.4)

From these mathematical relationships, it can be derived that the magnitude of the trans-
verse component depends on the laser intensity gradient and acts towards the region of
highest laser intensity. Indeed, as shown in Figure 3.1, the Gaussian laser beam profile
results in a photon beam of higher power P to be incident on location a of the sphere in
off-axis position. As a consequence of the refraction of photons, a larger optical force ~Fa

will be generated compared to the optical force ~Fb. Furthermore, by taking the total vec-
tor sum, a net inward transverse force is established arising from the laser beam intensity
profile and pointing towards the high intensity region. Note that when the particle with
a high refractive index is replaced by a low refractive index sphere (e.g. air bubble), the
direction of the active optical forces will be reversed and the sphere will avoid the incident
light by moving out of the laser beam.

As a continuation, Ashkin and co-workers extended their experimental setup by applying
two equal counter propagating TEM00 Gaussian laser beams to achieve a stable 3D con-
finement. As depicted in Figure 3.2, the scattering forces of the forward and backward
propagating beams cancel out and the latex sphere is stably held optically at the symme-
try point a. In case the particle would drift towards location b, a restoring force will be
established thereby accelerating the particle to the equilibrium position a where it will be
stabilized. When the laser beam on the right-hand side of the experimental setup is inter-
rupted for a moment, the particle will be accelerated towards position c, corresponding to
a similar situation as described in Figure 3.1. When switching the laser beam on again,
the particle will once more be accelerated towards the equilibrium position a.

From the above-mentioned experiments, Ashkin and his research team concluded that they
discriminated against radiometric forces. Before, radiometric forces posed serious restric-
tions on studying radiation pressure due to the obscuring effects of thermal forces which are
many orders of magnitude larger than radiation pressure [4]. In general, radiometric forces
are caused by temperature gradients in the medium arising from the interaction with the
hot surface of an illuminated particle, ultimately causing particles to move. These thermal
effects can be further distinguished into photophoresis and thermophoresis. Photophoresis
is of particular interest as it is related to the induced temperature gradient within an ab-

50



3.2. Optical manipulation: basic principles

Figure 3.2: Trapping of a latex sphere in a stable optical well using two opposing equal laser
beams. Image reproduced from [5].

sorbing sample and therefore depends on the absorption coefficient of the particle. Figure
3.3 gives a schematic overview of the origin of positive photophoresis which applies for a
highly absorbing particle. It can be seen that the front face of the particle is substantially
more heated than the rear face, resulting in a movement of the particle in the direction
of the incident light. Note that a negative photophoresis effect is observed for partially
absorbing particles, resulting in a movement opposite to the direction of the laser light.

Figure 3.3: Positive photophoresis causing a highly absorbing particle to move in the direction
of the incident light. Image adapted from [5].

In contrast, Ashkin operated under conditions free of thermal effects by suspending rela-
tively transparent particles in transparent media. Ultimately, these findings opened pos-
sibilities to optically manipulate atoms and molecules using resonance radiation pressure,
thereby assuming that atoms and molecules have a transparent nature as well [4].
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3.2.2 Optical levitation by radiation pressure

A few years later, Ashkin and his team introduced the concept of optical levitation by
radiation pressure in a medium less viscous than water, e.g. in air. The experiments were
based on the previous findings of the stable optical potential well consisting of a scattering
force and a restoring gradient force. Their levitation apparatus is schematically shown
in Figure 3.4, consisting of a single vertically directed focused laser beam that was used
to levitate a glass sphere in air. Initially the particle (φ ≈ 15-25 µm) was attached to
the bottom of the glass cell by strong van der Waals forces. The latter are overcome by
acoustic vibration shaking the particle loose, after which it rises into the diverging Gaussian
laser beam. Subsequently, an equilibrium position is reached just above the beam waist
where the upward radiation pressure ~Fscat and the downward gravitational forces ~Fz are
balanced. When reducing the laser beam power, the equilibrium position shifted towards
the beam waist due to the reduced radiation pressure. Furthermore, the optical stability
showed to be extremely good and the horizontal restoring force ~Fgrad was found to be larger
than the vertical component [10].

Figure 3.4: Optical levitation by radiation pressure. (Left) Simplified overview of the experi-
mental conditions employed by Ashkin. (Right) Stable optical levitation of a hollow glass sphere
using a TEM01 Gaussian laser beam. Images adapted from [5].

As mentioned earlier, Ashkin and co-workers usually applied standard TEM00 Gaussian
laser beam for optically manipulating relative high index particles, e.g. using latex spheres.
However, other classes of particles were of interest as well, such as solid metallic spheres.
Yet, back in the 1970s, the use of metal spheres was totally avoided due to the thermal
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forces previously described. In particular, when illuminating metallic spheres, the light
scattering dominates and refraction is negligible, causing the particles to be pushed out
of the high-intensity region of the beam. Therefore, thin-walled hollow glass spheres were
studied that show the same net behaviour as metallic spheres. In particular, stable optical
levitation of these hollow spheres could be achieved by applying a TEM01 laser beam mode,
a so-called ”doughnut mode” beam as shown in Figure 3.4 [11].

3.2.3 Optical trapping using a single-beam gradient force trap

Based on these groundbreaking experiments, Ashkin and co-workers reported in 1986 on the
observation of a single-beam gradient force optical trap for dielectric particles or ”optical
tweezers”. Within this milestone experiment, they successfully demonstrated that di-
electric particles, in the size range of 10-25 µm, could be optically trapped in an aqueous
environment using a strongly focused laser beam. Moreover, these experiments confirmed
the existence of a negative radiation pressure, that is a backward force due a strong axial
intensity gradient. Particularly the application of a tightly focused laser beam causes a
strong axial gradient to develop that dominates the scattering component. This is in
contrast to the optical levitation trap, where the axial stability arose from the balance of
the scattering force and gravitational counterforces [12].

The physical origin of the backward gradient force is typically explained depending on the
particle size relative to the laser wavelength, thereby resulting in three distinct regimes
[9]. In a first case, the trapped sphere is much larger than the laser wavelength (d » λ),
consequently satisfying the conditions for Mie scattering and employing simple ray optics
to explain the optical force composition. Secondly, for a trapped sphere with dimensions
much smaller than the laser wavelength (d « λ), the Rayleigh scattering conditions are
fulfilled which implies treating the particle as a point dipole. In the third case, the dimen-
sions of the particle and the laser wavelength are comparable, thereby requiring complex
electromagnetic theories to describe the optical force nature. Note that most biological
experiments imply working with specimens having a size range within this intermediate
regime [7]. However, throughout this work, relatively large biological samples were studied,
corresponding to the typical Mie working regime. Consequently, the theoretical treatment
of the optical forces is limited here to the simple ray optics model.

When working within the Mie regime, the optical trapping forces can once again be decom-
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posed into a scattering force and a gradient component. As explained earlier, the scattering
force arises from the reflection and absorption of the focused laser beam and points in the
direction of the light propagation. Due to the relatively transparent nature of the sphere,
part of the laser light will be refracted as well, consequently resulting in a change of lin-
ear momentum. When the gradient force dominates the scattering component, a stable
optical trap is formed whose experimental conditions are fulfilled in case of a steep light
gradient. The latter is obtained by applying a strongly focused laser beam generated by
a microscope objective having a high numerical aperture (NA > 1). Next to the case of
reflection, the schematic representation in Figure 3.5 depicts the refraction and resulting
gradient forces on two semi-transparent spheres, one positioned above and one below the
laser focus. It can be seen that the corresponding changes in linear momentum ∆~p will
systematically result in a net restoring force towards the laser focal point, independently
of gravitational forces.

Figure 3.5: Theoretical treatment of optical trapping forces. Origin of the scattering force (left).
Momentum changes and arising gradient forces on a microscopic particle oriented respectively
above (middle) and below the laser focus (right). Images adapted from [13].

In practice, the numerical aperture (NA) parameter reflects the light-gathering ability of
a microscope objective as shown in Figure 3.6 [14]. From the mathematical relationship
indicated on this Figure, it can be seen that the numerical aperture depends on the re-
fractive index n of the medium following the objective and θ being the half-angle of the
maximum emission cone of light that can enter/exit the objective. In case of objectives
having a relatively short working distance f, the angle θ will be larger, associated with an
increase of the numerical aperture. In addition, the numerical aperture can be increased by
changing the medium following the objective. For optical manipulation experiments in air
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(n ≈ 1), oil immersion objectives are often applied due to the higher refractive index of oil
(n ≈ 1.4) and associated higher NA thereby generating a strong gradient force. Note that
for the experiments in this study, a water immersion objective was applied, characterised
by a slightly larger working distance and a closer match of the refractive index with the
medium surrounding the biological specimen.

Figure 3.6: Schematic representation of the numerical aperture of a microscope objective.

In conclusion, the generated trapping force can typically be related to Equation 3.5 that
includes the trapping efficiency parameter Q, the refractive index of the medium nmed, the
laser power P and the speed of light c in vacuum [6]. Especially parameter Q is of interest
as it depends on the size, shape, composition and position of the sample; all representing
critical parameters regarding the sample selection which will be discussed further.

F = Q
nmedP

c
(3.5)

3.2.4 Cooling and trapping of atoms with laser light

From the above described findings, Ashkin raised the possibility that single-beam gradient
optical traps could be used for trapping atoms as well. Indeed, a few years later Steven Chu
et al. reported on the confinement and cooling of neutral sodium atoms [15]. The latter
can be understood starting once more from the physical principles of light exerting forces
on an atom and the consequent change of photon momentum. Since the trapped objects
are much smaller than the incident laser wavelength, the conditions for Rayleigh scattering
are fulfilled and the electric dipole approximation is applied. Particularly, when directing a
focused laser beam onto an atom, the latter will become polarized and experience a dipole
force in the gradient of the electromagnetic field. However, the arising dipole moments
will be extremely weak and fail to overcome the random thermal motion that manifests at
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room temperature [16]. In contrast, when atoms are cooled to temperatures approaching
absolute zero (i.e. milli-/micro-kelvin range), the formed electric and magnetic dipole
forces will be adequate to overcome thermal motion. It can therefore be concluded that
the principle of laser cooling was of utmost importance for the first atom manipulation
experiments.

For the pioneering experiments by Chu et al., a set of counter propagating laser beams
along the x, y and z axes was applied. The latter geometry ultimately generates a net
force that damps all three degrees of freedom of the atomic motion, resulting in a viscous
fluid of photons serving as a confinement medium (i.e. optical molasses). Laser cooling
and trapping of atoms nowadays find applications in many research fields. One important
application involves the laser-cooled atomic clocks that rely on the precise measurements of
time and frequency [16–18]. The pioneering research by S. Chu, C. Cohen-Tannoudji and
W. Phillips was later on awarded with the Nobel Prize in Physics in 1997 ”for development
of methods to cool and trap atoms with laser light” [19].

In addition to its practical applications, laser cooling boosted important scientific discov-
eries as well, such as the observation of Bose-Einstein condensation in an atomic vapour
of rubidium atoms by Anderson et al. (Figure 3.7) [18]. The Bose-Einstein condensate is
observed at even lower energy states and represents a new fundamental state of matter.
Moreover, this pioneering research was awarded as well with a Nobel Prize in Physics in
2001 for ”for the achievement of Bose-Einstein condensation in dilute gases of alkali atoms,
and for early fundamental studies of the properties of the condensates”.

Figure 3.7: Bose Einstein condensation in a Rb atomic vapour showing the 2D velocity distri-
bution at different stages of the cooling procedure. Starting from a broad thermal distribution
on the left, moving towards a nearly pure condensate peak on the right-hand side. Image taken
from [19].
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3.3 Applications of optical tweezers

After its initial introduction by Ashkin in the early 1970s, the research field of optical
tweezers (OT) have enjoyed a wide range of applications going from atomic physics to
medical science, thereby representing a focal point of interdisciplinary science [2]. OT-
based applications are mainly situated within the research fields of molecular biochemistry
and biophysics, allowing to manipulate and interrogate cells and single molecule biophysical
systems such as biopolymers, fractionated cells, molecular motors etc. [20, 21]. In general,
optical tweezers have significantly improved the insights into the fundamental principles
of the single molecule world and allowed for studies that were previously restricted to
bulk analysis [22, 23]. On the other hand, the applicability of optical tweezers within the
biotechnology field is boosted significantly due to its compatibility with standard biological
microscopes, allowing for the combination with a broad range of imaging and spectroscopic
techniques. Consequently, it enables the construction of multidisciplinary platforms includ-
ing imaging techniques, spectroscopy methodologies and optical manipulation technology
[23].
When studying biological systems using optical technology, one important parameter in-
volves the photo-induced damage and heating by the trapping laser, greatly depending
on the applied laser power and the wavelength. Due to the versatile nature of cells and
biomolecules, the laser-induced effects should therefore be carefully analysed and optimized
for each study that involves a new organism.

The following sections present an overview regarding the main biotechnological applica-
tions of optical tweezers including cell analysis, mechanical molecule measurements and
spectroscopic methods combined with optical tweezers.

3.3.1 Cell analysis

Over the past years, optical manipulation technology has proven to be a powerful tool
for single cell analysis, particularly due to its sterile and contact-free nature. Examples
include the insertion of foreign material into cells, cell delivery to specific locations and cell
sorting in combination with microfluidics systems [24, 25]. In addition, optical tweezers
have enabled to extensively study specific properties of a variety of cell types, such as
the stretching properties of red blood cells, the mechanical quality of mammalian cell
membranes, the swimming properties of sperm etc. [24]. Furthermore, specific organelles
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can be targeted by optical sugary, for instance by dissecting chromosomes, thereby greatly
boosting genomics [26].

Especially the combination of optical tweezers technology with microfluidics is of par-
ticular interest, since it enables to create and mimic an in vivo environment by enabling
a great degree of control of the biological parameters. The design of microfluidics experi-
ments, based on the so-called ”lab-on-a-chip” approach, typically consists of a multichannel
structure that can be optimized for a given experiment. In addition, it can be composed of
an optically transparent material which allows for easy integration into an optical tweezers
setup. For example, the representation depicted in Figure 3.8 demonstrates the combi-
nation of a microfluidics system with OT technology allowing to interrogate immobilized
cells while being exposed to variable external stimuli, e.g. to buffer solutions with variable
concentrations. The depicted microfluidic system consists of three inlets combined into a
single channel and is composed of polydimethylsiloxane, i.e. a polymer well suited for OT-
based biotechnological analysis due to its transparency and non-toxic behaviour towards
cells [27]. Cells suspended in growth medium are (1) introduced via the top channel, (2)
optically trapped and (3) moved towards the channel containing a stress medium [28].

Figure 3.8: Microfluidics technology. (Left) Multichannel sample holder for microfluidics.
(Right) Custom-made microfluidics structure that enables the exposure to a variable chemical
environment by optically manipulating cells between different channels. Images reproduced from
[29] and [30].

Another application of combining microfluidics with OT technology involves active/passive
cell sorting, enabling the selection and isolation of specific cells from a larger population
[26]. Active cell sorting involves dragging cells to an isolated part which is typically very
time-consuming and is consequently well-suited in case a few cells are targeted. In contrast,
passive cell sorting occurs according to the relative differences of specific cellular properties
such as size, shape and refractive index. Nevertheless, a decrease in the efficiency of passive
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cell sorting is observed when similar cells need to be separated.
Furthermore, it should be noted that for a large number of biological studies, cell diversity
should be taken into account and therefore larger cell population need to be studied yielding
good statics. As mentioned earlier, the cell by cell approach can be very time consuming
and is circumvented by moving towards parallel systems using multiple optical traps.

3.3.2 Mechanical molecule measurements

Due to the relatively non-invasive properties of light, optical tweezers are very well suited
for studying specific mechanical properties of single molecules. In addition, the magnitude
of the optical forces exerted by optical tweezers typically lie in the range of nanonewton
to piconewton, perfectly matching with a broad series of inter- and intracellular processes
including respiration, reproduction and signalling [26]. Another advantage lies again in
the compatibility of optical tweezers with standard biological microscopes, allowing for the
combination with a broad range of imaging and spectroscopic techniques. This multitude
of advantages makes that laser-based optical manipulation is very well suited for studying
passive biopolymer systems such as RNA and DNA. Furthermore, optical tweezers allow for
examining molecular motors including kinesin, myosin and flagellar motors and molecular
machines such DNA-processing enzymes. Well-studied mechanical properties include stiff-
ness, elasticity etc. [2], while the speed, force and working distance are of particular interest
when studying molecular motors. When performing OT-based analytical measurements,
the above-mentioned macromolecular systems are typically attached to micrometer-sized
silica beads that can be optically trapped, typically referred to as ”handles”. When trap-
ping the handles and upon action of the molecular system, the silica beads will be displaced,
acting like a microscopic spring. Particularly, for small displacements with respect to the
trapping centre, Hooke′s law can be applied and the force proportional to the displacement
can be derived. As a consequence, the use of calibrated optical traps together with position
sensitive detection of the microspheres are essential in this respect.

In the late 1980s, Block et al. pioneered within the field of force measurements using optical
tweezers for studying the flagellum of Escherichia coli bacteria [31]. A few years later,
Svoboda et al. focused on the molecular motor kinesin by investigating its linear stepping
behaviour along microtubules. It is known that enzymes such as kinesin, myosin and
relatives perform movements by converting ATP energy into mechanical work. Moreover,
their linear stepping behaviour takes place on length scales of angstroms to nanometres
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and on timescales of milliseconds and below, i.e. parameters that are easily accessible by
OT technology. For the sample geometry, a kinesin motor was bound to a handle, followed
by movement towards a microtubule polymer track that was attached to a microscopic
coverslip (Figure 3.9). From their experiments, they concluded that the biological motor
protein kinesin moves with discrete 8 nm steps and paused after each step to gain additional
energy through ATP hydrolysis [32–34].

A second well-studied molecular motor involves myosin, being responsible for muscular
contraction while interacting with actin filaments [35]. As myosin undergoes a confor-
mational change when binding and pulling the actin filament, a more complex dual trap
system is required for detailed analysis (Figure 3.9). By applying a so-called ”dumbbell
structure”, an actin filament is bound to two silica beads and stretched by trapping both
handles. Furthermore, when the molecular motor binds the polymer track, the filament
will be pulled and bead deflections will be observed, from which forces can be derived [35].

Figure 3.9: Analytical measurements of kinesin and myosin. (Left) Schematic representation for
observing the movement of a single kinesin molecule along a polymer track. (Right) Three-bead
geometry for investigating myosin [35, 36].

Other macromolecular systems such as DNA and RNA strands are not conveniently
manipulated directly in the medium either, and therefore typically bound to handles ac-
cording to one of the geometries depicted in Figure 3.10. A first configuration involves
attaching one end of the DNA strand to a handle and the other end to a microscopic
coverslip (left). The second and third geometry involve fixing a DNA strand to beads at
both ends. Both spheres can be optically manipulated using focused laser beams (middle)
or manipulated using a micropipette (right). Using these arrangements, important studies
have been performed on the mechanical flexibility of DNA as its fulfills a key role in many
cellular functions [37].
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Figure 3.10: Arrangements for optical manipulation of single molecules, e.g. DNA strands.
Image reproduced from [26].

3.3.3 Spectroscopic methods combined with optical tweezers

The success of optical tweezers technology within a wide variety of research fields mainly
arises from the compatibility with imaging techniques and spectroscopic methodologies.
The current section presents an overview regarding the main spectroscopic methods com-
bined with optical manipulation, with a strong focus on synchrotron radiation applications.
Note that apart from the attractive possibilities of OT setups outlined above, the multi-
modal approaches outline here typically involve the use of optical tweezers purely as sample
manipulation and positioning devices.

Particularly when focusing onto cell studies, the combination of optical tweezers technology
with powerful detection techniques is of great importance. Over the past years, many
spectroscopy and microscopy techniques have been combined with optical tweezers of which
Raman spectroscopy is one of the best examples. By holding a biological organism via
optical manipulation, Raman spectroscopy yields the molecular fingerprint of the sample
based on the vibrational properties of the molecular bonds targeted by laser irradiation. So-
called ”Raman tweezers” benefit from the advantage that almost all molecules are Raman
active and consequently require no specific tagging label which applies for fluorescence
microscopy. However, one particular drawback involves the small Raman scattering cross-
section compared to fluorescence which results in relatively long measuring times. The
latter can be circumvented by selecting a laser wavelength close to the electronic transition
[23, 26].
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Surprisingly enough, literature search yields only a few examples of multimodal approaches
that combine optical tweezers technology with high resolution micro-beam techniques.
However, the attractive capabilities of optical manipulation can provide powerful in situ
probes for the manipulation and positioning of micron-sized biological specimen in their
natural, aqueous environment. One of the few examples involves a study performed by Grad
et al., who reported on the development of a specific optofluidic cell that was integrated into
an ion micro-beam facility for radiation-biology studies. Instead of using optical forces,
they relied on dielectrophoresis thereby indirectly trapping cells and requiring less laser
light compared to optical tweezers [38]. Note that optoelectronic tweezing is based on
the action of an electric gradient force generated by illumination of photosensitive metal
substrates, thereby creating virtual electrodes [39]. For the optofluidic manipulation device
depicted in Figure 3.11, an indium-tin oxide electrode and a gold electrode were applied
which is not ideal in view of XRF experiments. Particularly the close proximity of the
metal electrodes may result in a substantial contribution of the fluorescent and scattering
signal to the XRF spectra.

Figure 3.11: Schematic overview of an optofluidic device for micro-beam analysis [38].

When searching literature for the application of optical tweezers at synchrotron facilities,
again a small number of studies is found, all focusing on the field of X-ray crystallography.
A first example within the research area of synchrotron radiation X-ray crystallog-
raphy involves the use of optical tweezers for micro-crystal manipulation and mounting.
Particularly when preparing samples prior to analysis, experimentalists within the domain
of synchrotron radiation crystallography are currently restricted to the manual handling
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and transfer of crystals from a bulk solution onto a crystal holder. This step is relatively
straightforward for large crystals, but becomes increasingly difficult for crystals having
dimensions of 10 µm and below. The microscope images in Figure 3.12 show a micromesh
platform applied for synchrotron radiation X-ray crystallography measurements, holding
cubic crystals inside wells that are covered by nano-fibres preventing the loss of positioned
crystals. By applying optical tweezers technology, relatively large crystals were selected
from a suspension prior to analysis, ultimately resulting in significantly better quality
diffraction data [40].

Figure 3.12: (Left) Example of a micromesh used for X-ray crystallography. (Right) An opti-
cally manipulated cubic crystal inside a micromesh. Images reproduced from [40].

Pioneering research regarding the integration of optical tweezers technology at synchrotron
facilities was performed by Cojoc and co-workers [41]. They designed the very first cus-
tom optical tweezers setup optimized for synchrotron radiation small/wide angle X-ray
scattering measurements of crystalline objects, i.e. liposome clusters and starch granules.
The main motivation for designing a dedicated OT setup included the need for precise
positioning of crystalline samples into the X-ray focal spot. Up to then, crystals were typ-
ically mounted onto a supporting structure, thereby restricting the sample orientation and
potentially altering delicate samples through mechanical contact. For their experiments,
a dedicated optical tweezers setup was developed that could be integrated at the ID13
Microfocus beamline of the European Synchrotron Radiation Facility (ESRF-ID13). The
setup consisted of a fibre laser operating at 1064 nm, a spatial light modulator (SLM)
for optical plurality through phase modulation and a 60× magnification dry microscope
objective. The liposome clusters were contained within in 100 µm diameter glass capillary
and optically trapped in a two-dimensional fashion. As outlined by the authors, even more
stable optical manipulation could be achieved in a 3D fashion by applying an immersion
objective having a higher numerical aperture [22, 41].
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A few years later, Cojoc et al. reported on the development of an OT setup capable of
stable 3D optical trapping and manipulation of starch granules. The latter was achieved by
applying a 100× magnification water immersion microscope objective having a high NA,
a laser source of the same wavelength regime and multiple trap creation via phase mod-
ulation. Figure 3.13 gives a schematic overview of the microfluidics arrangement applied
for nanostructure analysis of starch granules contained within a square capillary to avoid
optical lens effects [42].

Figure 3.13: Schematic overview of the microfluidics cell applied for X-ray structure analysis
of starch granules. Image adapted from [42].

Santucci and co-workers continued along this path and developed a compact and modu-
lar optical tweezers setup that matches the spatial constraints imposed by a synchrotron
environment [43]. Furthermore, emphasis was put on the ultracompact geometry allowing
it to be installed at several synchrotron radiation end stations, while being optimized at
ESRF-ID13. Similarly as described by Cojoc et al., a fibre laser was used for optical ma-
nipulation purposes, multiple traps were created using a SLM and focusing was performed
by a 100× magnification water immersion objective. Figure 3.14 shows a schematic rep-
resentation of the compact OT setup with an indication of the laser optical path in red.
All optomechanical components are fixed on a breadboard that can be mounted on the
beamline scanning stages while the size of the breadboard is restricted towards the syn-
chrotron ring due to the X-ray focusing housing. Similarly as introduced by Cojoc et al.,
a capillary sample container with a rectangular cross-section was selected for holding the
crystalline samples which were positioned in the laser focal point by a set of motorized
stages. For X-ray based scanning purposes, a raster scan was performed by displacing the
complete OT setup with the beamline YZ stages by a fixed amount between acquisitions,
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thereby forming a grid of measurements on the samples. As indicated, the scattering signal
is detected in the forward direction by means of a fast pixel detector camera ultimately
yielding the very first in vivo X-ray scattering measurements of starch and insulin crystals
at room temperature (Figure 3.15).

Figure 3.14: OT XRD technical overview, adapted from [43]. (Left) Technical design with an
indication of the IR laser path in red. (Right) Detail of the sample area with an indication of the
primary X-ray beam and the direction of the scattered photons.

Figure 3.15: Optical manipulation of a starch granule (left) and an insulin crystal (right) by
means of multiple optical traps. The samples are contained within a rectangular capillary and
the camera observation is perpendicular to the laser beam. Images reproduced from [43].

As mentioned above, the compact optical tweezers setup developed by Santucci et al.
is characterized by a modular and versatile nature, allowing for the combination with
other highly sensitive analytical techniques. Within this project, the compact OT setup
was further developed and its application range was extended with SR confocal XRF
imaging of biological model organisms and single cells in vivo. The OT XRF methodology
presented in this study, combines optical tweezers technology for non-contact micro-sample
manipulation with SR confocal XRF micro-imaging for the first time and allows for in situ
elemental imaging of free-standing living cells in their aqueous environment without the
need for time-consuming and invasive sample preparation steps prior to analysis [44].
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3.4 Optical manipulation of biological model organisms

Synchrotron radiation-based confocal X-ray fluorescence imaging is attractive due to its
multi-elemental, non-destructive nature, high sensitivity and its potential of providing two-
and three-dimensional information on the elemental composition of a variety of samples
with trace-level detection limits [45]. When working with microscopic biological specimen
in particular, challenges in SR-based imaging involve the need to position, manipulate
and observe the biological sample while keeping it in its natural state as much as possible.
By applying optical tweezers technology, non-contact sample manipulation and positioning
can be performed. For this study, research was conducted within the field of environmental
toxicology and a large set of biological model organisms and standard reference materials
were tested for their suitability towards optical manipulation.
Below, a list of the critical parameters regarding the sample selection is presented, together
with an overview of the biological model organisms that were carefully tested. Furthermore,
a brief introduction is given to the marine microalgae Scrippsiella trochoidea, i.e. the model
organism that was selected for optimizing the OT XRF methodology.

3.4.1 Critical parameters for sample selection

A suitable biological organism was essential for testing and optimizing the OT XRF
methodology, therefore several microscopic organisms and standard reference materials
were tested for their suitability towards optical manipulation. As stated in Equation 3.5,
the optical manipulation force depends amongst others on the trapping efficiency factor
Q, that covers multiple sample related characteristics, including composition, size and
shape [6]. Since research was conducted within the field of environmental toxicology, the
parametersmotility and toxicity deserve particular attention as well. Below, an overview
is presented regarding the outlined critical parameters for sample selection in view of OT
XRF optimization and analysis [46].

Composition As discussed earlier, the forces active on an optically manipulated sample
can be decomposed into a gradient component and scattering force. The gradient force is
due to the steep laser intensity gradient caused by the strongly focused laser beam and is
directed towards the high intensity region. The scattering force arises from the reflection
and absorption of laser light and therefore compositional properties of the sample may
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enhance the laser light absorption effects, followed by sample temperature increase and
unstable optical manipulation conditions. Attempts were made for optical manipulation
of NIST SRM 2066 glass microspheres (≈ 10 µm diameter) with a high Fe content (≈
11% by weight). As shown in Figure 3.16, the Fe-rich microspheres reflect the directed
laser light, most likely resulting in a strong scattering force or positive photophoresis effect
(Figure 3.3) in the direction of the incident light and no possibility for controlled optical
manipulation. Note that this laser radiation induced pressure effect may potentially be
circumvented by trapping and handling a significantly absorbing sample in the centre of a
Laguerre-Gaussian beam profile, i.e. doughnut profile [5, 6].

Figure 3.16: Unstable optical manipulation of Fe-rich NIST microspheres. The sphere is
strongly accelerated upwards, only fractions of a second after turning on the illumination with a
focused laser beam. The position of the laser beam is indicated by the red arrow.

For biological specimen, literature showed that the cellular composition can dominate the
orientation of cells in an optical trap. By investigating human embryonal cells, Perney and
co-workers found that the nucleus defines the orientation of eukaryotic cells and hypothe-
sized that the relative refractive indices of the cytoplasm, nucleus and other intracellular
components determine the cellular positioning. Figure 3.17 gives a schematic overview of
an optical trapping experiment of a mammalian cell, showing that the nucleus is responsible
for cell reorientation [47].

A similar behaviour is observed when directing a focused laser beam onto Chlamydomonas
reinhardtii microalgae cells (Figure 3.18). This type of green freshwater algae propels itself
by means of two flagella and is considered an important model organism for genomics
studies. In particular, when directing a focused laser beam onto a C. reinhardtii cell, one
particular organelle showed great affinity for the optical gradient. From the schematic cross
section shown in Figure 3.18, the assumption was made that this organelle corresponds to
the pyrenoid, a CO2 fixation centre found in chloroplasts [48].
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Figure 3.17: 3D representations of an eukaryotic cell following its reorientation in case of
illumination with a focused Gaussian beam (red arrow). Image reproduced from [47].

In addition, Navicula sp. algae were analysed as well and these cells could not be manip-
ulated as a whole. Nevertheless, the chloroplasts present within these organisms showed
again high affinity for the trapping laser beam.

Figure 3.18: (Left) Bottom view of an optically manipulated C. reinhardtii algae in aqueous
medium, pyrenoid section shows high affinity for the optical trap. (Middle) Schematic cross
section of a C. reinhardtii algae with an indication of the most important organelles. Image
reproduced from [49]. (Right) Optical manipulation of a chloroplast inside a Navicula sp. diatom.

Size Crucially for OT XRF imaging, a balance should be found between the sample size
and the amount of illuminated mass available for SR XRF analysis. Therefore, attention
was paid to slightly larger biological model organisms and single cells with a size range
of 20-40 µm, thereby typically working within the optical levitation regime where gravita-
tional counterforces pose an upper limit on the specimen size. Relatively large microalgae
were tested for their suitability towards optical manipulation, including Prorocentrum lima
marine microalgae (35-50 µm width). As observed, this algae can be optically translated by
dragging the cell over the coverslip surface by using internal structures as handles (Figure
3.19). In this respect, a more powerful trap may be considered useful by applying a higher
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laser power, however potentially introducing laser radiation damage. In contrast, smaller
algae were tested as well, for example Pseudokirchneriella subcapitata, a green freshwater
algae with a typical size of 5-10 µm. Optical manipulation of this type of algae showed to
be perfectly feasible, however representing too little mass for SR micro-XRF analysis.

Figure 3.19: Bottom views of the optical manipulation of a relatively large P. lima algae (left)
and small P. subcapitata cell (right). The red dotted cross indicates the laser beam position.

Shape Concerning the sample shape, non-spherical optically manipulated specimen will
typically align their longest dimension parallel with the propagation axis of the laser beam,
such that most of their volume is captured by the laser beam [50]. For example, fusiform-
shaped diatoms (e.g. Pseudo-nitzschia sp.) will orient themselves vertically, i.e. along the
laser beam. In case of large and/or asymmetrically shaped biological organisms, multiple
optical traps can be applied associated with an increase of the incident laser power. For the
OT XRF experiments performed in this study, the laser beam was typically split up into 4
optical traps by modulating the phase of the primary laser beam (Figure 3.20). The latter
is accomplished by sending a coded hologram to a spatial light modulator (SLM) thereby
increasing the trap plurality, ultimately resulting in a more stable optical manipulation
condition as the sample is supported via multiple points in space.

Motility Sample motility is another important parameter, since many biological organ-
isms show adhesion behaviour or have the possibility to propel themselves by means of
flagella (long whip-like structure) or cilia (short). It has been shown that biological cells at-
tached to a substrate can be optically levitated by applying a pulsed optical tweezers setup
to overcome the binding interaction [51]. Besides, adding chemicals to the medium can de-
crease/lower the motility, however potentially influencing the sample compositional/optical
properties, resulting in poor trapping conditions.
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Figure 3.20: Example of the creation of multiple optical traps for holding large and/or asym-
metrically shaped organisms.

Toxicity As observed, microalgae represent a class of model organisms that generally
complies well with the above-mentioned critical parameters. From an ecological point of
view, microalgae represent an important group of organisms within the marine food web,
serving as food for filter feeding shellfish organisms, such as mussels, oysters etc. However,
when the concentrations of the algal populations exceeds a certain threshold, so-called
harmful algal blooms can result in water discolorations, oxygen depleted conditions and
therefore potentially having a tremendous impact on major ecosystems. The impact of
harmful algal blooms is not only restricted to the aquacultures itself, but may extend to
economic losses involving fishery activities, human health and tourism/recreational activ-
ities. Amongst the harmful algal blooms, three types can be distinguished as presented in
Figure 3.21. The first class involves algae that are non-toxic to both humans and aqua-
culture, however in the limiting case causing mortality due to oxygen depleted conditions.
The second class of algae produces toxins that may enter the human food chain and con-
sequently cause serious human diseases having neurotoxic and gastrointestinal effects. A
third class holds the algae that are non-toxic to humans, but are harmful for fish and
invertebrates (e.g. by damaging fish gills). For the current study, several species from each
class were carefully tested and finally the marine microalgae Scrippsiella trochoidea was
selected a model organism for optimizing the OT XRF methodology. Note that this type
of harmful algae corresponds to class 1, thereby posing no threat to human health and
aquaculture at low cell densities [52].

As mentioned earlier, a large set of biological organisms and single cells were tested for
their optical manipulation capabilities. Table 3.1 gives an overview of this series of bio-
logical organisms, together with their unsuitability with respect to the critical parameters
previously described.
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Figure 3.21: Three types of harmful algal blooms, characteristics and examples [52].

Biological organism/cell Composition Size Shape Motility Toxicity
Scrippsiella trochoidea 3 3 3 3 3

Pseudokirchneriella subcapitata 7

Chlamydomonas reinhardtii 7

Prorocentrum lima 7 7 7

Teleaulax amphioxeia 7 7

Odontella sp. 7

Tetraselmis suecica 7

Dinophysis sp. 7

Isochrysis galbana 7

Coccolithophore sp. 7

Mesodinium rubrum 7

Nitzschia curvilineata 7

Bacilaria sp. 7 7

Thalassiosirales sp. 7 7

Gyrosigma sp. 7 7

Cilindrotheca fusiformes 7

Navicula sp. 7

Amphora sp. 7

Nitzschia sp. 7

Pseudo-nitzchia sp. 7

Macrostomum lignano stem cells 7 7

Red blood cell 7

Drosophila melanogaster cells 7

Table 3.1: Overview of the tested biological organisms for optimizing the OT XRF methodology.
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3.4.2 Scrippsiella trochoidea as a model organism

After thorough testing, the marine microalgae Scrippsiella trochoidea (Von Stein) Loeblich
III was selected as a model organism for optimizing the OT XRF methodology (Table 3.2).
This marine dinoflagellate microalgae appears cosmopolitan in coastal waters and has the
ability to form cysts (i.e. dormant cells), thereby explaining its ability to survive in a
variety of environmental conditions, such as temperature and salinity [53–57].

Domain Eukaryota
Kingdom Chromista
Phylum Myzozoa
Class Dinophyceae
Order Peridiniales
Family Peridiniaceae
Genus Scrippsiella
Species Scrippsiella trochoidea

Table 3.2: Classification of Scrippsiella trochoidea microalgae [58].

S. trochoidea algae are photosynthetic organisms and comprise therefore many chloroplasts
where the photosynthetic processes occur. Furthermore, this unicellular, eukaryotic organ-
ism holds a nucleus which is roughly located in centre of the cell. The motile cells are
typically pear shaped with a conical epitheca and a rounded hypotheca consisting of cellu-
lose plates, as shown in Figure 3.22. In contrast, the cysts are typically composed of thick
calcareous walls covered by many spines. The length of the motile cells typically varies
between 20-30 µm and matches therefore very well with the sample size and available mass
requested for synchrotron radiation micro-XRF analysis. Furthermore, this type of ma-
rine algae propels itself by means of two orthogonally oriented flagella and its motility is
decreased by briefly washing the algal cultures in a HEPES buffer (1 L deionized water,
32 g NaCl, 3 mM HEPES, pH 8), imposing no effect on the optical manipulation proper-
ties. Regarding toxicity, S. trochoidea may form algal blooms and is therefore considered
a harmful algae. Yet, while his species may produce some environmental effects such as
oxygen depletion in a limiting case, this type of marine algae poses no threat to human
health (class 1).

Scanning electron microscope-based imaging (SEM) has the ability to provide morpholog-
ical information, however requiring for a sample preparation procedure prior to analysis.
The SEM image of the motile cell in Figure 3.22 was obtained after dedicated sample

72



3.4. Optical manipulation of biological model organisms

preparation at Ghent University, involving fixation in a 4% formaldehyde solution, dehy-
dration through an alcohol series, followed by critical point drying and gold sputter coating.
For the SEM image of the encysted cell, a slightly different and relatively short sample
preparation procedure was applied [59]. In particular, Jung and co-workers developed a
rapid and effective method for preparing delicate dinoflagellates for SEM analysis, having
limited distortion of the delicate cells and a significant reduction of the preparation time,
however involving very toxic reagents such as OsO4. In contrast, the OT XRF method-
ology allows for elemental imaging of free-standing living cells in their natural, aqueous
environment without the need for time-consuming and invasive sample preparation steps
prior to analysis.

Figure 3.22: Scripsiella trochoidea microalgae. (Left) Microscope image of a vegetative S.
trochoidea cell. (Middle) SEM image obtained after sample preparation of a motile cell. (Right)
SEM image of an encysted cell showing spines on the cell wall. Image reproduced from [60].

As mentioned above, S. trochoidea microalgae are widely distributed organisms that appear
amongst others in the Belgian North Sea. The cells investigated in the current study, were
isolated from North Sea by Ghent University Laboratory of Environmental Toxicology and
Aquatic Ecology during a mission involving the Simon Stevin research vessel. This multi-
disciplinary research vessel has a wide range of coastal oceanographic research capabilities,
including a carousel with Niskin bottles for water sampling at different levels (Figure 3.23).

As observed, S. trochoidea microalgae can be easily optically manipulated in its culture
medium, even after exposure to high concentrations of transition metals in view of eco-
toxicology studies. Figure 3.24 shows an microscope image of an optically levitated cell
in aqueous medium. The cell is contained within a horizontally mounted quartz capillary
(QGCT 0.1, Capillary Tube Supplies Ltd, UK, 100 µm diameter, 10 µm wall thickness)
and briefly washed with a HEPES buffer solution to decrease the motility. Note that
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Figure 3.23: Photographs of the research vessel Simon Stevin (left) and a carrousel with six
Niskin bottles applied for water sampling (right).

on the microscope image, an optical elongation effect of approximately 30% is observed
in the vertical scanning direction (Z), due to the cylindrical quartz capillary acting as a
magnifying lens in the vertical dimension.

Figure 3.24: Microscope image of an optically manipulated S. trochoidea microalgae contained
within a quartz capillary filled with medium. Microscope image acquired through the ESRF-ID13
beamline microscope. Red arrow indicates the position of the laser beam.

When optically manipulating S. trochoidea cells, gravitational counterforces act as the
restoring forces upon laser beam irradiation, thereby satisfying the experimental conditions
for optical levitation. This can be easily verified by increasing and decreasing the power
of the highly focused Gaussian laser beam. As observed, the sample moves upwards with
increasing laser power and a downward movement is observed with decreasing laser power
as a consequence of the decreasing scattering force and constant gravitational forces.
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Estimations were made regarding the acting piconewton magnitude forces on an optically
manipulated cell. As observed, the mass density of the cell is larger than the surrounding
medium, since the cell drops down when the laser beam is turned off (Figure 3.25). In
particular, the cell sinks to the bottom of the capillary because the gravitational force ~Fg
exceeds the buoyancy ~Fbuoy that acts in the reverse direction (Equation 3.6). Consequently,
the acting piconewton forces on the cell equal the difference between ~Fg and ~Fbuoy as shown
in Equation 3.7 and 3.8, where Vcell denotes the cell volume and g reflects the gravitational
acceleration. Yet, this difference cannot be calculated since the mass density of the cell
ρcell is not exactly known. Nevertheless, the net cellular movement is directed downwards
and will result in a frictional force ~Fdrag with the aqueous medium of density ρaq which can
be calculated according to Stokes′ law. The latter depends on the viscosity of the aqueous
medium µaq, the radius of the cell r cell and the flow velocity of the cell vcell. Furthermore,
by approximating the cell shape by a sphere with a 10 µm radius and a constant flow
velocity of 25 µm/s in an aqueous medium with viscosity of 10−3 Ns

m2 , an optical force of
approximately 4.7 piconewton is derived.

Figure 3.25: Observation of the sinking behaviour of a S. trochoidea cell when the focused laser
beam is turned on (left) and off (right).

~Fdrag = ~Fg − ~Fbuoy (3.6)

6πµaqrcellvcell = ρcellVcellg − ρaqVcellg (3.7)

6πµaqrcellvcell = Vcellg(ρcell − ρaq) (3.8)
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Chapter 4

Optical Tweezers Setup Optimized
for XRF Imaging

4.1 Introduction

Pioneering research regarding the integration of optical tweezers technology at synchrotron
facilities was performed by Cojoc and Santucci et al., by designing the very first custom op-
tical tweezers setup optimized for synchrotron radiation small/wide angle X-ray scattering
measurements of crystalline objects [1–4]. Initially, the compact OT setup was developed
for integration at the ID13 Microfocus beamline of the European Synchrotron Radiation
Facility (Grenoble, France), further referred to as ESRF-ID13. However, during the devel-
opment phase emphasis was placed on the ultracompact and modular nature, permitting it
to be installed at several synchrotron radiation end stations and consequently allowing for
the combination with other high resolution methodologies. Within this study, the compact
OT setup was further developed in close collaboration with the UGent Liquid Crystals &
Photonics group and the UGent Center for Nano- and Biophotonics, resulting in an ex-
tension of the OT setup application range towards SR confocal XRF imaging of biological
model organisms and single cells in vivo [5, 6].

In Chapter 4, an overview is given of the current OT setup composition, together with a
review of the developments necessary for confocal XRF imaging. Furthermore, the method-
ological developments on the sample area are discussed, accompanied by an optical stability
study in view of X-ray measurements at the microscopic level.
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4.2 Compact optical tweezers setup

In general, an optical tweezers setup is composed of three essential components: a trapping
laser, a high numerical aperture microscope objective (NA > 1) and a sample observation
system. Next to these sub-units, steering optics, such as mirrors and lenses, are essential for
laser beam alignment and sample visualisation. Moreover, a means of sample manipulation
is required for positioning the sample chamber into the trapping plane.
In most cases, an optical tweezers setup is built starting from an inverted microscope,
characterized by sample illumination from the top and the objective being located below
the sample chamber. For optical manipulation purposes, an inverted microscope is typically
modified such that the trapping laser beam can be introduced to the optical path prior to
the focusing objective. Consequently, the microscope fulfils three critical roles including:
imaging, trapping and sample chamber manipulation [7, 8].

Nowadays, many optical tweezers setup are commercially available, but they tend to be
expensive, have limited capabilities and have a low level of flexibility with respect to further
methodological development. Note that in view of SR X-ray measurements, the flexibility
of specialized sample environments is an absolute must, especially due to the spatial limi-
tations imposed by a synchrotron beamline.
In 2011, Santucci and co-workers reported on the development of a dedicated OT setup
for microdiffraction experiments of protein crystals in their natural, aqueous environment
[8]. During the development phase, a multitude of optical and optomechanical compo-
nents were purchased and mounted on an aluminum breadboard that can be stably fixed
to the beamline scanning stages. By using this ultracompact OT setup, X-ray scattering
experiments on soft matter objects in aqueous environment showed to be perfectly feasi-
ble. Moreover, this research project aimed at extending the OT setup application range
by meeting the experimental requirements of SR micro-XRF imaging of biological model
organisms under in vivo conditions.

The computed-aided designs (CAD) in Figure 4.1 give an overview of the original and
optimized OT setup together with the corresponding laser path. The uppermost design
shows the setup developed for XRD imaging and will be further referred to as the OT XRD
setup. In addition, the lowest CAD representation shows the OT setup for combined XRF
and SAXS measurements and will be referred to as the OT XRF setup. Furthermore, the
block diagram in Figure 4.2 gives a detailed overview of the optical path within the OT
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XRF setup. In view of XRF imaging, important modifications were made regarding the
size of the optical breadboard and the start of the optical path. Moreover, the geometrical
arrangement of the spatial light modulator (SLM) was adapted, amongst others resulting
in a repositioning of mirrors M1 and M2. In addition, important adaptations were made
with regard to the sample area, i.e. an immersion replenishment system was introduced
near the trapping objective and the motorized sample stages were repositioned.

Figure 4.1: CAD drawings in SolidWorks giving an overview of the OT setup originally designed
for XRD imaging (top) and for combined XRF and X-ray scattered imaging (bottom).

Figure 4.2: Block diagram of the OT setup for combined XRF and X-ray scattered imaging.
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The CAD representation in Figure 4.3 gives a side overview of the OT XRF setup, together
with an indication of the most important components. The photograph below the CAD
representation shows the OT setup integrated Microfocus ESRF-ID13.

Figure 4.3: (Top) CAD representation of the compact OT XRF setup (1: IR laser, 2: SLM,
3: Mirrors, 4: Microscope trapping objective, 5: Motorized stages). (Bottom) Photograph of the
OT setup installed at ESRF-ID13.
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4.2.1 Optical breadboard

From the schematic drawings in Figure 4.1, it can be easily seen that the OT XRF setup
comprises a larger optical breadboard for holding the optomechanical components, arising
from the housing of the X-ray focusing system employed at ESRF-ID13. At the time of the
OT XRD setup development, a Kirkpatrick-Baez (KB) mirror system was applied for X-ray
focusing, being comprised within a relatively large housing system as depicted in Figure
4.4. Ultimately, the latter posed serious restrictions on the spatial flexibility towards the
synchrotron ring, as indicated by the red arrow.
Currently, the ESRF-ID13 Microfocus beamline employes a transfocator focusing system
incorporating a set of parabolic Be-refractive lenses providing a typical working distance of
100-250 mm, depending on the X-ray energy and the transfocator settings [9]. Ultimately,
this geometrical flexibility allowed to introduce a new optical breadboard resulting in the
possibility to reposition the sample motorized stages, thereby creating sufficient spatial
freedom for the polycapillary-based confocal detector optic and as well adding to the general
usability level of the optical tweezers setup. Yet, the breadboard extension results in an
increase in weight of the total OT setup, thereby potentially posing restrictions on the
attainable scanning speed of the beamline stages.

Figure 4.4: Focusing optics employed at Microfocus ESRF-ID13. (Left) Previously used and
relatively bulky Kirkpatrick-Baez geometry. (Right) Currently applied transfocator system pro-
viding sufficient spatial flexibility for OT XRF setup integration.
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4.2.2 Laser system

When designing an OT setup, attention should be paid to the selection of the trapping
laser system. Typically, a TEM00 Gaussian laser beam profile is selected that generates
of a gradient force towards the region of highest intensity and hence an efficient optical
trap (Figure 4.5). Furthermore, the trapping laser system should have an good pointing
stability and have low power fluctuations to avoid unwanted displacements of the optical
trap in the trapping plane [7].

Figure 4.5: Representations of a Gaussian TEM00 profile in a 3D- (left) and 2D-fashion (right).

The selected wavelength is an extremely important parameter as well, in particular when
dealing with biological organisms under in vivo conditions. Laser induced damage, so-
called ”opticution”, can limit the attainable exposure times, due to local heating effects,
two-photon absorption and the creation of reactive species [7]. From literature it is known
that laser induced damage by absorption is typically reduced when working within the
near infrared regime. In particular, the graph in Figure 4.6 shows a window of relative
transparency for biological specimens that induces negligible biological damage [10]. The
borders of this transparency region are defined by chromophore absorption for shorter wave-
lengths and by substantial water absorption when working beyond 2000 nm. To limit the
opticution for biological organisms, neodymium:yttrium-aluminium-garnet (Nd:YAG) are
typically selected for optical manipulation purposes, operating at the typical wavelength of
1064 nm. Furthermore, the application of diode pumped fibre lasers provides the advantage
of higher attainable laser power, ultimately resulting in better pointing stability. Besides,
fibre lasers have the additional advantage of output delivery via an optical fibre cable that
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can have lengths of several metres. Consequently, thermal and vibrational decoupling of
the OT setup from the power supply can be obtained. The latter is of particular interest at
synchrotron environments where the spatial freedom is often limited and vibrations should
be reduced to a minimum when performing measurements on the (sub)micron level. Note
that due to the versatile nature of cells and biomolecules, the opticution effects should
be carefully analysed and optimized for each study that involves a new organism. In this
respect, the application of tunable laser systems providing a broad range of wavelengths
is of interest. For instance, titanium:sapphire laser systems can cover wavelengths ranging
from 750-950 nm, despite of the higher purchase price [7].

Figure 4.6: Relative transparency of biological specimens in the near IR region. Image adapted
from [10].

For our purpose, a class IV ytterbium fibre laser source is applied that delivers a TEM00

linearly polarized Gaussian beam (YLM-5-LP-SC, IPG Photonics, USA). The single output
mode operates at the near infrared (IR) output wavelength of 1070 nm, located in the
window of relative transparency for biological materials [10, 11]. The main features of this
laser system include its high output power up to 5 W, the compact nature, air-cooling
and the RS-232 external computer interface which allows for remote control, i.e. beneficial
when working at a synchrotron environment. The photograph in Figure 4.7 shows the laser
system and its long optical fibre cable that can deliver output several metres away from
the power unit. The core of the optical fibre is doped with Yb3+ laser-active ions having
several advantages over Nd3+ including: the higher conversion efficiency, broader tunable

87



Chapter 4. Optical Tweezers Setup Optimized for XRF Imaging

wavelength range and the high energy storage. Absorption bands of Yb3+ laser-active ions
are situated near 915 nm and 975 nm and therefore indium gallium arsenide (InGaAs)
diodes are typically applied as pumping sources [12–14].

Figure 4.7: Ytterbium fibre laser source operating at the near IR wavelength of 1070 nm.

As mentioned earlier, Nd:YAG lasers are typically the choice for optical trapping exper-
iments involving biological specimens. Nevertheless, at the time of the OT XRD setup
development, the designers purchased an ytterbium fibre laser operating at 1070 nm. In-
terestingly, this laser module is mainly designed for laser machining, but shows a good
beam profile and has a high power output (> 2 W) that enables optical manipulation of
micron-sized objects. Furthermore, the wavelength difference of 6 nm (with respect to a
Nd:YAG laser) does not pose restrictions on the optical manipulation capabilities when
working with biological organisms. A first important parameter to select the Yb-doped
fibre laser involves the cost price, being up to four times lower compared to the Nd:YAG
options. From a methodological point of view, this laser source has many advantages as
summarised below [15].

• The flexible fibre cable having a length of 5 m which is extremely beneficial when
working at a synchrotron environment.

• The additional red laser available in the same unit that provides for a significant
reduction in the time needed for an initial laser path alignment.

• The limited size of the laser collimator which facilitates its integration into the setup.

• The linearly polarized and collimated beam that matches well with the entrance pupil
of the objective.
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The laser fibre represents the start of the optical path and should consequently be securely
mounted by means of optomechanical components. The technical design and photograph
in Figure 4.8 show that the laser beam collimator is held by a threaded adapter which
is mounted onto a precision rotation mount (CRM1P, Thorlabs Inc.), both attached to a
kinematic cage mount (KC1, Thorlabs Inc.) that can be tilted. In particular, the precision
rotation mount can be fixed to a certain angle, which is a critical step in the IR laser
polarisation alignment.

Figure 4.8: Stable mounting of the collimator housing is achieved by several optomechanical
components.

As mentioned above, a class IIIB red laser is available in the same laser unit, typically being
applied during the initial alignment procedure due to the emission in the visible wavelength
regime (λ ≈ 650 nm). Note that the application of strong class IV and class IIIB laser
beams involves taking appropriate safety measures to avoid eye or skin exposure to direct
or scattered radiation emitted from the optical output. Particularly for eye protection, it is
mandatory to wear safety goggles with a sufficiently large optical density, resulting in a safe
level of transmitted fraction of laser photons towards the human eye. The optical density
OD is wavelength dependent and is related to the Transmittance T according to Equation
4.1. For our purpose, LG1 Laser Safety Glasses from Thorlabs Inc. were available that
provide an optical density of +7 for the 950-1080 nm wavelength regime. This implies that
only small fraction of 10−7 (or 0.00001%) from the incident photons will be transmitted,
thereby creating a safe working condition for the human eye.

T = 10−OD (4.1)
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4.2.3 Spatial light modulator

When working with large and/or asymmetrically shaped biological organisms, multiple
optical traps can be applied for supporting a sample via multiple points in space, ultimately
resulting in a more stable optical manipulation condition. For generating multiple optical
spots in the trapping plane, two distinct approaches can be applied. Either, by splitting
the primary laser beam into multiple spots or by rapidly scanning the laser beam between
multiple points. Diffractive optical elements (DOEs) allow to split up the primary laser
beam by changing the refractive index of a crystal plane onto which the laser beam is
directed. This approach modulates the phase of the incident laser wavefront and ultimately
results in multiple spots in a 3D confinement. In addition, time-sharing of a single laser
beam between multiple traps is achieved by means of acousto-optical deflectors (AOD),
characterized by a high speed, but restricted to planar trapping patterns [7, 8, 16, 17].

SLM characteristics and integration
Within this project, the trap plurality is increased by employing a spatial light modu-
lator (SLM) that modulates the phase of the incoming laser beam without changing the
incident intensity or the polarization state. Due to the spatial constrains imposed by a syn-
chrotron environment, an ultracompact SLM (Hamamatsu Photonics, X10468-03, Japan)
is integrated on the OT setup that is characterized by high precision phase-modulation
properties, a high diffraction efficiency and a light utilization efficiency of 95% (Figure
4.9). The SLM head houses a liquid-crystal-on-silicon (LCOS) chip that modulates the
phase of the incident light by changing the liquid crystal orientation pixel by pixel through
the application of specific voltage levels. Note that the SLM chip has a damage threshold
of approximately 2 W and thereby poses an upper limit on the applicable laser power
[18]. Furthermore, a beam expander is inserted in between the laser collimator and the
SLM which consists of a convex and concave lens, ultimately resulting in a more complete
illumination of the SLM chip (Figure 4.10).

For optimal SLM functioning, the primary, linearly polarized laser beam should be aligned
parallel to the orientation of the liquid crystals. Consequently, the SLM chip is positioned
in upright geometry, moreover this orientation adds to the reflection efficiency of mirrors
M1 and M2 in vertical/ellipsoid geometry. In addition, the SLM positioning involves paying
attention to the spatial freedom of the beamline camera and the CCD detector in view of
diffraction experiments at synchrotron facilities, particularly ESRF-ID13.
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Figure 4.9: Spatial light modulator with an indication of the liquid crystal orientation.

Figure 4.10: Detail of the laser path showing the beam expander, ultimately resulting in a more
complete illumination of the SLM chip.
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SLM control
The SLM is a computer controlled device and requires input holograms for generating
multiple optical traps. From the schematic overview in Figure 4.11, it can be seen that DVI
signals are sent from a computer unit towards the SLM controller. That latter controls
the data signalling for driving the LCOS-SLM chip and provides power by means of two
SCSI-connector cables of limited length (1-1.2 m). When connecting the SLM to the
computer unit, a second screen will be activated and appropriate displays settings should
be provided for optimal SLM functioning. In particular, the screen size should roughly
match the number of SLM pixels (i.e. 792×600), a screen refresh rate of 60 Hz should be
active and a 32-bit color depth is required.

Figure 4.11: Connection scheme for the SLM unit. Image reproduced from [19].

The messenger DVI signals result from input holograms that are generated on the basis of
specific algorithms. In particular, holograms should be provided that modulate only the
phase for a given intensity. In case both the amplitude and the phase are modulated, the
SLM will work inefficiently at lower laser power [20]. For the current project, a hologram
generation program together with a user-friendly graphical user interface was written in
the IDL programming environment (Interactive Data Language) based on the work pre-
sented in [20]. Two algorithms for generating point traps were implemented, i.e. Random
mask encoding and the Gerchberg-Saxton algorithm, mainly differing in the speed and the
iterative character. One mathematical operation at the end of both algorithms deserves
particular attention and involves taking the modulus of the obtained phase values. The
latter is an essential operation since the SLM only processes phase values between 0 and
2π radians, i.e. corresponding to intensity values between 0 and 255 in the final hologram.
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Figure 4.12: Screenshot of the graphical user interface for generating holograms in the IDL
programming environment.
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Random mask encoding The Random mask (RM) encoding technique is the most
simple and fast algorithm for creating a hologram that generates n traps. For example, for
a 5 µm displacement of a single optical trap in the Z-direction, the RM algorithm generates
the hologram depicted in Figure 4.13.

Figure 4.13: Random mask generated hologram for a 5 µm displacement of a single optical trap
in the Z-direction.

Gerchberg-Saxton In case of the Gerchberg-Saxton (GS) algorithm, an iterative char-
acter is added to the calculations resulting in higher quality holograms with better trap
efficiency [21]. First, an initial guess is created, followed by a number of iterations that
improve on the complex values of specific parameters, followed by a modulus operation.
Figure 4.14 shows a holograms that will generate four optical traps in the XY plane with
a spacing of 15 µm. In case the RM algorithm would be applied, the hologram will be
generated in a shorter timeframe and have a lower trap efficiency.

Figure 4.14: Gerchberg-Saxton generated hologram for generating 4 optical traps in the XY
plane with a 15 µm spacing.
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4.2.4 Mirrors and lens system

After reflection on the SLM chip, the laser beam is directed onto mirrors M1 and M2 that
perform efficient reflection in vertical/ellipsoid geometry (Figure 4.15). When aligning the
laser path, both mirrors are extensively adjusted until the laser beam properly travels
through L3 and L4 and consequently correctly enters the objective entrance pupil. In
particular, the laser beam passes trough a set of lenses operating in a 4F optical system
that refers to the positioning of the SLM, which optically coincides with the back focal
plane of the trapping objective. The SLM position is determined by the focal lengths f3 and
f4 being the respective focal lengths of the lenses L3 and L4, where the distance between
the SLM and the back plane of the trapping objective should equal 2×f3 and 2×f4. Under
those circumstances, the complex amplitude of the SLM plane and the complex amplitude
of the trapping plane form a Fourier transform pair, resulting in optimal SLM functioning
[20]. Right after lens L4, a dichroic mirror (DM) is inserted that reflects photons at the
wavelength of 1070 nm towards the trapping objective, but is transparent towards the
illumination wavelength (Figure 4.16).

Figure 4.15: (Right) Detail of the laser path showing the reflection on two mirrors and passing
through a set of lenses. (Left) Photograph of the mirrors following the SLM.

4.2.5 Microscope trapping objective

After reflection on the dichroic mirror, the laser beam arrives at the microscope trapping
objective that represents one of the most essential components of the OT setup. In par-
ticular, the trapping objective determines the overall trapping efficiency of the OT setup,
which depends on the numerical aperture (NA) and the objective transmittance.
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Figure 4.16: Photograph of the dichroic mirror implemented in the OT setup. Provides upward
reflection of the IR photons towards the trapping objective.

As discussed in Chapter 3, a strong gradient force is essential for directing an optically
manipulated sample towards the region of maximum light intensity. The latter is obtained
by applying a tightly focused laser beam generated by a microscope objective having a
high numerical aperture (NA > 1). As mentioned in section 3.2.3, the numerical aperture
parameter reflects the light-gathering ability of a microscope objective and depends on
the refractive index n of the medium following the objective and θ being the half-angle
of the maximum cone of light that can enter/exit the objective. For objectives having a
relatively short working distance f, the angle θ will be larger, associated with an increase of
the numerical aperture. In addition, the numerical aperture can be increased by changing
the medium following the objective. For optical manipulation experiments in air (n ≈ 1),
oil immersion are often applied due to the higher refractive index of oil (n ≈ 1.4) and
associated higher NA thereby generating a strong gradient force.

For our purpose, a 100× water immersion microscope objective is applied (LUMPlanFl,
Olympus) that is characterized by a numerical aperture of approximately 1. Compared
to traditionally used oil immersion objectives, water immersion objectives have a slightly
larger working distance (≈ 1 mm) allowing to trap deeper into solution and having a closer
match of the refractive index with the sample medium. However, since a water droplet
on top of the objective is vital for proper focusing, compensation for water evaporation is
essential. In view of this requirement, a droplet refill system was designed (Figure 4.17) con-
sisting of a bent needle (Sterican), an in-house made adapter piece and an ALADDIN2-220
(World Precision Instruments) syringe pump. Using a constant flow of approximately 40
µL/h of Milli-Q water, the droplet volume can be maintained at a constant level permitting
of measurements for several hours without the need to interrupt a trapping experiment for
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water replenishment. The water flow rate, which depends on the intensity of the light guide
through thermal effects, can be remotely adjusted through LabVIEW software (National
Instruments).

Figure 4.17: Microscope trapping objective together with the droplet refill system.

A final remark should be made with regard to the laser beam diameter in view of achieving
optical manipulation conditions. In particular, the back aperture of the microscope objec-
tive should be slightly overfilled by the somewhat larger trapping laser beam. Under those
circumstances, a better trapping efficiency is obtained due to the increase of the ratio gra-
dient force/scattering force, yet potentially inducing local heating effects and consequent
thermal expansion of the objective [7].

4.2.6 Imaging system

For sample observation, the optical breadboard houses a CCD camera (Watec, WAT-
221S) that receives visible light from the light guide positioned on top of the objective
(Figure 4.18). In particular, the CAD representation in Figure 4.19 shows that the sample
illumination travels through the trapping objective in the opposite way with respect to
the trapping laser. Subsequently, the illumination light passes through a tube lens (TL)
that focuses the microscope image on the CCD camera. As shown in Figure 4.20, this
arrangement allows a bottom view on optically manipulated samples in aqueous medium.
Furthermore, a side view of the samples is acquired by means of a second, off-line CCD
camera that mimics the beamline microscope of a synchrotron facility. The latter refers
to the optical microscope calibrated to the X-ray beam position that enables to position
samples into the X-ray focal spot (Figure 4.20).
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Figure 4.18: Sample imaging system consisting of a CCD camera and a tube lens.

Figure 4.19: Schematic overview of the laser path (in red) and the path of the visible light
photons (in yellow).

Figure 4.20: Microscope images of silica microspheres in aqueous medium. (Right) Bottom
view of spheres through the CCD camera integrated on the OT setup. (Left) Side view through
the CCD camera mimicking the beamline microscope.
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4.2.7 Sample motorized system

Motorized movements of the sample holder are performed by the XYZ motor stages (Micos
MT-60) that are integrated on the optical breadboard. By moving these motor stages, the
sample capillary is positioned on top of the trapping objective into the laser focal spot,
accompanied by sample observation via the integrated CCD camera. Note that the sample
is indirectly attached to the motorized stages by means of two orthogonally mounted
aluminum profiles (Bosch Rexroth) as depicted in Figure 4.21.

Figure 4.21: Sample motorized system with an indication of the XYZ sample stages and other
important optical and optomechanical components.

4.3 Sample area

Due to the geometrical requirements imposed by the XRF detector arrangement, a specific
sample holder was designed for XRF imaging purposes. The current section discusses
the general outline of the sample area, together with an overview of the methodological
implications due to the application of an objective coverslip.
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4.3.1 General outline

The samples, i.e. algae and medium, are contained within a quartz capillary which is taped
onto a quartz coverslip and mounted on an aluminum holder that acts as a stable support
(Figure 4.22 and 4.23). The sample containers are cylindrical quartz capillaries (QGCT
0.1, Capillary Tube Supplies Ltd, UK) with an external diameter of 100 µm diameter and
a wall thickness of 10 µm. Furthermore, the capillaries are open at both ends and the
transfer of microalgae and medium is performed by means of capillary forces. Once filled,
plasticine is used to seal the capillaries to overcome evaporation of the medium.
After a cleaning procedure using cotton swabs immersed in high purity ethanol (RO-
TISOLV HPLC Gradient Grade, Carl Roth), the quartz capillary is positioned on a thin
quartz coverslip (UQG Optics Ltd., UV fused silica Spectrosil 2000, 40×5×0.10 mm3 thick-
ness). The latter is subsequently mounted on the aluminum holder which acts as a stable
support. Finally the mounted capillary is examined using a microscope and the coverslip
is marked at positions with suitable biological specimens, thereby greatly facilitating the
sample to laser beam alignment.

For XRF imaging, all glassware in the vicinity of the trapping objective is composed of
high purity quartz to minimize spectral contributions. In particular, thin-walled cylindrical
capillaries having 10 µm wall thickness are used as sample containers, in order to reduce the
absorption of the emerging X-ray fluorescent signal on its way to the detector, as well as to
eliminate/reduce the unwanted contribution of spurious XRF-signal from glass impurities
and multiple scattering. Although the contribution of impurities of sample environment
materials is strongly reduced by the confocal XRF detection principle, their influence
through higher order interactions (e.g. second and third order fluorescence/scattering)
cannot be fully eliminated, potentially resulting in reduced trace-element sensitivity.

Figure 4.22: Custom made aluminum sample holder that acts as a stable support for the quartz
coverslip and the thin-walled quartz capillary filled with algae and medium. The blue rectangle
indicates the extruded material that allows for a larger travel range in the Y-direction.
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Figure 4.23: Schematic design of the OT sample environment. The quartz capillary, filled with
medium and microalgae, is mounted on top of a quartz coverslip. The dimensions are indicated
by the double arrows and have a different scaling for clarity. Image adapted from [4].

As mentioned earlier and shown in Figure 4.22, an aluminum supporting structure was de-
signed for XRF purposes and includes a reversed bridging system and the partial extrusion
of material to provide a large travel range in the positive Y-direction. This sample holder
is mounted perpendicularly to the primary X-ray beam and subsequently translated by
means of XYZ motorized stages integrated on the optical breadboard (Figure 4.24).

Figure 4.24: CAD representation of the sample holder mounted on the OT setup. Note that
the curvature of the droplet refill needle should match with the aluminum sample holder.

By scanning a mounted sample in the vertical direction (Z) across the X-ray beam, and
detecting the transmitted beam intensity using a PIPS diode, one obtains very useful
information on the sample alignment via the absorption properties of the sample con-
tainer/mounting assembly. In Figure 4.25, a decrease in transmitted intensity at both
capillary walls is observed, with a clearly distinct low-absorbing region representing the
capillary interior containing the algae and medium. Once the (relative) micro-beam posi-
tion is below the capillary, the transmitted signal increases due to the thin gap (layer of air)
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present between the capillary and the coverslip. Finally, a steep signal decrease appears
due to the absorption effects through the coverslip and the immersion water. Note that
the thickness of this air layer should be minimized, typically reaching values between 10-30
µm, depending on the capillary mounting. In case the thickness of the layer of air exceeds a
certain threshold, sample visualisation by the beamline microscope will be reduced due to
shadow effects, resulting in sample positioning difficulties combined with reduced optical
manipulation capabilities.

Figure 4.25: Transmitted signal pattern by scanning a mounted sample through the X-ray
beam.

4.3.2 Objective coverslip and its implications

The application of a microscope objective coverslip has several methodological implications.
First, it allows on-axis sample observation while confining the immersion water droplet to
the area below the capillary container. Without this spatial separation, the immersion
water would surround the capillary, absorbing/refracting most of the visible light from the
beamline microscope lighting, and hence inhibiting the alignment of a trapped sample (i.e.
a single cell) to the primary X-ray beam. Due to this spatial confinement of the immersion
medium, the coverslip also prevents the absorption of a large fraction of the incident and
fluorescent X-ray photons by the immersion water. Next to this, the coverslip provides
an efficient and fast way of checking the laser beam alignment, as a concentric, circular
pattern can be observed in case of proper laser alignment (Figure 4.26).
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It should be noted that for the applied microscope objective in principle no coverslip
should be applied, meaning that optical manipulation actions should take place in aqueous
medium solely. The consequences of employing a coverslip involve distortions (mainly
spherical aberrations) of the laser beam, consequently spreading out the laser focus in the
axial direction. As observed, a sufficient gradient force is still established in the radial
direction, capable of positioning a sample towards the point of highest laser intensity.
For X-ray scattering purposes, the coverslip absorbs a substantial amount of photons from
the lower half of the scattering cone. The consequence of this second coverslip related issue
can be observed from the clear dividing line between coverslip and the sample at the dotted
arrow in Figure 4.26. A possible solution is offered by considerably reducing the width of
the coverslip (≤ 1 mm).

Figure 4.26: Coverslip implications. (Right) Laser beam focused on the coverslip, the concentric
profile indicates a well-aligned OT setup. (Left) A single scattering pattern obtained from a
sample scanned under the OT XRF geometry, the primary beam was focused on the upper
capillary wall. The dotted arrow indicates the boundary between the sample and the absorbing
coverslip.

4.4 Optical stability

When performing X-ray measurements at a synchrotron facility, the attainable spatial
resolution may be limited/reduced due to experimental noise and Brownian motion. Espe-
cially the experimental noise is of interest as it involves several (often) tunable parameters
including temperature fluctuations, acoustical noise and mechanical vibrations [22]. In
this respect, SR experimental hutches represent challenging environments because they
often house vacuum/turbo pumps and other sources of mechanical vibrations. Particularly
mechanical vibrations can give rise resonance effects and consequent motions of trapped
biological organisms in the sample chamber [23].
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Since the optical tweezers setup was combined with X-ray analysis on the microscopic
level, a stability study of an algae in the optical trap was crucial (Figure 4.27). While
the OT setup was installed at ESRF-ID13, the beamline microscope collected images of
an optically lifted sample every 0.1 s (for 15 min). Data processing of the image collection
was performed using in-house software developed in the IDL programming environment
[24]. After importing the images, four regions of interest were selected from which four
points of interest (POI) were extracted. The POIs are indicated on the microscope image
below and include: two positions on the organism (1 & 2), the lower capillary wall (3) and
the laser beam (4).

During a typical scan of 15 min, an average sample deviation of 0.23 µm is observed in the
horizontal scanning direction Y and 0.84 µm in the vertical scanning direction Z. Taking the
average size of a S. trochoidea microalgae into account, it can be concluded that sufficient
submicron optical stability is achievable in both scanning directions.

Figure 4.27: Optical stability study. (Left) Microscope image of an optically levitated algae
with an indication of 4 POIs. (Middle) Histogram for the stability in Y (horizontal scanning
direction). (Right) Histogram for the stability in Z (vertical scanning direction).
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Chapter 5

Optical Tweezers-based in vivo XRF
Imaging

This chapter introduces the radically new optical tweezers-based SR micro-XRF methodol-
ogy that allows in vivo elemental imaging in free-standing biological model organisms and
single cells, to be studied in their natural aqueous environment. The necessary methodolog-
ical developments required for testing and optimizing the new OT micro-XRF methodol-
ogy were carried out at Microfocus beamline ID13 of the European Synchrotron Radiation
Facility (ESRF-ID13, Grenoble, France). Here, an outline is presented regarding the ex-
perimental setup, particularly focusing on the integration of the optical tweezers setup and
the X-ray detection systems. Furthermore, the experimental results of four case studies
are presented, all focusing on applications in the research field of environmental toxicol-
ogy, demonstrating the feasibility, repeatability and high throughput potential of the OT
XRF methodology. To conclude, a summary is given on the data processing strategy that
includes a quantification procedure based on the fundamental parameter equation.

5.1 OT XRF setup integration at ESRF-ID13

For in vivo optical tweezers-based imaging experiments, the compact OT setup is mounted
on the beamline scanning stages of Microfocus beamline ID13 of the ESRF (Figure 5.1,
indication 1). The biological specimens, which are contained in quartz capillaries, are sub-
sequently observed and positioned in the primary beam by means of the on-axis calibrated
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Olympus beamline microscope. Once aligned, a raster scan is performed by translating the
complete OT setup, resulting in a grid of measurements on the biological specimen. The
emerging XRF photons are detected by a Vortex-EM energy-dispersive detector (50 mm2

active area, 350 µm crystal thickness, Hitachi, USA) that is equipped with a polycapillary
lens-based confocal optic (XOS, USA). This confocal detection arrangement defines a spe-
cific micro-volume of detection that corresponds to the intersection volume of the primary
X-ray beam and the energy-dependent acceptance of the polycapillary optic [1]. Since only
the fluorescent signal from the confocal micro-volume is detected, a significant reduction
of the interfering fluorescent/scatter signal from the surrounding sample environment is
obtained. Note, that the fluorescence detector is tilted to an angle of 45° (with respect to
the horizontal polarisation plane) due to the geometrical constraints imposed by the short
working distance of the polycapillary optic. The fluorescence detector assembly itself is
positioned on three translation stages used for confocal alignment purposes (Figure 5.1,
indication 2). The presented OT XRF methodology was successfully combined with com-
plementary Small Angle X-ray Scattering (SAXS) imaging, providing information on the
micro-structure and density fluctuations of soft matter objects [2–4]. The corresponding
distribution maps enabled to visualize the microalgae outline and consequently allowed for
improved semi-quantitative data processing.

The CAD representations in Figure 5.2 and 5.3 provide a detailed overview of the overall
experimental setup while showing the direction of the primary X-ray beam, the confocal
optic positioned under 45° and the direction of the detected photons. Note that the inte-
gration of OT XRF equipment at a synchrotron beamline is a complex task that requires
careful optimisation and trained personnel. In view of these requirements, Appendix A
summarizes a list of the practical considerations applicable at ESRF-ID13.
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Figure 5.1: CAD drawing in SolidWorks showing the OT setup mounted on the beamline
scanning stages (indication 1). The Vortex-EM detector is positioned under an angle of 45°, with
respect to the polarisation plane, onto a set of translation stages (indication 2).

Figure 5.2: Detail of the sample area with an indication of the primary X-ray beam, confocal
optic and the direction of the detected photons.
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Figure 5.3: Overview of the complete experimental setup with an indication of the primary
X-ray beam, the beamline microscope and the X-ray detection systems.
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5.2 Case studies and experimental results

For the studies presented in this chapter, several successful experiments focusing on ap-
plications in environmental toxicology were performed at ESRF-ID13, demonstrating the
feasibility, repeatability and high throughput potential of the OT XRF methodology. As
introduced in Chapter 3, the marine microalgae Scrippsiella trochoidea was selected as a
model organism and was subjected to analysis within four case studies, corresponding
to four experiments at ESRF-ID13.

In a first proof of principle experiment, the possibilities of OT-based micro-XRF imaging
on S. trochoidea microalgae exposed to elevated concentrations of transition metals were
successfully examined. In a second experiment, the subcellular distribution and toxic ef-
fects of Cu-Ni and Cu-Zn binary mixtures were investigated. In addition, the OT XRF
methodology was successfully combined with complementary integrated SAXS scanning
techniques enabling the visualization of the sample outline and the development of im-
proved data processing strategies. In a third experiment, the complementary nature of
OT-based subcellular XRF imaging combined with integrated SAXS spectroscopy was fur-
ther examined and important methodological implications on the confocal detection geom-
etry were revealed. During the fourth experiment, emphasis was placed on the combination
of optical tweezers-based sample manipulation with SAXS spectroscopy by applying an ul-
trafast CCD pixel detector and the integration of a flight tube for improved scattered data
quality.

5.2.1 Proof of principle experiment

Within a first case study, the potential of combining optical tweezers technology for non-
contact, laser-based sample manipulation with synchrotron radiation confocal XRF micro-
imaging was examined for the very first time. Within a proof of principle experiment,
further referred to as POP experiment, several cultures of S. trochoidea microalgae were
exposed to toxic concentration levels of transition metals with the aim of investigating the
toxic effects of heavy metal pollution on harmful dinoflagellates [5]. In particular, three cell
cultures were exposed to toxic concentrations of Zn, Cu and Ni (100 µg/L in L1 medium
[6]) for 96 hours, while one non-exposed culture served as a reference.
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As outlined in section 4.3, the algae and medium were contained within a quartz capillary
that is taped on a quartz coverslip and mounted on an aluminum holder that acts as a
stable support. During the sample transfer procedure, the cylindrical quartz capillaries
(φ = 100 µm) were open at both ends and the transfer of microalgae and medium is
performed by means of capillary forces. Once filled, plasticine is used to seal the capillaries
to overcome evaporation of the medium. After a cleaning procedure using high purity
ethanol, the capillary is taped on a thin quartz coverslip and mounted on the aluminum
holder. Finally the mounted capillary is examined using a microscope and the coverslip
is marked at positions with suitable biological specimens, thereby greatly simplifying the
sample to laser beam alignment.

The microalgae were optically manipulated using a 0.2-0.3 W laser power and one trap or
multiple traps were applied depending on the algae size (Figure 5.4). Note that on the
microscope image, an optical elongation effect (≈ 30%) in the vertical scanning direction
(Z) is observed due to the cylindrical quartz capillary acting as a vertically magnifying lens.
Once optically levitated, the cell is translated to the upper capillary wall to prevent X-ray
beam induced vertical sample movement during a progressing scan. After positioning the
cell into the X-ray beam, the area corresponding to the dotted rectangle on the microscope
image is scanned with SR confocal micro-XRF. As mentioned earlier, the applied confocal
XRF methodology is crucial to reduce/eliminate the interfering fluorescence/scatter signal
from the surrounding sample environment. For the POP experiment, an XOS confocal
optic with a 3.5 mm working distance was installed and aligned to a ≈ 50 µm acceptance
(FWHM). For confocal alignment purposes, NIST SRM 2066 glass microspheres (φ =
1-40 µm) were used because of their high Fe content (11% by weight), which generate
easily detectable high intensity Fe-K fluorescence. As the glass microspheres cannot be
optically manipulated, they were fixed in a gelatin polymer matrix contained within a
quartz capillary, representing a similar arrangement as for the microalgae. Regarding the
experimental parameters, a 16 bunch-mode of the storage ring was operational during
the measurements, yielding a 2×2 µm2 primary beam at a flux of approximately 3×1011

photons/s that was applied for high resolution scanning purposes (1 µm step size, 0.1
s/point). For scanning a single optically manipulated cell, the total scanning time varied
between 5 and 10 minutes demonstrating the high throughput potential of the OT
micro-XRF methodology.
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Figure 5.4: (Left) Microscope image of an optically manipulated algae in a quartz capillary, only
for demonstration purposes, not corresponding to the actually scanned algae. (Right) Photograph
of the sample environment, confocal optic is positioned under an angle of 45°.

For demonstration purposes, a Zn-exposed algae is selected and the elemental distribu-
tions depicted in Figure 5.5 demonstrate that significant amounts of Mn, Fe, Cu and Zn
were detected. These transition metals are essential micronutrients for the growth and
metabolism of the microalgae as they fulfil critical roles in photosynthesis and the assimi-
lation of essential macronutrients (e.g. N, P). Of the above-listed essential trace metals, Fe
is needed in the highest amount to maintain essential metabolic functions in the photosyn-
thetic electron transport, respiration, nitrate assimilation, N2-fixation and detoxification
of reactive oxygen species. The presence of Mn can be explained by its essential role in
photosynthesis and its presence in oxidative stress enzymes. The detected amount of Mn
is lower compared to Fe, mainly reflecting its fewer metabolic functions. The Cu-signal is
largely explained by the proteins cytochrome oxidase and plastocyanin, both playing a key
role in respiratory electron transport while Zn serves in a variety of metabolic functions.
Finally, the sum spectrum in Figure 5.6 indicates that significant amounts of Si, K and Ca
were present within the scanned area. The latter originate from the quartz capillary (Si),
growth medium (Ca, K) and to a lesser extent from the algae [7–9].

From the OT micro-XRF experiments on the Ni and Cu exposed cultures, similar qualita-
tive elemental distributions were obtained, however no significant Ni signal was measured
in the reference samples. Note that Ni is also an essential micronutrient, playing an im-
portant role in nitrogen assimilation; therefore naturally present in S. trochoidea, but in
amounts below the XRF limit of detection.
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Figure 5.5: Mn, Fe, Cu and Zn elemental distributions corresponding to an optically manip-
ulated Zn-exposed algae scanned with high resolution. Scanning details: 1 µm step size, 0.1
s/point, top to bottom scan.
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Figure 5.6: Sum spectrum of the scanned area from Figure 5.5.

Once the high resolution X-ray scan is finished, the beamline microscope shows that the
microalgae is attached to the upper capillary wall. This adhesion behaviour can most-likely
be explained by X-ray radiation damage related phenomena arising from the microscopic
size of the primary X-ray beam and its high flux (1010-1011 photons/s). Radiation damage
is caused by absorbed X-ray photons depositing energy directly within the sample, mainly
causing inner orbital electrons to be ejected [10, 11]. The photoelectric effect can therefore
be considered of being the primary source of sample damage and will be further discussed
in Chapter 6. Besides the adhesion behaviour, the radiation damage related phenomena
induce (limited) XRF signal losses during a progressing scan. These fluorescent signal
losses are element dependent and showed a maximum loss of 40% for the most sensitive
elements under non-optimized scanning conditions. Moreover, consecutive scans on a single
microalgae indicated that certain elements preferentially escape from the organism (e.g.
Mn) while others tend to be concentrated (e.g. Cu). The summed spectra in Figure
5.7 display the fluorescent signal of two consecutive scans on an optically manipulated S.
trochoidea algae. The fluorescent signal of the first scan corresponds to Figure 5.6, while the
second scan demonstrates that significant amounts of Mn and Zn dissipated from the cell.
Particularly for the fluorescent Mn-Kα peak located at 5.9 keV, it can be seen that hardly
any Mn signal is detected during the repeated scan. Yet, no straightforward explanation
can be given for this preferential diffusion behaviour, nevertheless literature search yielded
a plausible hypothesis.
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As outlined in section 3.4, S. trochoidea algae are photosynthetic organisms that comprise
many chloroplasts where the photosynthetic processes occur. In general, photosynthesis
refers to the process where sun light energy is used for reducing CO2 to carbohydrate and
oxidizing H2O to O2. The overall reaction process is described below and takes place in
the chloroplasts through two photosystems [12].

CO2 + H2O
light−−→ (CH2O) + O2

Withtin photosystem II, further referred to as PSII, H2O is split up into electrons, protons
and O2. This process is followed by ATP synthesis in photosystem I which is essential
for the production of metabolites that are consumed by the algae. Especially the water
oxidation process in PSII takes place at a Mn-containing catalytic center that comprises
four managese ions. This catalytic complex has been studied intensively in the past, re-
vealing that the manganese ions are mainly present as Mn(III) and Mn(VI). In a study
by Yano et al., X-ray induced damage to the Mn4Ca complex was examined by means
of X-ray absorption spectroscopy. Particularly, by investigating PSII single crystals, they
observed important structural changes going from a high-valent Mn4(III2, VI2) cluster
towards a Mn(II) cluster in aqueous solution [13]. The X-ray Absorption Near Edge Struc-
ture (XANES) spectra of Mn in Figure 5.8 show the Mn K-edge shifts towards lower
energies upon increasing X-ray dose. The latter points towards a lower oxidation state and
hence provides clear evidence for the photoreduction of Mn(III, VI) within photosystem II
towards Mn(II) in aqueous solution. For comparison purposes, Mn K-edge spectra of ref-
erence materials are depicted in Figure 5.8, thereby confirming the transfer to the Mn(II)
oxidation state.

In the aqueous environment, manganese ions appear in different oxidation states of which
Mn(II) is the most stable one [14]. In comparison with other bivalent transition metals,
Mn(II) has a low preference towards binding available sites [15]. The universal order for
divalent metal binding behaviour of the first transition series is described by the Irving-
Williams series as shown below [16].

Mn(II) < Fe(II) < Co(II) < Ni(II) < Cu(II) > Zn(II)

From this series it can be concluded that Cu(II) has the highest thermodynamic preference
for binding functional groups in proteins. In contrast, Mn(II) ions show the lowest metal
binding affinity which could possibly explain the preferential Mn dissipation behaviour
observed in Figure 5.7. Note that this process first involves the photoreduction of Mn
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through X-ray irradiation as discussed above.

Figure 5.7: Sum spectra of two repeated scans on an optically manipulated microalgae. The
repeated scan shows that significant amounts of Mn escaped from the organism due to X-ray
sample damage.

Figure 5.8: Mn XANES spectra for studying the catalytic Mn4Ca complex. (Left) Mn K-edge
shifts towards lower energies with increasing X-ray dose, providing evidence for the photoreduc-
tion of Mn(III, IV) towards Mn(II). (Right) Comparison of Mn K-edge spectra of two Mn(III,
IV) complexes and Mn(II) in solution. Images adapted from [13].
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5.2.2 Binary toxicity study

In a second experiment at ESRF-ID13, the subcellular distribution and toxic effects of
binary mixtures on S. trochoidea were investigated. In particular, this binary toxicity
study aimed at retrieving a possible synergistic or antagonistic effect, i.e. the respectively
non-linear increase or decrease of the total toxicity when adding a second stressor (e.g.
transition metal). For the mixture toxicity study, emphasis was placed on the transition
element Cu in combination with Ni (case 1) and Zn (case 2). The experimental design in
Table 5.1 shows the tested combinations of S. trochoidea cultures which were exposed for
96 hours in L1 medium. In addition, the OT XRF methodology was successfully combined
with complementary integrated small angle X-ray scattering (SAXS) scanning techniques
enabling the visualization of the sample outline and allowing for improved data processing.

Case 1: Ni Case 2: Zn
0 µg/L 800 µg/L 2700 µg/L 0 µg/L 800 µg/L 2700 µg/L

Cu
0 µg/L A C F G I L
200 µg/L B D H J
675 µg/L E K

Table 5.1: Experimental design of the metal mixture toxicity study on S. trochoidea microalgae.

In analogy with the POP experiment, the cells were contained in a quartz capillary which
was taped on a coverslip and mounted on an aluminum holder that acts as a stable support.
One important modification in the sample preparation procedure involves a buffer washing
step prior to the isolation in quartz capillaries. In particular, the algal cultures were shortly
washed in a HEPES buffer (1 L deionized water, 32 g NaCl, 3 mM HEPES, pH 8) to lower
the background signal originating from the highly concentrated exposure medium and to
decrease the motility of the microalgae. For each exposure condition, three algae were
selected and subjected to OT-based X-ray analysis. Similar to the POP experiment, the
microalgae were initially lifted using a 0.2-0.3 W laser power and scanned through the X-
ray beam while simultaneously collecting the fluorescent signal (perpendicular to primary
beam) and scattered signal (downstream) (2 µm step size, 0.5 s/point). For the mixture
toxicity experiment, a 4 bunch-mode of the storage ring was in operation, delivering a 2×3
µm2 focused beam at a flux of approximately 2×1010 photons/s. The total time per scan
varied between 10 and 15 minutes due to the 4-bunch mode of the synchrotron ring.
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For detecting the fluorescent signal under confocal geometry, a slightly different approach
was applied involving a confocal optic with a 10 mm working distance, aligned to a ≈ 100
µm acceptance (FWHM). Similarly to the experimental situation previously described, the
fluorescent detector was tilted to an angle of 45° (with respect to the horizontal polarisation
plane) due to the relatively short working distance of the polycapillary optic. From a
methodological point of view, the longer working distance provides more spatial freedom for
sample exchange and the confocal alignment is slightly simplified due to the larger confocal
volume. Furthermore, this polycapillary optic has the possibility to be flushed with an inert
gas (e.g. He) in order to reduce low-energy absorption effects of the detected signal. For
maintaining a closed environment, the confocal optic comprises two thin windows composed
of beryllium (12.7 µm thickness) resulting in the need for appropriate safety indications
not only on the detector nozzle, but also on the confocal adapter and the experimental
hutch entrance door (Figure 5.9).

Figure 5.9: Detail of the sample area for the binary toxicity study. Application of a long working
distance confocal optic that is being flushed with helium gas for several days. Note the beryllium
safety indication on the confocal adapter.

As mentioned above, the OT XRF methodology was successfully combined with SAXS
imaging using the integrated signal, which enabled to visualize the microalgae outline
and allowed for improved semi-quantitative data processing. The SAXS patterns were
recorded by a 16 bit readout FReLoN charge-coupled device (CCD) detector in transmission
geometry using an exposure time of 0.5 s/pattern [17]. Note that the CCD detector is in
close proximity to the SLM integrated on the optical tweezers setup, resulting in the need
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for careful analysis of the SLM positioning in view of X-ray scattering experiments (Figure
5.10).

Figure 5.10: Photograph showing the proximity of the FReLoN CCD detector with respect to
the SLM integrated on the OT setup.

Besides a qualitative study of the optically manipulated cells, semi-quantitative data evalu-
ation was performed, requiring a dedicated data processing procedure which was developed
in the IDL programming environment [18]. Figure 5.11 presents an overview of the data
processing strategy applied for combined XRF and SAXS analysis. In a first step, the
(electron) density distribution corresponding to the integrated SAXS signal variation as
a function of beam position (left) is visualized by targeting a specific region of interest
on the scattered patterns that contains the strongest scattering intensity. This integrated
distribution is subsequently used as a basis for the segmentation of the elemental maps into
algal outline and background regions. Data processing involved isolating the microalgae
outline based on the SAXS distribution map (middle), followed by a projection onto the
XRF elemental maps (right). For each element, the mean concentration was calculated
based on the total fluorescent signal corresponding to the algae, normalized by the number
of pixels representing the algae, thereby correcting for the biological variability in size.
The semi-quantitative results reported in Table 5.2 were obtained by using a NIST SRM
1577c (Bovine liver) pressed pellet sample as reference. The latter was measured for 250
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s in confocal geometry and since the standard was measured under ambient air conditions
without a capillary container, corrections were applied for absorption by the microalgae
itself and by the 10 µm-thick quartz capillary wall. The corresponding areal concentrations
are expressed in fg/µm2 (for each pixel) and presented in Table 5.2.

Figure 5.11: Mixture toxicity experimental results. (Left) Integrated SAXS distribution map
of a scanned algae. (Middle) Algae isolated from the integrated SAXS distribution map (after
smoothing function and threshold = µ + σ). (Right) Cu areal concentration map of a scan on
a Cu-exposed algae, arrow indicates accumulation centre (case 2, 675 µg/L, values in fg/µm2).
Scanning details: 2 µm step size, 0.5 s/point, bottom to top scan.

Case 1: Ni Case 2: Zn
Binary mixture Cu Ni Binary mixture Cu Zn
concentrations (fg/µm2) (fg/µm2) concentrations (fg/µm2) (fg/µm2)

A Control 0.20 ± 0.02 <LOD G Control 0.18 ± 0.03 0.50 ± 0.14
B 200 µg/L Cu 0.39 ± 0.08 <LOD H 200 µg/L Cu 0.42 ± 0.08 0.47 ± 0.29
C 800 µg/L Ni 0.13 ± 0.01 0.22 ± 0.04 I 800 µg/L Zn 0.20 ± 0.08 0.50 ± 0.07
D B + C 0.31 ± 0.04 0.10 ± 0.09 J H + I 0.31 ± 0.03 0.38 ± 0.05
E 675 µg/L Cu 3.04 ± 0.58 <LOD K 675 µg/L Cu 3.36 ± 0.56 0.43 ± 0.10
F 2700 µg/L Ni 0.28 ± 0.08 1.20 ± 0.13 L 2700 µg/L Zn 0.24 ± 0.06 0.63 ± 0.25

Table 5.2: Algal areal concentrations of the mixture toxicity study expressed in fg/µm2, error
bars correspond to 1σ s.d.
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Case 1, Cu-Ni exposure Within the reference samples, significant amounts of Cu were
detected reflecting its essential nature in specific biochemical functions. Ni on the other
hand was not detected in the unexposed control samples which is consistent with the POP
experiment. As an essential micronutrient, Ni is likely to be present in concentrations below
the OT XRF limit of detection. At sublethal concentrations, intracellular concentrations of
both Cu (B, E, Table 5.2) and Ni (C, F, Table 5.2) increased in a dose-dependent manner.
Cu accumulated more readily which can possibly be explained by the formation of the
chlorophyllin-copper complex (Figure 5.12). Within the reactive core of Chlorophyll a,
the captured Mg2+ ion can be interchanged with Cu2+, resulting in partial to complete
inhibition of photosynthesis. This mechanism is likely to explain the sensitivity of S.
trochoidea towards the presence of free copper and is in good agreement with the Irving-
Williams metal binding affinity series. Moreover, an inhomogeneous distribution of Cu can
be seen on the Cu elemental maps of the six replicates exposed to 675 µg/L Cu in case 1
(Figure 5.13) and case 2 (Figure 5.14). Especially, the fluorescent spectrum in Figure 5.15
shows a very intense Cu-Kα fluorescent peak located at 8 keV, corresponding to the sum
spectrum of the two most intense pixels on the Cu elemental map of Figure 5.11. This
Cu-rich region may indicate an important organelle (e.g. nucleus, Golgi apparatus etc.
[19]), however a more detailed interpretation of this accumulation centre asks for further
experimental evidence obtained at higher spatial resolution.

Figure 5.12: Formation of the chlorophyllin copper complex by exchanging the central Mg2+

ion with a Cu2+ ion [20].
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Figure 5.13: Case 1 Cu-Ni binary toxicity, Cu areal concentration maps of the three replicates
exposed to 675 µg/L Cu). Scanning details: 2 µm step size, 0.5 s/point, bottom to top scan.

Figure 5.14: Case 2 Cu-Zn binary toxicity, Cu areal concentration maps of the three replicates
exposed to 675 µg/L Cu). Scanning details: 2 µm step size, 0.5 s/point, bottom to top scan.
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Figure 5.15: Sum spectrum of the two most intense pixels on the Cu elemental map of Figure
5.11. The large Si-Kα fluorescent peak indicates the insufficient rejection of the signal originating
from the quartz capillary by the confocal optic. Scanning details: 2 µm step size, 0.5 s/pixel.

Note that no statistically significant differences in intracellular concentrations of Cu and
Ni were found between the single and binary exposure treatments. Nevertheless, the algal
cell count data in Appendix Table B.1 clearly suggests that the toxic effect of Cu is greatly
enhanced in the presence of Ni. Crucially, the algal areal concentrations prove that both
transition metals were present at intracellular levels in doses similar to those of the single
metal exposures, thus providing strong support for this hitherto unknown synergistic toxic
effect of Cu and Ni.

Case 2, Cu-Zn exposure During the case 2 study, the repeatability of the novel OT
XRF method was demonstrated as the internal Cu areal concentrations, under both control
and exposed conditions, were found to be very similar to case 1. Zn however, was not found
to accumulate significantly relative to the control treatment, and considering the error
bars, the tested concentrations (I, L, Table 5.2) are probably still within the tolerable
concentration range. Nevertheless, Zn was also found to increase the toxicity of Cu, albeit
to a lesser extent than Ni (Table B.1).
Overall, it can be concluded that large differences exist in algal sensitivity towards the
bioaccumulation of metals. A graphical representation in Figure 5.16 shows the following
trend in accumulation behaviour: Cu � Ni > Zn.
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Figure 5.16: Tendency towards the bioaccumulation of Ni (case 1, dot), Cu (case 2, triangle)
and Zn (case 2, square) in S. trochoidea microalgae, error bars show 1σ s.d.

5.2.3 Complementary XRF and integrated SAXS spectroscopy

Within the third case study, emphasis was placed on examining the complementary nature
of OT-based XRF imaging and integrated SAXS spectroscopy. In particular, the scanning
fluorescent data were complemented by SAXS patterns collected downstream by a high
speed MAXIPIX 2D photon-counting X-ray detector used for sample outline and internal
structure visualisation [21]. Once more the marine microalgae Scrippsiella trochoidea was
used as a model organism and exposed to high concentrations of transition metal mixtures
of Cu and Ni. The experimental design in Table 5.3 shows the tested binary mixtures of
cell cultures exposed for 48 hours in L1 medium.

Ni
0 µg/L 25 µg/L 50 µg/L 100 µg/L 200 µg/L

Cu

0 µg/L A F J M P
20 µg/L B G K N
40 µg/L C H L
80 µg/L D I O
160 µg/L E

Table 5.3: Experimental design of the metal mixture toxicity study on S. trochoidea microalgae.
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The sample preparation steps were consistent with the procedure outlined above, including
the buffer washing step to lower the background signal originating from the highly concen-
trated exposure medium and to decrease the motility of the microalgae. For the detection
of the fluorescent signal under confocal geometry, the 3.5 mm WD confocal optic from the
POP experiment was applied and aligned to an approximate 50 µm acceptance (FWHM).
Similarly as described above, the fluorescent detector was tilted to an angle of 45° (with
respect to the polarisation plane) due to the short working distance of the confocal optic.
For detecting the SAXS signal, a high speed MAXIPIX CCD detector (TAA22PC, 55×55
µm2 pixel size) was applied, equipped with an extra beam stop for protective purposes.

For demonstration purposes, an overview of the combined OT XRF and integrated SAXS
experimental results of a Ni-exposed cell is shown in Figure 5.17. The selected microalgae
was cultured in a 50 µg/L Ni-contaminated medium for 48 hours, optically trapped and
positioned to the upper capillary wall using a laser beam of 0.5 W power throughout the
confocal XRF scan. The cell was scanned using a 3×2 µm2 primary beam at a flux of
approximately 3×1011 photons/s (2 µm step size, 0.2 s/point). As mentioned earlier, an
extra beam stop was positioned in front of the MAXIPIX detector for protective purposes
due to the relatively long exposure times, resulting in a significant reduction of the detected
scattered signal. Consequently, a first data processing strategy involved identifying the
number of illuminated pixels of each SAXS pattern from which the outline of the scanned
specimen could be clearly derived (Figure 5.17-a). Next, a threshold of the mean signal
intensity and its standard deviation was set as a basis for the segmentation into algal outline
and background regions (Figure 5.17-b). The algal region was subsequently projected onto
the integrated SAXS distribution which is obtained by targeting a specific region of interest
that contains the strongest scattering intensity. After combining the isolated algae and the
integrated SAXS distribution map, a subcellular structure can be discerned that generated
significantly more scattering signal (Figure 5.17-c).

Regarding the X-ray fluorescent signal, the intensity distributions of Mn, Fe and Zn derived
from the scanned area (respectively shown in Figure 5.17-d-f), display an accumulation
centre which perfectly corresponds to the subcellular region obtained from the integrated
SAXS pattern. Moreover, the fluorescent spectrum of the most intense pixel depicted in
Figure 5.18 displays intense fluorescent Kα-peaks of the transition elements Mn, Fe and
Zn. These findings were confirmed by scanning multiple microalgae, demonstrating the
complementary nature and potential of combining OT-based subcellular XRF imaging
with integrated SAXS spectroscopy. Note that this accumulation centre most likely cor-
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responds to an important organelle (e.g. nucleus, Golgi apparatus etc.), however further
experimental evidence is essential in this respect. Note that although the selected cell was
cultured in a Ni-contaminated medium for 48 hours, no significant Ni accumulation was
observed, which corresponds to the findings previously described [22].

Figure 5.17: Combined XRF and integrated SAXS experimental results. (a) Scatter intensity
map of a scanned algae based on the number of illuminated pixels from each scattering pattern.
(b) Algae isolated from (a) using µ + σ as a threshold. (c) Cell isolated from the integrated
SAXS map based on (b). (d-f) Mn, Fe and Cu distribution maps of a scanned Ni-exposed algae
with an indication of the accumulation centre (50 µg/L Ni, 48 hours exposure). Scanning details:
2 µm step size, 0.2 s/point, bottom to top scan.

For semi-quantitative purposes, a NIST SRM 1577c (Bovine liver) pressed pellet was mea-
sured for 1000 s in confocal detection mode, followed by combined XRF and SAXS analysis
consistent with the data processing strategy previously described, ultimately yielding areal
concentrations expressed in fg/µm2 for each pixel. Figure 5.19 shows a graphical repre-
sentation of the Cu and Ni areal concentrations corresponding to the cell cultures A-E in
Table 5.3, from which it can be concluded that the Cu intracellular concentration levels in-
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Figure 5.18: Fluorescent spectrum of the most intense pixel on the elemental mappings in
Figure 5.17. Scanning details: 2 µm step size, 0.2 s/pixel.

crease in a dose-dependent manner which is in good agreement with the previous findings.
In particular, a strong initial increase of algal copper concentration is observed, followed
by a plateau phase upon increasing the concentration of Cu in the culture medium. At
the highest exposure level of 160 µg/L Cu, a lower intracellular concentration possibly
points towards early cell death throughout the 48 hours of exposure. When examining the
total toxicity when adding a second stressor (e.g. 25 µg/L Ni), once again no pronounced
synergistic effect is observed which is in good agreement with the previous study (Figure
5.20).

It should be noted that both graphical representations are characterized by relatively large
standard deviations, most-likely pointing towards reduced OT XRF repeatability. A po-
tential explanation may lie in the applied confocal optic which is characterized by a short
working distance and typically aligned to provide an acceptance path of ≈ 50 µm (FWHM,
Figure 5.22). This relatively small confined volume results in high transmission efficiency
but poses limitations on the repeatability of the measurements. One potential issue in-
volves the size of the selected microalgae (≈ 30 µm width), which is comparable to the
dimensions of the confocal volume. Secondly, residual mobility of the algae can still man-
ifest in the sub-micrometre range, even after the buffer treatment. Furthermore, both the
beamline microscope and the confocal optic can become slightly misaligned or/and drift
in the course of SR experiments. All of the above-mentioned factors can give rise to the
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Figure 5.19: Tendency towards the bioaccumulation of Cu (dot) and Ni (triangle) for the cell
cultures A-E in Table 5.3. Areal concentrations expressed in fg/µm2 for each pixel, error bars
show 1σ s.d.

Figure 5.20: Tendency towards the bioaccumulation of Cu for the cell cultures A-D (triangle)
and F-I (dot) in Table 5.3. No pronounced synergistic effect is observed with the addition of a
second stressor, i.e. 25 µg/L Ni. Areal concentrations expressed in fg/µm2 for each pixel, error
bars show 1σ s.d.
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alignment error depicted schematically in Figure 5.21. In view of this potential problem,
it is recommended to slightly defocus the confocal optic; thus increasing the working dis-
tance, resulting in a larger confocal acceptance (e.g. 100 µm, FWHM) and increased OT
XRF repeatability. Note that a somewhat larger confocal volume will naturally generate
a larger background in the XRF spectra, combined with a more intense Si fluorescent sig-
nal since a larger fraction of the capillary walls will overlap with the confocal detection
volume. A slightly misaligned confocal volume can be observed from the measured XRF
spectra by examining the ratio of the XRF scatter peaks and targeting specific fluorescent
signals. For instance, in case the polycapillary optic is focused on the capillary walls, the
Rayleigh scattering contribution will strongly exceed the Compton peak when compared
to the scattering ratio originating from the medium. Furthermore, the presence of Mn, Fe
and Zn fluorescent peaks typically point towards the detection of the selected cell as shown
in Figure 5.17-d-f. Therefore, it can be concluded that the absence of specific transition
metals in the fluorescent spectra, particularly Mn, combined with the excessive presence
of Si, typically indicate a slight confocal misalignment.

Figure 5.21: Schematic overview (top view) of the confocal detection geometry, illustrating
potentially reduced OT XRF repeatability because of a too tightly aligned confocal volume with
only a partial overlap with the cell of interest.
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Figure 5.22: Determination of OT XRF confocal acceptances on the basis of the Fe-Kα intensity
of a NIST SRM 2066 microsphere. For the confocal acceptances in the Y-direction (i.e. perpen-
dicular to the primary beam and in the horizontal polarisation plane) and in the Z-direction (i.e.
out of the horizontal polarisation plane), a

√
2 correction factor was applied for the 45° tilt of the

confocal optic. 133
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5.2.4 XRF imaging combined with high resolution SAXS spectroscopy

During the fourth experiment at ESRF-ID13, emphasis was placed on the combination
of optical tweezers imaging with SAXS spectroscopy by applying an ultrafast CCD pixel
detector and the integration of flight tube for improved scattered data quality. More
specifically, the OT XRF methodology was combined with a DECTRIS EIGER 4M single
photon counting detector that provides frames with 2070×2167 pixels (75×75 µm2 pixel
size) at a rate up to 750 Hz and hence allows for in situ dynamic X-ray measurements at
a high spatial resolution level (Figure 5.23). To improve on the SAXS data quality, Figure
5.24 shows the integration of a flight tube that was being flushed with helium gas to reduce
the absorption and scattering by air [2].

Figure 5.23: Photograph of the DECTRIS EIGER 4M detector installed at ESRF-ID13 [23].

Figure 5.24: Photograph of the integrated flight tube for improved scattered data quality.
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Similarly to the previous case studies, the marine microalgae Scrippsiella trochoidea was
exposed to high concentrations of transition metals. In particular, emphasis was placed
on copper toxicity by preparing three cell cultures with increasing Cu concentrations and
one non-exposed culture serving as a reference (0-20-65-80 µg/L Cu, 96 hours exposure,
L1 medium). Furthermore, the sample preparation was consistent with the procedure
previously outlined, including the HEPES buffer treatment for decreasing the background
signal and the microalgae motility. For confocal detection of the fluorescent signal, the 10
mm working distance confocal optic was aligned to an approximate 100 µm acceptance
(FWHM) for increased repeatability, yet this time not being flushed with an inert gas due
to safety risks associated with the Be windows. Similarly as outlined above, the fluorescent
signal was collected under an angle of 45° with respect to the polarisation plane and the
scattered signal was detected downstream by the single photon counting detector. For
each exposure condition, five replicates were optically trapped and positioned to the upper
capillary wall using a 0.5-0.7 W laser power throughout the confocal XRF scan. The cells
were subsequently scanned using a 2×1.7 µm2 primary beam at a flux of approximately
2×1011 photons/s (2 µm step size, 0.7 s/point).

For demonstration purposes, the combined XRF and integrated SAXS distribution maps of
a 65 µg/L Cu-exposed cell are presented in Figure 5.25. The combination of a high speed
single photon counting detector and a He-flushed flight tube resulted in straightforward
sample outline and internal structure visualisation of optically manipulated microalgae. In
good agreement with the previous findings, a subcellular structure is found that generates
significantly more scattering and fluorescent signal. Besides the sample outline and internal
structure visualisation, the quality-improved SAXS data perfectly enabled to visualize the
cell boundaries. In particular, the composite image in Figure 5.26 shows the scattering
signal around the beam stop (for each pixel) on the lower half of the scanned algae. As
indicated by the red squares, the borders of the cell clearly indicate a strongly ordered
structure pointing towards the cellulose plates of which the cell wall is composed. Moreover,
it can be seen that the preferred scattering direction naturally changes with the position
on the scanned cell. Within this study, this distinct scattering phenomena was observed
for the very first time due to the application of an improved SAXS setup and hence opens
opportunities for more detailed SAXS analysis of microalgae cells under in vivo conditions.
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Figure 5.25: Combined XRF and integrated SAXS experimental results. (a) Integrated SAXS
distribution map. (b-d) Mn, Fe and Cu areal concentration maps of a scanned Cu-exposed algae
with an indication of the accumulation centre (65 µg/L Cu, 96 hours exposure). Scanning details:
2 µm step size, 0.7 s/point, bottom to top scan.

136



5.2. Case studies and experimental results

Figure 5.26: Composite image of the scattered signal from the lower half of a scanned cell (65
µg/L Cu, 96 hours exposure). Scanning details: 2 µm step size, 0.7 s/point, bottom to top scan.

For fundamental parameter-based quantification purposes, a NIST SRM 1577c (Bovine
liver) pellet was measured for 1000 s in confocal geometry. After data processing, the
average Mn, Fe, Cu and Zn areal concentrations are obtained that are graphically presented
in Figure 5.27. As mentioned earlier, these transition metals are essential micronutrients for
the growth and metabolism of the microalgae as they fulfil critical roles in photosynthesis
and the assimilation of essential macronutrients. Particularly Fe is needed in the greatest
amount to maintain essential metabolic functions in the photosynthetic electron transport,
followed by Mn being essential for photosynthesis and in oxidative stress enzymes and Zn
serving in a variety of metabolic functions. The detected amounts of Cu are substantially
lower compared to the previous case studies, which is counter-intuitive as copper toxicity
was targeted within this experiment. From the reference sample towards the 20 µg/L Cu
cell culture, an increase in Cu intracellular concentrations is observed, however stagnating
for higher exposure levels. This deviant behaviour can possibly be explained by inefficient
cell culturing conditions or/and slight misalignment of the confocal optic in the course
of the measurements. As discussed above, a slight confocal misalignment can be derived
from the ratio of the scattering peaks, as the Rayleigh scattering contribution will strongly
exceed the Compton peak in case the polycapillary optic is focused on the capillary walls.
Indeed, the fluorescent spectrum in Figure 5.28 shows the summed contribution of the four
most intense pixels of the retrieved accumulation centre in Figure 5.25 and indicates a
slight confocal misalignment when considering the ratio of the scattering peaks.
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Figure 5.27: In vivo areal concentrations of the essential transition metals Mn-Fe-Cu-Zn within
a scanned algae, error bars show 1σ s.d.

Figure 5.28: Sum spectrum of the four most intense pixels on the elemental maps of Figure
5.25. The ratio of the scattering peaks indicates a potential confocal misalignment. Scanning
details: 2 µm step size, 0.7 s/pixel
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5.3 Data processing strategy

For processing the combined optical tweezers-based XRF and integrated SAXS data, a
specific data processing strategy was developed, schematically presented by the flowchart in
Figure 5.29. The flowchart shows that both XRF spectra and SAXS patterns are requested
as input data, finally yielding areal concentrations expressed in fg/µm2 for each pixel. The
quantification procedure applies the fundamental parameter equation that relies on the
theoretical relationship between the net-line intensities and the elemental concentrations
[24]. The fundamental parameter equation is presented in Equation 5.1 and relates the
Kα fluorescence intensity of element i to several parameters as briefly explained in section
2.3. In this Equation, I0 is the photon flux, G is the geometry factor determined by the
characteristics of the detector and its position with respect to the primary beam. Parameter
wi corresponds to the weight fraction of element i, Qi,Kα is the XRF production cross-
section and ρ and T are the density and the effective thickness of the sample, respectively.
Particularly, the

(
1−exp(−χρT )

χρT

)
is of importance as it corrects for the absorption of both

the impinging beam and the escaping fluorescence X-rays and will be further referred to as
Acorr [25]. The last mentioned parameter in Equation 5.1 being εPC reflects the element
dependent efficiency of the polycapillary confocal optic.

Ii,Kα = I0GwiQi,KαρT

(
1− exp(−χρT )

χρT

)
εPC(Ei) (5.1)

When using the above equation, the sample is assumed locally flat, hence this should be
only considered as a semi-quantitative approach. For quantification purposes, a NIST SRM
1577c (Bovine liver) pressed pellet is measured under the same confocal geometry as the
microalgae. Regarding the X-ray fluorescent signal, spectral deconvolution of the individ-
ual XRF spectra is performed by the non-linear least-squares fitting software AXIL [26],
followed by batch processing using the MicroXRF2 software package written in the IDL
programming environment [18]. Subsequently, the net intensities are dead time corrected
according to Equation 5.2 and normalized to the ionisation chamber intensity measured
in front of the sample. For the microalgae mappings, two extra Lambert-Beer exponential
terms are implemented for the self-absorption by the algae itself and the 10 µm thick wall of
the quartz capillary container. For the algae self-absorption, a line-dependent correction
operation is performed that takes the 45° confocal optic tilt into account and assumes a
density equal to water. For the quartz capillary container, a line-independent correction
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operation is executed involving a constant 10 µm thick SiO2 layer and once more the 45°
confocal optic tilt (Equation 5.3).

Icorr = Iuncorr
1− τ (5.2)

ε(Ei) = e−µw(Ei)ρwTw × e−µq(Ei)ρqTq (5.3)

For quantification on the basis of a NIST standard measurement, the product of the geo-
metrical factor G and the production cross sections Qi,Kα represents the elemental yields
YS
i which are calculated according to Equation 5.4. Here, ISi reflects the net intensity of

element i present in the standard, wS is the corresponding weight fraction available from
the certificate, ρSTS the areal density of the pellet expressed in µg/cm2 and the absorption
correction factor AS

i for a given element i. In this respect, it is essential to select a standard
reference material that contains as many elements of interest as possible. However, when
an element is not present/detected in the standard reference measurement, the correspond-
ing elemental yield can be obtained by means of interpolation. Subsequently, the obtained
elemental yields are used for calculating the microalgae areal concentrations according to
Equation 5.5.

Y S
i = ISi

wSi ρSTSA
S
i

(5.4)

cxi = Ixi
Y S
i e
−µw(Ei)ρwTwe−µq(Ei)ρqTq

(5.5)

The integrated SAXS distributions were visualized by targeting a specific region of interest
that contains the strongest scattering intensity through in-house developed software. The
corresponding integrated maps gave a clear indication of the algae outline and were used
as a basis for the segmentation of the elemental maps into algal outline and background
regions. Data processing involves isolating the microalgae from the integrated distribution
map by using a smoothing function and a threshold of µ and σ, followed by projection
onto the XRF elemental maps. For each element, the fluorescent signal corresponding
to the algae was summed up and normalized by the number of pixels representing the
algae, thereby correcting for the biological variability in size. This mathematical procedure
ultimately yields the algal areal concentrations cxi expressed in fg/µm2 for each pixel.
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Figure 5.29: Data processing flowchart for combined XRF and integrated SAXS analysis.
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5.4 Summary and conclusions

The novel high-throughput OT micro-XRF methodology is shown to be very well suited
for the in vivo elemental micro-XRF analysis of biological organisms and single cells in
their natural, aqueous environment. The current chapter reported on the results of several
successful optical tweezers-based experiments, all focusing on applications in the research
field of environmental toxicology and demonstrating the feasibility, repeatability and high
throughput potential of the OT XRF methodology. Within the above-mentioned exper-
iments, the photosynthetic marine microalgae Scrippsiella trochoidea served as a model
organism and was subjected to analysis within four case studies, corresponding to four
experiments at Microfocus beamline ID13 of the European Synchrotron Radiation Facility
(ESRF-ID13).

In a first proof of principle experiment, the potential of OT micro-XRF imaging was ex-
plored on S. trochoidea cells which were exposed to the transition metals. The results
showed that significant amounts of Mn, Fe, Cu and Zn were detected within the scanned
area, reflecting their critical role in the metabolism of the microalgae. In addition, prefer-
ential dissipation of Mn and Zn was observed during consecutive X-ray scans, which was
explained by lower thermodynamic binding preference as described by the Ivring-Williams
series.

For the second experiment, the OT XRF methodology was successfully combined with
complementary integrated SAXS imaging to visualize the sample outline, simultaneously.
Beyond these technical improvements, the practical applicability and repeatability was
demonstrated through an ecotoxicological case by studying the effect of binary mixtures
of Cu-Ni and Cu-Zn on S. trochoidea. Crucially, this unique methodology allowed to semi-
quantitatively determine rather large differences (Cu � Ni > Zn) in the in vivo areal
concentrations of accumulated metals in single cells, measured in 2D projection mode.
For quantification purposes, a fundamental parameter-based data processing strategy was
developed that combines both the XRF and SAXS experimental results and corrects for
the biological variability in size.

Within the third case study, the subcellular complementary nature of OT-based XRF
imaging combined with integrated SAXS measurements was demonstrated. In addition,
the importance of the confocal acceptances was revealed, suggesting the need for slightly
larger confocal acceptances for improved OT XRF repeatability. Furthermore, Cu toxicity
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was once more assessed and the semi-quantitative results showed to be in good agreement
with the previous findings, with the exception of the highest exposure level.

In a fourth and final experiment at ESRF-ID13, emphasis was placed on the combination of
OT-based imaging with SAXS spectroscopy by applying an ultrafast CCD pixel detector
and the integration of flight tube for improved scattered data quality. Moreover, the
subcellular complementary nature of OT-based XRF imaging combined with integrated
SAXS measurements was confirmed. In addition, the SAXS methodological improvement
demonstrated for the very first time a strongly ordered structure pointing towards the
cellulose plates of which the microalgae cell wall is composed and hence opens opportunities
for more detailed SAXS analysis of microalgae cells under in vivo conditions.
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Chapter 6

Methodological Challenges of Optical
Tweezers-based XRF Imaging

During the development phase of the in vivo optical tweezers-based XRF imaging tech-
nique, several methodological challenges were encountered and hence workaround strategies
were developed. In Chapter 6, the associated methodological challenges are extensively dis-
cussed and described in the order to which they appear when performing in vivo OT XRF
experiments. First, an outline is given on the selection and culturing conditions of the se-
lected biological specimens, followed by an overview of the optical tweezers setup alignment
procedure. In a third section, the X-ray fluorescence imaging challenges are highlighted
with a strong focus on the confocal detection geometry.

6.1 Challenges related to the biological organisms

For testing and optimizing the OT XRF methodology, a suitable biological organism was
essential and therefore several microscopic organisms were analysed for their suitability to-
wards optical manipulation. As extensively discussed in Chapter 3, five critical parameters
greatly determined the sample selection including composition, size, shape, motility
and toxicity. After an extended testing program, the marine microalgae Scrippsiella tro-
choidea was selected as a model organism, appearing cosmopolitan in coastal waters and
having the ability to form cysts (or dormant cells) which explains their ability to survive
in a variety of environmental conditions [1–5].
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When performing in vivo OT XRF experiments on S. trochoidea algae, the cultured cells are
analysed in a vegetative state and hence not transformed into encysted cells. As observed,
three culturing parameters should be carefully considered and monitored for maintaining
healthy cell cultures, otherwise resulting in enhanced cyst formation and early cell death
during the exposure period. A first important parameter involves a stable temperature
around 293 K (20°C) typically provided by a temperature-controlled laboratory or an
incubator system. Besides, the microalgae species require a 12:12 hours light-dark cycle
for optimal survival and reproduction which is typically maintained by applying a light
tube. A third variable involves the careful preparation of the exposure concentrations
because excessive concentration levels will naturally result in early cell death and/or rapid
cyst formation (Figure 6.1).

Prior to optical tweezers-based X-ray imaging, a number of steps should be taken to obtain
suitable samples that can be scanned by the X-ray beam. Within this project, emphasis
was placed on the development of a particularly short preparation procedure that can be
executed only shortly before the sample is transferred to the OT setup and X-ray scans
are performed. The optimized procedure is accomplished in a time frame of approximately
5-10 minutes and subdivided into three main parts. (1) For the buffer washing step, the
applied filter is rinsed multiple times with tap water, deionized water and HEPES buffered
medium, after which the algae are filtered from the exposure medium and washed several
times with the HEPES buffer. Next, a small concentrated volume with algae is pipetted
on a microscope slide and the algae concentration is observed under a light microscope.
Subsequently (2), the algae and medium are transferred to cylindrical capillaries by means
of capillary forces (Figure 6.2-a-b), after which the capillary ends are sealed with plasticine
to prevent evaporation of the medium. To avoid contamination effects as much as possible,
the capillaries are then cleaned with cotton swabs immersed in high purity ethanol. In a
final step (3), the prepared capillary is positioned and taped on a thin quartz coverslip
while limiting the thickness of the thin air layer between both entities. Subsequently, the
assembly is mounted on an aluminum holder that acts as a stable support (Figure 6.2-c)
and examined using a microscope for marking positions with suitable biological specimens.

Note, that due to the involvement of biological organisms, glassware and other chemicals,
appropriate safety measures should be taken during the sample preparation procedure. In
particular, it is mandatory to wear laboratory gloves and safety goggles when handling the
algae and/or chemical substances. Besides, the gloves provide (limited) protection against
prick injuries and the goggles protect against knocked off glass pieces directed towards the
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human eye.

Figure 6.1: Employed equipment for exposing S. trochoidea microalgae to elevated concentra-
tions of transition metals. Photograph shows a device for temperature monitoring, a light tube
for maintaining a 12:12 hours light-dark cycle and falcon tubes containing exposure medium and
microalgae.

Figure 6.2: Sample preparation instrumentation. (a) Top view of the quartz capillaries. (b)
Stainless steel tweezers with plastic tips for removing the capillaries from the container. (c)
Mounted quartz capillary on an aluminum holder.
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6.2 Challenges related to the optical tweezers setup

The most important challenge related to the optical tweezers setup involves the off-line
laser path alignment in a dedicated laser laboratory with all spatial freedom, thereby using
a red laser that is available in the same laser unit, emitting in the visible wavelength
regime. The block diagram in Figure 6.3 shows once more the design of the OT XRF
setup with several components dashed out that remain fixed during a standard laser path
alignment procedure. The remaining (opto)mechanical components can be tilted and (if
needed) repositioned until the laser beam correctly enters the entrance pupil of the trapping
objective. During the alignment procedure, the laser beam transmission is frequently
checked by applying alignment tools coated with a fluorescent dye optimized for the applied
near IR wavelength. Note that a dedicated step-by-step plan for laser path alignment is
hard to provide since each alignment procedure differs from the previous one and hands-on
experience is required. Nevertheless, a few basic guidelines are summarized below, but the
ultimate fine-tuning remains a matter of many cycles of trial and error.

Figure 6.3: Block diagram of the OT XRF setup, dashed components remain fixed during a
standard laser path alignment procedure. The remaining components are adjusted until the laser
beam correctly enters the entrance pupil of the trapping objective.
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Polarisation alignment
For our purpose, an ytterbium fibre laser source is applied that delivers a TEM00 linearly
polarized Gaussian beam at 1070 nm. An essential requirement for optimal SLM func-
tioning involves the parallel orientation of the linearly polarized laser beam to the liquid
crystals on the SLM chip. For optimizing the polarisation axis, the beam expander is tem-
porarily removed from the setup and a linear film polarizer (Thorlabs Inc.) is inserted in
between the laser collimator and the SLM. Subsequently, the polarizer’s transmission axis
is rotated towards complete transmission and the laser collimator is rotated accordingly,
followed by fixation to the correct angle.

Red laser alignment without beam expander
In a next step, the red laser is employed while the beam expander is still temporarily re-
moved from the setup. Particularly, the laser beam should be aligned such that it perfectly
illuminates the center of the SLM chip, is centred onto mirrors M1 and M2 and properly
passes through the lenses L3 and L4. When these optical components are properly aligned,
one can observe a red bright spot at the top of the microscope objective which indicates a
successful initial alignment.

Red laser alignment with beam expander
Subsequently, the laser beam expander is inserted in between the laser collimator and the
SLM, followed by a repetition of the alignment procedure described above. The combi-
nation of lenses L1 and L2 results in a more complete illumination of the SLM chip and
attention should be paid to the overlap of the central bright spot with the SLM chip. If
needed, the height and angle of the beam expander/collimator should be adjusted until
the condition in Figure 6.4 is met at best.

IR laser alignment with beam expander
In the final alignment step, the IR laser is switched on and the laser spot position on
the SLM chip, the mirrors and the lenses is verified. In case of proper alignment, optical
trapping of micron-sized polystyrene beads should be perfectly feasible as shown in Figure
4.20. After the alignment procedure, the electric wiring is properly fixed onto the optical
breadboard, followed by setup transport to the experimental hutch and once again verifying
the laser alignment.
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Figure 6.4: Schematic representation of the complete illumination of the SLM chip by applying
a laser beam expander consisting of concave and convex lens.

6.3 Challenges related to XRF analysis

XRF elemental analysis using laser-based optical manipulation at synchrotron facilities
involves various methodological challenges that asked for dedicated workaround strategies.
For instance, initial attempts were made for conventional micro-XRF imaging by using only
a simple detector collimator to limit the detector solid angle. However, due to the strong
interference of the sample environment with the elements of interest, a confocal detection
approach is mandatory, accompanied by its own methodological challenges. In addition, X-
ray radiation damage on the biological specimens should be carefully considered, resulting
from the micron-sized primary X-ray beam and its high flux.

6.3.1 Conventional OT XRF imaging

While optimizing the OT XRF methodology at ESRF-ID13, initial attempts were made
for conventional micro-XRF imaging by using only a simple detector collimator to limit
the detector solid angle. Unfortunately, this approach resulted in the measurement of flu-
orescent spectra exhibiting overwhelming intensities of erroneous fluorescent and scattered
signals, originating from the surrounding sample environment (i.e. microscope objective,
coverslip etc.).
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The Si and Zn fluorescent signal in Figure 6.5-a display a quartz capillary containing only
seawater culture medium, which was scanned across the primary beam using conventional
XRF detection (3 µm step size, 5 s dwell time per point). The Si signal originates from
the quartz capillary and shows a gradual decrease in function of the depth due to self-
absorption effects. Furthermore, two large Zn peaks indicate a contamination associated
with the upper and lower wall of the capillary tube. Moreover, the third intense Zn signal
corresponds to a contribution of the coverslip, which in this measurement was composed
of standard borosilicate glass with a considerable Zn content (Carl Roth, rectangular cov-
erslips, nr. 1871). In view of these observations, the sample preparation procedure was
optimized: the quartz capillaries are now cleaned with high purity ethanol to avoid contam-
ination effects, the buffer washing step lowers the background signal originating from the
highly concentrated exposure medium and custom-made spectrochemically clean coverslips
composed of high purity quartz were purchased.

Moreover, the fluorescent spectrum from the capillary interior in Figure 6.5-b exhibits
a large Zn fluorescent contribution as well. The latter most likely originates from the
coverslip as a result of secondary excitation, which causes strong interference in case Zn is
an element of interest. These findings demonstrate the need to employ a confocal detection
geometry where a polycapillary detector half lens defines a small micro-volume from which
the XRF signal is detected, effectively cancelling out the XRF contribution from the sample
environment.

Figure 6.5: Conventional OT XRF imaging spectra. (a) Si and Zn fluorescent signal correspond-
ing to a quartz capillary scanned across the X-ray beam (both y-axes are differently scaled). (b)
Single XRF spectrum from the capillary interior showing an intense Zn-peak, most likely origi-
nating from the coverslip.
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6.3.2 Confocal OT XRF imaging and its implications

For optical tweezers-based elemental imaging, the strong interference of the sample envi-
ronment with the elements of interest is reduced by applying a confocal detection geometry.
However, the use of this approach is accompanied by its methodological challenges, as dis-
cussed below. Important parameters include the confocal working distance, the confocal
acceptance and the elemental sensitivity expressed in attainable limits of detections (LOD).
Besides, attention should be paid to the gas composition inside the fibre channels of the
polycapillary optic and the alignment procedure particularly in case of standard reference
measurements.

Working distance and confocal volume
For the case studies outlined in Chapter 5, two confocal optics were applied that mainly
differ in working distance and confocal acceptance (Table 6.1). In general, more relaxed
spatial restrictions are provided by polycapillary lenses having a slightly longer working
distance, which is recommended in view of the frequent sample exchange. With regard
to the confocal volume, larger confocal acceptances are preferred as they improve the
repeatability of OT XRF measurements on relatively large cells. In case of small confocal
acceptances approaching 50 µm (FWHM), it is recommended to slightly defocus the optic,
resulting in a larger confocal volume and hence increased repeatability, despite of the
reduced transmission efficiency.

XOS 4024 XOS 7694
Input focal distance 3.5 mm 10.0 mm
Confocal acceptance (FWHM) 50 µm 100 µm
Enclosure diameter 7.9 mm 10.0 mm
Enclosure length 51.5 mm 50.0 mm
Purging possibility 7 3

Table 6.1: Technical specifications of the applied confocal optics.

Optical tweezers-based XRF elemental sensitivity
The lower limit of detection for the OT XRF experimental setup is defined as the minimum
concentration or mass of an element that can be detected in a certain time interval and

154



6.3. Challenges related to XRF analysis

for a specific matrix (Equation 2.26). For gaining insights into the elemental sensitivity,
a NIST SRM 1577c pressed pellet (Bovine liver) was measured for 250 s under confocal
geometry, yielding the LOD curve presented in Figure 6.6-a. In addition, the elemental
sensitivity for a 0.5 s measurement is displayed which corresponds to the typical dwell
time per point for optical tweezers-based elemental imaging. The LOD curve for a 0.5
s measurement reaches down to a few ppm for the transition metals Mn, Fe, Cu and
Zn, while being in the 100-1000 ppm range for the low atomic number elements. In
addition, corrections should be applied for the 10 µm thick quartz capillary wall and
the aqueous medium surrounding the biological sample. For demonstration purposes, a
20 µm thick water layer was assumed corresponding to a point measured roughly at the
center of an optically manipulated algae. The corresponding absorption correction factors
were calculated from xraylib [6] and are presented in Figure 6.6-b, clearly showing that
the capillary wall accounts for the highest absorption contribution. A possible solution is
offered by considerably reducing the thickness of the container wall, for instance by applying
Si3N4 membranes based microfluidics serving as hydrated sample chambers. The Si3N4

membranes thicknesses can go down to several tens of nanometres and are characterized
by low absorption effects, high X-ray radiation resistance and low background signal. This
microfluidics approach would also allow to move from the current static studies towards a
more dynamic approach, permitting to change external conditions such as pH or transition
metal concentration levels [7, 8].

Figure 6.6: OT XRF elemental sensitivity. (a) LOD curve corresponding to a NIST SRM 1577c
pressed pellet measured under confocal geometry for 250 s LT (black square) and 0.5 s LT (black
diamond). Applied corrections for the 20 µm water layer (blue diamond), 10 µm quartz layer
(red diamond) and the combined effect (green diamond). (b) Correction factors calculated from
xraylib.
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Inert gas flushing
As mentioned above, the long working distance capillary has the possibility to be flushed
with an inert gas to reduce low-energy absorption effects of the detected signal. For flush-
ing purposes, an adaptor was designed that slides over the back part of the polycapillary
optic and over the nozzle of the XRF detector (Figure 6.7). The low absorption inert
atmosphere inside and in-between the polycapillary glass fibres is obtained by applying
a low pressure helium flow via two purging apertures available in the optic. This design
allows to flush the polycapillary optic by He in a constant fashion, i.e. during the whole
experimental measuring period of both the standard reference material and the samples.
The purging efficiency is verified by measuring a NIST SRM 1577c pressed pellet under
confocal geometry (Figure 6.8), followed by comparing the experimentally obtained spec-
trum and the theoretically derived fluorescent intensities by relying on the fundamental
parameter equation. For simplicity, the confocal optic efficiency εPC is assumed to be
unity for all elements of interest. Once all experimental parameters are supplied in Equa-
tion 6.1, four extra Lambert-Beer terms are implemented to correct for the absorption
effects by the two Be windows of the confocal optic (12.7 µm thick each), the Be window
of the fluorescent detector (12.5 µm thick), the Si detector crystal (350 µm thick) and
the gaseous atmosphere present within the confocal optic. The corresponding exponential
terms are presented in Equation 6.2, where the last term reflects the confocal optic internal
atmosphere and is therefore of particular interest.

Ii,Kα = I0GwiQi,KαρT

(
1− exp(−χρT )

χρT

)
εPC(Ei) (6.1)

ε(Ei) = e−2µBeρBeTBe × e−µBeρBeTBe × (1− e−µSiρSiTSi)× e−µgasρgasTgas (6.2)

For the purging efficiency study, the gaseous composition was varied from 100% He, to-
wards 50:50% He-air and 100% air. An overlay of the corresponding fluorescent intensities
and the experimentally obtained data is presented in Figure 6.9. In general, there is a good
agreement between the experimental and theoretical data, but an abnormality is observed
for the low atomic number elements. For the 100% He atmosphere, the theoretical inten-
sity values strongly exceed the experimental data, suggesting an underestimation of the
absorption effects. When moving towards 50:50% He-air, a better agreement is observed
between both graphs but still reflecting an underestimation of fluorescent X-ray absorp-
tion. The 100% air composition gives the best correspondence between both data sets,
thereby pointing towards the absence of He gas within the confocal polycapillary optic.
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For future experiments, it is advisable to work at higher He flow rates, while still paying
attention to the pressure build-up on the Be windows that confine the gaseous volume. In
addition, it is recommended to apply a longer purging time frame prior to the measurement
of the standard reference material.

Figure 6.7: Confocal detection geometry. (Left) Confocal optic with possibility for He purging.
The polycapillary adapter comprises two fixation points for holding the optic itself and for the
attachment to the detector nozzle. (Right) Confocal measurement of a NIST SRM 1577c pressed
pellet, polycapillary is being flushed with an inert gas via two purging holes of 2 mm diameter.

Figure 6.8: Fluorescent spectrum of a NIST SRM 1577c pressed pellet measured under confocal
geometry for 250 s LT.
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Figure 6.9: Comparison of an experimentally obtained spectrum and theoretically derived
fluorescent intensities by varying the confocal gaseous composition. (Top) 100% He, (middle)
50:50% He-air, (bottom) 100% air.
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Confocal alignment
Within this study, NIST SRM 2066 glass microspheres (size range: 1-40 µm) were used for
confocal alignment purposes because of their high Fe content (11% by weight). As the glass
microspheres cannot be stably optically manipulated, the spheres were added to a gelatin
monomer solution that was introduced to a quartz capillary container by means of capillary
forces. Next, the gelatin matrix was covalently cross-linked by means of UV initiation (λ
= 250-450 nm, 10 mW/cm3, 30 min irradiation). Following the fixation procedure, the
quartz capillary was taped on a quartz coverslip and mounted on an aluminum holder, a
similar arrangement as for the microalgae and also providing sufficient protection during
sample transport.

The gelatin fixation procedure was applied for several case studies at ESRF-ID13 and
initially showed to be a good strategy for alignment purposes. However, microscopic in-
vestigation of an irradiated gelatin capillary shows substantial deformation of the polymer
matrix arising from the temperature effects of X-ray irradiation (Figure 6.10-a), resulting in
movement of the targeted microsphere during a confocal alignment procedure. As observed,
the sphere will ultimately settle at the lower capillary wall, yet the deformed gelatine can
interfere with the visualization through the on-axis beamline microscope. Therefore, the
confocal alignment procedure was adapted and the microspheres are currently dispersed in
an epoxy resin or mounted on the outer wall of a quartz capillary (Figure 6.10-b).

Standard reference measurements
When measuring standard reference material under confocal geometry, attention should
be paid to the substantial absorption effects of low atomic number fluorescent signal,
particularly in case of inappropriate X-ray focusing. In particular when working at ESRF-
ID13, the on-axis beamline microscope is positioned downstream (facing upstream) and
consequently focuses the X-ray beam on the rear surface of a pressed pellet (with respect
to the primary beam). For demonstration purposes, a NIST SRM 1577c pressed pellet
was subjected to an X-ray depth scan in confocal detection geometry. At the starting
point, the primary beam is focused on the front pellet surface, consequently generating
high fluorescent intensities for the certified elements. The depth scan is performed such
that the pellet travels upstream, providing confocal focusing inside the pressed pellet,
resulting in substantial absorption effects for the low atomic number elements. This effect
is naturally less pronounced for the higher atomic numbers due to the corresponding higher
fluorescent energy and hence larger penetration depth (Figure 6.11).
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Figure 6.10: Microscope images of Fe-rich microspheres for confocal alignment purposes. (a)
Microsphere fixed in a gelatin polymer matrix contained in a quartz capillary. The gelatin matrix
displays substantial deformation upon X-ray irradiation. (b) Microsphere mounted on the outer
wall of a quartz capillary.

Figure 6.11: Overlay of the K-Kα and Fe-Kα fluorescent intensity obtained from a line scan of a
NIST SRM 1577c pressed pellet. Substantial absorption if observed for the potassium fluorescent
signal when the confocal volume is strongly focussed inside the standard.
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6.3.3 X-ray sample damage

Due to the microscopic size of the primary X-ray beam and its high flux (1010-1011 pho-
tons/s), X-ray radiation damage of the microalgae cannot be fully eliminated. Radiation
damage is caused by absorbed X-ray photons depositing energy directly within the sam-
ple, mainly causing inner orbital electrons to be ejected due to the photoelectric effect.
As a result of the predominant K-shell ionization of low atomic number elements, a large
number of photoelectrons are produced, as well as Auger electrons characterized by lower
energies. Many of the produced electrons will escape from the irradiated sample volume,
while a substantial amount of these negatively charged particles will cause secondary ion-
ization events giving rise to a net positive charge. All these effects jointly result in the
photoelectric effect being the primary source of sample damage [9, 10].

For this study, an X-ray absorbed dose of approximately 106 Gy on a single scanning
point was calculated according to Equation 6.3 [11, 12]. The experimental parameters
reflect those of a typical OT-based XRF scan including an incoming intensity I0 of 2×1010

photons/s, a dwell time t of 0.5 s/point and an incident energy hν of 12.9 keV (see also
Equation 2.1). The other symbols reflect the attenuation length d in the sample, a mass
density ρ close to that of water and a 2 µm scanning step size in both scanning directions
∆x, ∆y.

D = I0thν

dρ∆x∆y

(6.3)

As a result of the impinging X-rays, basic physical/chemical phenomena such as the photo-
electric effect and the subsequent breaking of chemical bonds, take place within hundreds
of femtoseconds after the start-up of a scan. Overall effects of the consequent X-ray sample
damage include a change of the optical properties, charging effects and detectable elemental
mass losses; altogether imposing strong constraints on the dose and scanning speeds that
can be used while limiting the achievable spatial resolution on delicate biological samples
[13].

Further analysis of the elemental mass losses was performed by subjecting a S. trochoidea
cell to consecutive X-ray raster scans (1 µm step size, 0.2 s/point) and measuring the algae
diameter before each new X-ray scan. The graphical representation in Figure 6.12 shows
a substantial decrease in the algae diameter after the first scan, followed by a slower but
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continued shrinkage effect, ultimately stressing the significance of the first X-ray measure-
ment.

Figure 6.12: Graphical representation of the ratio of the algae diameter with respect to the
sample observation window width, in function of the elapsed time during consecutive X-ray raster
scans on a microalgae cell.

Observations regarding the optical stability showed that X-ray induced optical changes may
influence the positioning stability in the vertical scanning direction, potentially resulting in
incomplete/distorted scans on the investigated cells. To improve on the vertical stability
during the scans, the microalgae is trapped and moved upwards, in contact with the upper
capillary wall, providing mechanical support and thereby preventing a vertical sample
movement. This position also results in the reduction of the thickness of the aqueous
medium layer between the investigated cell and the detector, minimizing absorption effects
of the detected fluorescent signals.

In addition, radiation damage related phenomena induce (limited) XRF signal losses dur-
ing a progressing scan. These XRF signal losses are element dependent, having a maximum
loss of 40% for the most sensitive elements under non-optimized scanning conditions. Con-
secutive scans on a single microalgae showed that certain elements preferentially escape
from the organism (e.g. Mn) while others tend to be concentrated (e.g. Cu). It can there-
fore be concluded that scanning X-ray methodologies that require multiple passes over the
same biological organism, such as X-ray fluorescence computed tomography (XRF-CT),
are difficult to realize with the current OT XRF methodology. However, less delicate micro-
samples with appropriate optical and X-ray damage resistant properties will most likely be
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suitable for XRF-CT imaging using non-contact sample manipulation by optical tweezers.
Examples include solid catalyst particles [14], particles for water treatment technology [15]
and metallic host particles materials used in battery technology [16].

In case of single pass scanning approaches, such as the measurements described in this
study, the above mentioned X-ray beam induced sample damage/instabilities can be sig-
nificantly reduced by further optimizing the applied detection and scanning speeds. In
particular, the detector load is a critical parameter due to the substantial contribution of
the scattered signal to the XRF spectra, partially caused by the 45° inclination angle of the
detector. However, with the advances in detector technology and electronics, it is expected
that detector throughput capabilities will substantially improve during the next few years.
In combination with optimized confocal polycapillary optics having a larger solid angle of
acceptance (approximately a factor 10 compared to the currently employed optics), it is
expect that the overall detection efficiency/throughput can be increased by a factor 10-100
compared to the current conditions. This will enable to move towards ultrafast scans in
the (sub-)millisecond range per point which will result in a significantly reduced influence
of X-ray sample damage.
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Chapter 7

Cryogenic XRF Imaging Using a
State-of-the-art Cryochamber

7.1 Introduction

The current chapter describes the elemental analysis of biological model organisms under
cryogenic conditions using a state-of-the-art cryochamber, thereby representing the second
specialized sample environment applied in this project. In contrast to optical tweezers-
based XRF imaging, cryogenic elemental analysis holds a certain level of sample prepara-
tion by applying low-temperature specimen preparation to obtain biological samples in a
frozen hydrated state.

In general, SR XRF nano-imaging on cryogenically prepared biological organisms using
a cryo-stream involves particular methodological challenges arising from the applied N2

gas flow, including misalignment of the focusing optics due to temperature drift, vibration
of the sample and significant absorption of the fluorescent signal on the path towards the
detector due to icing effects [1, 2]. As a consequence, the investigation of biological samples
using a cryostream is currently mainly used for analysis at the microscopic level. Here,
the applied analytical instrumentation is being optimized by introducing a new state-of-
the-art cryochamber that is currently being developed and commissioned at the P06 X-ray
Microprobe of PETRA III. Due to the cryochamber design for static cooling and its vacuum
environment, XRF nano-imaging of frozen hydrated microscopic samples can be performed
close to in vivo conditions.
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Within this chapter, the design of the state-of-the-art cryochamber is briefly introduced,
followed by the experimental conditions applicable at the PETRA III-P06 Microprobe.
Furthermore, the analytical capabilities of the cryogenic sample environment were anal-
ysed in terms of attainable limits of detection by using NIST standard reference material.
Besides, several biological model organisms were subjected to nano-XRF analysis after
proper sample preparation by means of shock-freezing. In this framework, the plunge
freezing steps will be briefly introduced, followed by the experimental results of two dedi-
cated studies performed at PETRA III-P06. In a first preliminary study, the possibility
of analysing single cellular organisms under cryogenic conditions was tested, followed by a
cross-validation study on the microalgae Scrippsiella trochoidea investigated through-
out this work. Furthermore, the influence of inadequate sample preparation will be briefly
addressed, concluding with a discussion on the future perspectives with regard to the
cryochamber development.

7.2 State-of-the-art cryochamber

7.2.1 Cryochamber design

The cryochamber was developed by Walter H. Schröder and fabricated by the DESY me-
chanical workshop, while the initial assembly and further testing was performed by B. De
Samber in the period 2010-2012 (supported by an FWO postdoctoral grant). The modular
cryogenic sample environment efficiently couples a vacuum environment with static cool-
ing using liquid nitrogen (LN2), schematically presented in Figure 7.1. Under experimental
conditions, an ultrahigh vacuum of approximately 10−7 mbar is attained by means of a tur-
bomolecular pump that is effectively combined with a pre-pumping device. Static cooling
was designed as a two-step process that employs rapid cooling via LN2 through-flow and an
internal LN2 dewar for maintaining low temperature conditions within the cryochamber.
As a result of the high thermal conductivity of copper, it is applied for the fabrication of
specific internal components thereby resulting in optimal cold transfer towards the frozen
hydrated sample. The sample holder itself is made of copper as well and is cooled by a cir-
cular array of flexible Cu wires that rotates synchronously with the sample rotation stage
over the full 360° angular range as shown in Figure 7.2 [3]. Frozen hydrated samples are
inserted into the cryochamber via a dedicated shuttle system that allows sample exchange
without major disruption of the internal cryochamber conditions (e.g. vacuum condition,
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icing). The sample is subsequently positioned in the X-ray beam using scanning motor-
ized stages (XYZθ) and piezo motorized stages (XYZ) used for alignment of the sample
in the centre of rotation (e.g. for micro-XRF CT or absorption CT). Fluorescent X-ray
signal is collected using a Vortex-EM silicon drift detector (SDD, EM-450-UHV, SII) with
a retractable nozzle and equipped with an ultrathin polymer window (Moxtek AP 3.3) for
detecting low atomic number elements, additionally rendering the detector light sensitive.
The detector is mounted at a 75° angle with respect to the incoming primary beam which
allows for 2D analysis of flat samples oriented perpendicular to the incoming beam [4, 5].

Figure 7.1: Technical drawing of the cryochamber with an indication of the main components,
red arrow denotes the direction of the primary X-ray beam.

Figure 7.2: Photograph of the ”heart” of the cryochamber recipient that is cooled via a network
of flexible Cu wires. NIST SRM 1577c pressed pellet is mounted for demonstration purposes.
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7.2.2 Experimental conditions

Currently, a prototype of the cryogenic sample environment is being commissioned at
PETRA III-P06, consisting of two experimental setups subdivided as the hard X-ray Mi-
croprobe (200-700 nm focused beam) and the hard X-ray Nanoprobe (<100 nm focal spot)
[6, 7]. For creating a focused beam within the cryochamber, X-ray focusing optics with a
large working distance starting from approximately 15 cm are required. Consequently, the
cryochamber is currently used only in the Microprobe hutch (Figure 7.3), where a focused
beam is obtained by either a set metal-coated Kirkpatrick-Baez mirrors or a set of beryl-
lium compound refractive lenses. Both focusing systems provide a long working distance
which is beneficial for the integration of the voluminous cryogenic sample environment.
Moreover, compound refractive lenses provide the additional advantage, with respect to a
KB mirror, of quick exchange between unfocused and focused X-ray beam in view of radio-
graphy measurements using the full beam and fairly quick restoring of the focus afterwards.
For absorption experiments, a PCO camera is integrated behind the cryochamber that is
also applied for initial sample search when a proper microscopic system is absent. As men-
tioned earlier, the fluorescent signal is detected by a Vortex-EM detector that is designed
for ultrahigh vacuum conditions and for the cross-validation study additionally equipped
with a collimator optic to limit the detector solid angle, thereby eliminating the potentially
interfering signal from the chamber internal structure and providing mechanical protection
during sample exchange events.

7.2.3 Analytical characterization

In order to estimate the limits of detection (LOD) attainable for biological samples mea-
sured in the cryochamber, a NIST SRM 1577c (Bovine liver) pressed pellet was mounted
on a Si3N4 frame and positioned in a Cu sample holder. This configuration of the standard
reference material represents a similar arrangement as for the microalgae and is shown
in Figure 7.4. The reference material was subjected to a line scan with a dwell time of
60 s per point and for determining the LOD curve according to Equation 2.26, a point
scanned at the top of the pellet was selected. This position reflects a situation with lo-
cal scattering condition that minimize the possible interfering signal coming from the Cu
sample holder as much as possible. The minimum limit of detection curve is depicted in
Figure 1.4 and reaches approximately 40 ppb for Zn (60 s dwell time), thereby showing no
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abnormal behaviour for elements like Fe, Cu and Zn, which are however present in large
quantities within the housing and the inner components of the cryochamber. This con-
firms the proper functioning of the newly tested collimator, accepting fluorescent radiation
originating unique from the standard reference material.

Figure 7.3: Photograph of the cryochamber integrated at the PETRA III-P06 Microprobe.

Figure 7.4: Mounted NIST SRM 1577c pressed pellet and minimum limit of detection curves
for a 60 s LT point measurement (square) and 1 s LT point measurement (diamond).
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7.3 Samples and sample preparation

Within this project, emphasis was placed on the study of biological model organisms un-
der toxicological stress imposed by elevated/toxic concentrations of transition metals. In
the framework of elemental analysis using the cryochamber, two dedicated experiments
were performed at the P06 Hard X-ray Microprobe, both investigating biological species
accompanied by a specific sample preparation procedure. Below, a brief introduction is
given to the investigated cells, the sample support mounting and the actual plunge freezing
procedure.

7.3.1 Microalgae cells

The cryogenic sample environment was first used for studying the exposure effects of ele-
vated concentrations of transition metals (Cu and Zn) on microalgae species. In particu-
lar, three types of algae cells were selected including the freshwater algae Chlamydomonas
reinhardtti and two types of marine species Prorocentrum lima and Scrippsiella trochoidea
(Figure 7.5). Note that both marine species are considered as harmful algae, since Pro-
rocentrum lima microalgae produce toxins that may enter the human food chain (class 2)
while Scrippsiella trochoidea algae are non-toxic to both humans and aquaculture, however
in the limiting case causing aquatic mortality due to oxygen depleted conditions (class 1).

Figure 7.5: Selected microalgae species subjected to cryogenic analysis. Both Chlamydomonas
reinhardtti and Prorocentrum lima microalgae were studied during the preliminary measurements,
while only Scrippsiella trochoidea cells were investigated in the cross-validation study. Images
adapted from [8, 9].
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7.3.2 Sample mounting

As previously mentioned, a different sample preparation approach was applied for the
preliminary study and the cross-validation experiment. For the preliminary study, a
mixture of both Chlamydomonas reinhardtti and Prorocentrum lima cells was accumulated
on cellulose acetate filter paper (Sartorius Stedim Biotech, CA membrane filter 11107-47-N,
0.2 µm pore size) by means of mild suction using a low vacuum level applied by a vacuum
pump. Subsequently, part of the filter paper was cut and positioned in a Cu sample holder
followed by plunge freezing bringing the sample in a frozen hydrated state.

From the observation in the preliminary study, it was concluded that cellulose acetate filter
paper does not serve as an ideal support for XRF imaging. In particular, the fluorescent
background signal is highly elevated and the microalgae cells may rip open upon the high
burst pressure arising from the small pore size and the applied vacuum. In view of these
difficulties, emphasis was placed on the development of a dedicated preparation procedure
in the cross-validation study by using Si3N4 membranes, with their (near) absence of trace
metals, thermal shock resistance, fairly good mechanical strength and biocompatible nature
[10, 11]. The frames were purchased from Silson (Northampton, UK, frame size: 10×10
mm2, 200 µm thickness, membrane size: 5×5 mm2, 500 nm thickness) and mounted in a
custom-made Cu sample holder of which a schematic drawing is given in Figure 7.6. Once
positioned in the slit, the frame is carefully tightened by means of a screw and further
stability is added by means of Tissue-Tek (Sakura Finetek) serving as a cryo protectant.

7.3.3 Plunge freezing procedure

Plunge freezing is a cryofixation method that allows to obtain biological samples in a frozen
hydrated state, being relatively close to the natural in vivo state. In general, cryofixation of
samples is beneficial because the hydrated macromolecular structure is preserved, no major
modifications on the cellular metal distributions are introduced, the low temperature of
the specimen reduces the radiation damage to the sample and the freezing process itself
adds mechanical stability to sensitive samples [12].

During plunge freezing, a sample is subjected to ultrafast cooling, resulting in the transfer
of sample water into amorphous vitrified ice that differs heavily from hexagonal ice. The
latter is obtained when slowly cooling water below 273 K (0°C), introducing ice crystals and
serious sample damage at the (sub)micron scale. Once the sample is cryogenically prepared,
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Figure 7.6: Schematic overview of the Cu sample holder for holding the Si3N4 frames, dimensions
expressed in mm.
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analysis of the sample is performed close to the natural state, keeping the temperature
below the vitrification temperature of water (136 K) and avoiding recrystallization of the
vitrified ice. Especially within the field of structural biology, cryogenic analysis of protein
crystals is nowadays routinely applied. Moreover, its importance was previously illustrated
by the discovery of the structure and function of the ribosome, later on awarded with a
Nobelprize in Chemistry [13].

Within this project, low-temperature sample preparation involved the use of liquid ni-
trogen as a primary coolant and liquid propane as the cryogen. Liquid propane is
preferred as a cryogen because of its high thermal conductivity, freezing point below the
vitrification temperature of water and a larger heat capacity than LN2 thereby preventing
the formation of a thin insulating gas layer around the sample during the plunge freezing
step, so-called ”Leidenfrost effect”. When plunging the sample into the liquid propane,
the temperature will drop at a speed of approximately 105 K/s resulting in the ultrafast
formation of vitrified ice, after which the sample is transferred and further cooled in LN2

for long term storage. The photographs in Figure 7.7 show the two platforms that were
used for plunge freezing the microalgae samples. For condensing the cryogen, compressed
propane gas was slowly released in a LN2-chilled cavity followed by the gradual formation
of liquefied propane within a gold coated brass recipient. Note that the base of both recip-
ients is surrounded by LN2 which is held in polystyrene boxes for proper insulation. The
plunge freezing process itself is performed in a fume hood with cryogenic gloves and a face
shield for safety purposes [14–16].

Figure 7.7: Plunge freezing platforms. (Left) Actual plunge freezing platform with LN2-chilled
cavity for obtaining liquid propane. (Right) Platform for temporary sample storage.
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For obtaining frozen hydrated microalgae on Si3N4 frames, a specific procedure is followed
which is visually represented in Figure 7.8. First, the frames were coated with a poly-L-
lysine film (0.01%, sterile-filtered, BioReagent, Sigma Aldrich) that greatly promotes the
cell adhesion of biological specimens to the substrate. After settling the poly-L-lysine film
for a few minutes, the residual of the polymer solution was absorbed with tissue paper.
Next, the cell cultures were taken from the incubator and shortly washed in a HEPES
buffered medium to lower the background signal originating from the highly concentrated
exposure medium and to decrease the motility of the microalgae. Subsequently, a 25 µL
droplet of medium with high algae concentration was deposited on the coated Si3N4 frame
and rested for a few minutes to let the algae settle down. Next, the appropriate cell density
was verified by means of light microscopey, after which the residual medium was removed
with tissue paper and the sample wafer was plunge frozen. Note that a key parameter
for obtaining proper frozen hydrated cells is the need for a uniformly thin layer of
medium, resulting in a thin vitrified ice layer around the cells.

Figure 7.8: Overview of the plunge freezing sample preparation steps. (a) Exposed cell cultures
in an incubator device. (b) Deposition of medium and algae on a mounted, poly-L-lysine coated
Si3N4 frame. (c) Observation of the cell density by means of light microscopy. (d) Frozen hydrated
Si3N4 frame with deposited microalgae, inserted into the cryochamber sample transfer shuttle.
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7.4 Case studies and experimental results

7.4.1 Preliminary study

For the preliminary study, a mixture of exposed C. reinhardtti and P. lima cells was
accumulated on cellulose acetate filter paper, shock-frozen, inserted into the cryochamber
and finally raster scanned with an approximate 500 nm beam obtained with a KB mirror
system. Step sizes were 0.5 µm both in horizontal and vertical direction, 0.55 s real
time/point and an excitation energy of 10.5 keV. Figure 7.9 shows several microscope
images of the scanned filter paper area indicated by red coloured rectangles, revealing that
mainly green C. reinhardtti cells were accumulated on the filter paper. Furthermore, the
red arrows indicate sample pile-up of C. reinhardtti on top of P. lima, a sample preparation
artefact introduced by the algae mixture that was applied due to the limited measuring
time available.

Figure 7.9: Light microscope images of the scanned area (red coloured rectangle) containing
Chlamydomonas reinhardtti and Prorocentrum lima cells accumulated on cellulose acetate filter
paper. Blue arrows indicate small C. reinhardtti cells, while the red arrows indicate cell pile-up
of C. reinhardtti on top of the large P. lima cell.

A selection of the corresponding elemental distributions is shown in Figure 7.10 with colour
bars being linear or square rooted scaled. The elemental maps show the presence of signif-
icant amounts of P, K, Ca and Fe within the exposed algae that are essential nutrients for
the growth and metabolism of the microalgae. The P distribution shows clearly contoured
algae from the sample support, moreover the C. reinhardtti cells display an inhomoge-
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neous P distribution. The K distribution shows a nearly homogeneous distribution for
the P. lima algae, while the C. reinhardtti cells are not distinguishable from the back-
ground. Note, that an intensity gradient is observed in the K distribution arising from
absorption effects as the XRF detector is positioned on the right-hand side of the sample.
Ca is heterogeneously present in P. lima and C. reinhardtti, while Fe is distributed rather
homogeneously within both algae species. Zn is found to be homogeneously distributed,
while Cu is mainly accumulated at the borders of P. lima. Copper is also detected in areas
outside the cells, most-likely originating from a sample preparation artefact introduced by
the burst pressure from applying a vacuum for medium removal, potentially damaging the
cell wall of the larger P. lima cell.

Figure 7.10: The corresponding P, K, Ca, Fe, Cu and Zn elemental distributions of the scanned
area indicated in Figure 7.9. Black dotted circle on the Cu-Kα elemental map indicates a copper
distribution outside the cell potentially introduced by a sample preparation artefact. The blue
arrows indicate small C. reinhardtti cells, while the red arrows indicate cell pile-up of C. reinhardtti
on top of the large P. lima cell. Raster-scan details: 0.5 µm step size, 0.55 s/point, 10.5 keV,
colour bars are scaled differently (e.g. linear or square rooted) for optimal visibility.

From this exploring experiment, it was concluded that the cryogenic sample environment
is a valuable alternative for the analysis of main and trace elements within (metal ex-
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posed) model organisms kept under cryogenic conditions, having the potential to enhance
significantly ecotoxicological research related to exposure effects of relevant model-species
to transition metals at elevated concentrations. In future experiments, the sample prepa-
ration should be further optimized by avoiding cell pile-up by working with lower sample
concentrations and by investigating different microalgae species separately. In addition,
it is recommended to replace the cellulose acetate sample support by another supporting
structure as it causes a high background signal together with potential cell damage [17].

7.4.2 Cross-validation study

Based on the insights gained from the preliminary experiment, a second study was per-
formed with the aim of cross-validating and complementing the results obtained via
OT XRF analysis of the model organism S. trochoidea exposed to elevated concentra-
tions of Cu. Especially the vacuum environment of the cryochamber allows to probe low
atomic number elemental distributions within single cells which is not possible by optical
tweezers-based imaging due to absorption effects caused by the liquid water matrix, the
quartz capillary container and air [18, 19]. Note that due to the limited measuring time
available, only a few plunge frozen sample were measured of which the most promising
results are presented in the current section.

With regard to the experiment design, emphasis was placed on studying copper toxicity
upon S. trochoidea microalgae by exposing multiple cell cultures to increasing Cu concen-
trations and one non-exposed culture serving as a reference (0-10-15-20-30-40-45-50-65-80
µg/L Cu, 96 hours exposure, L1 medium). After culturing, the cells were shortly rinsed
with HEPES buffered medium (1 L deionized water, 32 g NaCl, 3 mM HEPES buffer,
pH 8) for decreasing the fluorescent background signal and the microalgae motility. Si3N4

frames were selected as a sample supporting structure to circumvent the potential cell
damaging issues arising from the vacuum burst pressure generated when using filter paper.
After plunge freezing, the Cu sample holder with the frame was attached to a pre-cooled
gold-coated Cu platform, inserted into the cryochamber transfer shuttle, locked on top of
the cryochamber sample tower and finally raster scanned (0.5 µm step size, 1 s/point, 12
keV) using XRF analysis under cryogenic and in-vacuum conditions. Selecting a suitable
scanning area was hampered by the absence of an integrated microscope system at the
time of measurement, yet circumvented by relying on the transmission images captured
by the radiography camera (PCO) behind the cryochamber (after removal of the CRL
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lens system). This strategy allowed to visualize S. trochoidea cells by capturing and sub-
tracting full-field images with and without the sample frame, followed by selection of the
appropriate scanning regions.

Figure 7.11 shows the elemental distribution maps of S, Cl, K, Ca, Mn, Fe, Cu and Zn
obtained from scanning an area containing four isolated algae exposed in a 10 µg/L Cu
medium. As mentioned earlier, the cryogenic vacuum environment provides new insights
into the low atomic number elemental distributions which could previously not be assessed
by optical tweezers-based imaging. Both the sulphur and potassium elemental maps show a
homogeneous distribution proportional to the cell volume, with a more dense region in the
centre of the algae. Differences in intensity are most-likely caused by differences in areal
density, i.e. the region in the center of the algae contains more mass than at the borders.
The highest intensities were detected for Cl, reflecting its high concentration in the saline
medium and revealing small cracks along the surface. Interestingly, a lower amount of chlo-
rine intensity is observed at the position of the algae, most probably due to their lower Cl
concentration compared to the medium. Calcium shows calcareous inhomogeneities pref-
erentially located at the borders of the microalgae cells, which can potentially be explained
by folds present in the cell membrane and/or commencing calcite deposition reflecting a
planozygote cellular stage [20, 21]. Similar to the OT XRF experimental data, the pres-
ence of traces of Mn and Fe reflect their essential nature in the growth and metabolism
of the microalgae. For copper (being the main element of interest in this study), the Cu
fluorescent intensity relating to the cell is only slightly higher than the background signal,
most-likely arising from scattering effects from the sample holder and/or the recipient. The
Zn distribution shows a relatively high background from which the microalgae cell can still
be clearly distinguished. An RGB composite image from the respective Ca, K and Cl ele-
mental distributions is shown in Figure 7.12, indicating the calcareous inhomogeneities at
the cell borders, the homogeneous presence of K and the surrounding medium containing
Cl. Figure 7.13 depicts the fluorescent spectrum with the signal corresponding to the four
algae obtained by means of K-means clustering. The light microscope image in Figure 7.14
indicates the scanned area after warm-up of the sample and reveals a significant level of
X-ray based sample damage from the apparent colour change.
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Figure 7.11: S, Cl, K, Ca, Mn, Fe, Cu and Zn elemental distributions derived from a high
resolution scan on four S. trochoidea microalgae cells exposed to 10 µg/L Cu (96 hours in L1
medium). Scanning details: 0.5 µm step size, 1 s/point, 12 keV incident energy.
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Figure 7.12: (Top) Background subtracted transmission image obtained by the radiography
camera (PCO) behind the cryochamber, allowing to visualize cells by capturing and subtracting
full-field images with and without the sample frame. (Bottom) RGB composite image showing
the respective Ca, K and Cl elemental distributions derived from Figure 7.11.
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Figure 7.13: Fluorescent spectrum of the four algae derived from Figure 7.11 obtained by means
of K-means clustering.

Figure 7.14: Light microscope image of the scanned algae after warm-up of the sample holder.
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As a continuation, a second area was scanned on the same Si3N4 frame containing once
more four S. trochoidea microalgae. Similar conclusions can be drawn with regard to the
elemental distributions with the combined RGB image depicted in Figure 7.15 and the
algae cluster fluorescent spectrum in Figure 7.16. Once again, the sample was heated
up after the measurement and subjected to microscopic analysis in order to retrieve the
scanned area as shown in Figure 7.17.

Figure 7.15: RGB composite image (Ca, K, and Cl respectively) derived from the second
area subjected to a high resolution scan on the sample containing S. trochoidea microalgae cells
exposed to 10 µg/L Cu (96 hours in L1 medium).
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Figure 7.16: Clustered XRF spectrum derived from the second area scanned with high resolution
containing four S. trochoidea algae.

Figure 7.17: Light microscope image of the scanned microalgae cells depicted in Figure 7.15
and after warm-up of the sample holder.
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7.4.3 Influence of ice layer thickness on experimental results

For the cross-validation study, a Si3N4 frame with algae from the control culture was
subjected to analysis as well. For the non-exposed algae, the detected fluorescent signal
proved to be much lower in intensity for all constituents, while being more pronounced
for the low atomic number elements. This observation is most-likely explained by slight
differences in thickness of the vitrified ice layer between various frozen hydrated samples
and is likely to interfere with quantitative measurements. As mentioned earlier, good
quality frozen hydrated samples are obtained when a uniformly thin medium layer is present
prior to plunging into liquid propane.

The overlay of fluorescent spectra in Figure 7.18 shows the signal of two S. trochoidea
algae measured on different Si3N4 frames. The fluorescent signal in black corresponds to a
non-exposed cell covered by a relatively thick ice layer, while the red graph corresponds to
the far right cell of Figure 7.11. For making comparison possible, a normalisation of both
spectra was performed to reach a similar background level around 5 keV.

Figure 7.18: Overlay of XRF spectra of single algae obtained by means of K-means clustering.
(Black) Non-exposed cell covered by a relatively thick ice layer. (Red) Exposed cell covered by a
thin ice layer, corresponding to the far right cell on the elemental maps in Figure 7.11.

Moreover, the difference in ice layer thickness can be estimated by relying on the Lambert-
Beer law shown in Equation 7.1. Here, I thicki,Kα and I thini,Kα denote the fluorescent intensity of
element i detected from the sample covered with a thick and thin ice layer, respectively. In
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addition, µ(Ei) represents the total absorption cross-section of the Kα-fluorescent energy
of element i, the vitrified ice density ρ and the ice layer thickness T. When assuming a
similar element composition of both measured algae and substituting Equation 7.1 with the
K-Kα fluorescent intensities together with values obtained from xraylib [22], a difference in
ice layer thickness of approximately 170 µm between both measured cells is derived [23].

I thicki,Kα

I thini,Kα

= e−µ(Ei)ρT (7.1)

7.5 Summary and conclusions

The current chapter summarized the results of two dedicated experiments that showed the
feasibility and potential of cryogenic in-vacuum XRF analysis of biological model organ-
isms. Based on the sample preparation experience gained from the preliminary measure-
ment, the preparation strategy was optimized for a dedicated cross-validation study of the
model organism S. trochoidea applied throughout this work. This second study allowed
to complement and cross-validate the results obtained via optical tweezers-based analy-
sis, particularly the vacuum environment provided the possibility to gain insights into the
low atomic number elemental distributions previously inhibited due to absorption effects
by the water matrix, the sample container and air. Besides the insights gained into the
low atomic number distributions of the main constituents such as S, K and Ca, significant
amount of Mn and Fe were detected which is in good agreement with the OT XRF findings
previously described.

Yet, the visualisation of the Cu elemental distribution within the microalgae cells is ren-
dered difficult by a high intensity of Cu in the background signal, most probably caused
by additional fluorescence signal from the chamber components excited by scattered ra-
diation and fluorescence originating from the sample holder. One workaround strategy
would involve to replace the sample holder host material by another metal with similar
thermal conductivity and less disturbing fluorescent signal, such as silver or molybdenum.
In addition, the implementation of a confocal polycapillary optic would significantly re-
duce/eliminate the interfering fluorescence/scatter signal from the surrounding sample en-
vironment, a similar strategy as applied for optical tweezers-based imaging. In this respect,
the confocal working distance should extend to a least a few mm since sample exchange
events may result in close proximity of the sample platform to the confocal aperture. Note
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that measuring XRF in confocal mode requires flexibility of the fluorescence detector com-
bined with accurate positioning by means of motorized stages. However, the Vortex-EM
detector is currently mechanically attached to the cryochamber onto a slide and can only
be roughly (re)positioned on the millimetre level along its axis. For confocal alignment,
a dedicated microscope observation system would be essential as well, while also greatly
improving on the initial sample observation and scanning area selection. Note that the
implementation of a dedicated sample observation system is scheduled and will consist of
a motorized pierced mirror mounted upstream at an angle of 45° with respect to the frozen
hydrated sample. The corresponding sample image will then be reflected upwards towards
a high resolution light microscope, ultimately preventing X-ray sample damage prior to
analysis compared to the currently applied transmission visualisation procedure.

Regarding the samples and the plunge freezing procedure, a broad range of sample types
should be subjected to cryogenic analysis in order to further expand the applicability of the
cryochamber. In this respect, the tested microalgae cells showed to be a good application
for gaining insights into the lower limit on the sample size (e.g. 10-20 µm). However,
relatively large samples should be carefully considered as substantial absorption effects for
the low atomic number elements (e.g. Na, P, S) may occur and obtaining vitrified ice
deeper than ≈10-20 µm into the sample is not guaranteed which may influence element
distributions at the sub-micrometre level. With regard to the plunge freezing procedure,
manual shock-freezing asks a certain level of experience, in particular with respect to
obtaining and evaluating the uniform thin medium layer in a reproducible manner prior
to plunging. A potential strategy to overcome these issues could involve the use of an
automated plunge-freezing instrument to increase on the efficiency and reproducibility of
the process [14]. When the vitrified ice layer is still substantially thick, the removal of
the ice content can in principle also be obtained by freeze-drying the sample. This can
be obtained by the application of a heating element within the cryochamber close to the
sample position and is scheduled for integration. As the cryochamber environment is under
constant development, particular components are still being upgraded, crucially asking for
appropriate documentation and the continuous practical training of personnel.

It can be concluded that the cryogenic sample environment shows large potential for mi-
cro/nanoscopic X-ray analysis (XRF, micro-CT) under cryogenic conditions of micron- to
millimetre-sized biological specimens close to the in vivo state. Therefore the instrument
is expected to provide valuable input into research fields ranging from environmental to
life sciences.
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Chapter 8

Closing Discussion and Outlook

This doctoral dissertation focused on the combination of X-ray fluorescence (XRF) imaging
with two specialized sample environments at synchrotron facilities for the analysis of biolog-
ical organisms under conditions preserving their in vivo state. The use of XRF spectroscopy
allows for highly sensitive, multi-elemental analysis providing two- and three-dimensional
information on the sample composition with trace level detection limits, accompanied by
a non-destructive character for samples with sufficient X-ray damage resistance.

When performing X-ray micro-analysis of biological organisms close to their natural state,
two distinct approaches can be followed, i.e. modifying the sample and making it suit-
able for analysis and/or optimizing the applied analytical methodology [1]. Regarding the
sample preparation, it is hard to provide a universally applicable procedure, as the sample
treatment steps are primarily determined by the biological specimen itself. Consequently,
each biological sample asks for careful optimization and testing of the preparation pro-
cedure in order to preserve the cellular structure, retain the elemental distributions and
avoid the introduction of exogenous material [2]. Yet, it is important to note that when
analysing biological samples that manifest and reproduce in a hydrated environment, ele-
mental imaging at the high spatial resolution level is ideally performed on fully hydrated
samples [3]. This however imposes particular methodological challenges including the con-
struction and application of a dedicated sample environment and dealing with a certain
level of X-ray sample damage [4, 5].
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This study aimed at the development and application of two specialized sample measure-
ment environments for the analysis of biological organisms close to the natural in vivo
state, both applying a certain level of the two distinct approaches outlined above.
The use of optical tweezers (OT) enabled truly free-standing investigation of microscopic
samples, combined with performing non-contact sample manipulation and positioning. In
this way two-dimensional elemental micro-/nano-analysis can be performed on essentially
living biological samples, allowing to step away from the generally accepted trend of ap-
plying time-consuming, often invasive and error-prone sample preparation steps prior to
analysis [6]. In addition, biological samples were investigated under cryogenic conditions
using a state-of-the-art cryogenic in-vacuum sample environment, thus remaining close to
the natural state and reducing the probability of radiation damage due to the ice matrix.

8.1 XRF analysis using a compact optical tweezers setup

This thesis introduced a radically new methodology by combining optical tweezers technol-
ogy for non-contact, laser-based sample manipulation with synchrotron radiation confocal
X-ray fluorescence micro-imaging for the very first time. The OT XRF methodology al-
lows for elemental imaging in a two-dimensional (2D) projection mode in free-standing
biological micro-organisms or single cells present in their aqueous environment. This new
approach fully eliminates the concept of sample preparation that may alter the sample and
potentially distort the elemental information obtained, thereby also avoiding the need to
mount/fix the cells using potentially interfering sample support material.

The new OT XRF methodology showed to be very well suited for the determination of
the transition metals Mn, Fe, Cu and Zn under in vivo conditions in species, representing
essential micronutrients for the growth and metabolism of the microalgae. Moreover, a
dedicated binary toxicity study on selected microalgae cells allowed to semi-quantitatively
determine rather large differences in the in vivo areal concentrations of accumulated met-
als in single cells: Cu � Ni > Zn. Furthermore, when focusing on copper toxicity, the
semi-quantitative results of individual studies showed to be in good agreement and demon-
strated a strong initial increase of algal copper concentration, followed by a plateau phase
upon increasing Cu-exposed medium. Further methodological improvements allowed to
combine the new optical tweezers-based XRF technology with integrated SAXS measure-
ments, ultimately demonstrating their subcellular complementary nature. In addition, the
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application of an ultrafast detector together with a flight tube indicated a strongly or-
dered structure pointing towards the microalgae cell wall, thereby opening opportunities
for SAXS analysis under in vivo conditions. As observed, it is difficult to gain information
on the low atomic number elemental distributions via optical tweezers-based imaging due
to absorption effects by the liquid water matrix, the quartz capillary container and air. It
can therefore be concluded that the current OT XRF methodology is well optimized for
trace elemental analysis of biological specimen down to calcium.

In future experiments, the possibilities of direct sample positioning and scanning using the
SLM should be further explored, ultimately making the complex, high resolution motorized
stages obsolete. Moreover, the sample can be slowly rotated by the SLM chip, resulting in
the possibility for tomographic imaging on microscopic (non-biological) samples with ap-
propriate geometrical/compositional properties and X-ray damage resistance. Currently,
analysis of biological model organisms in 3D projection mode remains challenging due to
the level of X-ray radiation damage caused by absorbed X-ray photons depositing energy di-
rectly within the sample. It can therefore be concluded that scanning X-ray methodologies
that require multiple passes over the same biological organism, such as X-ray fluorescence
tomography, are difficult to realize with the current OT XRF methodology. However, less
delicate micro-samples with appropriate optical and X-ray damage resistant properties will
most likely be suitable for tomographic imaging using non-contact sample manipulation by
optical tweezers. Nevertheless, collecting the fluorescent signal at only a few angles may
provide interesting insights into the spatial arrangement and distribution of organelles and
other cellular structures [7].

Regarding the scanning speed, short acquisition times and therefore low doses cause an
insufficient number of fluorescent photons to be produced by features. On the other hand,
high X-ray doses result in increased sample degradation and therefore, this time com-
ponent should be carefully optimized. Potential strategies to reduce the X-ray induced
sample damage may include the application of faster detector technology and electronics
together with confocal polycapillary optics having a larger solid angle of acceptance and
flushing possibility. This will enable to move towards ultrafast scans, ultimately resulting
in a significantly reduced influence of X-ray sample damage. Another potential strategy
would involve the application of alternative scanning approaches by skipping damaged re-
gions using slightly larger steps in both scanning directions. Despite of the lower spatial
resolution, this approach may limit the spreading of radicals that progress rapidly through
a sample with decreasing radical concentration relative to the creation centre [4]. In the
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context of X-ray damage phenomena, it is important to mention the concept of X-ray free-
electron lasers (XFEL) that only recently entered the X-ray spectroscopy research field
and are referred to as being the laser-like counterpart of a SR-source. XFELs have the ca-
pability of producing ultrashort pulses of high brilliance and coherence, allowing to obtain
information via flash imaging before X-ray related sample damage occurs [8, 9]. However,
since the OT XRF methodology uses a scanning mode approach and X-ray damage related
effects take place within hundreds of femtoseconds after the start-up of a scan, radiation-
induced effects cannot be completely avoided. Yet, by carefully optimizing the scanning
parameters, X-ray damage can be reduced by several orders of magnitude, thereby moving
towards ultrafast scans in the milli- to micro-second range per point.

Future developments with regard to the optical tweezers setup mainly depend on the de-
sired application. For instance, when moving to higher resolution beamlines, the OT setup
definitely needs to be further miniaturized in order to permit its installation at nanoscopic
experimental stations. Note, that when moving towards nanoscopic resolution beamlines,
the sample size is typically reduced as well, thereby entering the optical tweezers size
regime. A smaller and lighter OT setup would also enable its integration in X-ray lab-
oratory equipment to perform in-house OT XRF analyses, despite of the lower flux and
larger X-ray focal spot. In general, the laser path length can be substantially decreased
by removing the SLM from the experimental setup, the position of which is determined by
the focal lengths of the telescopic arrangement of lenses in the laser path. Further minia-
turisation would also involve scaling down the sample holder, accompanied by a smaller
set of motorized stages for sample positioning into the laser focal spot.
In addition, further technical improvements can be obtained by combining the OT XRF
methodology with other SR-based analytical techniques such as phase-contrast imaging,
ptychography, (time-resolved) SAXS or dynamic SAXS. With respect to the confocal de-
tection geometry, the continuous presence of a standard reference material in the vicinity
the sample holder would allow to verify the confocal alignment in a (relatively) fast manner
between measurements, thereby further improving the OT XRF repeatability. Moreover,
the current sampling procedure can be further optimized by introducing a pumping sys-
tem to enable on-line acute exposure OT XRF studies on optically mounted biological
specimens. This would allow to move from the current static studies towards a more dy-
namic approach, crucially asking for a microfluidics sample chamber that permits to change
external conditions such as pH or transition metal concentrations. In this respect, Si3N4

membranes that are characterised by low absorption effects, high X-ray radiation resistance
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and low background signal already proved to be well suited for the construction of sandwich
wet chambers serving as hydrated specimen holders [3, 10]. In addition, this microfluidics
approach by using ultrathin Si3N4 membranes would also provide more insights into the
low atomic number elemental distributions, which is currently prevented due to the quartz
capillary wall that accounts for the highest absorption contribution. The application of a
microfluidics chamber would also facilitate the integration of a temperature sensor to gain
insight into the (local) temperature increase upon X-ray radiation and laser-based sample
manipulation.

A final and very important remark should be made with regard to the accurate and consis-
tent documenting of major and minor methodological OT setup modifications. Due to the
compact guidelines available from the original developers, an extensive literature search
combined with a certain level of reverse engineering and support from optical tweezers spe-
cialists were the main work packages at the start of this project. This doctoral dissertation
may therefore serve as a current status report of the OT setup, paving the way for future
optimisation and expansion of the applicability of the optical tweezers setup with various
spectroscopic techniques.

8.2 XRF analysis using a state-of-the-art cryochamber

A second specialized sample environment applied in this work involved a state-of-the-
art cryochamber for the elemental analysis of biological model organisms under cryogenic
conditions. The measurements under cryogenic conditions showed to be very well suited
to probe low atomic number elemental distribution previously inhibited due to absorption
effects associated with optical tweezers-based imaging, ultimately allowing to complement
and cross-validate the OT XRF experimental results. Besides the insights gained into
the low atomic number distributions, the elemental distributions of high atomic number
elements could be assessed as well, showing that significant amounts of manganese and
iron are present within the photosynthetic microalgae cells, which is in good agreement
with the OT XRF findings previously described.

Compared to in vivo optical tweezers-based imaging, elemental analysis using the cry-
ochamber holds a certain level of sample preparation by applying low-temperature spec-
imen preparation to obtain biological samples in a frozen hydrated state. During plunge
freezing, a sample is subjected to ultrafast cooling, resulting in the transfer of sample water
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into vitrified ice and analysis at a temperature below the vitrification temperature of water
(136 K). In general, cryofixation of samples is beneficial because the hydrated macromolec-
ular structure is preserved, no major modifications on the cellular metal distributions are
introduced, the freezing process itself adds mechanical stability to sensitive samples and
the low temperature of the specimen reduces the radiation damage to the sample [6]. Note
that the level of secondary X-ray sample damage is reduced when working under cryo-
genic conditions, yet not fully avoided due to the secondary electrons still being mobile
at 77 K [11]. With regard to the plunge freezing procedure, manual shock-freezing asks a
certain level of experience, particularly with respect to the creation and evaluation of a uni-
formly thin medium layer to avoid uncontrolled ice crystal formation upon plunging. This
methodological challenge potentially affects the plunge-freezing reproducibility that may
complicate a systematic study over multiple frozen hydrated samples. A potential strat-
egy to overcome this issue could involve the application of an automated plunge-freezing
instrument to increase on the efficiency and reproducibility of the process [12]. When the
vitrified ice layer is still substantially thick, removal of the ice content can be obtained by
freeze-drying the sample, for example by the application of a heating element integrated
within the cryochamber and close to the sample position. Further sample preparation-
related improvements may involve using an ethane/propane mixture as cryogen since it
remains liquid even at liquid nitrogen temperature [13]. In addition, the introduction of
an extra sample washing step using ultrapure water may prevent salt precipitation on the
samples ultimately lowering the detector dead time.

From an elemental imaging point of view, the visualisation of copper spatial distribu-
tions within biological samples using the cryochamber remains challenging due to the large
amounts of copper surrounding the sample. One workaround strategy would involve to re-
place the sample holder host material by another metal of high thermal conductivity. In ad-
dition, the application of a confocal polycapillary optic would significantly reduce/eliminate
the interfering fluorescence/scatter signal from the surrounding sample environment, a sim-
ilar strategy as applied for optical tweezers-based imaging. In this respect, the confocal
working distance should extend to a least a few mm since sample exchange events may
result in close proximity of the sample platform to the confocal aperture. In addition,
the confocal XRF methodology requires flexibility of the fluorescence detector combined
with accurate positioning by means of motorized stages. For confocal alignment, a ded-
icated microscope observation system would be essential as well, in addition the initial
sample observation and scanning area selection would be greatly improved. Note that the
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integration of a dedicated sample observation system is scheduled and will consist of a
motorized pierced mirror mounted upstream with respect to the frozen hydrated sample,
ultimately preventing X-ray sample damage prior to analysis compared to the currently
applied transmission visualisation procedure.

A similar final conclusion can be drawn with respect to the accurate and consistent docu-
menting of major and minor methodological cryochamber modifications. As the cryocham-
ber environment is constant under development, it is expected that particular components
will certainly benefit from an upgrade, crucially asking for appropriate documentation and
the constant tutoring of personnel for both the sample preparation work flow and the
cryochamber operation.

8.3 Cross-validation via LA-ICP-MS imaging

As a continuation of the elemental analysis of exposed microalgae cells, attempts were made
for cross-validating the experimental results obtained by means of laser ablation-inductively
coupled plasma-mass spectrometry (LA-ICP-MS). During a LA-ICP-MS measurement,
targeted positions on the sample surface are ablated by a focused laser pulse, followed
by atomisation and ionisation in a high temperature plasma with subsequent isotopic
analysis via mass spectroscopy [14, 15]. Elemental analysis through LA-ICP-MS analysis
is attractive in this context due to its low limits of detection, capability of providing
spatially-resolved, quantitative information on the isotopic composition and high sample
throughput. In spite of its higher sensitivity for the targeted transition metal nuclides
over a wide dynamic range, a considerably lower spatial resolution is provided compared
to state-of-the-art micro-XRF imaging at synchrotron facilities.

Similarly as to the measurements involving the specialized sample environments, marine
microalgae cells were exposed to toxic concentrations of transition metals, particularly
copper. Prior to analysis, the exposed microalgae cells were subjected to a preparation
procedure that aimed at dehydrating the cells via critical point drying, an approach that is
generally applied in scanning electron microscopy. In collaboration with the UGent Atomic
& Mass Spectrometry research group, several batches of Cu-exposed cells were subjected
to single-shot laser ablations, followed by mass spectrometric analysis of the atomic ions
produced. From each cell culture, several tens of algae were measured and consequently
calibrated against Cu-spiked gelatine standards. The graphical representation in Figure
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8.1 shows an initial increase in algal 65Cu concentration followed by a plateau phase upon
increasing Cu-exposure level, being in very good agreement with the optical tweezers-
based XRF data. These initial results clearly show the potential of LA-ICP-MS of being
a powerful tool for isotopic bio-imaging at the single-cell level, with future prospects for
subcellular quantification when the present limits of spatial resolution are overcome [16, 17].
Furthermore, the concept of applying cooled ablation cells could be considered, previously
successfully applied for cryogenic analysis of soft tissues, ultimately benefiting from better
signal stability and higher sensitivity compared to measurements at ambient temperature
conditions [18].

Figure 8.1: Tendency towards the bioaccumulation of 65Cu by S. trochoidea cell cultures. The
observed accumulation trend is in very good agreement with the OT XRF experimental findings.

8.4 General conclusion

It can be concluded that both specialized sample environments applied in this work are very
well suited for the elemental analysis of microalgae cells close to the natural, in vivo state.
Both approaches are naturally characterised by advantages and disadvantages implied by
the sample preparation steps prior analysis and by the X-ray induced sample damage during
X-ray analysis. At the moment, optical tweezers-based confocal XRF analysis is optimized
for cellular elemental analysis down to calcium, while the cryogenic sample environment
provides a broader elemental range from high to low atomic number elements, with the
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exception of copper. As both environments are under constant development, it is expected
that further methodological progress will allow combinations with a variety of spectroscopic
techniques, ultimately resulting in a wide range of applications in all disciplines where in
vivo/in situ, highly sensitive multi-element analysis is of relevance on the high spatial
resolution level.
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Chapter 9

English Summary

This multidisciplinary doctoral dissertation aimed at the combination of X-ray fluores-
cence (XRF) imaging with two specialized sample environments at synchrotron facilities
for the analysis of biological organisms close to the in vivo state. XRF spectroscopy al-
lows for highly sensitive, multi-elemental analysis providing two- and three-dimensional
information on the sample composition with trace level detection limits, accompanied by
a non-destructive character for samples with sufficient X-ray damage resistance. When
performing X-ray micro-analysis of biological organisms close to their natural state, two
distinct approaches can be followed, i.e. modifying the sample and making it suitable for
analysis and/or optimizing the applied analytical methodology. This study aimed at the
development and application of two specialized sample measurement environments for the
analysis of biological organisms close to the natural state, both applying a certain level of
the two distinct approaches outlined above.

The use of optical tweezers (OT) enables truly free-standing investigation of microscopic
samples, combined with performing non-contact sample manipulation and positioning in
an aqueous environment. In this way two-dimensional elemental micro-/nano-analysis
can be performed on essentially living biological samples, allowing to step away from the
generally accepted trend of applying time-consuming, often invasive and error-prone sample
preparation steps prior to analysis. In addition, biological samples were investigated under
cryogenic conditions using a state-of-the-art cryochamber, thus remaining close to the
natural state and reducing the probability of radiation damage due to the ice matrix
acting as a sort of cage that limits the spreading of radicals.
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Within this project, the marine microalgae Scrippsiella trochoidea served as a model or-
ganism and the necessary methodological developments required for testing and optimizing
the specialized sample environments were carried out at separate third-generation syn-
chrotron radiation facilities, namely the European Synchrotron Radiation Facility located
in Grenoble (ESRF, France) and the Deutsches Elektronen-Synchrotron stationed in Ham-
burg (DESY, PETRA III, Germany).

The compact optical tweezers setup was available from the ID13 Microfocus beamline of
the ESRF and its application was extended by meeting the experimental requirements of
confocal micro-XRF imaging of biological model organisms under in vivo conditions. Four
dedicated studies corresponding to four experiments at ESRF-ID13, all focused on appli-
cations in the research field of environmental toxicology and demonstrated the feasibility,
repeatability and high throughput potential of the OT XRF methodology. The results
showed that significant amounts of transition metals, i.e Mn, Fe, Cu and Zn, were detected
within the scanned cells, reflecting their critical role in the metabolism of the microalgae.
Further methodological improvements allowed to combine the new optical tweezers-based
XRF technology with integrated small angle X-ray scattering (SAXS) measurements ulti-
mately demonstrating their subcellular complementary nature and opening opportunities
for SAXS analysis under in vivo conditions.

A second specialized sample environment applied in this work involved a state-of-the-art
cryogenic sample environment for the elemental analysis of biological model organisms
under cryogenic conditions at the P06 hard X-ray Microprobe of PETRA III. The mea-
surements under cryogenic conditions showed to be very well suited to probe low atomic
number elemental distributions previously inhibited due to absorption effects associated
with optical tweezers-based imaging, ultimately allowing to complement and cross-validate
the OT XRF experimental results. Besides the insights gained into the low atomic number
distributions, the elemental distributions of high atomic number elements could be assessed
as well, showing that significant amounts of manganese and iron are present within the
photosynthetic microalgae cells which is in good agreement with the OT XRF findings.

It can be concluded that both specialized sample environments applied in this work are very
well suited for the elemental analysis of microalgae cells close to the natural, in vivo state.
Both approaches are naturally characterised by advantages and disadvantages implied by
the sample preparation steps prior analysis and by the X-ray induced sample damage
during the measurement. At the moment, optical tweezers-based confocal XRF analysis is
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optimized for cellular analysis down to calcium, while the in-vacuum cryochamber provides
a broader elemental range from low to high atomic number elements with the exception of
copper. As both environments are under constant development, it is expected that further
methodological progress will allow combinations with a variety of spectroscopic techniques,
ultimately resulting in a wide range of applications in all disciplines where in vivo/in situ,
highly sensitive multi-element analysis are of relevance on the high spatial resolution level.
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Chapter 10

Nederlandstalige Samenvatting

Dit multidisciplinaire doctoraatsproject had als doel X-stralen fluorescentie spectroscopie
(XRF) te combineren met twee gespecialiseerde monsteromgevingen aan synchrotronfa-
ciliteiten, dit om biologische modelorganismen te analyseren dicht bij de in vivo toestand.
XRF spectroscopie biedt de mogelijkheid om hooggevoelige, multi-element compositieanal-
yses uit te voeren in 2D- en 3D-geometrie met spoorelement detectielimieten, gecombineerd
met een niet-destructief karakter voor monsters met voldoende X-stralenresistentie. Meer
bepaald voor X-stralenanalyse van biologische organismen dicht bij de natuurlijke toes-
tand kunnen twee werkwijzen aangewend worden: aanpassen van het monster om het meer
geschikt te maken voor analyse en/of aanpassen van de aangewende analytische methode.
Dit onderzoeksproject doelde op de ontwikkeling en applicatie van twee gespecialiseerde
monsteromgevingen voor de studie van biologische organismen in hun natuurlijke toestand,
beide deels gebruik makend van de bovengenoemde werkwijzen.

Het aanwenden van een optische val (optical tweezers, OT) maakt het mogelijk om mi-
croscopische stalen te contactloos onderzoeken, combineert met contactloze monsterma-
nipulatie en positionering in een waterachtige omgeving. Op die manier kunnen tweed-
imensionale elementaire nano-/microscopische analyses uitgevoerd worden op in essentie
levende biologische monsters, zonder gebruik te maken van tijdsrovende, foutengevoelige
monstervoorbereiding voorafgaand aan een analyse. Daarnaast werden er ook biologis-
che stalen onderzocht onder cryogene omstandigheden, daarbij gebruik makend van een
geavanceerde cryokamer. Dit maakte het eveneens mogelijk monsters te analyseren dicht
bij de natuurlijke toestand en de kans op X-stralen monsterschade te reduceren door de
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ijsmatrix die optreedt als een soort kooi om de verspreiding van radicalen te limiteren.

In dit project werd de mariene alg Scrippsiella trochoidea aangewend als een modelor-
ganisme en voor de methodologische ontwikkelingen werd beroep gedaan op afzonderli-
jke derdegeneratie synchrotronfaciliteiten, meer bepaald de European Synchrotron Radi-
ation Facility gestationeerd in Grenoble (ESRF, Frankrijk) en de Deutsches Elektronen-
Synchrotron gelegen in Hamburg (DESY, PETRA III, Duitsland).

De optische val opstelling werd beschikbaar gesteld door de ID13 Microfocus bundellijn
van het ESRF en het applicatiebereik werd uitgebreid met confocale micro-XRF analyse
van biologische modelorganismen in vivo. Vier ecotoxicologische studies overeenstemmend
met vier experimenten aan ESRF-ID13, demonstreerden het potentieel, de herhaalbaarheid
en de hoge verwerkingscapaciteit van de OT XRF methode. De resultaten toonden aan
dat er binnen de onderzochte cellen significante hoeveelheden transitiemetalen (Mn, Fe,
Cu en Zn) werden gedetecteerd en dit reflecteert hun cruciale rol in het metabolisme van
een alg. Verdere methodologische ontwikkelingen maakten het mogelijk om de OT XRF
methode te combineren met kleine-hoekverstrooiing van X-stralen (SAXS) als additionele
analytische techniek. De complementariteit van beide methoden werd aangetoond, alsook
het potentieel van SAXS voor in vivo analyse.

De tweede gespecialiseerde monsteromgeving werd beschikbaar gesteld door de P06 harde
X-stralen bundellijn van PETRA III en bestond uit een geavanceerde cryokamer voor de
analyse van biologische organismen eveneens dicht bij de natuurlijke toestand. De metingen
onder cryogene omstandigheden toonden aan bijzonder goed geschikt te zijn voor de studie
van de lage atoomnummer elementen, wat momenteel verhinderd wordt door absorptie-
effecten bij OT XRF analyse. Dit maakte het mogelijk om de experimentele data verkregen
via OT XRF analyse data aan te vullen en tevens te vergelijken. Naast het verschaffen
van inzichten in de lage atoomnummerdistributies werden ook hoge atoomnummers gede-
tecteerd, meer bepaald significante hoeveelheden aan Mn en Fe werden waargenomen wat
in goede overeenkomst is met de OT XRF resultaten.

Er kan besloten worden dan beide aangewende gespecialiseerde monsteromgevingen zeer
goed geschikt zijn voor de elementanalyse van microalg cellen dicht bij de natuurlijke, in
vivo toestand. Beide omgevingen zijn uiteraard gekarakteriseerd door voordelen en nadelen
veroorzaakt door de monstervoorbereiding voorafgaand aan de analyse en X-stralen mon-
sterschade tijdens het experiment. Momenteel is de confocale OT XRF methode geopti-
maliseerd voor cellulaire elementanalyse tot aan calcium, terwijl de geavanceerde cryokamer
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een breder elementbereik biedt van lage en hoge atoomnummers met uitzondering van Cu.
Aangezien beide omgevingen onder voortdurende ontwikkeling staan, wordt verwacht dat
verdere methodologische ontwikkelingen de combinatie met aan brede waaier aan spectro-
scopische analysemethoden mogelijk zal maken. Dit zal finaal leiden tot een breed bereik
aan applicaties in alle disciplines waar in vivo/in situ, hooggevoelige, multielement analyse
van belang is op een hoge resolutieschaal.
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Appendix A

Practical Considerations

When integrating the OT setup at the ID13 Microfocus experimental hutch, attention
should be paid to specific safety measures and the positioning of devices connected to the
optical tweezers setup. In particular, certain control and power units should be positioned
in the vicinity of the OT setup, while others can be positioned further away. Below, an
overview is presented regarding the instrumentation connected to the optical tweezers setup
together with a discussion on the spatial restrictions. Moreover, the mounting procedure
of the XRF detector is discussed, combined with the positioning of the beam monitoring
and beam shaping equipment.

Safety measures For the optical tweezers experiments within this study, strong class IV
and class IIIB laser beams were applied which involve taking appropriate safety measures.
In particular, the laser power unit should be connected to a laser interlock system that is
integrated in the experimental hutch. In addition, it is mandatory to wear safety goggles
with a sufficiently large optical density, resulting in a safe level of transmitted fraction of
laser photons towards the human eye.

SLM controller The SLM is a computer controlled device and requires input DVI signals
that are sent from a computer unit towards the SLM controller. That latter monitors
the data signalling for driving the LCOS-SLM chip and provides power by means of two
SCSI-connector cables of limited length (1-1.2 m). Particularly, the limited length of both
connector cables poses serious restrictions on the spatial flexibility around the OT setup.
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Consequently, the SLM controller should be positioned relatively close to the OT setup
and is considered a critical parameter.

Laser power unit The laser power unit is connected to the laser interlock safety system
and provides power to the laser module when the interlock is correctly set. As mentioned
in section 4.2.2, the applied fibre laser source has a long optical fibre cable that can de-
liver output several metres away from the power unit. Furthermore, the RS-232 external
computer interface allows remote control through SPEC-commands, which is beneficial
when working at a synchrotron environment. In summary, the laser power unit should be
positioned inside the experimental hutch, but its positioning is not considered a critical
factor.

Light power unit For sample observation, an integrated CCD camera receives visible
light from the light guide positioned on top of the objective. The glass light guide itself is
connected to the light power unit by means of a long flexible fibre, resulting in sufficient
spatial flexibility.

Syringe pump Since a water droplet on top of the trapping objective is vital for proper
focusing, compensation for water evaporation is essential. In view of this requirement, a
droplet refill system was installed that provides a constant flow of Milli-Q water through
a syringe pump. The water flow rate, which depends on the intensity of the light guide
through thermal effects, can be remotely adjusted through LabVIEW software or via SPEC
commands. The syringe and the immersion adapter piece are connected via flexible silicon
tubing of long length, therefore the position of the syringe pump can be varied.

Optical tweezers computer unit For optically manipulating a sample into the trap-
ping plane, remote control of the motorized sample stages and the laser power is performed
via SPEC commands. In contrast, the integrated CCD camera and the SLM run on a Win-
dows computer unit present inside the experimental hutch and are remotely controlled from
the control cabin. The position of the OT computer unit is again less critical and typi-
cally stored below the experimental hexapod sample table, i.e. underneath the beamline
scanning stages.
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In-hutch control computer unit Furthermore, a second computer unit is installed
in the experimental hutch that mirrors all SPEC-sessions from the control cabin. Conse-
quently, this arrangement allows remote control of all OT XRF-associated devices inside
the experimental hutch and hence greatly facilitates the initial alignment of the biologi-
cal specimen to the IR laser. Since only an Ethernet cable is essential for establishing a
connection, the in-hutch control computer is not considered a critical parameter.

XRF detector mounting Due to the applied confocal geometry and the resulting short
focal working distances (few mm), the Vortex-EM detector is tilted to an angle of 45° (with
respect to the plane of linear polarization) and perpendicular to the primary X-ray beam.
For achieving the tilted geometry, the XRF detector is mounted on two aluminum X95
profiles equipped with a custom-made connection-piece that can be adjusted to a given
angle (Figure A.1).

Beam shaping and beam monitoring equipment In between the transfocator sys-
tem and the sample area, several components are present that shape and monitor the
incident X-ray beam (Figure A.2). Particularly due to the spatial constraints imposed by
the OT XRF equipment, the ionisation chamber is typically moved slightly upstream. In
addition, the design of the Pb shielding, that is present for improved SAXS data quality,
should match with the aluminum sample holder. If needed, the position of the beamline
microscope and the transfocator can be adjusted as well, however involving extensive X-ray
beam re-optimization.

215



Appendix A. Practical Considerations

Figure A.1: Detail of the tilted XRF detector (left) and connection-piece for adjusted tilt
(right).

Figure A.2: Detail of the sample area showing the multitude of equipment surrounding the
NIST SRM 1577c (Bovine liver) standard.
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Supplementary Data

Binary toxicity case study: cell count data

The experimental design of the mixture toxicity study included 24 treatments. Since certain
binary mixture concentrations caused cell death throughout the 96 hours of exposure, only
a limited number of combinations were measured using the new OT XRF methodology.
The corresponding treatments are highlighted in Table B.1.

Initial cell densities (prior to exposure) of the cultures were on average 0.14 cells/µL and
0.29 cells/µL for case 1 and case 2 respectively. After 96 hours of exposure, all cultures
were counted five times.

Note that a clear synergistic effect can be observed from the algal cell count data, especially
for the Cu-Ni binary mixtures (Table B.1).
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Binary mixture concentrations Cell density (cells/µL)
Sample number Cu (µg/L) Ni or Zn (µg/L) Case 1: Cu/Ni Case 2: Cu/Zn

1 0 0 0.75 ± 0.16 1.74 ± 0.37
2 200 0 0.71 ± 0.12 1.23 ± 0.12
3 300 0 0.51 ± 0.13 1.31 ± 0.25
4 450 0 0.79 ± 0.09 1.77 ± 0.21
5 675 0 0.71 ± 0.17 1.71 ± 0.12
6 1012.5 0 0 0
7 0 800 0.59 ± 0.32 0.79 ± 0.20
8 0 1200 0.83 ± 0.11 1.56 ± 0.30
9 0 1800 0.65 ± 0.14 1.54 ± 0.18
10 0 2700 0.36 ± 0.24 1.32 ± 0.32
11 0 4050 0.73 ± 0.10 1.54 ± 0.41
12 200 1200 0 1.29 ± 0.39
13 300 1200 0 1.12 ± 0.08
14 450 1200 0 2.34 ± 0.34
15 675 1200 0 0
16 1012.5 1200 0 0
17 200 2700 0 2.11 ± 0.48
18 300 2700 0 1.89 ± 0.29
19 450 2700 0 0.31 ± 0.08
20 675 2700 0 0
21 1012.5 2700 0 0
22 200 800 0.06 ± 0.04 2.00 ± 0.29
23 450 2700 0 1.92 ± 0.37
24 1012.5 4050 0 0

Table B.1: Algal cell count data of the mixture toxicity study.
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Supplementary Videos

Visual support of the optical manipulation phenomena and instrumentation described in
Chapters 3 & 4 is presented in the Supplementary Videos. The corresponding data files
can be found on the CD-ROM attached to the final page of this dissertation.

Video 1: Demonstration of optical trapping and optical levitation

Optical trapping of a silica microsphere (3.5 µm diameter, Bangs Laboratories, Inc.) that
is being translated in the Y- and Z-direction. Camera observation was performed perpen-
dicular to the IR trapping laser beam.

Optical levitation and Y-translation of a Scrippsiella trochoidea microalgae (35 µm width)
that served as the model organism for optimizing the OT XRF methodology. Note that
the vibrations in the video fragment are caused by camera vibrations and not due to the
trapping phenomena. Besides, the working principle of optical levitation is shown on a
microalgae cell by applying increasing and decreasing laser power. Each time, the cell will
reach a new equilibrium position where the upward radiation pressure and the downward
gravitational forces are balanced. Camera observation was performed perpendicular to the
IR trapping laser beam.
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Video 2: Critical parameters for sample selection: composition

Attempts were made for optical manipulation of NIST SRM 2066 glass microspheres (≈ 10
µm diameter) with a high Fe content (≈ 11% by weight). As shown in Movie 2, the Fe-rich
microspheres reflect the directed laser light, most likely resulting in a strong scattering
force in the direction of the incident light and therefore no possibility for controlled optical
manipulation. The camera was positioned perpendicular to the IR trapping laser beam.

When directing a focused laser beam onto a Chlamydomonas reinhardtii freshwater mi-
croalgae, one particular organelle shows great affinity for the optical gradient, most likely
corresponding to the pyrenoid, a CO2 fixation centre found in chloroplasts. The white dot
indicates the position of the trapping laser and the camera is observing along the trapping
laser axis.

Navicula sp. algae were analysed as well and could not be manipulated as a whole. Yet,
the chloroplasts present within the cells showed high affinity for the trapping laser beam.
Once more, the white dot indicates the position of the trapping laser and the camera is
observing along the axis of the trapping laser.

Video 3: Critical parameters for sample selection: size

The relatively large marine Prorocentrum lima microalgae (35-50 µm width) could be opti-
cally translated by dragging the cell over the coverslip surface by using internal structures
as handles. A more powerful trap can be created by applying a higher laser power, however
potentially introducing laser radiation damage. Camera observation along the axis of the
IR trapping laser beam.

The relatively small Pseudokirchneriella subcapitata freshwater microalgae (5-10 µm width)
showed to be perfectly feasible, however representing too little mass for SR micro-XRF
analysis. Once again, the white dot indicates the position of the trapping laser and the
camera is observing along the trapping laser axis.

Video 4: CAD design of the optical tweezers setup

Computer-aided design in SolidWorks showing the optical tweezers setup optimized for
combined XRF and SAXS imaging. The laser beam path is indicated by the red line
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pattern. For a detailed overview of the setup composition, the reader is referred to Chapter
4 and to Figures 4.1, 4.2 and 4.3 in particular.

Video 5: Application of multiple optical traps on single cells

Demonstration of the trap plurality created by employing a spatial light modulator (SLM).
Optical trapping of two Chlamydomonas reinhardtti microalgae (10 µm diameter), followed
by rotation of the hologram on the SLM chip. Camera observation perpendicular to the
IR trapping laser beam.
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SC-3205 Nanochemical imaging of Neutrophile Extracellullar Traps (NETs).

• Location: Beamline ID22, ESRF, Grenoble, France

• Period: July 6-12th 2011

I-20110822 EC Full Field Imaging of trace level elemental distributions in biological
model organisms.

• Location: Beamline P06, PETRA III, DESY, Hamburg, Germany
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II-20090137 EC Three-dimensional micro-XRF/XANES studies on metal toxicity in
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• Location: Beamline ID13, ESRF, Grenoble, France
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