A method for evaluating
the role of gold nanoparticles
IN monochromatic x-ray studies

Dissertation
zur
Erlangung des Doktorgrades (Dr. rer. nat.)
der
Mathematisch-Naturwissenschaftlichen Fakultat
der
Rheinischen Friedrich-Wilhelms-Universitat Bonn

vorgelegt von

Martin Franz Niestroj
aus
Oppeln

Bonn, 2016






Angefertigt mit Genehmigung der Mathematisch-Natssenschaftlichen Fakultat der
Rheinischen Friedrich-Wilhelms-Universitat Bonn.

Dieser Forschungsbericht wurde als DissertationderMathematisch-Naturwissenschatftlichen
Fakultat der Universitat Bonn angenommen und istlam Hochschulschriftenserver der ULB
Bonnhttp://hss.ulb.uni-bonn.de/diss_onlireéktronisch publiziert.

1. Gutachter: Prof. Dr. Josef Hormes
2. Gutachter: Prof. Dr. Stefan Linden

Tag der Promotion: 09.05.2017
Erscheinungsjahr: 2017






Abstract

To promote the use of gold nanoparticles as anrermaent agent from a principle concept into
therapeutic applications, it is imperative to obtdetailed knowledge of the nanopatrticle-induced
radiobiological mechanisms. Synchrotrons are thefepred x-ray source when conducting
systematic investigations regarding the role ofdgobnoparticles in radiation therapy. The
primary objective motivating this dissertation wis circumvent existing limitations at the
interface between synchrotron science and celb@iol The phenomenon that inspired this goal is
the observation that gold nanoparticles mediatebtfeavior of cells maintained under deviated
environmental culture conditions. To accomplisis ttrioss-disciplinary achievement, each part of
the experiment process is critically reviewed asdssessed. The viability assessment based on
the conversion of the tetrazolium salt MTT (3-(dj&ethylthiazol-2)-2,5-diphenyltetrazolium
bromide) is modified to quantify the number of J@lcells in the irradiation vessel. The
established concept for horizontal irradiationsbdées the treatment of the living cells maintained
under optimal cell line-specific culture conditioa$ synchrotron beamlines. The introduced
sample transportation strategy completes the prwegedwvhich is finally characterized by a
minimized number of experimental parameters. Byovalg living cells to proliferate
uninterrupted and undisturbed throughout the erpamt, the established method generates
reliable and meaningful results that reflect theetcellular response to monochromatic keV x-
rays. The presented gold nanoparticle study iktss that the otherwise mediating nanoparticles
do not enhance the radiotherapeutic effectivendssmmanochromatic 20.0 keV x-rays. The
implication is that the presented method is capablelevating the acceptance and credibility of
all subsequent synchrotron-based studies on ligelts. Ideas for future research include the
development of live-cell imaging applications atalyrotron beamlines.






Summary

Gold nanoparticles are promising adjuvants for uprg the effectiveness of ionizing radiation
on living tissue. Synchrotron light facilities — thvitheir unique capacity to generate intense,
monochromatic and tunable x-ray beams — fulfiléRperimental qualifications to investigate the
role of the nanosized protagonists in radiatiomapg. However, research projects at the interface
of synchrotron science and cell biology are cortedrwith compromising irradiation conditions
and questionable experimental procedures. Befaseatbrk introduces a new framework for the
treatment of living cells with monochromatic keVrays at synchrotron beamlines, the
synchrotron-baseth vitro irradiation experiment is divided into consecutasperimental parts.
For each part, the most common approaches as wethar strengths and weaknesses are
evaluated in relation to the experimental condgidor cell cultures. If identified as problematic,
the questionable part is either modified or conghjetedesigned to meet to the upmost standards.
This work proposes a novel approach for synchrefr@sed cell culture irradiation based on the
use of a bent silicon wafer in Laue geometry asoaguohromatizing device. Implemented at the
bending magnet beamline BMIT-BM, the constructeddiation system enables horizontal
irradiations of standard culture dishes with puralgnochromatic x-rays from about 10 keV to 30
keV. In addition, the high intensity of the moncmmatic x-ray beam allows to deliver large dose
levels of up to 10 Gy within tolerated exposuredggnLiving cells maintained in common culture
vessels can be taken from the laboratory incubawposed to x-rays through a horizontal
scanning process, and returned to the incubatdrowftdisturbing and interrupting the cellular
growth. In allowing the cells to continuously pfeliate under optimal conditions, the genuine
approach circumvents the limitations of previdgusvitro irradiations at synchrotron beamlines.
The horizontal set-up even opens up a pathwayrfamigzing bright-field, phase-contrast, or even
fluorescence imaging applications at synchrotroantdmes. Combined live-cell imaging and
rapid functional assessments could create novedrtymities to study radiation-induced events at
synchrotron beamlines.

Deviating culture conditions before and after thradiation process can be the origin of cellular
stress factors which then significantly alternate tcellular behavior. A portable incubator
provides the required cell type-specific culturenditions for the sample transportation and
storage outside the cell laboratory. By generatingculture environment identical to the
environment available in the laboratory incubatbe portable device closes an important gap
which is generally neglected in the literature. Timéversal transportation strategy is not limited
to the use of culture dishes but embraces the fules&s and tubes as culture vessel as well.

To validate the applied experimental procedure tanalssess the cellular response to therapeutic
radiation, the conversion of the yellow MTT saltoinformazan crystals by viable cells is
preferred to the time-consuming and work-intensigony formation as analytical method. The
standard MTT protocol is modified to quantify then@nt of formazan solubilized in the
irradiation vessel. The direct dish read-out praedudata sets with an accuracy and precision that
is hardly achieved by the standard method. Theatinelationship between the initial cell number
and the measured absorbance over a broad cell murabge offers many options for key
parameters such as the initial number of seeddd oelthe duration of the post-irradiation
proliferation. The developed measurement proceskesn@therwise necessary cell transfers
obsolete and is not restricted to the use of caltlishes. As shown, toxicological assessments
generally benefit from an increased level of qyafdr the collected data sets. In contrast to
clonogenic assessments, the rapid analytical mejbodrates meaningful irradiation results after
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only three MCF-7 doubling times. The measured 1ReY dose-response curve can be
phenomenologically described by a first order exymtial decay indicating that the cellular
damage induced by 11.9 keV x-rays is comparablthéolethal effects caused by high linear
energy transfer (LET) particles. Despite the apgmee of critical experimental inconveniences,
the 20.0 keV dose-response curve reconfirms thergeabservations made at 11.9 keV.

The established experimental protocol — chara&eriz horizontal sample irradiations, a sample
transportation strategy, and a direct sample resadymcess — guarantees the uninterrupted and
undisturbed proliferation of cells under their dgtbe-specific culture conditions throughout the
entire experiment from the sample preparation édfital assessment. Putting all pieces together,
the presented irradiation procedure is defined byniaimized set of highly controllable
experimental parameters with the ionizing radiatibeing the only cellular stressor. By
successfully circumventing the limitations at theerface of synchrotron science and cell biology,
the irradiation procedure avoids the production rofsleading irradiation results and the
successive generation of false conclusions.

In the final chapter of this dissertation, the rofegold nanoparticles is evaluated at the peak
photon attenuation coefficient ratio of gold andtsissue (20.0 keV). The prepared gold
nanoparticles with an average diameter of abold fifin were functionalized with thio-glucose.
According to mass spectroscopy measurements, tieeotration of nanoparticles in the available
colloid solution was comparable to the concentretioapplied in previously conducted
enhancement studies. Transmission electron micpysemvided valuable information about the
intracellular distribution of the nanoparticles tie time of the treatment. As successfully
illustrated, MCF-7 cells internalize glucose-cappeahoparticles via an endocytic pathway. The
nanoparticles are mainly internalized within cyagwhic vesicles where they frequently assemble
in form of clusters. The toxicological study confied the predicted nanoparticle biocompatibility
for the MCF-7 cell line. Despite their biologicalert character, internalized gold nanoparticles
affect the cellular behavior tremendously. The wal response to deviating cell culture
conditions (i.e. standard laboratory conditionsgignificantly mediated. The finah vitro study
reveals that the internalized gold nanoparticlesdibenhance the radiotherapeutic effectiveness
of 20.0 keV x-rays. The observed lack of enhancéraethe anchor point for the x-ray energy is
in direct conflict with the encouraging results dowented in the existing scientific literature.
These circumstances raise questions about the @pgiemess of the methods applied in the
recently conducted studies. The new perspectivithemole of gold nanoparticles, including the
nanoparticle-mediated cellular response to dewgatulture environments, hopefully helps tp
strengthen the awareness of cellular integrity kesyaparameter in irradiation studies. Studies that
do not sufficiently care for the biological cellave a high chance of suffering from misleading
results and false conclusions about the role af gahoparticlef vitro.
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1. Introduction

The discovery of x-rays by W.C. Rontgen in 1895 kaahe beginning of a cancer treatment
modality taking advantage of ionizing radiationc@ate damaging effects in soft tissue. In the
last decade, the rise of nanotechnology has opemedw pathways to improve the effectiveness
of radiation therapy. Because of their versatildgd highly biocompatible character, gold
nanoparticles are one of the most promising adjisvamthis growing research area. In the last
years, several reviews have been published disgusgie role of gold nanoparticles as
radiotherapeutic enhancement agentsivo andin vitro (Jain et al. 2012; Dorsey et al. 2013;
Jeremic et al. 2013; Ngwa et al. 2014). The in@@adtenuation of keV x-rays in gold compared
to soft tissue is accompanied by the emission obdrsdary radiation leading to the deposition of
additional energy in the direct vicinity of the enbalized agents. However, increasing the local
dose as a fundamental principle has been questimnedveral publications that reported positive
outcomes for therapeutic modalities using MeV phsigrotons, or electrons as the primary
ionizing element. The underlying mechanisms resptador the increased radiotherapeutic
effectives by gold nanoparticles remain vague &, bihus a comprehensive and systematic
approach seems imperative to develop the neceksanyledge for promoting this technology
into clinical applications.

The principles of radiobiology are based on theceph that the living cell is the fundamental
biological unit for all living organisms. Living tie can be used as primary irradiation targets to
investigate early radiation-induced physical eSemtd the following avalanche of chemical, bio-
chemical, and biological events. While radiobiotagi studies on human cells have been
conducted since the establishment of the HeLalioell profoundly systematiio vitro irradiation
studies could not be initiated before the appearafchird generation synchrotron facilities and
the development of sophisticated instrumentati@hrielogy. Today, synchrotron beamlines are
capable of generating intense photon beams with ootoomatic energies that cover the
innermost electron shells of heavy elements (enlgl i§-shell: 80.7 keV, gold 4-shell: 11.9 keV)
and physical features such as the peak attenuetiefficient ratio of gold and soft tissue (at 20.0
keV). For this reason, synchrotron facilities dne tnost valuable x-ray sources to evaluate any
potential nanoparticle-induced effects in radiatioerapy.

Despite their unique capacity to generate intemse tanable x-ray beams, cell biologists are
hampered from undertaking meaningful radiobiologiesearch at synchrotron beamlines. To
avoid unwanted or artefactual consequences rariging aberrant cell phenotypes to a complete
failure of the cell culture, it is of paramount iorfance to strictly obey the guiding principles for
cell culturing throughout irradiation experimente most frequently applied strategy for the
treatment of living cells with monochromatic keVrays is constructed on the experimental
conditions that synchrotron beams traverses albeghbrizontal direction. For the irradiation
process, adherent cells are maintained in dishéasks filled to capacity with culture medium,
even though it is generally known that deviateduwel conditions such as different culture media
volumes can influence cellular behavior. The vesset aligned perpendicular to the incident x-
ray beam with the targeted cells attached to thboof the irradiation vessel. During exposure,
the tilted cells are then moved vertically whileifeg the monochromatic x-ray beam. The same
scanning procedure is applied for cell suspensiorigbes or capillaries. These x-ray treatments
are consequently accompanied not only by comprogisilture conditions during the irradiation
processes, but also by potentially perturbing drpamtal procedures consisting of numerous
protocol steps. From the sample preparation uhélfinal analysis, each step inevitably adds
more parameters to an already large number of hlagahat must be controlled throughout the
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course of the experiment. Depending on the expegiand care of the researcher, some of these
parameters can be easily overlooked or even faldesegarded with consequences on the
reliability of the conducted study. Every undefiredheglected parameter may be directly related
to a cellular stress factor that can induce altereaellular behaviors. To avoid any unreliability
methodically accurate synchrotron-based irradiatfmocedures must provide cell culture
conditions as close as possible to the conditiorsent in the laboratory incubator and aim to
reduce the number of experimental parameters @banlute minimum. Minimizing the number
of experimental parameters increases the chantelthariables are well identified and properly
controlled throughout the study. Results obtaineden these sample-oriented conditions reflect
the true cellular response to the treatment withnosbromatic x-rays. Once established,
thoroughly-conducted synchrotron-basedvitro studies can be awarded with an overly high
acceptance because misinterpretations of the redarcadiation data sets and false conclusions
about studies’ outcomes are omitted to the greatdsnt.

Every irradiation procedure can be broadly dividet three parts. The first part includes the
maintenance of the cell stock, the preparatiomefcell populations, and the internalization of the
potential enhancement agents. The middle part sksesuthe exposure of the targeted tissue to the
therapeutic radiation. The last part covers the-posdiation treatment, which consists of a pre-
defined post-irradiation proliferation phase anel final assessment. Colony forming assays have
yielded novel insights into the radiobiologicalezffiveness of different treatment modalities on a
variety of cancerous and non-cancerous cells. Bhealed “gold standard” in radiation therapy
has been applied to obtain information about vaeann radiation sensitivity and lethal or sub-
lethal damage repair processes; however, this rdetho only be applied to cell samples capable
of forming countable colonies. Analytical methodséd on the cellular reduction of tetrazolium
salt MTT (3-(4,5-dimethylthiazol-2)-2,5-diphenyltatolium bromide) into soluble formazan
produce highly objective results comparable tordmilts gained by clonogenic assays (Chapter
3). Once the specific parameter ranges for a goedirline are established, meaningful irradiation
data sets can be obtained in less time and wighefert. In this dissertation, a modified protocol
for the quantification of formazan directly solibdd in the irradiation vessel is described. The
direct read-out not only produces highly accuraté precise assessment results, but also eases
the sample handling at the end of the irradiatimt@dure considerably.

The irradiation of living cells maintained in stamd culture dishes is the most important step to
circumvent the existing limitations at the intedawetween synchrotron science and cell biology.
However, a different approach for the irradiationliging cells is required to overcome the
obstacles of vertical scans. By using a single b&lton wafer in Laue geometry as a
monochromatizing element, it is possible to desageet-up for horizontal sample irradiations
under optimal cell line-specific conditions. Thesigm, calibration and operation of the irradiation
system, implemented at the BioMedical Imaging ahérapy bending magnet beamline BMIT-
BM, is described in full detail in Chapter 4. Atetlend of the chapter, the suitability of the
irradiation system is demonstrated by the firstedesponse curve for the breast cancer cell line
MCF-7 at a photon energy of 11.9 keV. This accosfplient allows beamline users to develop
non-perturbing irradiation procedures with miniregperimental parameters.

A sophisticated experimental procedure is theniagpb evaluate the role of gold nanoparticles
on the cell line MCF-7 at 20.0 keV (Chapter 5).A&mission electron microscopy visualizes the
intracellular distribution of the functionalized Igonanoparticles at the point of irradiation.
Toxicological assessments and further preliminastst yield important information about the
influence of gold nanoparticles on cellular behavimder selected environmental culture
conditions. As demonstrated, the otherwise biocdilieananoparticles mediate the cellular
response to deviating culture conditions with deatasy consequences to the meaningfulness of



the established irradiation results. To avoid tha@talls, an elaborate sample transportation and
storage strategy must be implemented. After joiratigexperimental parts together, the final
assessments reveal that gold nanoparticles dontainee the radiotherapeutic effectiveness of
monochromatic 20.0 keV x-rays for the breast caceéirline MCF-7. The implications of these
apparently conflicting results on the currentlyiaetesearch field are briefly discussed.






2. Motivation

Cancer is a class of diseases characterized bgamtrolled growth of genetically modified cells
within a patient’s body. The deregulated spreadasfcerous cells harms the otherwise healthy
body when tumors perturb normal physiological fiortd such as in the digestive, nervous, or
circulatory systems. In developed countries, hdetase has been the leading cause of death,
with cancer the second-most leading cause. In 28d@ut 220,000 patients died due to cancer-
related causes in Germany and about 480,000 negeicaases were expected to be diagnosed
(Kaatsch et al. 2015). Besides the personal buiaethe individual patients (about 51% of men
and 43% of woman in Germany develop cancer at oirg pver their lifespan), the disease is one
of the largest burdens in the healthcare systemta@wests for prevention, diagnosis, treatment,
recovery, and palliative medical care. Becauseidkeof being diagnosed with cancer rises with
age, aging populations are expected to face inogascial, medical, and financial stress levels.
In Germany, the number of new annual cancer casespected to increase by a factor of 20%
from 2010 to 2030 (Kaatsch et al. 2015).

Cancer is a complex disease associated with aleigh of heterogeneity on the molecular and
cellular levels. The development and progressionamicer is a multi-step process during which
cells undergo substantial metabolic and behaviomanges. The origin of cancer is directly
related to mutations in the deoxyribonucleic adidNA) sequence. To develop into cancerous
tissue, normal cells must acquire genetic chanlgatlead to the promotion of abnormal cell
proliferation (activation of “oncogenes”) or thepguession of proliferation when needed, though
it is possible that both options to be present. @éBeally modified cells start to form clones
capable of escaping the surveillance of the body®m immune system. The tolerated clones
continue to proliferate and, during this procesaymccumulate more dysfunctional genes and
altered cellular modifications. Because of thesatinoously ongoing changes, cancer is best
described as a progressive disease. When undetgcadearly stage, progressing cancer cells are
likely to interfere with neighboring healthy tisseed may even create supporting blood vessels
(*angiogenesis”). Cancer can spread (“metastasemd)disseminate even to remote organs.
Successful therapies inhibit tumor growth or eveadieate cancerous tissue from a patient who
might benefit from increased quality of life, profged survival, and potentially a complete cure.
Disseminated cancers are difficult to treat andegaly require a systematic drug-based
approach, such as chemotherapy. Chemotherapy gwalsingle cytotoxic drug or a mixture of
cytotoxic substances being given to the patiemirtonote cancerous cell death and inhibit cancer
proliferation and spread. Most patients receive lwoed treatments such as chemotherapy and
surgery, surgery and hormone therapy, or chemgiiiesad radiation therapy. Surgery can be
useful for the treatment of precancerous lesiors)ewmore radical strategies remove entire
organs affected by cancerous cells or tissue thatdn elevated risk of developing cancer.
Surgery is often the first step to properly diagndse type of cancer and which stage it has
reached. Another essential modality of cancer rimeat that cannot be effectively replaced by
chemotherapy or surgery is radiation therapy. Stheedetection of x-rays, radiation therapy has
been developing as an essential clinical modalggirest local tumors. In the last decades,
radiotherapeutic applications have seen trementilmological advances (e.g. imaging-guided
radiotherapy, radiosurgery). Nowadays, more thatb 50 all patients who develop cancer are
treated with radiation at some time during theéirdss (Delaney et al. 2005). Although it is one of
the least expensive cancer treatments per patéhgtion therapy is highly effective in terms of a
patient’s cure and overall survival (Van De Wer&kt2012). Radical high-dose radiation is a sole
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treatment, whereas moderate radiation can be sad adjunct to surgery for early-stage tumors.
Palliative radiation therapy, which is offered tatipnts suffering from advanced-stage cancet, is
intended to reduce symptoms and to improve thesmisti quality of life. The optimal radiation
therapy utilization rate depends on the type otteamand varies from a low rate of 0% for liver
cancer, 60% for prostate cancer, 83% for breasteraand the highest rate of 92% for patients
with central nervous system tumors (Delaney e2@05).

2.1. Radiation Therapy

At the juncture of physics and biology, radiatidrerapy is the clinical modality that takes
advantage of ionizing radiation to generate elealli charged particles in soft tissue. The
primary aim of radiotherapeutic applications isdgposit large amounts of radiation energy into
the targeted tumor volume. The transferred energiaies inundations of chemical, bio-
chemical, and biological events which lead to wthdl or lethal effects within the irradiated
tissue. The most common form of radiation therapgxternal beam radiation, in which external
sources generate the therapeutic radiation trditeésted from outside the patient’s body into the
cancerous tissue.

External radiation can be categorized into phoétectron, and hadron radiation. Hadron therapy
includes radiotherapeutic applications with pagotonsisting of quarks such as protons, neutron,
or heavy ions. Charged heavy particle beams coutisly transfer energy while traversing the
targeted tissue. The deposited dose slightly ise®as penetration depth increases up to the
“Bragg peak,” which occurs close to the end ofpiagticle’s range (Tanner et al. 1967). Because
of the favorable dose profile, charged particlenheaeposit most of their energy over a narrow
range while the surrounding tissue receives vdtle Iof the radiation dose. The higher dose
conformity results in less irradiation of normaistie.

Electrons, with their short range in soft tissue, @ften applied in intraoperative radiation thgrap
(Gieschen et al. 2001) or to treat skin cancer. él@r, the most common form of external
radiation therapy uses photon radiation in formx-oys andy-rays. High-energy photon beams
are commonly generated by x-ray tubes, at lineeelatators, or by radioactive isotopes such as
cesium-137 or cobalt-60. The interaction processephotons with matter via photoelectric
absorption, Rayleigh scattering, Compton scattermgl pair production is extensively described
in the existing literature (see for example Kra®88). For photon energies in the keV region, the
dose profile of a traversing photon beam is simitathe exponentially decaying intensity with
penetration length. At higher energies, the depdsitose starts to increase with the penetration
thickness until it peaks (“skin effect”), followddy a decaying pattern similar to the pattern for
lower energies.

The response of living cells to ionizing radiatid@pends strongly on the cellular physiology and
is generally described in the form of radiosenditifor a given therapeutic modality. While
radiosensitive cancer cells are completely eraeichy modest dose levels, some types of cancers
notably exhibit a behavior which can be describedaaioresistant. Additionally, the localization
of the targeted tumor plays a significant rolehia success of radiation treatments; glioma — one
of the most frequent brain tumors — is still indleabecause the radiation-induced damage to the
surrounding healthy brain tissue limits the amooftadiation dose that can be delivered to the
targeted volume (Biston et al. 2004). Although thejority of cancer cells are moderately
radiosensitive, a deposition of large amounts dfatéon energy is generally required to achieve
clinically acceptable therapeutic outcomes.



2.1. Radiation Therapy

The treatment of cancerous tissue with ionizingatamh is accompanied by strong side effects.
Early side effects (e.g. skin effects, mucosite,sea, etc.) become manifest within a few days or
weeks after the initial treatment and are oftemdient. On the other hand, late effects (e.qg.
fibrosis, atrophy, vascular and neural damage) ate.expressed after latent periods of months to
years, tend to be irreversible, and, in the woasec may even progress. For example, long-term
survivors of radiation-based treatments exhibitrameased risk for the development of second
malignant tumors (Friedman et al. 2010). The raafisgivity of the surrounding healthy tissue
limits the use of ionizing radiation in cancer treant. The key to improve the therapeutic
effectiveness is to increase the relative susadéptibf cancerous tissue to ionizing radiation.

2.2. Radiotherapeutic Enhancement by Gold Nanoparties

Because of their versatility and biocompatibiliggld nanoparticles represent one of the most
promising adjuvant for radiotherapeutic applicasiods slight deviations in size, shape, and
surface properties can alternate the interactioftseanano-bio interface, the possibilities todsil
any nanoparticle-induced effects seem endlessem®mistrated by the growing number of gold
nanoparticle studies in existing scientific liten&. Gold nanoparticles in particular appear to be
highly compatible in biological systems rangingnfra patient’s body to a single cell. Due to the
existing strong ligand-gold bonding, gold nanomdet can be functionalized by conjugation to
various biological substances (e.g. anti-bodieptiges, glucose, etc.). The functionalized hybrid
materials feature a metallic core surrounded bgtedally neutral or charged molecules with the
outer layer as fundamentally important to the imt&pon with the direct environment (Arvizo et
al. 2010). The delivery of gold nanoparticles tmasrous tissue can be achieved by the direct
targeting of tumor-specific biomarkers or by passaccumulation. The distribution of gold
nanoparticles in living systems depends on chaiatite nanoparticle properties including the
particle’s diameter and surface properties (De Jrad. 2008).

The physical rationale claims that gold nanopasicinternalized into the cancerous tissue
increase the local dose, leading to an elevatecbrumf lethal effects during radiation therapy.
Therapeutic photons deposit their energy into dis$ue via photoelectric absorption and
Compton scattering. Compton scattering is the m®eehereby a photon interacts with a weakly
bound electron in the irradiated material. Parthaf photon energy is transferred to the electron
which is released from the atom carrying a kinetiergy equal to the difference of the energy
lost by the photon and the electron binding enefgne probability for the occurrence of Compton
processes depends on the electron density inrdudiated target, which is almost constant for all
materials. In contrast, the cross section of thapmiing photoelectric absorption scales with the
atomic number (Z) as roughly*Z Although the cross section decreases steeply initteasing
photon energy (approximately as’Bvith E being the photon energy), photoelectricoaption
remains the most dominant interaction process id fgw photons with energies below 520 keV,
according to the NIST Photon Cross Section Dataldsbbell & Seltzer 2009). On the other
hand, Compton scattering becomes the most domptetbn interaction process in living tissue
at around 30 keV. Figure 2.1 illustrates the défere between the total mass attenuation
coefficients of gold and soft tissue. The atteraratioefficient of a given element peaks when the
photon energy is equal to the electron binding gneas shown for the innermost electron shells
of gold (Au K-shell at 80.7 keV, Au L-shells betwed1.9 and 14.4 keV). The attenuation
coefficient ratio of gold and soft tissue peakaraiund 20 keV, which is therefore an anchor point
in energy-systematic enhancement studies. With @@mgcattering as the dominant interaction
at much higher photon energies, there is hardlydiifigrence between the absorption coefficient
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of heavy elements and soft tissue above 1 MeV. Faghysical perspective, therapeutic photons
with energies in the MeV region mostly interact @ampton scattering, leaving the internalized

gold nanoparticles mostly indistinguishable frora #urrounding cancerous tissue in terms of the
early photon interaction process.
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Figure 2.1 Total mass attenuation coefficient of gold (bldicle) and soft tissue (grey line) for photon
energies from 1 keV to 1 MeV. The gold K-edge isrs@s a broad peak at 80.7 keV. The gold L-edges
appear between 11.9 and 14.4 keV. The coefficiett of gold and soft tissue (dashed line) peaksiraat

20 keV. The photon energy region covered by thingjlbeamlines BMIT-BM and BMIT-ID ranges from
about 10 to 100 keV (depicted by the dashed véitioes).

While only part of the photon energy is transfertedhe targeted tissue in Compton scattering
processes, photons interacting via the photoeteatfiect are completely absorbed. The
instantaneously liberated photoelectric electramie€s a kinetic energy equal to the initial photon
energy minus the electron binding energy. Acconginthe photoelectron range in soft tissue
depends on these two variables and can exceedabeedr diameters for energies around 100
keV. The following atomic relaxation occurs rapidtiirough radiative and non-radiative
processes. While radiative processes are assocvatbdthe emission of keV fluorescence
photons, non-radiative processes result in thesomof low keV Auger electrons. Fluorescence
photons are capable of travelling long distancesoifh tissue (up to a few centimeters) and, as a
consequence, may not essentially contribute totiaddi radiation-induced damage in the
targeted volume (Hainfeld et al. 2008). Conversédyy-energy Auger electrons have shorter
ranges of typically a few nanometers in soft tisane thus deposit their entire energy in the
direct vicinity of the interacting gold nanoparéc(Howell 2008). According to the physical
rationale, the generation of Auger cascades aeatdionsequence of the additional photoelectric
interaction within the targeted tissue is the ulydleg mechanism responsible for the enhanced
effectiveness of photon therapy by gold nanopasicl

For the K-shell and J-subshell, Auger (and Coster-Kronig) processedteeonly non-radiative
processes competing with the emission of charatiemx-rays. The probability of a vacancy in
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the electron shell being filled by a radiative pes is represented by the fluorescence vyield.
Figure 2.2 illustrates the fluorescence yield for K-shell and L-shells of the chemical elements
for 3<Z<110. The curve for the L-shells represents theagesield of the |- L,- and Ls-
subshells (Thompson et al. 2009). The fluorescenekl generally increases as the atomic
number increases. Radiative processes are motg ltkbe generated at electron vacancies in the
K-shell while non-radiative processes are more g@ibhb for L-shell vacancies. For gold, the
fluorescence yield of the K-shell is about 96%, nmie@ that gold atoms with vacancies in this
shell almost exclusively relax via radiative prazes On the other hand, the average fluorescence
yield for the Au L-shells is less than 30%, resigtin a high probability for Auger electrons
being emitted from the gold atom (Krause 1979). okding to these fluorescence yields,
therapeutic photons with energies above the gokh&lt are more likely to initiate radiative
processes, while photons with energies below tle Igeshell initiate mainly Auger processes.
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Figure 2.2 Fluorescence yields for K and L shells fox 2<110. The plotted curve for the L shells
represents the average effective yields. Reprifted (Thompson et al. 2009).

Heavy elements such as iodine (Z = 53) or platifdne 78) have been evaluated as potential
enhancement agents in monochromatic photon adivaltierapy. Substances such as 5-l0do-2
deoxyuridine (“IUdR”) or cis-diamminedichloridoplatm(ll) (“cisplatin”) are considered
effective Auger electron emitteis vivo andin vitro (Adam et al. 2003; Biston et al. 2004). In
these photon activation studies, the applied phetoergy was set just below and above the
element-specific K-shell. However, the compositadrthe emitted secondary radiation and their
contribution to the radiation damage in cell cidsiappears to be understudied. Radiobiological
research was developed around the concept théivitng cell is the fundamental biological unit.
For this reason, human cell lines — well-charazegtirepresentatives of the biological tissue —
have been successfully employed as instrumentétioots in radiation studies since G. Gey
established the HeLa cell line in the early 19%Bsy( et al. 1952). To maintain the integrity of the
cells and to prevent the expression of phenotypdkerent cells are sub-cultured before they
reach a confluence level of 100% (Fig. 2.3). In miwadiation studies, adherent cells are usually
arranged in a single monolayer with confluence lleweuch lower than 100% which means that
the cell-to-cell distance exceeds the typical d&imeter. Due to their long range in soft tissue,
fluorescence photons emitted from internalized g@doparticles are likely to escape from this
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cell arrangement without interacting with eithee ttanoparticle-hosting or any neighboring cells.
If the proposed emission of Auger electrons isghimary enhancement mechanism, cell culture
studies using photon energies above 80.7 keV nmghbe able to observe any additional effects
induced by gold nanoparticles. In these experimdnis-energy photoelectrons would be the
only dominant type of secondary radiation contiifgitto an increased local dose. Due to the
significantly smaller average fluorescence yield tbE Au L-shell (less than 30%), any

nanoparticle-induced effects based on the generatib Auger electrons are presumably
detectablen vitro using photon energies below the Au K-shell.

EN

Figure 2.3Photomicrograph of MCF-7 cells grown to almost%0€onfluency.

The proposed physical concept for the enhancemgngotd nanoparticles is questioned by
several papers reporting improved therapeutic dstpothin vivo andin vitro for alternated
treatment modalities (e.g. MeV photons, electropsytons). The authors claim that the
enhancement mechanisms are dominated by a strorghbimical or even biological component,
such as sensitization to the redox active compdleaimycin (Jain et al. 2011), the generation of
reactive oxygen species by the sole presence dfrguioparticles (Butterworth et al. 2010; Geng
et al. 2011), or cell cycle arrests in the radiggere G2/M phase (Roa et al. 2009). It is
conceivable that any radiotherapeutic enhancemgrgoid nanoparticles is a combination of
physically-induced and biologically-driven mechanss

Photon beams with energies below the Au K-shelluangsable for clinical treatments because of
their short penetration length in soft tissue, fomdamentain vitro studies on living cells could
gain the necessary understanding to tailor the petiole properties for the utmost therapeutic
improvements. The capacity to generate monochremaatd tunable x-ray beams with high
intensity makes synchrotron light facilities thes@l x-ray source for systematic radiobiological
studies. For example, the sibling beamlines BMIT-Bd BMIT-ID (see Chapter 4) generate
intense photon beams that can be further monochizedafor systematic studies. The available
energy region from less than 10 keV to about 100 émvers crucial features such as the Au K-
edge and the Au L-edges as well as the peak ptadtenuation coefficient ratio of gold and soft
tissue (Fig. 2.1).
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Direct interactions of radiation with living tissuenize DNA molecules resulting in base
modifications or single and double strand breakSB$S and DSBs). Unpaired or misrepaired
DSBs, characterized by radiation-induced breakghim two strands opposite each other or
separated by only a few base pairs, are evidehéyntost severe threat to the cellular survival
after irradiation (Willers et al. 2004). In contras the ionization of DNA molecules, therapeutic
radiation can also interact with molecular constitis in the exposed tissue. Indirect interactions
of radiation are associated with the liberationowiizing particles or molecules which contribute
essentially to the generation of lethal effecteeFpxygen-based radicals, such as chemically
highly reactive oxygen species (ROS), are defingdtheir unpaired valence electron. Free
radicals are able to diffuse long distances wituoft tissue and to interact with sensitive cellular
components of vital importance or even cellular DfRiley 1994). With water being the main
element in biological cells, most of the depositadiation energy presumably causes excessive
production of free radicals. Studies have showh dlkdding high concentrations of scavengers for
the hydroxyl radical (-OH) to the culture mediumm caduce the yield of radiation-induced
damaging effect&n vitro (Chapman et al. 1973). Figure 3.1 schematicallystilates the direct
and indirect radiation pathways to generate DNAoles

Direct effect

! photon

single-strand bre%

intra-strand cross-link

Indirect effect

/ ; phaton
base loss *o0H /’\'//
* H,0 !
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i

Figure 3.1 Schematic representation of direct and indirediatéon-induced DNA lesions. Reprinted from
(Pouget & Mather 2001).

A growing body of evidence indicates that importafiects of ionizing radiation may be related
to extranuclear events. It has been observed ttaplasm or membrane irradiation produce
genomic instability leading to major genetic altemas (Manti et al. 1997). Cytoplasmic
irradiation and the subsequent production of R@®airticular hydroxyl radicals, seem to play an
important role in the generation of genomic mutadigWu et al. 1999). Because of these effects,
cytoplasmic irradiations may be more harmful tdscéhan nuclear irradiation (lyer & Lehnert
2000). Membrane degradation after irradiation sspmably the direct result of hydroxyl attacks
on polyunsaturated fatty acid residues of phosphddi(Pouget & Mather 2001).
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Effects of ionizing radiation may even occur inle€&hich have not been exposed to irradiation at
all. These so-called bystander effects may be camated by transmissible factors or even by
direct cell-to-cell communications (Prise 1998).eTikesponse of non-irradiated cells apparently
covers a broad spectrum precluding predictive prletions from the benign or even detrimental
effects.

The exposure to ionizing radiation activates cassaaf cellular signaling pathways to promote
the genomic integrity and to initiate cellular sual mechanisms. Triggered genes manipulate
basic cellular functions such as cell cycle regofaiand sometimes even coordinate apoptotic
actions. A comprehensive review of the cellulathpatys in response to ionizing radiation has
been recently published (Maier et al. 2016).

3.1. Assessment of Cellular Response to lonizing &ation
Irradiated cells are considered dead once they lagt¢heir ability to divide and produce a large
number of progeny. A treated cell which did not emgb reproductive death has retained the
capacity to proliferate indefinitely and can produarge groups of cells (colonies). These cells
are referred to “clonogenic.” Colony forming assessts (also called “clonogenic assays”)
investigate the ability of singly planted cellsgmow into colonies which can be counted after a
certain post-irradiation growth phase (Puck & MarcB56). Colony formation has yielded
information about variances in radiation sensiyidnd lethal or sub-lethal damage repair among
different cell lines and are considered the metbbahoice to quantify the survival of cells
(Franken et al. 2006). Besides, colony formatiom gaovide novel insights into the effectiveness
of different radiotherapeutic treatment modali{iesy. dose fractionation).
Dose-response curves visualize the loss of reptogumtegrity as a function of the delivered
radiation dose for a specific treatment modalitige3e survival curves can be grouped into two
types, “linear” or “curved,” and are quantitativatgscribed by the linear-quadratic (LQ) model
(Barendsen 1982). The LQ-formalism has a mechartsisis and implies that reproductive death
occurs as a consequence of lethal lesions prodbgeeither a single or several independent
radiation events. According to the LQ-formalisme tprobability of the cells to remain their
capacity to proliferate as a function of the abedrlllose D can be described by the survival
fraction:

SF = §(D) x S(D?) = expEaD) x expEpD?)

The linear component, 8escribes single-event killing (i.e. lethal lesidram a single radiation
track) and the quadratic componenp®nounces multi-event killing (i.e. lethal lessoftom two

or more radiation tracks). The coefficientsand p depend on several factors (e.g. cell line,
treatment modalities, etc.). High linear energynsfar (LET) particles create dense tracks of
ionizations and excitations in the targeted volurBech a single track can effortlessly be
responsible for several lethal lesions which arecdbed by the linear component. Logarithmic
cell survival curves after irradiation with high-LEparticles expectedly follow a straight line
(Barendsen 1982). On the other hand, low-LET padiare expected to create lethal DSBs from
several individual events rather than one singlenevSurvival curves for low-LET particle
irradiation have a dominant quadratic component.

The LQ-formalism is both experimentally and theimadty validated for single-fractionated dose
levels up to 10 Gy (Brenner 2008), so colony foiorats respected as the “gold standard” among
all in vitro techniques for quantifying the cellular respors®nhizing radiation. However, several
biological factors may influence the described desponse relationship. For example, variations
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in thein vitro radiosensitivity by varying cell cycle stages nadfigct cellular survival. The impact
of Bystander effects on the growth of cell coloniesnains unclear and requires further
investigation.

Despite the obvious advantages of clonogenic asseds, the formation of countable colonies
usually takes several weeks, depending on the thgubime of the tested cell line. Manual cell
counting requires extensive amounts of experimetitaé and work, while computer-aided
counting by digital image processing algorithmsepfffail to distinguish between single and
merged colonies. For these reasons, time-consuamdgvork-intensive clonogenic assessments
might not be the preferred method for establistmiegin vitro procedures. Preliminary tests must
confirm that the phenotypic integrity remains catet throughout all experimental steps. None
of the applied protocol steps are allowed to aliggrecellular functions that might interfere with
the cellular response to ionizing irradiation. As number of required preliminary tests directly
relates to the total number of protocols stepsidrapalytical methods that can generate results
within days rather than weeks are the preferredcehto verify a proposed procedure.

Today, viability assessments are commonly useasitdlogicalin vitro studies. Although the
term “cellular viability” lacks a strict definitigrviability assays seek either to quantify thec atf
living cells in a given cell population or to meesthe number of living cells in a sample. Viable
cells can convert dyes (e.g. Alamar Blue) or s@tg. MTS, WST-1, XTT) into products whose
total amount can be immediately quantified. Mosibility assessments rely on the conversion of
the yellow MTT salt 3-(4,5-dimethylthiazol-2-yl)&2diphenyltetrazolium bromide) into a
formazan-based purple dye (Fig. 3.2). At room temajpee, solubilized formazan is stable for a
few hours and can be quantified spectrophotomdiricBhe workload on the sample, especially
at the final stage of the assay, is moderate amd dot require extensive amounts of time. In
contrast to clonogenic assessments, MTT studiesrgenresults within a few days.

Assessments based on the reduction of MTT have faressfully utilized in radiation studies.
The colorimetric method generates reproduciblecmdparable results to clonogenic assays once
optimal conditions for the cell line (i.e. optimaéeding cell number, assessment period) are
adapted (Carmichael et al. 1987). The non-clonagassay offers a rapid and simple method for
the assessment of radiation sensitivity in sele@dtderent) cell lines, with the potential for use
the screening of compounds for radiosensitizatiod @rotection. Other authors state that
surviving fractions obtained by MTT after 250 kVpays irradiations with dose levels of 2 and 4
Gy were in agreement when compared with clonogassays (Wasserman & Twentyman 1988).
Other studies directly compared colony formatiothWITT conversion and confirmed that MTT
assays are able to provide reproducible measureslicgurvival (Price & McMillan 1990). Both
assays Yyield very similar curve progression anekr diie short term, were linear (Buch et al.
2012). The authors finally stated that data geedrhy the MTT assay presents an opportunity to
obtain precise survival data for high sample thigug in less time and with less effort than with
the conventional colony assay.

The rapid MTT assessment is therefore the prefemethod for the verification of nhumerous
experimental steps in order to establish a proposadiation procedure. The employment of the
same analytical technique in all preliminary testsd actual irradiation studies generates
consistent and comparable data sets. Differencdiseircellular viability can be directly related
either to potentially perturbing culture conditips$ress-provoking protocol steps, or the actual
exposure to ionizing radiation.

Based on the motivation to develop a stress-mirgchizradiation procedure, the colorimetric
MTT assay was selected as an analytical technigual ipreliminary tests and in the first gold
nanoparticle enhancement study for monochromatie R&v X-rays.
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Figure 3.2Reduction of yellow MTT salt into a purple formazaroduct. Reprinted from (Kupcsik 2011).

3.2. MTT-based Cellular Viability Assays

In 1983, Mosman described a colorimetric MTT-bassday and its application for cellular
growth and survival assessments (Mosmann 1983e3iren, this method has become one of the
standard determinants in toxicological assessnuimsto its capacity to quantify viable cells in
growing cell populations.

It has been widely assumed that MTT €sBrNsS) is reduced by mitochondrial succinate
dehydrogenase (Slater et al. 1963). However, restudies revealed that the conversion
mechanism primarily takes place in the cytoplaswh, & a lesser extent, in the mitochondria or
cell membrane (Berridge & Tan 1993). MTT is takgm hy living cells through endocytosis,
reduced to needle-like formazan crystals in endasoor lysosomal compartments, and
transported to the cell surface through exocytdsiset al. 2002).

Formazan crystals radiating from the cell membregre be solubilized in alcohols (e.g. ethanol,
isopropanol) or other organic solvents (e.g. ispprml) to produce a homogeneous purple
solution. Dimethyl sulfoxide (DMSO) was found tesiblve formazan very effectively (Jabbar et
al. 1989). The total amount of solubilized formaZarsubsequently quantified by absorbance
measurements. The general UV-Vis spectrum of foamaontains a broad main peak around a
photon wavelength of 580 nm (Denizot & Lang 1988)th the spectrophotometrically measured
absorbance being proportional to the number of lgiaiells in the tested population, MTT
assessments provide highly accurate and precisdtgesver a wide cell number range. The
relationship between the absorbance value andethawmber is linear until effects at the study’s
end-point such as confluency, nutrient deficiemogrease of waste products, non-sufficient MTT
concentrations, or over-extensive MTT exposure girmibit the reduction of MTT salt into
formazan.

Standard MTT assays are performed on cell cultunaintained in 96-well plates with a
recommended initial cell concentration of 5,000000, cell/well maintained in 200 uL medium.
The homogenously seeded cells are incubated overtucattach firmly to the bottom substrate.
After the treatment that introduces factors oresrgulture conditions, the cells proliferate for a
pre-defined incubation phase. At the study’s enidipahe present culture medium is removed
from each well and replaced by 180 pL fresh medilihen, 20 uL MTT solution is added to
each well. The plate is incubated for a period safally 2-5h during which time the MTT salt is
reduced to formazan crystals. The exhausted MTTtisol is carefully aspirated and the
remaining crystals are dissolved in 200 uL DMSOe Plate is wrapped in aluminum foil, post-
incubated for 10 min, and gently swirled for anoth@ min using a plate shaker. The absorbance
signal A (a.u.) can be spectrophotometrically measuredved\eelength of 540-600 nm with the
background signal A(a.u.) often collected at 690 nm. The backgrougdat is subtracted from
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the absorbance signal to obtain the sample’s ahsoebvalue. For a tested population, the
cellular viability CV rate in percentage can becoddted in accordance with the following
equation:

CV = Asumpe! Acona X 100

Here, A....is the absorbance of the tested cell populationfandis the absorbance of the control

group.

The following section presents a modified MTT pamtowith optimized assay parameters for
viability assessments of cell populations maintdimecommonly used culture dishes rather than
well plates. After irradiation, cells are usualljowed to proliferate undisturbed for a pre-defined
incubation phase. In this growth period, cells\aatti respond through repair or self-degradation
processes that influence the final number of viaklés in the irradiated population. To detect any
radiation-induced effects, a sufficiently long ptgatment incubation phase is required during
which the cells must not suffer from growth-inhibg factors such as confluency or nutrient
deficiency. To avoid the presence of disturbingditions, the suitable cell number range and the
number of initially seeded cells are important dastthat must be defined before applying any
modified assessment.

3.2.1. Modified MTT-Assay Protocol

MTT assessments are versatile and remain intaceruddliberately modified experimental
conditions as long as the assay parameters (et@l icell number, post-treatment incubation
phase, MTT concentration) are properly adapteds $haction presents a modified MTT protocol
with optimized assay parameters for viability asegnts of MCF-7 cell populations maintained
in commonly used culture dishes. All biology-rethfgarts were conducted at the University of
Saskatchewan (UofS) Cell Signalling Laboratory (ESL

All assessments performed in this study relied orTNburchased from Calbiochem (#475989).
According to the manufacture’s instruction, thelgwl salt was dissolved in sterile phosphate
buffered saline (PBS) at 5 mg/mL, filtered throwgh.22 pum filter, and stored at —20°C. Before
its use, the MTT solution was removed from theAezeand pre-warmed to 37°C.

To assess the viability of cell populations growin@5 mm culture dishes (e.g. Falcon 353001),
the present culture medium was replaced by a n@xtonsisting of 1.8 mL culture medium and
200 pL MTT stock solution. Akin to the standard toml, the dish was immediately incubated
for 3h to allow viable cells to convert the yelldMTT salt into purple formazan crystals. The
exhausted mixture was carefully aspirated and ¢émeaining formazan crystals were dissolved
using 2 mL DMSO. The dishes were wrapped in alumirfail, post-incubated for 10 min, and
gently swirled for another 10 min. The spectrophwter (SPECTRAmMax® Plus) drawer is
designed to hold well plates but not dishes orkBasAs each well marks a distinct reading
position, a sample holder made of a 96-well plateanly fit into the drawer, but also provides
the necessary information about the scan positieoisthis reason, two holes with a diameter of
35 mm had been reamed into the plate so that antéaksdish uniformly covered a matrix of 3x3
wells. A 1 mm thick ledge at the plate bottom waft lout to hold the culture dishes in
horizontally levelled positions (Fig. 3.3A). Foretlactual readout procedure, the sample holder
was mounted onto the reader’s microplate drawersdiddnto the reading chamber (Fig. 3.3B).
The spectrophotometer measured the absorbancen(®#@nd background (690 nm) signal at
each of the nine distinct well positions. The baokgd signals were subtracted from the
absorbance signals. The absorbance of the assely@mgulation was expressed as the calculated
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arithmetic mean of the nine background-subtractesbidance signals. The resulting cellular
viability of the tested sample was calculated iooadance with the standard protocol.

Figure 3.3 Readout procedure for the modified MTT assay muitqA) Two culture dishes are positioned
in a modified 96-well plate. (B) The sample holdeloaded into the spectrophotometer.

The distribution of the measured absorbance vdhresulture dishes with an initial MCF-7 cell
concentration of either 10,000 or 80,000 cell/d&sk shown in Figure 3.4. Both histograms
summarize the collected absorbance values of falepgendently measured culture dishes. The
histogram shape has a symmetric and unimodal pattigh a negligible fraction of outliners. In
accordance with the Poisson characteristics fordikerete events, the error of each bin was
estimated using the square root of the number wrfitso
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Figure 3.4 Absorbance histograms for an initial cell concation of either (A) 10,000 or (B) 80,000
cell/dish. The histogram shapes are modelled uSengssian distributions (solid lines).

The shape of each histogram was approximated kindfithe following probability density
function P(x) of the standard Gaussian distributigtih meanu (a.u.), standard deviatian(a.u.),
and amplitude coefficient d (#) to the measuredribigtion using Mathematica’s non-linear
fitting algorithm:

_(_9 (x-w?
P(x) = (Gm) exp< 2072 )

The obtained Gaussian distribution is plotted gndbthe associated histogram (Fig. 3.4). Table
3.1 summarizes the fit results including the coragdiR-values which evaluate the probability that
the specific parameter does not contribute to tbdehthat describes the measured distribution.
The relative standard error of about 10% for eaatameter confirms the appropriateness of the
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Gaussian curve to model the related absorbancebdisbn. Considering the value for the
calculated mean absorbanag® @nd the related standard deviatiar), (the relative standard
deviation for the modified readout procedure is wbb0% for both initial cell numbers. In
contrast, the relative standard deviation of stechdl&I' T assessments is seldom smaller than 20%
depending upon the number of independent measutenzam the quality of the available
samples.

Table 3.1 Fit results for the absorbance of four indepengeneasured dishes with initial cell
concentrations of either 10,000 cell/dish (indeb@™) or 80,000 cell/dish (index: “80").

Parameter Estimate Standard Error P-Value
dyo 156 13 6.8 x 10
T 49.6 05 3.5 x 19°
Gio 5.0 0.5 2.4 %10
Oy 811 64 4.7 x 10
Mo 309 3.0 2.0 x 18°
Ggo 30.7 2.8 1.6 x 16

Once the direct dish readout procedure had beefirmea, the linear relationship between the
measured absorbance and the initial number of deselks was evaluated. The cellular viability
as a function of the cell number was determinedrfitial MCF-7 cell concentrations from 2,500
cell/dish to 160,000 cell/dish to identify a suiglbell number range. For each concentration, the
absorbance is plotted in Figure 3.5A, with eacladadint representing the mean and standard
deviation of the four independent measurements. rélative standard deviation of about 10%
over the tested cell number range reconfirms tlipus fit results. The conservation of the
linear relationship at the upper end of the celinbar range supports the hypothesis that the
associated cell populations neither reached caméiuaor suffered from insufficient nutrients.
The applied volume of MTT solution used in the niiedi protocol was appropriate even for large
cell numbers. Otherwise, a shortage of MTT salidmghe culture dish would have created a
flattening curve shape with an increasing cell nemip to a plateau-like stage.

The measured relationship between the initial nalinber and the measured absorbance was
subsequently described by a linear progression maitle slope a (a.u.) and intercept b (a.u.)
using Mathematica’s linear fitting algorithm. Tat8€2 summarizes the fit results. The obtained
progression line is plotted over the measured cumnvé-igure 3.5A and can be used as a
calibration curve. The fit residuals (RES 5.8...— Aseod are plotted together with the standard
error of each data point (Fig. 3.5B). The patterrthie residual plot even reflects the applied
dilution process at the beginning of the sampleparation. The primary MCF-7 cell stock
solution with an initial concentration of 160,008lltmL was split in half. In the first dilution
step, the first half of the solution was used tepare a consecutive series of cell solutions with
concentrations ranging from 160,000 cell/mL dowrl@®,000 cell/mL. The second half of the
mother solution was used to prepare a consecutdreess of MCF-7 samples with cell
concentrations from 80,000 cell/mL down to 20,068l/eL. The decaying pattern of the
residuals displays the dilution steps starting fribie upper initial cell number of either 160,000
cells or 80,000 cells down to 100,000 cells and@0,cells, respectively. The residuals support
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the statement that the dish readout procedure gemkhighly accurate results with an error
significantly smaller than the determined 10%.

401
~ 600 A 30 B 1
2 5007 20 i
i 10+
L
£ 0/ ;1
2 200¢ -20+
< 100+ =301
2504~ -40f,
520 40 60 80 100 120 140 160 520 40 60 80 100 120 140 160
Initial Cell Number (x10°) Initial Cell Number (x10°)

Figure 3.5 Linearity of the modified MTT assay. (A) The cahfion curve describes the relationship
between the measured absorbance and the initialwaber. (B) Residual plot and standard errors.

Table 3.2Fit results for the modified MTT assay.

Parameter Estimate Standard Error P-Value
a 3.61 0.05 1.2 x 18
b 7.8 1.4 7.3 x 10

The following second assessment evaluated the oa@ism of the linear relationship between
the absorbance signal and the initial number oflegeells after a proliferation phase of three
MCF-7 doubling times (87h). In contrast to the jpoe¢ assessment, the prepared MCF-7 cell
populations with initial cell humbers ranging from000 cell/dish to 30,000 cell/dish were
allowed to proliferate undisturbed for three dongltimes. At the study’s end-point, the cellular
viability was quantified in accordance with the rifigdi MTT protocol.

The measured absorbance values and the obtainedsseg line are shown in Figure 3.6A, with
each data point representing the mean and stadeardtion of four independent measurements.
Again, the relative standard deviation for eachadatint is about 10%. The fit results for the
linear progression model support the assumption tha relationship between the cellular
viability and the initial cell number can be debed by a linear curve (Tab. 3.3). This time, the
pattern in the residual plot appears random and dotreflect the sample preparation procedure
(Fig. 3.6B). However, the homogenous distributidérresiduals above and below the regression
line confirms the suitability of the linear moded describe the relationship between the
absorbance signal and the cell number. The smathmtes between the residuals and the
regression line indicate the high accuracy fordahsorbance measurements after a proliferation
phase of 87h. The MCF-7 samples with an initial cehcentration of 30,000 cell/dish did not
reach confluency within three doubling times. Tielscsuffered neither from nutrient depletion
nor from the accumulation of toxic exhaust produntshe culture medium. Overall, the self-
reproduction of MCF-7 cells maintained in 35 mmtere dishes was not inhibited for initial cell
concentrations up to 30,000 cell/dish over thesteiiree MCF-7 doubling times.
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3.2. MTT-based Cellular Viability Assays
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Figure 3.6 Conservation of the assay linearity after threeARViCdoubling times. (A) The calibration curve
describes the relationship between the measureattsbsce and the initial cell number. (B) Residuat p
and standard errors.

Table 3.3Fit results for the modified MTT assay after alifieoation phase of 87h (end-point).

Parameter Estimate Standard Error P-Value
a 25.8 1.1 1.9x 1B
b -19.2 9.1 1.0x 16

As successfully demonstrated, assessments of @elll@tions maintained in 35 mm cell culture
generates highly accurate and precise viabilityltes The conservation of linear relationship
over three doubling times enables the use of thdiffad MTT assay as a versatile analytical
technique in irradiation experiments. Radiobioladjistudies using culture dishes as irradiation
vessels can benefit from the undisturbed proliferatof MCF-7 samples with initial cell
concentrations smaller than or equal to 30,000disHi. Even after a significant post-irradiation
period during which the cells may undergo activé tgpair or degradation mechanisms, the
irradiated cells do not suffer from an inhibitedlferation. In addition, the direct culture dish
readout eliminated an otherwise stress-provokind tme-consuming cell transfer from the
primary irradiation vessel to a well plate. Possiattefacts in the recorded data are omitted.
From this point, every study presented in thiseatisgion used the tested 35 mm culture dishes as
culture vessels with an initial MCF-7 cell concetitvn of 10,000 cell/dish. All samples were
prepared 24h before the treatment to allow thes ¢elproperly attach to the dish bottom.

19






4. Treatment of Living Cells with Monochromatic keV
X-rays

Synchrotron facilities generate intense photon lsetincarry out basic and applied research for a
wide range of disciplines. Invented at the NatioBghchrotron Light Source of Brookhaven
National Laboratory, microbeam radiation therapyR(M is currently being developed as a form
of preclinical radiotherapy (Slatkin et al. 1992}.the European Synchrotron Radiation Facility
(ESRF), further steps have been taken towardscali@pplications of synchrotron light to treat
brain tumors (Smilowitz et al. 2006). In additianibdinated contrast agents (Corde et al. 2004),
the role of potential photonactivation agents cimimig high-Z elements such as platinum (Biston
et al. 2004) or gold (Bobyk et al. 2013) are eviddan early preclinical studies. However, a
parallel approach of technical developments, themle and experimental dosimetry, and
fundamental biological research on living cells e imperative to improve current
radiotherapeutic modalities and to promote syncbhmbased techniques for established clinical
applications.

Compared to photon beams generated by conventionay or y-ray sources, synchrotrons
facilitate the use of monochromators to producéligigrhonochromatic and tunable photon beams
of high intensity over a continuous energy regidh.various synchrotron facilities around the
world, numerous irradiation methods have been &shkedal for the treatment of living cells with
monochromatic keV x-ray beams.

In 1987, a monochromatic x-ray irradiation systeaswonstructed at the Photon Factory (a 2.5
GeV synchrotron with a maximum electron beam curreh about 350 mA) to deliver
monochromatic beams with photon energies from aBdat15 keV for radiation biology studies
(Kobayashi et al. 1987). The implemented monochtormsystem consisted of reflecting silicon
crystals. The tunable x-ray beams propagated imeztbn parallel to the incident synchrotron
beam (Fig. 4.1). The intensity of the x-ray beanswmonitored using an ionization chamber
positioned in between the dispersing element aacgdmple holder. A scanning sample stage was
constructed for homogeneous irradiations of bi@algsamples maintained in common culture
vessels. Tilted vessels were attached to the samger and moved vertically during the
irradiation process. The entire stage was placeddn insulated box which allowed the user to
control the environmental conditions.

Insulation box
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Fluorescent [5 controlled air
Be window Monochromator screen Monitor 3
i lonization l Scanning
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Channel-cut Sample
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Figure 4.1 Schematic diagram of the monochromatic x-ray igah system for radiation biology studies
using 3-15 keV x-rays at the Photon Factory in dapeprinted from (Kobayashi et al. 1987).
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4. Treatment of Living Cells with Monochromatic KéVays

The implantation of an irradiation system for segdof ionizing radiation damage at Aladdin was
first reported in 1991 (Meger Wells et al. 1991heTormer 1 GeV electron storage ring, located
at the Wisconsin Synchrotron Radiation Center, afeer at 0.8 GeV with a maximum electron
current of 200 mA. The x-ray lithography beamlire-& was equipped with a multilayer filter for
energy selection in the ultrasoft x-ray energy oagfrom about 0.2 to 3 keV (Fig. 4.2). The
intensity of the reflected x-ray beam was monitopgda fixed ionization chamber positioned in
between the monochromator and the sample holder.implemented scanning system enabled
the irradiation of customized culture dishes witiitbms of thin Mylar foil. During irradiations,
the dishes were placed onto the sample holder lagrted perpendicular to the monochromatic x-
ray beam so that the beam first passed througbdtiem of the dish. An experimental chamber
isolated the entire scanning apparatus from the@@mwental conditions at the beamline. Ports at
the bottom allowed the chamber to be filled wite-pgefined gas compositions.

EXPERIMENTAL CHAMBER
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ROTATING
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VACUUM PUMP OUT PORT

Figure 4.2 Schematic diagram of the monochromatic x-ray iethoh system for cell exposures to 0.2-3
keV x-rays at Aladdin in the USA. Reprinted fromdlyer Wells et al. 1991).

More recently, several radiobiological studies hbgen conducted at the ESRF (electron energy:
6 GeV; maximum electron current: 200 mA). A fixedtemonochromator, made of a pair of
Si(1,1,1) crystals oriented in Laue geometry, mtesibroad X-ray beams that traversed parallel
to the propagating direction of the synchrotron nbegSuortti et al. 2000). The available
monochromatic photon energy ranges from about 180dkeV. The inhomogeneity of the
approximately 40-mm-wide beam is less than 20%.nBiea users can utlize a vertical
translation device for homogeneous biological sansphns (Fig. 4.3). Completedvitro studies
include the irradiation of adherent cells in cultdlasks placed perpendicular to the x-ray beam
(Corde et al. 2002), the irradiation of cell susgpens in permanently rotating cryotubes (Biston
et al. 2004), or the irradiation of cell solutioms PTFE capillaries in water-filled cryotubes
(Bobyk et al. 2013).
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Figure 4.3 Schematic view of the vertical translational spt-enabling homogenous irradiations of
biological samples with 18-80 keV x-rays at the ESRFrance. Reprinted from (Corde et al. 2002).

A promising irradiation concept was developed & Houisiana State University’s Center of
Advanced Microstructures and Devices (CAMD) (Duggal. 2011). At the 1.3 GeV storage ring
(operating at a maximum electron current of ab@@t 2A), a double multilayer monochromator
provides monochromatic light in form of a 28-mm-wideam for the exposure of living cells to
keV x-ray beams. As recently applied at their torapyy beamline, the cell growing surface of a
cell culture tube can be positioned at an angl2406° to the incident monochromatic 35 keV x-
ray beam (Fig. 4.4). Before the irradiation procéise tubes must be filled with culture medium
and attached to the vertical translational stage. dells are exposed to x-rays by moving the tube
up and down through the monochromatic beam. Inrashtto the use of culture tubes or
capillaries, this approach allows the irradiatediscéo proliferate in a single culture vessel
throughout the course of the experiment. Unfortelyatetails about the sample handling during
the transportation and storage at the radiatioilitiatiave not been reported anywhere. No
answers have been forthcoming whether the seedexd preperly adapt to the adverse tilted
orientation.

35 keV
Beam

CHO Cells

Cell Tube Oscillation

Figure 4.4 Schematic of the cell irradiation arrangement asgomed at CAMD in the USA. Biological
cells, located dorsally on the tube at an angl@46° to the incident beam, are moved verticallyirdy
irradiations. Reprinted from (Dugas et al. 2011).
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4. Treatment of Living Cells with Monochromatic KéVays

Another approach for the irradiation of living celhas been recently presented at the Pohang
accelerator laboratory (electron energy: 3 GeV, imar electron current: 400 mA) beamline
1B2 (Choi et al. 2012). By using a special wellidevilled with culture medium, anchored cells
on a Kapton film can be treated with monochromatic keV x-rays (Fig. 4.5). As shown in the
schematic illustration, the cells are positionedopadicular to the monochromatic X-ray beam
and moved vertically during the irradiation process
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Figure 4.5 Schematic view of the irradiation setup at thedhghaccelerator laboratory in Korea. Reprinted
from (Choi et al. 2012).

As observed in the most recent irradiation studighie BL20XU beamline (Fig. 4.6) (Rahman et
al. 2014) and at the B16 and 115 beamlines at thenbnd Light Source Synchrotron (McQuaid
et al. 2016), experimental set-ups for the irradmbf living cells with synchrotron light are
generally designed around vertical sample tramsiatiwith compromises on the culture
conditions during the irradiation process. Unfostiaty, the irradiation geometry and the resulting
consequences on the integrity of the targeted telle never been critically discussed in the
existing literature. At the interface between syotfon science and cell biology, conducting
reliable and consistent studies is compromisechbyréquirements defined by each discipline. In
the case of cell culturing, cell type-specific auét conditions must be strictly adhered to in order
to avoid unwanted or artefactual consequences mgnffom aberrant cell phenotypes to a
complete failure of the cell culture. For exampm#ered culture media volumes can influence
cellular metabolic rates and levels of enzyme #@&i as demonstrated for human kidney cells
(Gstraunthaler et al. 1999). In radiation theralpyy ambient temperatures duririg vitro
irradiations have a sparing effect and DNA damageears to be dependent on the temperature at
exposure (Lisowska et al. 2013).
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Figure 4.6 Schematic diagram of irradiation set-up at the BOXU beamline located at the Spring-8
Biomedical Imaging Center in Japan. Reprinted f(®ahman et al. 2014).
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The presence of questionable environmental comditis a result of the compromising irradiation
geometry can directly influence the cellular bebaviin addition, the executed cell culture
procedures often consist of numerous labor-intensisne-consuming, and error-prone steps such
as cell transfers from irradiation vessels to disbe flasks. Every inevitable step adds more
experimental parameters to an already large nunodbevariables that must be controlled
throughout the course of the experiment. For exangall transfer among culture vessels requires
physical (scraping) or biochemical (trypsinizatiatétachment of adherent cells, centrifugation,
resuspension, and reattachment. Each of these stegisbe considered as a potential cellular
stress factor. In the worst case, some paramegarain undefined as uncontrolled factors, which
may mediate the cellular response to ionizing taaha Additive, sub-additive, or perhaps even
supra-additive effects consequently lead to falderpretations regarding the radiobiological
effectiveness of administered enhancement agentvem the radiation itself; hence radiation
biologists are hindered from undertaking meaningégearch at synchrotron beamlines. Insofar
as an intended experimental approach provides weliaulture conditions, a plethora of
preliminary studies is required to confirm the ahility of the planned irradiation experiment and
to guarantee the correctness of the collectedtsesul

This chapter introduces a novel concept for thediation of adherent cells with monochromatic
keV x-rays. Motivated by the establishment of ianvitro procedure that circumvents the
limitation of synchrotron-based irradiation proessthe developed method focuses primarily on
the integrity of the primary object of interestethiving cells. Through the implementation of a
horizontal scanning procedure rather than a vértieaslation, it is possible to conduct sample-
oriented and stress-minimized monochromatic ke\aystudies that allow the treated cells to
proliferate undisturbed and uninterrupted undeinagit cell type-specific culture conditions not
only during irradiations but throughout the entirurse of the experiment. The novel irradiation
system was established at the Biomedical Imagird) Hmerapy (BMIT) facility that offer a
unigue environment particularly for life scienceearch on the basis of x-rays.

4.1. BioMedical Imaging and Therapy Facility at theCanadian Light

Source

Canada’s national center for synchrotron reseaheh Canadian Light Source (CLS), is located
on the grounds of the University of Saskatchewagin® one of the largest science projects in
Canadian history, the world-class facility’s gaatdé enhance the expertise in synchrotron science
and to promote the utilization of synchrotron liglcross a range of scientific and industrial areas
(Cutler et al. 2007). The CLS is at the edge ofrte generation of 3 GeV sources and generates
intense synchrotron beams with small divergenceltiag in a beam brightness millions of times
greater than any laboratory source of x-rays (Bafhc2004). The facility consists of the
following four main components: a linear acceleragobooster synchrotron, an electron storage
ring, and a number of specific synchrotron bearslifkég. 4.7).

Electrons emitted from a hot tungsten filamentdirectly accelerated in a high vacuum by the
below-ground linear accelerator. The 250 MeV etawrare then transferred through a transfer
line 78 m in length to the ground-level boostegriwhere the energy of the electrons is increased
to the operation energy of the storage ring. Tlgh4ginergy electrons are subsequently injected
into the storage ring where they circulate for salvibours. The maximum electron current of 250
mA after electron injections exponentially decaysabout 150 mA over a time frame of about
12h. The very compact storage ring (170 m in cifewemnce) has a 12-fold symmetry with 24
bending magnets in 12 cells to bend the electroosna the entire storage ring. The cells are
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4. Treatment of Living Cells with Monochromatic KéVays

connected to each other by twelve straight secifabsut 5.2 m long) with nine sections used for
insertion devices (i.e. undulators, wigglers).

Bending of the high-energy electrons either by bleeading magnets or the insertion devices
produces beams of synchrotron light with a contirsucenergy spectrum. These intense
synchrotron beams pass through beamlines optimfiaedhe performance in specific photon

energy regions and for specific analytical meth(alg. x-ray crystallography, x-ray absorption

spectroscopy, etc.).
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Figure 4.7 Floorplan of the Canadian Light Source. Repriritech (CLS 2016).

The BioMedical Imaging and Therapy facility is ldibr multidisciplinary projects and provides
unique synchrotron-specific x-ray imaging and tpgracapabilities through their sibling
beamlines 05ID-2 (also called BMIT-ID) and 05B-1MB-BM) (Wysokinski et al. 2007;
Wysokinski et al. 2013).

While the superconducting wiggler beamline BMIT-IB primarily designed for biomedical
imaging and microbeam radiation therapy reseatsttamplementary bending magnet beamline
BMIT-BM mirrors some of the capabilities of its t&s and also act as a testing ground for the
development and validation of new imaging and thewéic methods. Successful and promising
applications might be translated to BMIT’s insemtidevice beamline. Both beamlines have the
capacity to deliver either monochromatized or weféd synchrotron beams with a horizontal spot
size of several centimeters. Experiments at the TBNHcility can be conducted in two
experimental hutches: POE-2 and SOE-1. While BMM-Berminates in POE-2, BMIT-ID
optionally terminates in POE-2 or SOE-1. The BM&Eifity accommodates several amenities for
the preparation of living samples and multiple Ialtories including a life science laboratory
which was recently opened for CLS users.
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4.2. The Irradiation System

4.2. The Irradiation System

The bending magnet beamline BMIT-BM is capable aiviing unfiltered synchrotron beams
with a width of about 230 mm and a height of ab@6tmm at a distance of approximately 21 m
from the source. The delivery of broad synchrotb@ams is crucial for the irradiation of cell
cultures commonly maintained in culture vesselshsag dishes or flasks, while access to an
unfiltered synchrotron beam extends the possibititydevelop sophisticated and unique set-up
arrangements for irradiation studies.

Experimental hutch POE-2 is permanently equippeth vgeveral railing and translational
arrangements used primarily for medical applicatiench as K-edge subtraction (KES) imaging
(Zhu et al. 2014). The design of the monochromatiay irradiation system adopted these
arrangements that offer unique possibilities fa tirect positioning and the alignment of key
system components. The available railing, howevesiricts the physical dimensions of the
proposed system. Railing and translational systeptisnized for cell culture irradiations rather
than imaging applications could broaden the cajpsilof the irradiation system as discussed
below.

4.2.1. Design and Implementation

For the implementation and operation of the irradimsystem, the beamline was set as follows.
The permanently installed double-crystal monochtomaemained “opened,” meaning that
unfitered synchrotron beams can passage through diptics hutch without being
monochromatized. All beamline filters were removeaim the synchrotron beam except for the
0.11 mm aluminum filter resulting in synchrotronab®es with a reduced contribution of low-
energy photons. The beamline slit system was smirdingly to narrow the beam spot size to
about 1 mm in height and 40 mm in width at the eenf the optics table in POE-2.

The irradiation system itself consisted of the daling three main components: a dispersing
element made of a single bent silicon crystal iud.gieometry, an ionization chamber for
monitoring the x-ray beam intensity, and a tratatatl system for horizontal sample scans. The
arrangement of the main components is schematiitiaiéyrated in Figure 4.8.
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Figure 4.8 Schematic illustration of the monochromatic keVay-irradiation system. The direction of the
synchrotron beam is depicted by the horizontalvarfbhe diffracted monochromatic beam is depicted by
the diagonal arrows.
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4. Treatment of Living Cells with Monochromatic KéVays

The crucial feature for horizontal cell cultureaiations was a single crystal monochromator
oriented in Laue transmission geometry. When syotobm light impinged on one side of the
Laue monochromator, diffracted monochromatic x-beams emerged at the other surface in
accordance with the Bragg conditions. Initially méactured for synchrotron-based KES
imaging, the physical characteristics of the awddasilicon wafer was based on the theoretical
work by H. Zhang as thoroughly described in heseligtion (Zhang 2009). The key parameters
of the silicon wafer are listed in Table 4.1.

Table 4.1Key parameters of the bent Laue monochror.

Material silicon

Wafer width about 127 mm (5 inch)
Wafer surface plane (5,1,1)

Crystal thickness 600 pm

Asymmetry angle’ 3.3°

Crystal bending radius 3.13m
Source-to-Crystal distance about 21 m

"angle between the actual surface plane and the warfiace plane

The 600um thick asymmetric cut silicon (5, 1, 1) wafer wdh asymmetry angle gf= 3.3° was
cylindrically bent to a radius of 3.13 m. The fdaar bender was mounted onto a swivel stage
(Kohzu, SA16A-RS) driven by a stepper-motor (Vex&-Series) to adjust the monochromator
tilting angle. The entire monochromator set-up wksed onto a translational arrangement for
horizontal movements which is permanently instakedthe first optics table in POE-2. The
translational stage enabled the adjustment of theoechromator horizontal position along the
synchrotron beam. By reducing the distance to tluecg, it was possible to monitor the intensity
of beams characterized by narrow diffraction ang@therwise, the high-energy beams would
have passed right below the ionization chamber eheestical position was limited by the
vertical railing. The overall suitability of the mochromator and its unique capacity to generate
monochromatic x-ray beams with energies arounddtime K-edge was recently demonstrated
for spectral-KES imaging (Zhu et al. 2014).

A non-pressurized air-filled ionization chamber (BNDxford, IC Plus 150), with an electrode
length of 150 mm and an electrode separation ofni, monitored the intensity of the
monochromatic x-ray beam. The ionization chambes maunted on a platform consisting of two
optical boards that pivoted at the front by twodas. The ionization chamber tilting angle had to
be manually aligned to the direction of the difftemtbeam using two bolts at the end of the lower
optical board. The platform provided additional @p#&or a photo diode holder installed roughly
50 mm behind the ionization chamber rear windowtr&¢able fluorescence screens at the
ionization chamber front and rear side supportedvdrtical alignment of an additional photo
diode with a laser-based optical level before tingtaillation of the fully-equipped platform in
POE-2. The ionization chamber platform was mourdadthe computer-controlled motorized
linear stage (Parker-Daedel, 404XE Series) whidbriged to the permanently installed POE-2
railing arrangement.

A high voltage unit (Ortec, 556H) supplied the clbam operating voltage of 500 V. The
ionization chamber output current was pre-amplifi§thnford Research Systems, SR570). The
generated voltage signal was collected at theatajaisition device (National Instruments, BNC-
2110) and converted into a digital signal (Natiolmdtruments, NI PXI-6284). The intensity of
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4.2. The Irradiation System

the diffracted x-ray beam energy varied due to gpectral photon distribution in the filtered
synchrotron beam. Suitable amplification sensigivialues for a beam with a spot size of 1 mm x
20 mm were 5 nA/V for 11.9 keV x-rays, 10 nA/V f@r12.7 keV x-rays, and 20 nA/V for x-ray
energies of 18.0 keV and beyond.

The scanning sample holder was a U-shaped plate ofaélexiglas. The holder was attached to
a motorized linear stage (Kohzu, XA30A) for horirntranslation and centered to the x-ray
beam. Kapton film (thickness: 13 um) covered tharep area of the U-shaped plate. A culture
vessel placed onto the Kapton was moved alongdhiedntal direction through the diffracted x-
ray beam. Selecting the stage scan velocity defihedexposure time and consequently the
irradiation dose. The horizontal and vertical bedimensions at the sample position were set
through the BMIT-BM control software.

Bricks and flat sheets of lead had to be place@&tnthe ionization chamber and sample holder
to shield the sample from x-ray diffractions endttey the crystal and scattered radiation. For
better visualization of the main components, atlshielding were removed from the irradiation
system as shown in Figure 4.9. At least two videoeras monitored all ongoing events in POE-2
in real time. The live-streams were available atBMIT control station.

.|

Figure 4.9 The monochromatic keV x-ray irradiation system iempénted at the bending magnet beamline
BMIT-BM. The synchrotron beam is depicted by theituntal line. The diffracted monochromatic beam is
depicted by the diagonal arrow.

All translational stages were remotely controllett,ain contrast to the tilting angle of the
ionization chamber, could be set during online isess The most challenging and time-
consuming task was the alignment of the ionizatieamber towards the direction of the selected
diffracted x-ray beam. First, it was necessary tnually align the chamber tilting angle to the
Bragg angle of the corresponding photon energyguaimigital protractor. After that, the tilted
chamber was driven into the vertical position sat tthe diffracted beam passed through the
center of the front and rear window. To confirm tlmerect vertical position, two video cameras
simultaneously monitored the beam spots at botldevirs, each partly covered with fluorescence
paper. Once the correct vertical position was fowesteral more iterations were required to fine-
tune the ionization chamber tilting angle. To acpbshm the optimal tilting angle, it was
necessary that the beam spots disappeared atdmthtion chamber windows at the same time
while moving the ionization chamber slowly out bétbeam.
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4. Treatment of Living Cells with Monochromatic KéVays

The successful alignment of the monochromatongjliangle and the subsequent positioning of
the ionization chamber could be achieved withirs [#san one hour. However, a motorized
platform entirely controlled from the user statimmside POE-2 would tremendously shorten the
time-consuming alignment procedure. The remoterobof the ionization chamber tilting angle
would speed up the required energy calibration ggec Also, storage of the complete list of
monochromator parameters for pre-defined x-ray gesr could simplify the calibration
procedures by reusing verified experimental sesting

4.2.2. Diffracted Beam Energy and Energy Calibratia

Depending on the beam geometry, x-ray diffractimnt a single crystal can be described by
Bragg reflection or Laue transmission. If the imitl x-ray beam and the diffracted beam both
appear on the same side of the crystal, it is@d@i@gg diffraction. If the incident beam impinges
on the crystal surface and the diffracted beam gesefrom the opposite surface, the crystal is
oriented in Laue geometry (Fig. 4.10A). In bothesaghe wavelength of the diffracted beam is
described by k= 2dx sind with 6 being the diffraction angle, d representing thecapy between
crystal planes, and n being the order of diffrac{iBragg & Bragg 1913). For the reflection at the
selected (3,1,1)-plane, the distance between twoegl is d =0.1637 nm. For the first order
(n = 1), the Bragg equation in terms of the phatoargy E = hc/A is given as follows:

hc

- 4.1
2d x sir® 4.1

E.(0) =

For the proposed set-up, the anglenfeasured from the horizontal plane of the syncbonobeam
must define the direction of the diffracted bearthveinergy E(0) as illustrated in Figure 4.10B.
Otherwise, it would not be manageable to identify ¢3,1,1)-diffracted X-ray beam among the
existing x-ray diffractions and to align the iortibm chamber tilting angle appropriately.

Direction diffracted x-ray beam

Monochromator
) / 20 / Direction
D / synchrotron beam

Figure 4.100ptics and beam geometry for an asymmetric Lape tyystal. (A) The letter | represents the
incident ray, D is the diffracted ray, L is thetieg plane, N is the surface normilis the Bragg angle, and

x is the asymmetry angle of the crystal (Zhang et 28109). (B) The direction of the diffracted

monochromatic x-ray beam is defined by the andleir2the clockwise direction beginning from the
direction of the initial synchrotron beam.

Selected reference metal foils are commonly usechBisration standards (e.g. basic foil set by
EXAFS Materials). To verify the energy of synchostrbased keV x-ray beams, the beam
intensity across element-specific absorption edgesllected to calibrate the tilting angle of the
monochromator to the corresponding ionization enekgpr this procedure, a single metal foil
was placed in front of the ionization chamber tcamge the intensity of a beam (with a defined

30



4.2. The Irradiation System

height of 1 mm and a width of 20 mm) as a funct@@dnmonochromator tilting angle. The
properties of the selected metal foils, the spec#bsorption edges, and the corresponding
ionization energies are presented in Table 4.2.

Table 4.2Propertie of the reference materii for thex-ray beam energy calibrati.

Material Symbol z Density’ Thicknesg Edge Energy
(gem™) (Hm) (keV)
Gold Au 79 19.3 5 Au 11.9
Selenium Se 34 4.8 325 (mesh) SeK 12.7
Zirconium Zr 40 6.5 20 ZrK 18.0
Niobium Nb 41 8.6 25 Nb K 19.0
Molybdenum Mo 42 10.3 15 Mo K 20.0
Palladium Pd 46 12.0 10 Pd K 24.4
Silver Ag a7 10.4 25 Ag K 25.5

Sources?wolframalpha.com",’EXAFS Materials Basic Foil Set Manu&X-ray Data Booklet

A possible angle increment ab = 0.0014° could be set in accordance with the rizaurer’s
information sheet. A data set consisted of 200 gatats with each point representing the mean
of 200 independent ionization chamber output cumepasurements. All LabVIEW programs for
the operation of the monochromator system and #ia dcquisition were written, tested, and
approved for use at the beamline by B. Béw&ince then, all software packages and user
interfaces have been accessible for the userg &NHT workstation.

The collected spectral-beam intensities acroseldmaent-specific absorption edges are plotted in
Figure 4.11. The edge steps are sufficiently lsggeugh to differentiate the element-specific
absorption edge from experimental artefacts aswmatiaith malfunctions such as an immediate
steep increase of the output signal as a resu#t diffracted x-ray beam hitting an ionization
chamber electrode. The origin of the most domitianity-like feature in the spectra, noticeable
as a pre-edge broad peak-like feature in the geldriolybdenum K, and silver K spectrum,
remains unknown and could not be reproduced forgiled L; and molybdenum K edge at
different beamtime sessions. Anyhow, these artefi@hain the only observed anomaly and were
neglected as they did not influence the followinglgtical processes.

'Dr. Brian Bewer, BioXAS Science Associate, Canadiaght Source, Saskatoon/Saskatchewan, Canada,
2016. Contact Information: Phone: +1-306-657385Mdil: brian.bewer@lightsource.ca
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Figure 4.11Inverted spectral beam intensities across thevatlg edges(A) gold Ls, (B) selenium K, (C)
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4.2. The Irradiation System

The detail in the spectra exceeded initial expextatin a way that the observed features even
resembled characteristic near-edge structureslysesn in x-ray absorption near-edge structure
(XANES) spectra. Figure 4.12 compares the gagJKANES spectrum as measured at the Hard
X-ray MicroAnalysis (HXMA) beamline and the backgral-subtracted spectral intensity curve
as collected at BMIT-BM. The spectral intensityvaidoes not only resemble the general shape
of the gold L-edge, but also contains several post-edge peekiblatures as seen in the
corresponding XANES spectrum.
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3 04r < 05
S 02t £ 04t
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2 ot g 0.3+
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2 04 g o1y
~0.6F ‘ ‘ ‘ 0 ‘ ‘ ‘ ‘ ‘
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Figure 4.12 Comparison of gold 4 edge spectra. (A) XANES spectrum of the gokdetge. (B) Intensity
spectrum at the goldsledge.

If necessary, an interpolation procedure was agpberemove pre-edge peak-like features from
the spectra. A linear fit restricted to the pre<@dggion provided the curve baseline which was
used to subtract the background signal from theahsignal. Since simplified theory predicts an
arctangent-shaped edge with the inflection pointhationization energy for the gold L shells

(Richtmyer et al. 1934), the following trigonometrarc-tangent function appeared to be an
appropriate model to describe the shape of thedel signal around the gold ¢dge:

A(0) = (A, /) x arctan ¢.0 — B.) + B

In the above equation, the variable @) describes the measured signal height across th
absorption edge, B (V) is the vertical offset, #nd. (deg) is the angle increment shift. For the
gold Ls edge, Mathematica’s non-linear fitting algorithnogced converging fits even without
the use of initial parameter values. For consistereasons, the same model was applied to
describe the shape of the remaining spectral iityeasrves. Table 4.3 summarizes all fit results
including the square of the fit correlation coaffitt F. The direct comparison between the
collected spectra and the fit curves confirms thatarc-tangent function is an agreeable choice to
model the recorded data sets (see Fig. 4.13 andl Hig).

The intersection point of the second derivativ€opof the obtained fit curve with the x-axis was
consequently an adequate approximation for thectitin point of the collected spectral curve. In
this manner, the zero-crossing of the second derévavas used for the calibration of the
monochromator tilting angle to the electron bindargrgy of the corresponding absorption edge
(see Fig. 4.13 and Fig. 4.14).
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Figure 4.13Energy calibration procedure (1). Left side: Baakghd-subtracted intensity signal (grey line),
arc-tangent fit curve (black line) and the calcedhtifference between the two curves (grey aremghtR
side: second derivative of the computed arc-tanfijeourve. Absorption edges: (A) gold;,L(B) selenium
K, (C) zirconium K, and (D) niobium K.
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Figure 4.14Energy calibration procedure (Il). Absorption estgd) molybdenum K, (B) palladium K, and
(C) silver K.

Once the monochromator angle was properly setttinéifirst absorption edge, the energy of the
diffracted x-ray beam could be moved directly fram absorption edge to another. The linear
relationship between the actual tilting angle @& thonochromator apparatus and the Bragg angle
even enabled to adjust the monochromator set-ugnyodesired photon energy in between the
tested absorption edges. Future studies can bgn#esiaround the system’s ability to provide
well-defined photon energy within the tested eneagion from 11.9 to 25.5 keV.

Two features narrowed the available energy regmnttie monochromatic x-ray beam. At the
lower end, the contribution of low-energy photonasweduced due to beam-hardening effects.
The intensity of the diffracted beam diminishedidgpwith decreasing photon energy below 10
keV. Removing all aluminum filters from the synctiom beam would increase the contribution
of low-energy photons in both, the incident andfrddted beams. The translational stage
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4. Treatment of Living Cells with Monochromatic KéVays

responsible for the vertical position of the iotiaa chamber limited the photon energy at the
high-energy region. Instead of passing directlyptigh the ionization chamber, x-ray beams with
energies above 30 keV would miss the chamber, asigdd, pass beneath the beam monitor
because of the narrow Bragg angles. For the irtiadissystem, the lowest possible chamber
position set by the translational stage — initiatlgtimized for KES imaging — defined the
maximum beam energy which was expected to be ardOreV.

Table 4.3Fit results for the monochromator calibration pichoe.

Edge Energy A B B./a. R?
(keV) ) ) (deg)

Au L3 11.9 0.637 £ 0.001 0.290 £ 0.001 0.153 £ 0.006 99.9
Se K 12.7 1.253 + 0.004 0.590 + 0.004 0.138 £+D.01 0.997
ZrK 18.0 2.207 £ 0.002 1.059 + 0.002 0.151+£@.00 0.999
Nb K 19.0 2.085 = 0.002 0.993 £ 0.002 0.156 £+ @.00 0.999
Mo K 20.0 1.922 + 0.002 0.918 + 0.003 0.140 £ @.00 0.999
Pd K 24.4 1.108 + 0.001 0.531 £ 0.001 0.149 £6.00 0.999
Ag K 255 0.691 + 0.001 0.332 £0.001 0.151+6.00 0.999

4.2.3. Energy Bandwidth and Energy Error

Recent synchrotron-based studies systematicallljatesl the role of potential photonactivation
agents such as iodinated contrast compounds (Gtrde 2004) or platinated chemotherapeutic
drugs (Biston et al. 2004) around the element-§ipe€iedges, because the particle composition
and energy distribution of any emitted secondadyatéon depend on both the therapeutic x-ray
energy and the corresponding electron binding endrg conduct similar studies at BMIT-BM,
the irradiation system must generate x-ray bearasacterized by narrow energy bandwidths.
The equational description of the energy bandwid)(0) and energy errokE, (0)/E, (0) can be
derived from the Bragg equation as expressed inaimu 4.1. The derivative of the photon
energy with respect to the Bragg angle is givefoldews:

dE,(6) _ hc
d ~ 2d

dE,(6) _
= d_e =

(sing)? cod)

—E,,(6) cot®

Considering small changes in the Bragg angle, #q@acement of the derivative by the
differential leads to the following adequate apjmreation:

AE.(0) dE,0) _
A do o E(®)co®

This approximation makes it now possible to calkathe energy bandwidth:

AE, (0) = |E,(6) A0 cotf|
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4.2. The Irradiation System

The energy error at a given photon energy is caledlusing the following equation:

AE,(6)
E..(6)

= |AO cotd|

Bragg reflection generally describes an idealizeddition, meaning that only a sharp energy is
selectively reflected. Under experimental condsioe angular divergena® of the x-ray beam
broadens the energy distribution around the phetargy E(0). The shape of the distribution is
described by the Rocking curve with the FWHM (fultth at half maximum) used to define the
energy bandwidti\E, (6). For a bent Laue monochromator, the energy baittvaf a specific
diffraction plane consists of two separate contidns: the divergence of the incident x-ray beam
and the intrinsic angular width of the Laue diftian due to a change of the Bragg angle over the
crystal’s thickness (Ren et al. 1999). In generglindrically bent Laue monochromators have
wide Rocking curves with a flat top.

Instead of measuring the Rocking curves of thectste(3,1,1)-diffraction plane at different
photon energies, the collected intensity curvesvierther analyzed to examine the final energy
bandwidthAE.(0). To calculate the square of the final bandwitl(6), the terms of the selected
(3,1,1)-diffraction plane bandwidth and the natuira width of a scanned absorption edge, both
in quadrature, must be summed up. While the natimal widths of the specific edges are
generally known (Krause & Oliver 1979), the diffiaa term could not be determined in this
work. For this reason, the angular widif,, here defined as the steps to move the
monochromator from 10% to 90% of the maximum intgnsignal (Fig. 4.15), was determined
from an intensity curve and used to calculate thergy bandwidtm\E.(0) and the energy error
AE.(0)/E, (0) for the selected (3,1,1)-diffraction at the sahabsorption edges.
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Figure 4.15 Determination of the angular widik0. (depicted by the dashed lines) from the arc-tangen
function (black line) computed to model the shapthe Au Lsintensity spectrum (grey line).

The following approach circumvented the experienakfficulties for the computational
algorithm to determine the boundaries of the arrgwidth from the arc-tangent fit curve #(
First, Mathematica’'s inverse algorithm was applieccalculate the maximum and minimum of
the inverse function &) ™. Once the total height of the collected intensignal was known, the
values associated with the variable at 10% and @¥%he maximum signal height were
determined to find the corresponding angbgs and 04, The obtained angular widths are
visualized in Figure 4.16.
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4. Treatment of Living Cells with Monochromatic KéVays

To approximate the erra@x(A6,) of the angular width, the difference between whéths for the
curves AfQ,a,) and AQ,0, +Aoc,), with Aa, being the computed error of the fit parameigr
primarily responsible for the angular width, neededbe computed. For each spectrum, both
widths are plotted in Figure 4.17. The error of émergy bandwidth was subsequently calculated
in accordance with the Gaussian error distributi®he results are summarized in the Table 4.4.

Table 4.4Final energy bandwidth anenergy error of the selected (3,-diffraction planeat
distinct absorption edges.

Edge Energy A6, AE_(0) AE,(0)/E,,(0)
(keV) (deg) (eV) €10°7)

Au L3 11.9 0.055 + 0.002 345+11 2.89 £ 0.09
Se K 12.7 0.047 + 0.003 33.2+27 2.62+0.18
Zr K 18.0 0.033 £ 0.001 48.6+1.3 2.70 £ 0.07
Nb K 19.0 0.036 + 0.001 479+15 3.05+0.08
Mo K 20.0 0.031 + 0.001 55.8+1.6 2.79 £ 0.08
Pd K 24.4 0.031 £ 0.001 828+19 3.40 +£0.08
Ag K 25.5 0.026 + 0.001 79.1+26 3.00£0.10

The final energy bandwidth increased from (34.5H &V at 11.9 keV to a maximum value of
(82.8 £1.9) eV as measured at 24.4 keV. The isered the energy bandwidth as a function of
the photon energy can be explained by the linehwidtthe K-shell and the fact that this line
width generally broadens with increasing atomic ham For example, the FWHM of the
selenium K edge is 2.33 eV, while the silver K edige width is 6.75 eV (Krause & Oliver
1979). The observation of detailed features in dbkected Au L intensity spectrum already
indicated that the actual energy bandwidth of Bd,()-diffraction plane was smaller than the
obtained final bandwidth at 11.9 keV. However, thsults were used to set the monochromator
tilting angle with respect to the specific absavptedge. In contrast tE,(0), the final energy
bandwidth provides useful information needed by aobmomatic irradiation studies around
specific absorption edges. In those experimemE(0) is a suitable parameter to adjust the
monochromator tilting angle so that the diffrackechy beam consists only of photons with either
sufficient or insufficient energies to liberateatens from the targeted shell.

The energy error for the (3,1,1)-diffraction plaagpears to be nearly energy-independent in the
tested energy region from 11.9 keV to 25 keV. Thkewated order of magnitud@0) agrees
well with the verified energy errors for single stgl monochromators in Laue geometry.
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4.2. The Irradiation System

4.2.4. Surface Dose Calculations
For external beam radiation therapy, the absorbask ds defined as the amount of energy
deposited into the unit mass of the irradiated nadte

Absorbed Dose Deposited Energy
Object Mass

Taking into account the monochromatic charactethef x-ray beam, the amount of deposited
energy can be calculated by the number of photonghih are absorbed in the mass of the
material M multiplied by the energy of the photdi)s

D(E,) = N :AEP“ (4.2)

The mass M is readily calculated by multiplying theersected area A with the thickness of the
material L times the density of the irradiateduesp . The number of photons along the beam
path in the irradiated object is described by Bedaw. However, the number of photons N
depositing energy into the targeted volume diffeosn the number of absorbed photons. If the
number of initial photons is Nand a voxel of mass with thickness dx is embedxteal certain
length x beneath the surface, the following expossdescribes the number of photon interactions
associated with an energy transfer towards thaeefiolume:

dN, = N,exp(-p!p X) (l - exp(- H‘EAP!dX))

with ¢ = (u/p); being the total mass attenuation coefficient and= (u/p)e, being the mass

energy absorption coefficient of the tissue makefar the x-ray path length within a volume
starting at the surface &0) to a certain thickness L, the total number of dbsd photons

depositing energy into the targeted mass is cdloglausing the following equation (Bewer
2010):

N T ,
N, = fo dN, = N, <u_> (1- exn(-upL))

T

By inserting this expression for the number of abed photons into Equation 4.2, the absorbed
dose can be readily calculated in accordance Wwéletuation:

NE,, (1,
DE = 21 <u_) (1- exe(-wipL)) (4.3)

For a monochromatic x-ray beam with the initial hnem of photons | the deposited dose
depends on the photon energy and the propertigiseoirradiated target in terms of irradiated
area, density, and thickness.

Regardless of whether the irradiation is condueteithe bending magnet beamline BMIT-BM or
insertion device beamline BMIT-ID, the biologicarsple is showered with ionizing radiation in
the form of photons with energies below 100 keV.this energy region, the largest dose is
delivered to the surface of the irradiated objastthe number of photons decreases exponentially
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4. Treatment of Living Cells with Monochromatic KéVays

when the beam traverses the targeted object. Foallka surface dose,Dan be mathematically
derived as the zero-thickness limit of the absowdesk.
If the exponential part in Equation 4.3 is approied by the first two terms of its Taylor series:

exp(-upL) = 1- upl

The equation of the surface dose can be simplifi¢tie following practical expression:
. NOEph ‘
D(E,) = lim D(E,) = lim 27 ( )(1 (1-upl))

= DS(Eph) - OEph“EA

The surface dose rate, Dan be calculated after measuring the currentyilale photon flux

N = N/t for the diffracted x-ray beam.

If a photon beam with flux Npasses through the ionization chamber, the nurmbetectrons

dn liberated per time interval in a volume with thielas dx between the chamber electrodes can
be derived by taking the number of photon intecaxgiper unit mass (photon flux per unit area

times the total mass attenuation coefficient of miultiplied by the volume mass and the average
number of electrons generated per interaction ggoce

N
dn. =+ Apdxbe

with E,, = E, x [u, /1]

where A is the cross section of the photon beam traversiagonization chambey is the total
mass attenuation coefficient of aif, is the mass energy absorption coefficient ofirs the air
density, Byis the average transferred energy per photon ittiera and W =34.4 eV is the
average photon energy required to generate amaheicin pair in air (Barendsen1982). The beam
attenuation along the detector length is taken axtoount by replacing the flux Mith the
exponentially decaying photon rate:

N(x) = N,exp(-pp.x)

The electron current | collected at the detector output is the sum ofchlrges that hit the
electrode along the entire electrode lengih $o the formula for the photon flux, i related to
the collected ionization chamber current (witepresenting the elementary charge):

LG = [[adn = [ “aNex-up) p. 5

= 1,(E) = qN, " E"“ e (1 exp(-1ep L))
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4.2. The Irradiation System

Applying a Taylor approximation for the exponenti@tm further simplifies the derived formula
for the electron output current as shown in Equedid below.

Ilon(Eph) = %NO%“ZApaLmn (44)

This results in a practical equation for the swfalwse rate which depends on the collected
ionization chamber output current:

t

D E —_ Ilon l’LEA
S( ph)_ q ApL HEA

e a _ion

The attenuation of keV x-ray beams in air and thléuce dish bottom motivates the introduction
of the additional attenuation factor:

K(Ey) = exp(=HL.) x exptHolo(Ey))

Here, 4 and |4 represent the linear attenuation coefficient of and polystyrene, [Lis the
distance between the ionization chamber and th@lsaamd L(E,) is the energy-dependent path
length across the culture dish bottom (Fig. 4.18&e spectral transmission of a monochromatic
x-ray beam passing through a Falcon 353001 cuttigie with a bottom thickness of.0= 1.22
mm was calculated using the polystyrene densify.cf 1.05 x 10° gcmi® (Fig. 4.18B).
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Figure 4.18 Attenuation of diffracted x-ray beams in the bottof a 35 mm cell culture dish. (A)
Schematic diagram for the calculation of the achedm path length across the culture vessel bo(Bjn.

Spectral transmission of a monochromatic x-ray bgsmsing through polystyrene with an energy-
dependent path length bf(E,).

The actual surface dos€°Ddelivered to the biological sample was theref@iewated using the
modified formula:

D(E,) =x(E,) x D(E,) (4.5)

The total mass attenuation coefficients and massrggn absorption coefficients of air,
polystyrene, and the soft tissue equivalent ICRUa44 listed in the National Institute of
Standards and Technology (NIST) X-ray Database fdlilk Seltzer 2009). In this work, the
following values were used to calculate the surfdmse and the x-ray beam attenuation in air and
in the vessel bottom (Tab. 4.5).
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Table 4.t Total mass attenuation coefficient and mass enabggrption coefficient of selected
materials for 11.9 and 20.0 keV.

Material Energy B B,
(keV) (e’ /g) (cm?/9)
A 11.9 3.0130 2.6861
ir

20.0 0.7538 0.5144
11.9 1.3436 1.0635

Polystyrene
20.0 0.4227 0.1929
Tissue Equivalent 11.9 2.8179 2.4884
(ICRU-44) 20.0 0.7193 0.4657

Considering the actual path-length of the beamipagbrough the dish bottom and an electron
current in the CLS storage ring of 250 mA, the mmaxin dose rate for the irradiation of an MCF-
7 cell culture using a 11.9 keV (20.0 keV) x-rayatvewas 0.46 Gy/s (0.81 Gy/s), according to
Equation 4.5. Moving the POE-1 aluminum filter aaft the synchrotron beam increased the
surface dose rate by 38% (11%) at a given photenggrof 11.9 keV (20.0 keV). For a single
culture dish treated with 20.0 keV x-rays, thedration phase was less than 2 min for delivering
a surface dose of 2 Gy (and less than 10 min fagy)&to human cell lines.

High surface dose rates essentially elevate theplsathroughout, allowing the irradiation of
multiple sample groups during allocated beamtinssisas. As the electron current in the CLS
storage ring decreases gradually with time, so doesurface dose rate. The highest dose rates
delivered by the irradiation system are availablenediately after the injection of electrons into
the CLS storage ring. To minimize the cellular esqoe to the experimental conditions in POE-2,
high-dose samples should be treated preferabingluhiese periods within precious beamtime
sessions.

4.2.5. lonization Chamber Response

A properly calibrated radiation monitor is essdntiagenerate reproducible results that can be
placed in a wider context. The International Atorficergy Agency (IAEA) recommends that
each individual instrument used in radiation maniig should be calibrated before its first use
and then again periodically, usually every 12-14nthe (IAEA 2000). Fotin vitro irradiation
studies at BMIT, calibration of the ionization chaen according to high IAEA standards appears
exaggerated. Instead, a more practicable approashagplied to set up irradiation experiments
during limited beamtime sessions. In this experitndre ionization chamber response to keV x-
rays was compared to the response of a calibrdtethmliode in order to verify the functionality
of the ionization chamber as a suitable radiatiamitor.

The employed silicon-based diode (Internationali&axh Detectors, Type: AXUV 100GX) had
an active area of 10 x 10 rAirand was previously calibrated at a wavelengthteshiieamline
BAMIline located at the electron storage ring BESS{Gorner et al. 2001). The measured diode
responsivity as a function of the photon energylasted in Figure 4.19A.
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Figure 4.19Photo diode responsivity. (A) Measured respongat a function of the photon energy and the
computed exponentially decaying fit curve (blacie)i. (B) Residuals and responsivity errors.

The following exponentially decaying function wased to describe the energy-dependent
diode’s responsivity Rin order to obtain approximated values in betwdsn measured data
points:

RJ(E,) = R x exp(-eE,, + B + R

The fit curve with the computed coefficients R (0.076 + 0.003) A/Wp. = (0.194 £ 0.004)
1/keV, - = (2.5194 + 0.0002), and; R (0.0026 + 0.0008) A/W is plotted on top of thearsured
responsivity in Figure 4.19A. Although the pattémrihe residual plot (RES =R Rueecs)
suggests that the model has room for improvemerg. @19B), the applied exponentially
decaying curve was a sufficient approximation toneste the diode’s responsivity across the
tested photon energy region.

To verify the ionization chamber response, the pltidde position had to be properly aligned to
the center axis of the ionization chamber. Fitst, hiorizontal position of the photo diode holder
was set to the center of the ionization chambelas&r band optical level was used to align the
vertical height of the diode to the ionization climemwindows. These alignment steps had to be
performed before the ionization chamber platforns &tached to the POE-2 railing system. To
avoid an offset in the beam flux measurementsaakbbox with small Kapton windows on the
front and rear sides shielded the diode from exosuincident light emitted by indirect sources
in the experiment hall. The applied spot size & thffracted x-ray beam had to fit into the
dimension of the active area and the hole in tdaliholder (diameter of 7 mm). Therefore, the
presented results reflect the response of the diodeionization chamber to x-ray beams with a
reduced width of 3.5 mm and a height of 1.1 mmhat diode position. The beam fluX,,
measured by the photo diode was calculated acaptdin

Ipd(Eph) = Rjd x di X Eph

with | (E,) being the collected diode output current. Theseined beam fluxN, was then

compared to the beam flux Nas monitored by the ionization chamber using Eqnat.4. The
collected flux values were further normalized te #lectron current in the CLS storage ring to
eliminate any disparities caused the by the grathsd of electrons with time. All software
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4. Treatment of Living Cells with Monochromatic KéVays

packages for the data acquisition were writteniemgemented at BMIT-BM by Mr. Bolibruéh
The normalized beam flux as determined by the pdaide and ionization chamber, along with
the diode responsivity for 11.9, 20.0 and 25.5 keNdy beams are listed in Table 4.6.

Table 46 Comparison between the normalized flux as measbsedhe photo diode and
ionization chamber.

Energy Responsivity B, Norm. Diode Flux N, Norm. Chamber Flux N,,
(keV) (A/W) #/(mAS)) (#/(MmAS))

11.9 0.096 + 0.007 (1.64 + 0.08) 10 (2.70 £ 0.07) x 1b
20.0 0.023 + 0.001 (1.30 £ 0.05) x*10 (1.29 + 0.04) x 1D
25.5 0.011 + 0.001 (1.27 £ 0.04) x*10 (1.25 + 0.04) x 19

As shown in Figure 4.20, the highest normalizearilte ¥ = N/ (A x t)) was measured for the
20.0 keV x-ray beam, while the lower values for9land 25.5 keV x-ray beams mirror the
energy spectrum of the synchrotron beam with a rgémeduced contribution of low-energy
photons. Overall, the fluence as measured by th&zdton chamber was comparable to the
fluence obtained by the photo diode for 20.0 anc 2&V x-ray beams. Assuming that the
diode’s response to monochromatic keV x-rays wasurately calibrated, the detected
discrepancy at 11.9 keV may indicate a certaintéitian of the linearity for ionization chamber
responsivity in the lower photon region. To resdivis issue, further dosimetry studies need to
clarify the actual responsivity of the ionizatidmaenber in the low keV x-ray energy region.
Regardless of the detected discrepancy betweereiponsivity of the ionization chamber and
the calibrated diode, the irradiation system cikdtighly accurate dosimetry results at photon
energies of 20 keV and beyond. Below this threshitid calculated value for the surface dose
might be larger than the actual radiation dosevdetd to the sample.
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Figure 4.20Normalized photon fluence rates measured by thzation chamber (dotted line) and photo
diode (dashed line).

“Nicholas Bolibruch, Research Associate, CanadightLSource, Saskatoon/Saskatchewan, Canada, 2010-
2013.
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4.2.6. Flux Profiles of 11.9 keV and 20.0 keV X-raBeams

Homogenous irradiations of cell culture acrosseéhtire sample area require x-ray beams with
high flux uniformity along the horizontal directiaf the beam cross section. The flux uniformity
along the vertical beam direction can be negleeaedeviating effects are averaged out during
horizontal irradiation scans.

In this preliminary experiment, the uniformity ¢fet beam flux along the horizontal direction was
evaluated using a lead plate with a 2.5 mm widedain The plate was placed in front of the
ionization chamber and moved along the horizorgalb width to measure the beam intensity for
each beam segment. One of the segments in at #ma benter (segment #8) was used as
reference point. All other intensity values weremalized to this segment.

The collected beam profiles of the 11.9 and 20X keay beams are presented in Figure 4.21.
Along the horizontal direction, the uniformity imased slightly starting from the end associated
with a low segment number. Although the flux renegimearly constant across the entire beam
cross section, a steep decrease could be obsemwdtfsegments at each end of the x-ray beam.
This effect can be explained by the inability tearly identify the horizontal beam ends during
the measurements.

Overall, the irradiation system achieved a beanfioumity which was better than 8% for both
photon energies. High uniformity of the x-ray beamigimizes the spread of the delivered dose
for a single sample and is therefore an importaciiof for consistent and well-defined studies.

A certain decrease in beam flux at both beam esmisletermined by the rather unconventional
approach, is not necessarily a disadvantage fdrcodiure irradiations. In properly prepared
samples, the biological cells are homogenouslyesteder the entire bottom area of the culture
vessel. The number of cells which might experieaceeatment with a reduced beam flux is

negligible, while the risk of accidental exposufdle container walls with intense x-ray beam is
reduced.
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Figure 4.21 Flux profile of the diffracted x-ray beam with aonmochromatic photon energy of 11.9 keV
(left) and 20.0 keV (right). The relative standdeliation is less than 1% (corresponding error begsnot
plotted).
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4. Treatment of Living Cells with Monochromatic KéVays

4.3. MCF-7 Dose-Response Curve for 11.9 keV X-rays

This “proof of principle” validates the capabilgi®f the proposed irradiation system to generate
reliable irradiation results that reflect the ckluresponse to monochromatic keV x-rays. The
collected MCF-7 dose-response curve is intendeitlustrate how non-perturbing experimental
procedures lead to highly accurate and reprodugitaldiation results.

The MCF-7 cells were incubated as monolayer cutimeDulbecco’s modified Eagle Medium
(DMEM, Invitrogen), supplemented with 10% fetal boy serum (FBS, Gibco) and antibiotics
(100 units penicillin/mL and 100 pg streptomycin/mEibco) at 37°C in a humid incubator
continuously gassed with 5% GQAt a confluence level of 80%, the cells were enaiically
dispersed, diluted, centrifuged, and resuspendéesh medium. For the irradiation process, 10
cells were seeded in a Falcon 353001 culture dish tbtal volume of 2 mL and incubated for
24h. A portable incubator (K-Systems, G95) provittesl cell type-specific culture conditions for
the MCF-7 cell line during the sample transportatio and from the CSL as well as for the
sample storage at the BMIT facility.

To set up the irradiation system, the monochromtiitorg angle was calibrated to the inflection
point of the collected goldstedge spectrum. The height and width of the caidorx-ray beam
was verified by illuminating photosensitive papaped to the sample holder. The preamplifier
sensitivity was set to 5 nA/V for the calibratioropedure and set to 200 nA/V to accommodate
the broad beam width during irradiations. The dekiscan velocity of the sample holder was
calculated in accordance with the surface dose unme@ents as given in Equation 4.5. The actual
path length of the monochromatic 11.9 keV beamudothe dish bottom was 2.02 mm (the
beam transmission was 75.2%). The attenuation efbdam traversing from the ionization
chamber to the sample (about 5 cm) was less tharF@f4he irradiation process, a single culture
dish was placed onto the sample holder and movaddmally through the diffracted beam. The
beam spot size was controlled through the BMIT-Bdnputer interface. All irradiations were
performed in single scan mode under the laboratonditions present in experimental hutch
POE-2.

The irradiated samples were immediately returneth@oCSL incubator to avoid the occurrence
of cellular alterations caused by stressors otiem the ionizing radiation itself. According to the
modified MTT assay protocol, the post-irradiatiorcubation phase of three MCF-7 doubling
times (87h) was a valuable compromise to detedttiad-induced effects until overpopulation
starts distorting the assessments of particulaly-dose samples. The cellular viability rate
VR(Dy) as a function of the delivered surface dosewas calculated as the mean of the
background-subtracted absorbance normalized todh&ol group. All reported cellular viability
rates are depicted as percentage of the contrapgneth each data point representing the mean
and standard deviation of four independently tekatemples.

As shown in Figure 4.22, the assessed viabilitg generally decreased as the dose increased.
Irradiation of MCF-7 cells with a dose of 2 Gy redd the viability rate to about 50%. Beyond
this clinically relevant dose level, the cellulaehility decreased even further to about 20% as
measured for the highest applied dose level of $0T@is observation was confirmed by optical
microscopy investigations. The estimated numbdiviafg cells within the samples agreed with
the measured viability rates and the notion thatddtected plateau did not flatten around the zero
point. Unfortunately, optical investigations do miiétinguish between intact cells and cells which
may undergo radiation-induced alterations (e.gibitéd proliferation). However, all remaining
cells in the irradiated samples did not exhibit aistology changes as far as they were detectable
using optical microscopy.
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Figure 4.22Dose-response curve for the MCF-7 cell line exddsemonochromatic 11.9 keV x-rays. (A)
Cellular viability as a function of the deliveredr&ace dose and best fit curve (black line). (B}iReal plot
and standard errors.

The average relative standard deviation of less %6 reflects the high reproducibility of the
obtained results. The relationship between thaileglViability and the applied dose was further
modelled using a normalized first-order exponerdeday function:

VR(DS) = eXK—(IvDs) + Bv

Here,a, (Gy ™) is the rate constant arfid (%) describes the plateau-like pattern at the uppé

of the dose range. The fit results are summarigéthble 4.7. The best fit curve is plotted on top
the data points in Figure 4.22A. The small distarmfeeach data point from the fit curve support
the appropriateness of the phenomenological modaé¢scribe the cellular behavior. The random
distribution of both positive and negative residURES = VR.w.s— VR CONfirms that the
irradiation data does not differ systematicallynfirthe fit curve (Fig. 4.22B). Due to the random
spread of data points above and below the fit line,obtained residuals can be considered as the
primary experimental errors for the collected ds¢h Further studies may compare the rate
constant and constraining plateau with the resulitained for different cell lines or alternated
irradiation modalities (e.g. photon energy).

Table 4.7Fit results for the MCF-7 dose-response curvele keV.

Parameter Estimate Standard Error P-Value
o 0.471 0.006 3x 10
By 0.188 0.002 3x 16°

Colony formation is the most frequently used mettodjuantify cell reproduction death after
treatments with ionizing radiation (Franken et2006). The collected survival curves are well
described by the linear-quadratic formula (LQ-folisra), which assumes that lethal radiation
damage is created either as a consequence ofla sirent (“track”) killing (Type A, represented
by the linear term in the formalism) or as a consege of multiple event killing (Type B,

guadratic term) (Pouget & Mather 2001). The exptinfiy decaying pattern of the collected
dose-response curve now indicates that the priroeliylar damaging effects induced by 11.9
keV x-rays are similar to the lethal damage desdiby the linear term in the LQ-formalism,
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which is the strongly dominating part, even at bighose levels, for radiations of high linear
energy transfer (high-LET) particles (Barendsen2)98

Overall, the scientifically satisfying results demstrate the suitability of the system for reliable
and reproducible monochromatic irradiations witghty-controllable experimental parameters.
The continuous proliferation of cells within a dimglish over the entire course of the experiment
— beginning from the preparation, throughout th@sa transportation, the irradiation treatment
and post-incubation phase to the final analysist-only elevated the study’s reproducibility, but
also simplified the sample handling protocol anithilates unnecessary stress factors through
labor-intensive, time-consuming, and error-pronan@a preparations or post-irradiation
procedures. The ability to move the sample horabntather than vertically, together with the
use of the portable incubator, facilitated the l&bhment of non-perturbing cell culture standards
in synchrotron-based irradiation studies. As altethe high accuracy and relative experimental
error was considerably smaller than the relativeresf 10% as determined for the modified MTT
assay.

Horizontal irradiations with monochromatic x-rayféeo the possibility to perform clonogenic and
viability irradiation assessments under identicgdezimental conditions. Complementary studies
at BMIT-BM using both techniques consequently begrfedbm a comparability and credibility
which, up to this point, remain unachieved by ayyciirotron facility. The implementation of an
environmental chamber would be one of the mostnéiséemprovements to the irradiation
system. The development of a sample chamber fotratad atmospheric conditions (i.e.
temperature, humidity level, gas composition) woalldw cell cultures to be maintained under
well-defined environmental conditions during longay exposure times. A second beam slit
system in front of the ionization chamber couldoaudtically adjust the beam spot size to the
dimensions of the culture vessel. The slit systdmaukl be implemented on an improved
ionization chamber platform whose tilting anglecismputer-controlled from the user station
outside POE-2.

The design of the irradiation system comes withndlant space around the sample holder. The
integration of additional equipment beneath anghdrticular, on top of the sample opens up new
pathways for the use of sophisticated live-cellging technology in monochromatic keV x-ray
studies. Bright-field or phase contrast imagingwislely used to investigate morphological
changes during apoptotic, necrotic, or mitotic psses after irradiation (Suzuki et al. 2012).
Recently developed imaging systems are even capdldequiring bright-field, dark-field, and
phase contrast images simultaneously in real-tilhe €t al. 2014). While these kinetic
observations require extensive amounts of expet@héme, rapid visualization techniques based
on fluorescence microscopy can even provide insigiat the mobility of damaged DNA, the
assembly of DNA repair complexes, and other eaaliation-induced processes at the sub-
cellular level (Karanam et al. 2013). A live-cathaging system for the study of early and fast
cellular response to DNA damage after high LETradiation was used to show that strand-break
repair protein XRCC1 was recruited to the ion hasijion within 20s in the cells and reached a
maximum at about 200s (Guo et al. 2016). Functi@sakssments gain substantial information
about the cellular behavior as a direct responséomizing radiation. A plethora of these
functional assays uses fluorescence probe moletalegsualize cellular events such as DNA
fragmentation, damage or repair (Fairbairn et 885), DSBs and apoptotic signaling cascades
(Gorczyca et al. 1993), or the production of RO®r(@s et al. 2005). The implementation of
fluorescence imaging at BMIT-BM would broaden tmegpect for radiobiological insights.
Regardless of the realized live-cell imaging methodfuture synchrotron-based keV x-ray
irradiation applications, the absence of any etectrackscattering material within the vicinity of
the diffracted x-ray beam path should remain ungbedn
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ray Studies

The work documented in the proceeding chapter isfdtssertation was primarily motivated by
the pioneer J. Hainfeld who used gold nanopartitesenhance radiation therapy in mice
(Hainfeld et al. 2004). Since then, several redeagroups have presented improved
radiotherapeutic outcomes for different treatmeadatities with gold nanopatrticles as enhancing
agents. For example, gold nanoparticles in conjanclvith ionizing radiation retarded tumor
growth compared to radiation-only controls vivo (Chang et al. 2008), improved the
radiotherapeutic outcomes for a radioresistant m@ggiamous cell carcinonma vivo (Hainfeld

et al. 2010), and prolonged the long-term survofdbrain-tumor bearing mice vivo (Hainfeld

et al. 2013). Other research groups proposed thlat anoparticles increase the apoptosis of
MCF-7 adenocarcinoma both vivo andin vitro (Roa et al. 2012). Another combinad vitro
study reported improved radiosensitization effickenon rats bearing glioman vivo at
monochromatic 88 keV x-rays and on F98 glioma daligitro at monochromatic 50 keV x-rays
(Bobyk et al. 2013). Several vitro studies indicate enhanced radiosensitization dbua cell
lines to ionizing radiation as a direct result lné internalization of gold nanoparticles (Hu et al.
2015; Geng et al. 2011; Polf et al. 2011; JainleP@l1l; Rahman et al. 2011; Liu et al. 2010;
Chithrani et al. 2010; Hébert et al. 2010; Roale2@09; Zhang et al. 2008; Kong et al. 2008).
Fundamental studies have presented nanoparticleatedd radiation effects on cellular
constituents such as DNA molecules (McMahon €2@1.1; Brun et al. 2009; Zheng et al. 2009)
or proteins (Brun et al. 2009).

The observation of improved radiotherapeutic oue®mas not been limited to the kilovoltage x-
ray energy region characterized by the dominatingotgelectric effect. Increased
radiosensitizationn vitro has been detected at photon energies of 662 keM3Ts 1.2 MeV
(Co-60), and 6 MV beams generated with a lineaelecator (Kong et al. 2008; Roa et al. 2009;
Chithrani et al. 2010). Improved therapeutic outesnmave even been observed for electron
beams as primary ionizing radiation (Rahman e2@0D9; Chang et al. 2008; Zheng et al. 2008).
These findings question the proposed mechanisnthforadiotherapeutic effectiveness of gold
nanoparticles based on the increased photoelatisiorption in the targeted tissue. Instead, some
authors have apparently identified cellular and-celtular events (e.g. cell cycle modifications,
increased generation of ROS, etc.) as the primagedying mechanisms for the improved
effectiveness of therapeutic radiation by gold reamticles.

In this context, a rather dissatisfying situatictdiiesses the need for meaningful studies that
might help to reveal the true role of gold nandpbes in radiation therapy. This chapter evaluates
the role of gold nanopatrticles on the MCF-7 ceikliat the peak absorption coefficient ratio of
gold and soft tissue (around 20.0 keV). The pringogl is to establish this photon energy as an
anchor point for further systematic investigation® gold nanoparticles and their influence in
radiotherapeutic applications. A deeper knowledfyéhe underlying mechanisms could help to
modify the properties of gold nanoparticles or edesign novel radiotherapeutic agents in order
to improve radiation therapy.
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5.1. Glucose-Functionalized Gold Nanoparticles

Mammalian cells are unable to produce free gluasg must uptake the metabolic-relevant
molecule via glucose transportation through theroelmbrane. It has been proposed that glucose-
capped gold nanoparticles can be internalized W& dlucose transportation mechanism, and
previously generated results indicate that gludaeetionalized gold nanoparticles are partially
internalized by MCF-7 cells via GLUT1-mediated sportation (Jing Yang et al. 2007; Zhang et
al. 2008; Hu et al. 2015). When compared to thelthy counterparts, rapidly proliferating
cancer cells are characterized by increased glglBaggetto 1992). Once administered into
the patient’s body, glucose-functionalized gold oyzarticles should be selectively internalized
with presumably higher uptake rates associatednargg-craving cancerous cells rather than
healthy tissue.

5.1.1. Preparation Route

The Biology, Information Science, and Nanotechnglofpplications Research Laboratory
(“BINARY") research group, located at the Univeysiof Alberta (UofA) Department of
Electrical and Computer Engineering, fabricates odisperse gold nanoparticles of different
sizes and coatings. In accordance with the cldssiethod introduced by Turkevich in the early
1950s (Turkevich et al. 1951), gold colloids aretegsized using chloroauric acid (HAYCAs a
precursor. All chemicals for the synthesis are pased from Sigma-Aldrich Co., St. Louis, MO,
USA. As recently performed, the following protodabricates “naked” and highly monodisperse
gold nanoparticles with an average diameter of @pprately 11 nm, as measured by dynamic
light scattering (Kong et al. 2008; Roa et al. 2011

For the study presented in this dissertation, desshwater was purified by the Milli-Q Biocel
system (ZMQ50F01, Millipore, USA). The initial stilon was prepared by adding 3.2 mL of 25
mmol/L HAuUCI, to a 125 mL clean Erlenmeyer flask containing 80 ahdeionized water. The
solution was moderately stirred while being plageén ice bath. Adding 2 mL of 30 mmol/L
sodium borohydride (NaBH} initiated the nanoparticle nucleation phase. 3dlation was stirred
for about 5 min. The freshly prepared gold nanoglag were further functionalized by adding 4
mL of 20 mmol/L 1-thioB-D-glucose to the gold colloid. The solution wabseguently stirred
for 5 min. By covalently binding to the gold nandpae surface, the thiol-group connects the
sugar molecule to the nanopatrticle. After the pragpen, remaining reducing agents or glucose
molecules were removed from the gold colloids udiibgrs. The total number of gold atoms can
be roughly estimated from the amount of applieccyrsor (n,= 4.8 x 16° atom) resulting in a
maximum concentration of gold atoms in the finallaidal solution of about .¢,= 7.0 x 10’
atom/mL.

Inductively coupled plasma mass spectroscopy (ICH-M a suitable method to verify the total
concentration of gold atoms in fabricated colloifike UofS Department of Geological Science
ICP-MS laboratory performs metal analysis with gedgon limit below the single part per trillion
(ppt) level and an ICP-typical working range larggan nine orders of magnitude (Scheffer et al.
2008). According to the ICP-MS laboratory, the tigla measurement error is less than 5% for
detection of heavy elements such as gold. As medsby the ICP-MS laboratory, the
concentration of gold in the glucose-free colloidsws, = 7.3 x 10° g/mL. The concentration of
gold in the functionalized gold colloid wag € 7.8 x 10° g/mL. These results are in agreement
with the fabricated gold concentration of & 8.6 x 10° g/mL as previously reported for
phospholipid-coated gold nanoparticle solutionsqidaal. 2012).
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According to the mass of a single gold atom,@13.27 x 10°? g), the concentration of gold
atoms was ¢,= 2.2 x 10" atom/mL for the glucose-free colloid angd,s 2.4 x 16" atom/mL for

the functionalized gold nanoparticle solution. Toeacentration of gold atoms at the beginning of
the preparation route was about three times ldhgar the concentration of gold atoms in the final
nanoparticle solutions. Several reasons might ggoresible for the reduced concentration of gold
atoms as determined by ICP-MS: a certain amoungadfi atoms were not converted into
nanoparticles during the synthesis; instead, gactha ended up in the sediment at the bottom of
the reaction flask. Nucleation at the surface efftasks collected a certain amount of gold atoms
at the flasks or a certain amount of gold nanoglagi were filter out at the membranes.
Nonetheless, the applied preparation route is dapab fabricating reproducible volumes of
functionalized colloidal solutions with well-defideharacteristics.

5.1.2. Cellular Uptake Procedure

The internalization of gold nanoparticles depemishe physiological context of living cells. Cell
cultures can be understood as biological systemsisting of hundreds or thousands of single
entities with identical phenotypic characteristits.contrast to cell suspensions containing free-
floating cells, adherent cells grow in single ma@yars on suitable substrate surfaces under an
artificial environment specified by the culture med. Adherent cells remain in direct contact
with the culture medium which can be aspiratedilgaintact cells at the culture vessel bottom.
In this way, attached cells can be easily exposedold nanoparticles by adding pre-defined
volumes of colloidal solution to the culture mediuduring the uptake process, the exposed cell
cultures are usually incubated under the typicdl tge-specific culture conditions. The
nanoparticle exposure immediately ends by repladhmg gold-enriched medium with fresh
culture medium while the cells remain in the cudtvessel. The interaction of gold nanoparticles
with constituents of the medium can lead to thenfaiion of stable protein corona on the
nanoparticle surface (Lynch et al. 2007). It is egaily assumed that nanoparticles are
homogeneously dispersed within the culture mediBetause sedimentation of nanoparticles in
the culture medium would increase the particle eotration at the bottom of the culture vessels,
high diffusion and sedimentation rates might leadncreased nanoparticle uptake kinetics and
rates (Cho et al. 2011). For the nanoparticle palocess, the culture conditions (e.g. culture
composition, relationship between the culture vauwith the size and shape of the culture
vessel) are as important as the already investigatensic properties (e.g. particle size, shape,
surface charge and composition (Chithrani et ad62@ihn et al. 2013; Lund et al. 2011)) and
deserve full attention and careful consideration.

All uptakes procedures mentioned in this dissematvere carried out using either 96-well plates
or Falcon 353001 35 mm cell culture dishes. MCFellsavere seeded in the wells or dishes and
incubated for 24h to allow the cells to properlgeah to the bottom surface. Using 96-well plates,
the attached MCF-7 cells were maintained in 20@ulture medium per well. Prior to its use, the
gold nanoparticle mixture was pre-heated to 379@gua water-bath. For the nanoparticle uptake
procedure, the current culture medium was replagegbld colloid added to a reduced volume of
culture medium (the total volume of the mixture 89 pL). Using similar gold nanoparticle
samples, the peak uptake concentration in SK-O¥{3 tad been observed after 48h (Geng et
al. 2011). However, studies with glucose-cappeld ganoparticles had shown that the uptake
steeply increased for DU-145 cells until it reacledaximum after 4h (Roa et al. 2009). Because
any occurring sedimentation of nanoparticles ind¢bhkure medium during the uptake period is
expected to increase as the nanoparticle exposneeiticreases (Kato et al. 2010), short uptake
periods should be accompanied by a negligible amotliprobable sedimentation fractions. The
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selected time period for the nanoparticle uptake tharefore set to 3h during which the MCF-7
cells were incubated under the cell type-specifittuce conditions. After the nanoparticle
treatment, the mixture was carefully aspirated ftbmwells leaving “gold-enriched” cells inside
the culture vessel. These cells were immediatelyhed with 100 pL phosphate-buffered saline
(PBS) and finally allowed to proliferate undistudba 200 pL of fresh pre-warmed culture
medium.

MCF-7 cells maintained in 35 mm cell culture diskese treated with a pre-warmed mixture of
gold nanoparticle solution dissolved in culture med(the total volume of the mixture is 2 mL).
After 3h, the attached cells were washed with 1 PBS and finally maintained in 2 mL pre-
warmed culture medium. Every control group reliedaosham procedure based on incubating
MCF-7 cell cultures in either 200 puL (96-well plater 2 mL (35 mm culture dish) culture
medium devoid of colloidal solution.

5.1.3. Intracellular Localization and Size Distribuion

Transmission electron microscopy (TEM) studiesaargable methods to reveal the intracellular
distribution of internalized gold nanopatrticles. ésserved with high frequency, internalized gold
nanoparticles are mainly contained within cytoplasmwesicles, suggesting that the cellular
uptake and trafficking inside the cells occurs prathantly by endocytosis (Liu et al. 2008;
Chithrani et al. 2010; Albanese & Chan 2011; Jaiale2011). The detection of glucose-capped
gold nanoparticles primarily internalized withintaglasmic vesicles suggests that uptake occurs
via an endocytic pathway (Zhang et al. 2008; Roal.e2009). However, a plethora of physical
and chemical properties tend to influence the uptalechanism and intracellular fate. For
example, spherical gold nanoparticles have alsn bbserved in sub-cellular compartments such
as endoplasmic reticulum or the Golgi apparatuB1&fF10 cells (Chang et al. 2008). The particle
diameter appears to be one of the key factorshtirtiracellular destination of gold nanopatrticles
in cells. Gold nanoparticles with an average dimmeff just a few nanometers have higher
penetration capabilities and possess a much higgretency to accumulate in intracellular
constituents such as the nucleus (Oh et al. 20LUan#l et al. 2012). For the internalization of
gold nanoparticles, the surface properties (i.ating, surface charge, etc.) are evidently key
parameters that influence uptake mechanisms aas. r@t/erall, each nanopatrticle hybrid system
is unique and therefore causes unpredictable oiters to occur at the nano-bio interface.
Located at the Cross Cancer Institute, the UofAddepent of Oncology Cell Imaging Facility is
equipped with a 200kV JOEL 2100 microscope and &ausaboratory for the preparation of
biological TEM specimen. Even though TEM is a pdwetechnique for deciphering the cell
architecture and for visualizing sub-cellular biiltal compartments, the preparation of suitable
specimens involves highly complex and critical st€p.g. fixing, contrast enhancing, resin
infiltration and plastic embedding, thin sectioningor this reason, the specimen preparation was
closely supervised by Mrs. Priscilla Gasho also assisted the microscope operation angéma
acquisition. Over the last decades, the followirrgppration method had been successfully
established for the investigation of the intradalifate of gold nanoparticles within biological
cells at the UofA Medical/Dentistry E.M. Unit (Ch&889).

First, MCF-7 cells were plated on ACLAR® UItRX 208Wm placed at the bottom of a culture
dish. The attached cells were exposed to gold retioles according to the uptake procedure as
described above (Section 5.1.2.). After the nanagbaruptake, the cells were immediately fixed

3Mrs. Pricilla Gao, UofA, Department of Oncology,d8s Cancer Institute, Edmonton, Alberta, Canada,
2016 Contact Information: Phone: 1-780-432-8458) &k pgao@ualberat.ca
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in 2% (v/v) paraformaldehyde in 0.1 M phosphatefdrufo halt any cellular activity without
altering the integrity of the intracellular structs. After fixing, any internalized gold
nanoparticles and their positions within the hgsttompartments were ultimately preserved. The
treated cells were rinsed with a buffer solutiod @ost-fixed in 1% osmium tetroxide (OgGn
buffer. By embedding heavy elements directly infadl parts, osmium tetroxide also acts as a
contrast enhancer for cellular membranes. The eall® rinsed with the buffer one more time,
incubated in freshly prepared 1% carbohydrazidetswl, and rinsed three times with distilled
water. Again, the cells were incubated in the 1%0buffer and subsequently rinsed with
distilled water. After that, the fixed cells werehydrated through a graded series of ethanol
solutions with concentrations ranging from 30% @9%. Dehydration using an organic solvent
eliminates the water from the cells and prepares#imple to be embedded in a resin which is not
miscible with water. A series of solutions conta@i33%, 50%, and 66% of Spurr's (EMS,
#14300) in ethanol was applied to embed the speciiftgen, the infiltrated cells were transferred
into a beam capsule filled with 100% Spurr's andiymperized overnight. For the next step,
ultrathin sections less than 50 nm thick were dtt an ultramicrotome. All sections were placed
onto specimen grids and post-stained with 4% urangtate and 1% lead acetate for increased
contrast before finally washed with distilled wat®&oth acetates interact with the osmium
tetroxide and enhance the contrasting effect fovide range of cellular structures such as
ribosomes, lipid membranes, and other compartmeitie cellular cytoplasm. Finally, TEM
images of the stained specimen were acquired tsagOEL 2100 operated in bright-field mode
at 80 kV.

Because any specimen preparation can lead to @uafgroducts in the object, it is genuinely
recommended to study several control groups bedoedyzing the intracellular distribution of
gold nanoparticles. The use of osmium tetroxidejristance, creates lipid membranes which are
highly electron dense. A thorough understandinthefimages is essential to clearly identify and
distinguish cellular structures such as cell nuglemitochondria (Fig. 5.1A). These sub-cellular
structures clearly stand out due to the high edectiiffraction contrast. A common mistake in the
localization of intracellular gold nanoparticlestivtheir high electron density is demonstrated in
the second control image (Fig. 5.1B). Contrast-ankd ribosomes with an average diameter of
20-30 nm — observable as black spots in mitochandrican be falsely identified as gold
nanoparticles. For the detection of intracellulaldgnanoparticles with an expected diameter in
the scale region, it was of utmost importance te out any ambiguity error.

As shown, spherical gold nanoparticles were sutgisgdentified among cellular compartments
across all specimens (Fig. 5.1C-H). At differentage resolutions, the internalized gold
nanoparticles were distinguishable from cellulaucures due to their high contrast and their
distinctive accumulation pattern. The internaliaatiof nanoparticles was particularly evident
within cytoplasmic vesicles. Internalization withgellular components such as nuclei or the
cellular cytoplasm could not be confirmed, but $raatounts of nanoparticles were found at the
cell membrane. A closer look at the TEM images atwvethat the glucose-capped gold
nanoparticles tended to cluster (Fig. 5.1F-G). The$erogeneous accumulation was observed
with high frequency across all investigated speaisneA potential translocation of gold-
containing vesicles towards specific cellular strixetures such as mitochondria or the cell nuclei
could not be confirmed in this work.
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R Avx

Figure 5.1 Intracellular distribution of gold nanoparticlesthin MCF-7 cells. (A) The first control image
displays part of the cell nucleus including the laolus and a few mitochondria. (B) Black spots desi
mitochondria visualize ribosomes. (C-H) Gold namtipkes internalized within cytoplasmic vesicles ar

visualized at different magnification levels.
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Once added to the culture medium, gold nanopastitlight be subject to multiple processes (e.g.
formation of a biochemical corona) and may alrefiyn clusters before they actually approach
the cells (Monopoli et al. 2011). The observatibmanoparticle clusters supports the occurrence
of pre-internalization interactions among the et (Fig. 5.1F-G). However, the observed small
distance between the clustered gold nanopartiaheicdtes the presence of a rather thin
nanoparticle surface coating made of low-densitmponents (Fig. 5.1H). This result conflicts
with the formation of thick protein coronas or npadicle clusters appearing before the actual
uptake process. Instead, the organization of galdoparticles in clusters within cytoplasmic
vesicles might be the result of a post-uptake nartmte arrangement within the cells (Fig. 5.1C-
D). Subsequent studies might reveal deeper insigittsthe intracellular distribution of gold
nanoparticles.

The preferred accumulation within cytoplasmic viesicsupports the hypothesis that the cellular
uptake of gold nanoparticles mainly occurred via eadocytic pathway. The lack of gold
nanoparticles within the cytoplasmic solution camf this assumption. In contrast to the active
endocytosis machinery, a passive internalizationohaeism based on a diffusion process through
the outer cell membrane should result in obsermatiaf a certain amount of free-floating gold
nanoparticles. It should be mentioned, howeveri fee-floating nanoparticles within the
cytoplasmic solution could be subject to an unwamemoval from the specimen during the
preparation process with its numerous fixing anghirag steps.

For gold nanoparticles with a diameter of 13 nmagatytosis has been identified as the active
cellular mechanism for the internalization (Miroaagt al. 2010). In this specific endocytosis
process, gold nanoparticles that are bound to thface receptors are engulfed by the cell
membrane to form internal vacuoles (i.e. phagosymidgtake kinetics via phagocytosis may
strongly depend upon the nanoparticle ability féude through the culture medium and to bind to
surface receptors. For this reason, the nanoparsisiface biochemistry is expected to play a
significant role in the active internalization maaism. Instead of receptor-mediated endocytosis,
nanoparticles floating in the culture medium casoabe internalized via pinocytosis. This “cell
drinking” mechanism takes extracellular fluids byrrhing an invagination followed by the
formation of small vesicles. When pinocytosis is firimary uptake mechanism, the uptake rate
might be raised by increasing the concentratiogaddi nanoparticles in the direct vicinity of the
attached cells. At this point, further experimeatge required to identify the primary uptake
mechanism, as this TEM examination has not beeigriss for providing detailed information
about the occurring endocytosis machinery.

The acquired TEM images with magnifications of ®0,&nd 100,000 (scale bars representing a
length of 100 nm and 50 nm) were further analyzedig¢termine the size distribution of the
internalized gold nanoparticles. For this charazééion, the particle diameter was measured in
units of pixels using the GNU Image Manipulatiorogiam (GIMP) measure tool capable of
determining the distance between two pixels ingiven TEM image. The particle diameter was
determined by measuring the distance between thefuwhest pixels associated with a single
nanoparticle on the horizontal level (i.e. the anlgktween the two pixels was zero). After that,
the distance was compared to the maximum pixedudlcst for the imprinted scale bar which acted
as reference. The established size distributionthaf internalized gold nanoparticles was
visualized in the form of a particle diameter fregay histogram (Fig. 5.2).
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Figure 5.2 Particle diameter histogram of thio-glucose gadehaparticles internalized within cytoplasmic
vesicles. The computed Gaussian distribution (blaxe models the shape of the histogram.

The particle diameter distribution was modelledHwy following probability density function P(x)
of the standard Gaussian distribution using Matha'a non-linear fitting algorithm:

_ Ad % _ (X - ”)2
P(x) = (o_m) exp< —( 20)2 >

In this equation, the mean(nm) represents the center of the symmetricaléywst curveg (nm)

is the standard deviation, and @) is the amplitude coefficient. For a direct garison with the
measured particle size frequency histogram, thepataad Gaussian distribution is plotted on top
of the histogram (Fig. 5.2). All obtained fit reu(Tab. 5.1) are in agreement with the expected
nanoparticle diameter in accordance with the agppeeparation method capable of forming
glucose-capped gold nanoparticles with an averagmeder of about 11 nm as determined via
TEM and Dynamic Light Scattering (Kong et al. 208®a et al. 2011).

Table 5.1Fit results for the size distribution of interrzald gold nanoparticles.

Parameter Estimate Standard Error P-Value
Ag 25.2 1.7 5x 18

o 1.14 0.09 2x 10
11.61 0.09 5 x 107

To estimate the concentration of functionalizeddgmnoparticles in the fabricated gold colloid, it
was first necessary to calculate the number of storma gold nanoparticle with a given particle
diameter at first. Assuming perfectly sphericaldgyohnoparticles with a density identical to the
bulk density of goldg,.. = 19.3 gcriv), the total mass of the gold nanoparticle WMth a diameter
of p = 11.6 nm was derived by considering the nartigde volume V, in accordance with:

M,, = V., X pa, = 1/67 ° X p,, = 1.57 x 10" g
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After that, the average number of gold atoms peoparticle N, was estimated by dividing the
mass of a single gold atom (M 3.27 x 10% g) from the total mass of a nanoparticle with a
diameter of 4 =11.6 nm (Liu et al. 2007):

N, =M,/ M, = 4.8 x 18 atom/np
The concentration of gold nanoparticles in the Isggized colloid was finally calculated:
Cw = Gum/ Ny = 5.0 x 167 np/mL

Using Avogadro’s constant with,Ne 6.022 x 18 mol™, the nanoparticle concentration can be
expressed as,& 8.3 nmol/L. This result agrees with the nandplriconcentrations as presented
by the collaborating partners of the BINARY reséagroup. A similar cell exposure to “15

nmol/L” had been recently applied (Roa et al. 20Mbile several authors mentioned cell
exposures to “15 nmol” of gold nanoparticles (Zhatgal. 2008; Kong et al. 2008; Roa et al.
2009). Also, the most recent ICP-MS results gaibgdHao et al. reconfirm the calculated gold
nanoparticle concentration as presented in theedistion (Hao et al. 2012).

5.2. Toxicological Assessment

Over the past decade, the biological character @tl gnanoparticles has been evaluated
extensively bothn vivo andin vitro (Alkilany & Murphy 2010; Lewinski et al. 2008). Esting
literature presents conflicting data which can asdlp attributed to the extensive yet unsystematic
approaches. Various cell lines had been used andahoparticle properties such as size, shape,
and surface properties differ unsystematicallyordy among studies, but sometimes even during
single assessments. Because of the chemical itactianoparticles made of gold are generally
expected to exhibit a biologically inert characteven if stable nanoparticles may create certain
levels of stress, it is not precluded that the oence of interactions at the nano-bio interface
remains undetected and do not trigger observalslgorese mechanisms. In this way, each gold
nanoparticle sample has to be tested for its bipatiility within the scope of the intended
experiments.

Mass spectroscopy measurements can determinettientmnber of gold nanoparticles within a
given sample, but this disruptive method lacksahdity to differentiate between nanoparticles
that have been successfully internalized and tlloge have merely attached to the outer cell
membrane. Quantifying the average number of intizeth gold nanopatrticles for a single entity
can only produce vague results and, in the worsé,canay not even reflect the actual situation
within the cells. On the other hand, the volume afell-characterized gold colloid added to the
culture medium provides the required informationréproduce the experimental conditions
across multiple assessments. For this reason, dhene of colloidal solution was used as a
representative of the concentration of gold nanapes applied to the targeted MCF-7
population.

In the following toxicological study, the cellulaesponse of MCF-7 cells to being exposed to
functionalized gold nanoparticles was quantified MJT assessments. Toxicological studies
based on MTT conversion are commonly performed 6aAvBll plates. The first assessment
intentionally mimicked these conditions and test¢@F-7 cells seeded in 96-well plate with a
concentration of I0cell/well to a total volume of 200 uL. The cellere allowed to attach to the
bottom of the well while being incubated. On thextnday, the cells were exposed to a
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consecutive series of gold concentrations in a@ure with the nanoparticle uptake procedure.
Despite increasing the volume of gold colloid adtiedhe culture medium, the total volume of
the mixture in each well was kept constant (200. |8gveral control groups were treated with
identical volumes of PBS instead of gold colloideixclude that the applied volumes of culture
medium within the wells alone influence the celiw#ability. After the exposure, the mixtures
were aspirated from each well, the cells were cdlgeivashed with 100 pL PBS and finally
maintained in 200 pL fresh culture medium. Theuwatlviability was assessed after three MCF-7
doubling times (87h) during which the cells prai#eed undisturbed under the cell line-type
specific culture conditions. At the study’s end+gpifinal analysis was conducted in accordance
with the manufacturer's standard MTT protocol (&ection 3.2.). The results are shown in
Figure 5.3A and Figure 5.3B with each displayeddaiint representing the mean and standard
deviation of five independent measurements.

The second toxicological assessment was a clon¢heffirst assessment with one major
exception: instead of 96-well plates, Falcon 353@€ll culture dishes were used as culture
vessels. MCF-7 cells with a concentration of @éll/dish to a total volume of 2 mL were seeded
and subsequently incubated. On the next day, tHe were exposed to a series of mixtures
consisting of either gold colloid or a bufferedadglucose solution BTS in culture medium. The
culture dishes were incubated for 3h in accordavitie the procedure above. Next, the mixture
was removed; the remaining cells were washed wittLlof PBS and finally maintained in fresh
culture medium for 87h. In this assessment, thuleelviability of each cell population was
quantified in accordance with the modified MTT pratl (see Section 3.2.1.). The results are
shown in Figure 5.3C and 5.3D with each displayata ¢hoint represents the mean and standard
deviation of four independent measurements.

The results imply that the treatment of MCF-7 callth gold nanoparticles did not influence the
cellular viability (Fig. 5.3A). The viability ratesemain unchanged over a wide range of gold
nanoparticle concentrations in the culture meditiee (maximum ratio of gold colloid to culture
medium was 1:4). This observation confirms thedgaally inert character of glucose-capped
gold nanoparticles for the tested MCF-7 cell lifike integrity of toxicological viability studies is
guestioned by the assumption that the internaligetd nanoparticles may influence the
conversion of MTT salt into formazan crystals. Nitredess, the relative standard deviation of
about 20% was comparable to the error usually seHién standard MTT procedures. For this
reason, the obtained results confirm the assumphiainthe internalized gold nanoparticle did not
interact with the reactant or the reduced prodistpure 5.3.B shows that reduced concentrations
of the culture medium did not affect the integrity the viability assessment based on the
reduction of MTT into formazan. Neither did the ggace of PBS increase the relative error of
the standard method.

Assessing the cellular viability of nanoparticlegted MCF-7 cells maintained in culture dishes
rather than small wells produced very similar res(iFig. 5.3C). The viability rates are almost
constant for colloid-media ratios up to 1:5. Theti@d data set also visualizes the increased
precision of the absorption measurements. Theivelatandard deviation of four independent
measurements is about 10%. An increased concemirati sugar-molecules in the culture
medium presumably supports the metabolic activiith wotential influence on the cellular
conversion of MTT into formazan (Vistica et al. 199To verify this statement, culture medium
enriched with thio-glucose diluted in a phosphaiéidyed solution (BTS) was used in the final
experiment. Here, the concentration of glucose Tis Bvas comparable to the concentration of
glucose in the functionalized gold colloid. Howevadding high concentrations of thio-glucose to
the culture medium did not mediate any cellularctions responsible for the conversion of MTT
into formazan crystals (Fig. 5.3D).
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Figure 5.3 Toxicological assessments. Standard assessmegilsta€ viability of MCF-7 cells exposed to
(A) glucose-caped gold nanoparticles or (B) PB®niedium. Modified assessments: Cellular viability of
MCEF-7 cells exposed to (C) glucose-capped gold partizles or (D) buffered thio-glucose solution &T
in medium.

Reduced cell culture volumes did not affect thegdnity of the toxicological assessments based
on the conversion of MTT by viable MCF-7 cells. tieir did the presence of increased amounts
of glucose in the culture medium stimulate theutatl reduction of MTT. Although the presented
toxicological study is not entirely completed y#te gained information supports the statement
that the available functionalized gold colloid whaghly biocompatible. Also, internalized
glucose-capped gold nanopatrticles diluted in theeiimedium did not interfere with the cellular
reduction of MTT into formazan.

5.3. Nanoparticle-Mediated Cellular Response to D&ting Conditions
Although the toxicological assessment indicates tha internalization of glucose-capped gold
nanoparticles did not affect the cells, the presasfayold nanoparticles must be considered as an
additional parameter to the number of experimentalables that define the final irradiation
experiments. Complei vitro irradiation studies are accompanied by experimesiggls which
can create stress-related or even disrupting sfi@ctthe living tissue. For example, during the
sample transportation from the biology laboratarythie irradiation facility, the environmental
conditions vary strongly and may induce certaiessr It is of the utmost importance to clearly

“The University of Saskatchewan Life Science Buiigimlocated at the south end of the campus whée t
Canadian Light Source is located about 25 walkiimgutes further north. In Saskatoon, the local
temperature can drop below -25°C from November iteirch.
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identify and control all experimental parametersl ao eliminate factors that may potentially
influence the cellular behavior with distressing®eequences on the final outcomes.

The following simulation evaluates the impact aemmalized gold nanoparticles during a plain
sample transportation. The sample transportation deiberately executed without the use of
proper cell culture equipment which otherwise pdegi optimal cell type-specific culture
conditions. Here, the environmental culture condgi available in the laboratory fume hood (i.e.
RT, air) were used as a test atmosphere to obsenveellular mechanisms triggered by the gold
nanoparticles in a possibly inadequate experim@mtaledure. For this test, a first group of MCF-
7 samples was prepared {I&ll/dish in 35 mm culture dishes) and treatechvi@®0 pL gold
nanoparticles in accordance with the nanopartiptake procedure described above. The second
group of the MCF-7 samples (sham control) was eéckatith culture medium devoid of the
nanoparticle solution.

At this point, the experiment was split into twartsaln the first session, both types of MCF-7
samples (with or without gold nanoparticles) werged either in the incubator (characterized by
environmental conditions of 37°C and 5% L& humidified air) or in the laboratory fume hood
(RT, air) for 2h. In the second session, MCF-7 daswith and without gold nanopatrticles were
stored either in the incubator or in the fume htmdan extended period of 5h. All samples stored
in the fume hood were covered with aluminum foiptotect them from incident light. After the
exposure to the deviated environmental conditiewgry sample group was then placed in the
incubator and allowed to proliferate undisturbedtfosee MCF-7 doubling times (87h). After the
post-exposure incubation phase, the cells wereekted using 500 puL Trypsin and 1.5 mL of
culture medium and, after centrifugation and resasfn, homogenously reseeded in five wells
of a 96-well plate. The plate was incubated fortheon24h to allow cells to attach to the well
bottoms. The viability rate of each sample waslfinassessed in accordance with the standard
MTT protocol. Each experiment was performed in qupkéts.

Figure 5.4 illustrates the cellular viability rates the MCF-7 samples (with and without gold
nanoparticles), which were exposed to the diffeeeironmental culture conditions for 2h. The
incubated MCF-7 cells treated with gold nanopagticdhowed a slightly reduced cellular viability
rate of 93% as compared to the particle-free corgroup. Compared to the toxicological
assessment discussed in the section above, thesvabisn indicates that the presence of gold
nanoparticles did not influence the cellular bebeduring trypsinization, cell centrifugation, or
other involved cell transfer steps. In contrasttipie-free MCF-7 cells suffered when exposed to
the environmental conditions available in the fuhwod as illustrated by the reduced cellular
viability rate of 79% compared to the incubatedtipk-free control group. Although the treated
cells were allowed to recover for three doublimgds, the exposure of MCF-7 populations to the
environmental conditions in the fume hood for 2hstrhe recognized as a strong cellular stressor
with consequences on the cellular viability. Thepanse of MCF-7 cells maintained at a
temperature below the cell type-specific 37°C migliige from a simple inhibition of cell
proliferation (cells “go to sleep”) to severe ldtefects which may be responsible for triggering
a programmed cell death. Slight changes in the fotHeoculture medium were observed after the
exposure to the laboratory conditions. However,rtiigor shift to a more acidic pH value (pink
phenol red has a minor orange color tone) coulddggected when compared to the pH change
caused by the production of waste products witlie or two MCF-7 doubling times under
standard incubator conditions. At this point, thederlying mechanisms responsible for the
reduced cellular viability was not further invesiigd. The gold-enriched MCF-7 cell populations
that were subsequently exposed to the unfavorableommental conditions exhibited an even
further reduced cellular viability rate of 68%. Ndheless, the difference to the viability rate of
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the particle-free MCF-7 sample maintained outside incubator remained statistically non-
relevant.
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Figure 5.4 Cellular response to deviated environmental celttonditions (2h). The cellular viability of
particle-free (white bars) and particle-contain{ggey bars) MCF-7 populations are shown as a fanati
the environmental conditions.

The same trend was observed in the second assddsmérich all samples were exposed to the
different environmental conditions for 5h (Fig. b.Bs done before, all samples were allowed to
recover from any potential stress factors during d@pplied post-treatment incubation phase of
87h. As long as the samples were properly maindaimeder the cell type-specific culture
conditions, the internalization of glucose-cappettlghanoparticles did not cause any viability-
reducing effects. The measured viability rate 056%00f the particle-containing MCF-7 cells
reconfirms the previous observation that the irglized gold nanoparticles did not influence the
cellular behavior regardless of whether the adhereltls undergo potentially stress-related steps
such as a change of culture vessel. In contrast,estposure of particle-free MCF-7 to the
environmental conditions in the fume hood led teduced cellular viability of 73%. After 5h in
the fume hood, MCF-7 cell populations treated vgthd nanoparticles exhibited a significantly
reduced cellular viability of 54%. Compared to tharticle-free MCF-7 sample stored under
identical yet deviating environmental culture cdiudis, the viability reduction is statistically
relevant this time.

As demonstrated in this study, the exposure ohd¢jwells to standard laboratory conditions can
generate misleading experimental results which th#rio reflect the true results obtained from
the treatment to ionizing radiation alone. The ot of cellular viability for particle-containing
MCEF-7 cells maintained under the alternating ermimental conditions (68% after 2h and 54%
after 5h) must not be neglected. It is highly renmnded to verify each sample handling
procedure and its appropriateness ifowitro irradiation studies. Cell cultures are sensitive t
changes of their microenvironment such as fluotwatiin temperature, pH value, nutrient, and
waste concentrations. As illustrated, slight défezes in the environmental culture conditions can
become a serious stressor with impact on the eellddbility of the tested population. Now, the
occurrence of internalized gold nanoparticles emediates the cellular response to deviating
environmental conditions.
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Figure 5.5 Cellular response to deviated environmental celeonditions (5h). The cellular viability of
particle-free (white bars) and particle-containifggey bars) MCF-7 cell populations are shown as a
function of the environmental conditions.

The observed effect could be the origin of mislegdnterpretations and final assumptions about
the potential improvement effectiveness inducedhigytested enhancement agent. To circumvent
these obstacles, meaningful studies must guardhte@bsence of any nanoparticle-mediated
cellular response to deviations from the optimal @e-specific culture conditions. The same
measures must be taken in advance to avert posaibleading results induced by any clearly
identified or undiscovered stress factor. To obiaiadiation results reflective of the radiation-
induced biological effects only, it is a necessityninimize the number of stress factors — known
and unknown — which, at the end, is equal to mining the number of experimental parameters
of the applied irradiation procedure.

5.4. Irradiation Study Using 20.0 keV X-rays

Because the photon attenuation coefficient ratigadfl and soft tissue peaks at around 20 keV,
this x-ray energy is accepted an anchor point f@ryekind of systematic X-ray investigations
about the role of gold nanoparticles in radiatiberapy. Now, to evaluate the role of gold
nanoparticles in radiobiological studies in a stifexally adequate way, a well-documented and
verified experimental procedure is a prerequisite.

The following procedure had been applied in thédedion study for the irradiation system using
11.9 keV x-rays (Section 4.3.). The novel synclumdbased irradiation system (Section 4.2.)
enabled the treatment of living cell cultures whalliferating undisturbed and uninterrupted
under the cell line-specific conditions. The magtifiMTT protocol was applied to quantify the
cellular viability of entire cell populations maaihed in dishes also used as irradiation vessels
(Section 3.2.1.). A valid transportation strateggdhto be designed to provide optimal
environmental conditions during the sample transfeand from the biology laboratory and the
sample storage while at the radiation facility .site

5.4.1. Experimental Procedure
The portable incubator G95 by K-Systems generatiégghde environmental conditions within the
incubator chamber for the transport and storagbuofian cell lines (K-Systems 2013). In this
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study, the incubator was equipped with up to fieatg blocks, each of them manufactured to
hold two Falcon 353001 culture dishes. The heatitarks were stored in the laboratory
incubator. The portable incubator chamber was glrggh pre-mixed gases through a quick-
snap valve at the rear side. Two gas cylinderseelbcated at the CSL or connected to the BMIT
gas line, provided a pre-mixed gas of 5%,@®air as required for the proper handling of hama
cell lines. The atmospheric humidity level in timeubator chamber was artificially raised using
autoclaved water. The water was preheated to 3HCpaured into two culture dishes. The
dishes were placed on top of the heating blockkstaside the incubator chamber. During
operations, evaporated water created the desireddity within the chamber. High gas flow
rates during the purging procedure can lead to tisnthanges of the culture media causing
heavy impairment of cellular viability and irrevidaie loss of cellular function.

To evaluate the suitable gas output pressure, atdn®CF-7 populations with a cell
concentration of 1Dcell/dish in 35 mm culture dishes were used as damples. For every
sample group, four culture dishes were loaded timtowarming blocks which were immediately
stacked inside the portable incubator chamber.chaenber was closed and purged with the pre-
mixed gas using various output pressures. After gheging procedure, the chamber was
completely sealed. After one hour the dishes wenesterred to the laboratory incubator where
the cells proliferated for 87h. The resulting vidgbirates as a function of the output pressure
were finally assessed in accordance with the medlifiTT protocol. Once the operational
pressure range was determined, samples of MCF{7poellations were transported to the
radiation facility site. At the BMIT gas line, thiecubator chamber was opened for 2 min, closed,
and subsequently purged. This procedure was repéabe times every 15 min. The portable
incubator was then purged, properly sealed, andrretl to the CSL where all MCF-7 samples
were incubated for 87h. The cellular viability wasantified in accordance with the modified
MTT protocol. The obtained viability results arengmared to two control groups. The first control
group remained in the laboratory incubator under dell type-specific culture conditions
throughout the experiment. The second group wasdto the fume hood for one hour and acted
as a positive control. The obtained results arplaygd in Figure 5.6 with each bar representing
the mean and standard deviation of four indepenaeaisurements.

Purging the incubator chamber with an output pmessii 1 bar (bar 2 in Fig. 5.6) resulted in a
viability rate of nearly 98% compared to the indgolacontrol group. However, the relative
standard deviation of 7% is larger than the retatitandard deviation of 3% as calculated for the
control group, though. Deeper investigations reagtdhat the viability rate for this sample group
gradually decreases with the stack position inside chamber with the highest viability rate
measured for the block at the bottom. The smaliesbility rate was measured for the cell
population placed in the top warming block. Thiselvation led to the assumption that osmotic
changes of the culture media gradual decreaseethdar viability; however, a decrease of the
temperature in the portable incubator had to besidened as well. Both gas containers (at the
CSL and BMIT) are stored at room temperature. ltolwious that purging decreases the
temperature in the portable incubator chamber timtiltemperature sensor re-activates the built-
in heating element. Before the conditions insidedhamber return to the defined temperature of
37°C, the cells may experience a certain stressechby the inappropriate culture environment.
Nevertheless, a reduced output pressure to 0.8uzaessfully eliminated the gradual decrease of
cellular viability. Even though the viability raiacreases to non-relevant 104% (bar 3) when
compared to the incubated control group, the redadtandard deviation of 3% is almost equal to
the standard deviation of the control group. Furtlitre, the viability rates are randomly
distributed around the overall mean and do not igeany information about the stacking
position inside the chamber. Apparently, reducihg butput pressure to 0.5 bar allowed the
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incubator to maintain the pre-defined temperatakell As a consequence, the regulator output
pressure and the gas panel pressure at the BMITingawere set to 0.5 bar. The viability rate of
MCEF-7 cells transferred to and stored at the ramfiatacility (labelled “BMIT”) is identical (bar

4) to the viability rate of the incubated controbgp. The relative standard deviation is about 5%
and the viability rate for each individual cell poation is randomly distributed around the mean
value (not shown). To visualize the significancetttéd established transportation procedure, the
viability rate of nanoparticle-free MCF-7 cells d in the fume hood (“Hood”) is also plotted.
The cells exhibited an essential reduction of Vighiate to 89% within one hour when compared
to the incubated control group. This result is gre@ment with the observations made in the
previous section (Section 5.3.) and demonstratesirtiportance of a sample-oriented transfer
strategy. Overall, the developed infrastructurevigles optimal environmental culture conditions
for the transportation and storage of MCF-7 celices outside the laboratory incubator.

110

T
—

105
0o —F | ! I
1

90 T
85|

Viability Rate (%)

80

75

70 E

Control ~ Port.Inc.  Port.Inc. BMIT Hood

Sample Storage Location (1h)

Figure 5.6 Verification of the sample transportation strategige cellular viability is shown as a function
of the storage location. The influence of the ragul output pressure on the cellular viabilityligstrated
by bar 2 (labelled: Port.Inc; pressure: 1 bar) dad 3 (labelled: Port.Inc; pressure: 0.5 bar). Bar
represents the positive control group (labelledodjo

The established transportation strategy closedgéqe in an experimental procedure for the
treatment of cell cultures at synchrotron beamlifddse entire MCF-7 sample cycle, beginning

from the sample preparation until the final anayss illustrated in Figure 5.7. At the beginning,

the samples are prepared using 35 mm cell culishesd under the conditions in the fume hood at
the CSL. (Fig. 5.7A). The properly attached MCFellcan subsequently be treated with gold
nanoparticles (Section 5.1.3.). Next, the sampdeshe transferred to the radiation facility under
the cell-type specific conditions provided by tlaenple transportation system (Fig. 5.7C). At the
BMIT facility site, the cell cultures remain in tipertable incubator chamber until they are placed
onto the sample holder of the irradiation systendescribed in Section 4.2.1. (Fig. 5.7D). The
irradiated culture dishes are temporarily storedht portable incubator and, once the batch of
samples is finished, immediately returned to tlwdgjy laboratory (Fig. 5.7E). Here, the cells are
allowed to proliferate undisturbed for a pre-definpost-treatment phase in the laboratory
incubator (Fig. 5.7F). After that, the viable celisthe irradiation vessel convert the yellow MTT

salt into purple formazan crystals which are subsatly dissolved in DMSO as described in full
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detail in Section 3.2.1 (Fig. 5.7F). At the endg tlabsorbance of a given sample is
spectrophotometrically quantified as describeddnti®n 3.2.1. (Fig. 5.7G).

The proposed irradiation procedure eschews cealsteas between different culture vessels. A
single 35 mm culture dish serves as sample comtéimeughout the entire synchrotron-based
irradiation experiment. In addition, the biologicallls are uninterruptedly maintained under their
cell type-specific culture conditions during theiencourse of the experiment. The nanopatrticle
uptake procedure remained the only “disturbancejeernced by the cells — besides the
treatment with keV x-rays. The number of experiraéparameters is consequently reduced to an
absolute minimum. The probability that unidentifiadd uncontrolled variables influence the
cellular behavior should be negligible when comgate previously executed irradiation
procedures at synchrotron beamlines. Due to thetighly developed experimental protocol, any
disturbances in the sample handling procedure eamimediately identified. Deviations from the
optimized procedure can be detected at once gihiagiser the ability to initiate correctional step
even during experimental sessions.

The overall high quality of the MCF-7 11.9 keV dessponse curve (see Section 4.3.) already
demonstrated the suitability of the protocol whigltapable of producing results within less than
a week including the sample preparation, nanopartiptake, monochromatic irradiation, and
final assessment.
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Figure 5.7 Irradiation procedure for MCF-7 cell cultures ntained in 35 mm cell culture dishes. (A) The
procedure begins with the sample preparation utideconditions in the fume hood. (B) The attacheltsc
can be treated with gold nanoparticles. (C) The pdasn are maintained under cell type-specific
environmental conditions during the transport atwlage at the radiation facility. (D) The culturistdes
are scanned horizontally through the monochronegi¢ x-ray beam at BMIT-BM and (E) returned to the
laboratory. (F) The irradiated cells are storethim laboratory incubator. (G) The viable cells cetWTT
salt into purple formazan crystals subsequentlgati®d in DMSO. (H) The procedure ends when the
amount of dissolved formazan is spectrophotomelyicaantified.
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5.4.2. MCF-7 Dose-Response Curve for 20.0 keV X-ray

The following study relied on the verified proceeuvhich was already applied to collect the first
11.9 keV dose-response curve for the breast carmledine MCF-7 (see Section 4.3.). The
resulting cellular viability as a function of theltvered surface dose is illustrated in Figure 5.8A
In contrast to the 11.9 keV x-ray dose-responsge;wgach data point represents the mean and
standard deviation of either two or three indepahaeeasurements due to contamination issues
in the laboratory. As a consequence, the relatisadsard deviation varies strongly among the
collected data points. However, the shape of th® R8V dose-response curve is similar to the
shape of the 11.9 keV curve. As already observedhie 11.9 keV dose-response curve, the
assessed viability decreases as the dose incrieages clinically relevant dose regiog 2 Gy).
The irradiation of MCF-7 cells with 2 Gy of 20.0\ke&-rays reduces the viability rate to 60%. In
contrast to the 11.9 keV x-ray dose-response cuineeeffectiveness of 20.0 keV x-rays became
less dose-dependent beyond 2 Gy while the meaqiatelau is significantly elevated. With
increasing radiation energy, the ratio of photonteracting with soft tissue via Compton
scattering increases and becomes dominant at aBfukdV. The elevated curve plateau for 20.0
keV x-rays compared to 11.9 keV x-rays might bela@red the increasing contribution of
scattering effects compared to photoelectric alignrp It should also be noted that the
transmission of 11.9 keV x-rays in the culture diglitom (75.2%) is significantly smaller than
for 20.0 keV x-rays (86.5%) as discussed in Secich4. The low plateau at 11.9 keV may
indicates that the attenuation of photons in theh diottom may create certain effects (e.g.
emission of low-energy electrons) that add up ® shrface dose induced by the therapeutic
radiation. Culture dishes with bottoms made of tayers of Mylar or Kapton would reduce the
attenuation of photons drastically. Further studievarious energies may resolve whether the
raised plateau can be related to the interactighesbpeutic photons within the living cells or the
material placed in front of the targeted tissue.

Again, optical microscopy examinations did not detany histology modifications for the
continuously proliferating cells even after theatraent with 10 Gy. The absence of any stress-
indicators at the cell surface supports the hymithihat a relative large fraction of MCF-7 cells
can be characterized as radioresistant. While rtate half of the tested MCF-7 population were
radioresistant to 20.0 keV x-rays, the same MCRopuation showed a rather radiosensitive
character for the exposure to 11.9 keV X-rays &esetion 4.3.).
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Figure 5.8 Dose-response curve for the MCF-7 cell line exddsemonochromatic 20.0 keV x-rays. (A)
Cellular viability as a function of the deliveredrface dose rate and best fit curve (black ling).Residual
plot and standard errors.
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In accordance with the fit process described al§sge Section 4.3.), the relationship between the
viability rate VR(D) and the surface doses vas sufficiently described by the following
normalized first-order exponential decay function:

VR(DS) = EXF(—(XVDS) + Bv

Again, a, (Gy™) is the rate constant arfid (%) describes the plateau-like behavior at theeupp
end of the dose range. Table 5.2 summarized thainalst parameters for the best fit. The
mediocre quality of the collected data set is medoin the large P-value for the rate constant, but
the random distribution of both positive and negatiesiduals (RES = VR...— VR SUGQESLS
that the survival data does not differ systemdyidabm the phenomenological model (Fig. 5.8B).

Table 5.2Fit results for the MCF-7 dose-response curvedad ReV.

Parameter Estimate Standard Error P-Value
oy 0.82 0.36 6 x1G
By 0.57 0.02 2 x18

Because of the exponentially decaying shape oM8&-7 dose-response curves for both photon
energies, the largest viability changes occur enlthw dose region. After a characteristic surface
dose of about 4 Gy (11.9 keV) or 2 Gy (20.0 ke¥g cellular response to the ionizing radiation
was nearly constant with respect to the delivereskedas illustrated by the broad plateau in the
corresponding survival curves.

According to the physical rationale, the emissiboger electrons and the following deposition
of additional energy in the vicinity of the intelizad gold nanoparticles is the primary
mechanism responsible for an enhanced radiothetiapeftectiveness of keV x-rays. However,
the verified exponentially decaying pattern in tlese-response curves implies that the ratio of
radiosensitive cells in the irradiated populati@tréases drastically with increasing dose levels.
In the dose region characterized by a plateaudiskility, the majority of cells associated with a
certain radiosensitivity have already lost thetegrity to proliferate while only those cells which
showed a highly radioresistant behavior continuedwing after the treatment. Secondary
radiation should be less effective in generatingnalging effects in the latter group which is
characterized by invulnerability to ionizing raditet. On the other hand, an increased local dose
and the appearance of additional damaging efféwiald create a significantly elevated level of
stress for cells which tend to respond radicalliotozing radiation. As a consequence, the impact
of the gold nanoparticles on the cellular integtityproliferate after irradiation might depend on
the level of applied radiation dose with any nambga-induced effects only being detectable in
the low dose region. Based on these implicatiomstaa circumstance that fractionated clinically
dose levels are usually set below a dose level Gfy2the following gold nanoparticle study
focused on the lower dose region around the detenniose threshold for 20.0 keV x-rays.

5.4.3. The Ineffectiveness of Gold Nanoparticles 4tGy

In the first irradiation experiment, MCF-7 cellgated with and without gold nanopatrticles were

exposed to 1 Gy of monochromatic 20.0 keV x-rayse Manoparticle uptake was performed in

accordance with the established protocol (see @e&il.2.). In this assessment, a consecutive
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series of colloid volumes ranging from 0.2 mL tanL was applied to the prepared MCF-7
cultures. The established irradiation proceduredescribed in Section 5.4.1., provided the
important cell type-specific culture conditions itigr the experiment. The results for the first
assessment are displayed in Figure 5.9 with eatzhptant representing the mean and standard
deviation of four independent measurements. Theageerelative standard deviation of less than
10% reflects the overall high quality of the cotkst data set. The small error bars display not
only the overall high precision achieved by the ified MTT assay, but also indicate the
importance of an experienced sample handling freparation, transportation, and assessment)
for the production of credible data sets.

In this assessment, particle-free MCF-7 cells ezga® 1 Gy of 20.0 keV x-rays exhibited a
decreased viability rate in accordance with theedesponse curve presented above (Section
5.4.2). The cellular viability rate of about 64%a(l2) was lower than the rate of about 83% as
measured for the dose-response curve, but justtisligpwer than the 75% as calculated from the
fit curve. The large difference between the meabsuates could be attributed to the mediocre
quality of the dose-response data set. Varying cgile stages among different experimental
sessions could be another explanation for the wbdedivergence, too. Depending on the
irradiation experiment, the prepared MCF-7 sampiad to be incubated until the irradiation
system was operational and the synchrotron comdit{e.g. high electron current in the storage
ring, sufficient time until the next injection ofleetrons into the storage ring) enabled the
consecutive treatment of an entire batch of samptes those reasons, the pre-treatment
incubation phase ranged from less than one howabtmt 8h. The prepared cells could have
reached different stages of the cell cycle with naye influenced their susceptibility to 20.0 keV
X-rays.
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Figure 5.9 Cellular viability of MCF-7 cells treated witho(white) and with (grey) gold nanoparticles after
the exposure to 1 Gy of 20.0 keV x-rays.

For MCF-7 samples treated with volumes of colloigald of 0.2 mL, 0.5 mL, and 1.0 mL, the
respective measured viability rates of 62%, 67%, 2% were homogenously distributed around
the viability rate of the irradiated nanoparticied MCF-7 sample. The treatment of MCF-7 cells
with high concentrations of gold nanoparticles befthe irradiation with 1 Gy of 20.0 keV
consequently did not lead to a further reductiorceifular viability. Proof must be presented
showing that high volumes of colloidal gold in thdture mixture increases the concentrations of
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internalized gold nanoparticles within the targekd@F-7 cells. Further studies might evaluate
the relationship between the nanoparticle concgoitran the culture medium and the cellular
uptake rate. If nanoparticles are preferably irdbred via pinocytosis, the uptake rate is
proportional to the concentration of gold nanogtes in the vicinity of the cells. In this case,
large volumes of colloidal gold in the culture mir¢ should increase the nanoparticle
concentrations in the cellular vesicles. Althougje radiosensitization of MCF-7 cells varied
strongly around a surface of a dose of 1 Gy astitited by the 20.0 keV dose-response curve, the
first radiotherapeutic assessment suggests thai kEwge concentrations of internalized gold
nanopatrticles did not mediate the radiosensitinaticthe MCF-7 cell line to 1 Gy of 20.0 keV x-
rays.

As a result, the identical viability rates for dMCF-7 samples illustrated the lack of any
nanoparticle-mediated influences for 20.0 keV xsraypstead, the recorded data set emphasizes
the overall credibility of the applied irradiatioprocedure which was characterized by a
minimized number of experimental parameters. I8 thanner, the obtained results can also be
understood as an indicator for the overall suitighilf the established procedure.

5.4.4. The Ineffectiveness of Gold Nanoparticles @&t Gy and 4 Gy

In the final irradiation session, MCF-7 cells teshtwith gold nanoparticles were exposed to a
dose level of either 2 Gy or 4 Gy. All irradiatiomgere performed in accordance with the
established irradiation procedure. This time, tlostyireatment incubation phase lasted 80h,
instead of 87h. The reduced post-treatment pralii@n phase was expected to influence the
number of self-replicating cells within the irratdid samples. For that reason, any comparisons of
the results obtained in both assessments must bdldea carefully as they may differ
systematically due to the larger post-irradiatiooliferation phase. However, direct comparisons
of the results obtained in the final assessmemtstdr valid. In this experiment, the control gpou
was divided into a particle-free and a particletaoring sample. Both samples were sham
controls, meaning that they were treated identidallthe irradiated samples with the exception of
the direct exposure to the x-rays. In this maneeery control group was placed onto the sample
holder with the x-ray beam completely blocked. Tdpplied “exposure” time of 5 min was
equivalent to the actual exposure time for thettneat of MCF-7 cell cultures with 2-4 Gy of
20.0 keV x-rays.

As shown in Figure 5.10, the measured viabilityeraf 101% for the non-irradiated particle-
containing group (bar 2) is almost identical to tehility rate of the non-irradiated particle-free
control group (bar 1). The relative standard démmtf slightly less than 10% is in overall
agreement with the results obtained for the madlifeessay protocol. So, the nanoparticle-
containing MCF-7 cells did not suffer from any ssdactor when compared to the particle-free
control group. This result supports the absencangfexternal stress factors during the transport
or storage at the BMIT facility. Exposure of pdeifree and particle-containing MCF-7 cells to 2
Gy of monochromatic 20.0 keV x-rays led to reducebility rates of 74% and 73%. After the
treatment with 4 Gy of 20.0 keV x-rays, particledrand particle-containing MCF-7 cells
exhibited viability rates of 69% and 70%. As obsehat the 20.0 keV dose-response curve, the
treatment of particle-free MCF-7 cells with x-raysgs beyond 2 Gy did not necessarily decrease
in cellular viability any further. The relativelyidh viability rates compared to the values obtained
from the dose-response curve (distributed aroundilae of 60%) can be explained by the
reduced post-irradiation incubation phase andrthiited progression of radiation-induced lethal
effects in direct comparison to the undisturbedif@mtion of cells in the control groups. Thus,
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the obtained viability rates agree well with theulés obtained for the 20.0 keV MCF-7 dose-
response curve.

Considering both irradiation sessions, the adnretisin of gold nanoparticles did not mediate the
response of MCF-7 cells to 20.0 keV x-rays. Everir@diation dose levels beyond typical
fractionated clinical levels, the internalizatiorfi gold nanoparticles did not enhance the
radiobiological effectiveness of 20.0 keV x-raiys vitro. These results are contrary to the
observations made in previously reporitedivo andin vitro studies.
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Figure 5.10 Cellular viability of MCF-7 cells treated witho@ivhite) and with (grey) gold nanoparticles
after the exposure to 2 Gy and 4 Gy of monochra20i0 keV x-rays.

The lack of any observed radiotherapeutic enhancefioe photons with energies at the peak
attenuation coefficient ratio of gold and soft tisxould be the result of an insufficient uptake or
an unfavorable distribution of gold nanoparticlaghim the targeted cells. The characteristic sub-
cellular confinement within cytoplasmic vesiclesldhe particular absence of gold nanoparticles
in the vicinity of cellular components of vital imgance explain why the viability rates for the
irradiated gold-enriched samples were mostly idahtio viability rates of the particle-free
counterparts. The average range of Auger electnorsoft tissue is just a few nanometers,
resulting in a steep fall-off of absorbed dose frifra center of the internalized nanoparticles,
especially in the lower kilovoltage photon energgime (Leung et al. 2011). In this case, any
additional damaging effects induced by the emissibuger electrons should primary occur
within cytoplasmic vesicles. The question arisesthbr low-energy electrons are capable of
causing severely damaging effects inside these admpnts. Further studies might investigate
the nature and the progression of confined damagfifegts and why they do not cause severely
lethal effects on the targeted cells which, ateéhd, remain their integrity in terms of metabolic
activity and reproduction despite the occurrencsuch disturbing events.

Any additional damaging effects induced by goldopanrticles in radiation therapy might need to
progress for a certain amount of time until theyseadetectable events on the cellular level. Such
events might be observable not days but weeks #fteirradiation. In contrast to clonogenic
assays, viability assessments such as the stamda@id assay have characteristic end-points
usually 24h or 48h after the intended treatmenthis work, all samples were assessed after 87h
(or 80h). The selected time frame might be tootstusrthe evaluation of potentially progressing
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damaging effects induced by gold nanopatrticles. &éi@s, the collected dose-response curves
illustrate how the established method is capablguaintifying radiation-induced effects by 11.9
keV and 20.0 keV x-rays on the MCF-7 cell line. Whan inadequate concentration of gold
atoms near cellular compartments of vital imporéaseemed to be a plausible explanation for the
lack of enhanced radiotherapeutic effectiveness fiquent accumulation of gold nanopatrticles
within cytoplasmic vesicles already mediates caflldehavior at deviating environmental culture
conditions (Section 5.3.). The influence of golsowarticles on cellular behavior differs strongly
depending upon the experimental conditions in fafnthe cellular stressor such as deviating
environmental culture conditions or ionizing radiat Reliable gold nanoparticle irradiation
studies must discuss the possibility of such a pari@le-mediated behavior and its
consequences on the final irradiation results.

The obtained “negative” results about the enhamadobtherapeutic effectiveness of 20.0 keV x-
rays by gold nanoparticles conflict with the enawming results documented in the existing
scientific literature. Every nanoparticle hybridssm is unique and may induce different
interactions at the nano-bio interface. Numeroukl g@noparticle studies have reported the
accumulation of internalized gold nanoparticleshimtcytoplasmic vesicles as a result of an
endocytic cellular uptake mechanism. These studiesuld have been able to observe the
nanoparticle-mediating cellular response to dawiptiulture conditions. Every gold nanoparticle
irradiation study on living cells must considersthéffect and is directly confronted with its
negative implications unless the biology laboratigryight next to the radiation facility. If this
condition is not given, any recorded “positive” cute might be interpreted as enhanced
radiation effectiveness by gold nanoparticles bgtakie. Any misinterpreted enhancement can be
the result of independent mechanisms affectingéfl@lar integrity at different levels and times.
A sub-additive or even supra-additive combinatidnmultiple effects would complicate the
interpretation of an obtained outcome considerably.

Radiobiologicalin vitro studies are highly complex and require scientifjcaccurate methods in
order to evaluate the role of potential enhancemagents such as gold nanopatrticles.
Experiments based on non-validated procedures geneloubtful results and can be easily
discredited. At the end, questions remain whether @bserved effects can be related to a
radiotherapeutic enhancement. In its place, unknpamoparticle-cell interactions could be the
origin of the detected alterations in the celludahavior.

To avoid negative repercussions for this researelt,fthe validation and establishment of
experimental standards at the upmost level shoeldhb first step before executing extensive
studies on living tissue.
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Gold nanoparticles are promising adjuvants for uprg the effectiveness of ionizing radiation
on living tissuein vivo and in vitro. To promote this technology into clinical therapeu
applications, a profound understanding about thedetiping mechanisms is imperative and can
only be achieved through systematic examinatiopsci®otron light facilities — with their unique
capacity to generate intense, monochromatic andbtanx-rays — fulfil the experimental
qualifications to investigate the role of the named protagonists in radiation therapy. However,
research projects at the interface of synchrotodense and cell biology are directly confronted
with compromising irradiation conditions and questible experimental procedures. Extensive
work is required to establish systematic studied theet the needs defined by each discipline
involved in this research field. Before this workroduced a new method for the treatment of
living cells with monochromatic keV x-rays at synafion beamlines, the standard synchrotron-
basedin vitro irradiation experiment had been divided into contige experimental parts. For
each part, the most common approaches as weleasstrengths and weaknesses were evaluated
in relation to the experimental conditions for ceilltures. If identified as problematic, the
guestionable part was either modified or completefjesigned to meet to the upmost standards.
The commonly used strategy for the treatment ahdivcells with keV x-rays at synchrotron
beamlines involved a vertical scanning processsaweral pre- and post-irradiation protocol steps
causing questionable consequences on cellularitteghis work proposed a novel approach for
synchrotron-based cell culture irradiation basedtlom use of a bent silicon wafer in Laue
geometry as a monochromatizing device. Implemeatettie bending magnet beamline BMIT-
BM, the constructed irradiation system enabledzuutial irradiations of standard culture dishes
with purely monochromatic x-rays from about 10 ke\80 keV. In addition, the high x-ray beam
intensity allowed to deliver large dose levels of to 10 Gy within tolerated exposure times.
Living cells maintained in common culture vesselsravtaken from the laboratory incubator,
exposed to x-rays through a horizontal rather themical scanning process, and returned to the
incubator without disturbing and interrupting thellglar growth. In allowing the cells to
continuously proliferate under optimal conditiorthe genuine approach circumvented the
limitations of previousn vitro irradiations at synchrotron beamlines. The hotiabset-up even
opens up a pathway for promising bright-field, @hasntrast, or even fluorescence imaging
applications at synchrotron beamlines. Combinede-t®ll imaging and rapid functional
assessments could create novel opportunities wy stadiation-induced events at synchrotron
beamlines.

Deviating culture conditions before and after thiadiation process can be the origin for cellular
stress factors which then significantly alternate tcellular behavior. A portable incubator
provided the required cell type-specific culturenditions for the sample transportation and
storage outside the cell laboratory. By generatingculture environment identical to the
environment available in the laboratory incubatbe portable device closed an important gap
which has been generally neglected in the liteeatlihe universal transportation strategy is not
limited to the use of culture dishes but embrabesuse of flasks and tubes as culture vessel as
well.

To validate the applied experimental procedure tanalssess the cellular response to therapeutic
radiation, the conversion of the yellow MTT saltarformazan crystals by viable cells was
preferred to the time-consuming and work-intensoadony formation. The standard MTT
protocol was modified to quantify the amount ofnfiazan directly solubilized in the irradiation
vessel. The direct dish read-out produced dataveigiisan accuracy and precision that can be
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hardly achieved with the standard method. The tinelationship between the initial cell number
and the measured absorbance over a broad cell muanrhge offered multiple options for key
parameters such as the initial number of seeddd oelthe duration of the post-irradiation
proliferation. The developed measurement procesdenmatherwise necessary cell transfers
obsolete and is generally not restricted to the afseulture dishes. As shown, toxicological
assessments benefit from an increased level oitg @i the collected data sets. The suitability of
the modified MTT assay for the quantification ofetleellular response to keV x-rays was
documented for the breast cancer cell line MCFa7cdntrast to clonogenic assessments, the
rapid analytical method generated meaningful ia@on results after only three MCF-7 doubling
times. The measured 11.9 keV dose-response curs@enomenologically well-described by a
first order exponential decay indicating that tlefludar damage induced by 11.9 keV x-rays is
comparable to the lethal effects caused by higkalirenergy transfer (LET) particles. Despite the
appearance of critical experimental inconveniencé® 20.0 keV dose-response curve
reconfirmed the general observations made at 1e\® k

The established experimental protocol — chara&eérizy horizontal sample irradiations, a sample
transportation strategy, and a direct sample redgmcess — guaranteed the uninterrupted and
undisturbed proliferation of cells under their dgtbe-specific culture conditions throughout the
entire experiment from the sample preparation édfital assessment. Putting all pieces together,
the presented irradiation procedure was definedabginimized set of highly controllable
experimental parameters with the ionizing radiatleing the only cellular stressor. Synchrotron-
based irradiations, conducted under these conditibaintain the integrity of the living sample to
the upmost. By successfully circumventing the latiiins at the interface of synchrotron science
and cell biology, the irradiation procedure avdigs production of misleading irradiation results
and the successive generation false conclusioawkiog irradiation studies on living cells are
expected to benefit from the established high le¥eredibility and acceptance.

In the final chapter of this dissertation, the rofegold nanoparticles was evaluated at the peak
photon attenuation coefficient ratio of gold andt sissue (20.0 keV). The prepared gold
nanoparticles with an average diameter of aboud hin had been functionalized with thio-
glucose. According to mass spectroscopy measursritiet concentration of nanoparticles in the
available colloid solution was comparable to thaaemtrations applied in previously conducted
enhancement studies. Transmission electron micpysemvided valuable information about the
intracellular distribution of the nanoparticles tie time of the treatment. As successfully
illustrated, MCF-7 cells internalize glucose-cappechoparticles via an endocytic pathway. The
nanoparticles were mainly internalized within cy&gmic vesicles where they frequently
assembled in form of clusters. The toxicologicaldgt confirmed the predicted nanoparticle
biocompatibility for the MCF-7 cell line. Despitbdir biological inert character, internalized gold
nanoparticles were capable of affecting the cellb&havior tremendously. The cellular response
to deviating cell culture conditions (i.e. standdaboratory conditions) was significantly
mediated. Further research activities may revealrisiture of the observed interaction of gold
nanoparticles and the hosting cells. Novel therBpetechnologies may even exploit the
nanoparticle-mediating cellular behavior under d#@rg culture conditions. The nanoparticle-
induced effect was successfully eliminated by imp@ating a sample transportation and storage
strategy which allowed the living cells to proldge under their cell line-specific culture
environments. As demonstrated, the employed patabtubator provided the necessary
environmental conditions to guarantee the absericanootherwise systematic error in the
recorded irradiation data sets. The final vitro study revealed that the internalized gold
nanoparticles did not enhance the radiotherapefféctiveness of 20.0 keV x-rays. The observed
lack of enhancement at the anchor point for theyx-energy is in direct conflict with the
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encouraging results documented in the scientiferdiure. These circumstances raise serious
questions about the appropriateness of the metapped in recently conducted studies. The
new perspective on the role of gold nanoparticieduding the nanoparticle-mediated cellular
response to deviating culture environments, hopefitfengthens awareness of cellular integrity
as a key parameter in irradiation studies. Stutlias do not sufficiently care for the biological
cells have a high chance of suffering from mislegdiesults and false conclusions about the
effectives of gold nanoparticlés vitro.

Following research activities may focus attentiontbe intracellular fate of gold nanoparticles
and intensify the investigations into the role afldynanoparticles in radiation therapy as a
function of the intracellular distribution of theedivy element. The accumulation of high
concentrations of gold in the vicinity of celluleompartments of vital importance such as the cell
nuclei or mitochondria should be awarded with hfgfority. Live-cell imaging or functional
assessments based on fluorescence microscopy sigort these investigations by identifying
events on the cellular or even sub-cellular level.
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