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ABSTRACT 

Use of Complementary Approaches to Imaging Biomolecules and Endogenous and Exogenous 

Trace Elements and Nanoparticles in Biological Samples  

 

 

Koshonna Brown 

 

X-ray Fluorescence Microscopy (XFM) is a useful technique for study of biological 

samples. XFM was used to map and quantify endogenous biological elements as well as 

exogenous materials in biological samples, such as the distribution of titanium dioxide (TiO2) 

nanoparticles. TiO2 nanoparticles are produced for many different purposes, including 

development of therapeutic and diagnostic particles for cancer detection and treatment, drug 

delivery, and induction of DNA breaks. Delivery of such nanoparticles can be targeted to 

specific cells and subcellular structures. In this work, we develop two novel approaches to stain 

TiO2 nanoparticles for optical microscopy and to confirm that staining by XFM. The first 

approach utilizes fluorescent biotin and fluorescent streptavidin to label the nanoparticles before 

and after cellular uptake; the second approach is based on the copper-catalyzed azide–alkyne 

cycloaddition, the so-called CLICK chemistry, for labeling of azide conjugated TiO2 

nanoparticles with “clickable” dyes such as alkyne Alexa Fluor dyes with a high fluorescent 

yield. To confirm that the optical fluorescence signals of nanoparticles stained in situ match the 

distribution of the Ti element, we used high resolution synchrotron X-Ray Fluorescence 

Microscopy (XFM) using the Bionanoprobe instrument at the Advanced Photon Source at 

Argonne National Laboratory. Titanium-specific X-ray fluorescence showed excellent overlap 

with the location of Alexa Fluor optical fluorescence detected by confocal microscopy. In this 
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work XFM was also used to investigate native elemental differences between two different types 

of head and neck cancer, one associated with human papilloma virus infection, the other virus 

free. Future work may see a cross between these themes, for example, exploration of TiO2 

nanoparticles as anticancer treatment for these two different types of head and neck cancer. 
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1.1 TiO2 Nanoparticles 

The bulk form of titanium dioxide (TiO2) is inert; however, nanoparticles made of this 

material are not: particle sizes below 20 nm result in surface instability that confers chemical 

reactivity to the TiO2 nanoparticles[1-4]. Specifically, bulk forms of TiO2 have their surface 

titanium atoms in a hexa-coordinated geometry, but in nanoparticles 20 nm or less in size, the 

geometry of surface titanium atoms becomes penta-coordinated and highly reactive. This makes 

titanium atoms on the nanoparticle surface very reactive, especially for binding with catechols[4-

6]. An especially high affinity covalent bond is created between the nanoparticles and enediol 

ligands (e.g. alizarin, dopamine) thereby forming stable complexes. This unique feature has been 

exploited in coating these nanoparticles with various agents[1, 3, 4, 7-21]. 

Titanium dioxide has many useful photophysical properties, most especially 

photocatalytic properties. The ability of titanium dioxide to act as a photocatalyst has been 

known for 90 years, but this was applied to biology only recently[3, 13, 20, 22]. Due to their 

unique photocatalytic and physical properties, TiO2 nanoparticles and TiO2 shell nanoparticles 

have been investigated for use in diagnostic assays, as gene targeting agents, radiosensitizers, 

and as cargo delivery vehicles[3, 7, 12, 14, 18, 19].  TiO2 nanoparticles are especially attractive 

for use in cancer therapy, because they can be, for example, passively or actively targeted to 

neoplastic cells and then actively targeted to subcellular locations such as cell nuclei; once there, 

TiO2 nanoparticles can be activated to release reactive oxygen species (ROS) that result in DNA 

oxidation and double stranded breaks in the genomic DNA in situ [13, 20]. 
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Ionizing radiation generates reactive oxygen species (ROS) [23]. ROS can cause damage 

to all biological molecules - nucleic acids, proteins, sugars and lipids; in addition, ionizing 

radiation can also cause damage by direct energy deposition and ionization of biological 

molecules. Due to their short half-life in cells ROS traverse no more than 1.1 μm in aqueous 

solutions [24]; therefore, ROS formation close to DNA is the most damaging for cells.  Both 

direct energy deposition and ROS lead to the formation of single and double stranded DNA 

breaks (DNA SSBs and DSBs); DNA breaks are handled by an extensive cellular repair 

machinery. Misrepaired or unrepaired DNA damage can lead to cell death via apoptosis, 

autophagy, necrosis, or mitotic catastrophe. In addition, ROS react with cellular lipids and 

proteins often leading to the loss of membrane integrity and cell death [25, 26]. The presence of 

nanomaterials in cells can perturb the biological, physical, and/or chemical outcomes of radiation 

or the cellular capacity to repair radiation-induced damage leading to nanoparticle-mediated 

radiosensitization. Furthermore, nanoparticles can enhance the effects of radiation by producing 

additional ROS or free electrons or electropositive holes on their own, after they are exposed to 

photons of different energies [27]. In particular, TiO2 is a semiconductor with a band gap of 3.2 

eV, therefore its exposure to photons with incident energies greater than the band gap e.g. light 

of wavelengths below 388 nm, will lead to the promotion of valence band electrons (e-) to the 

conduction band [28][58]. This process leaves behind electropositive holes (h+) in the valence 

band that can react with molecules close to nanoparticle surface. When this occurs with water 

molecules adsorbed to the nanoparticle surface hydroxyl radicals (OH·) are formed. Similarly, 

conduction band e- on nanoparticle surface (electrons released from chemical bonds) can react 
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with molecules close to nanoparticle surface; when oxygen molecules are involved in such a 

reaction they yield superoxide radicals (O2
.-) [29] (Figure 1.1). 

For cell-type specific nanoparticle-mediated radiosensitization, targeting of nanomaterials 

to specific cell types or subcellular organelles plays a significant role. While selection of best 

targeting moiety is in and of itself a complicated task, it should be remembered that surface 

modifications on nanomaterials are not static—nanomaterials accumulate and exchange 

components of tightly and loosely bound surface protein corona as they progress through cells 

and their environment [30]. The specific effect of TiO2 activation on cells is further discussed in 

Chapter 4.   
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Figure 1.1 Physico-chemical events following exposure of metal and metal oxide      

nanoparticles to ionizing radiation (e.g. X-rays). Interaction between ionizing radiation and 

noble metal nanoparticles leads to production of photoelectrons and Auger electrons (e-); these 

electrons are ejected from the nanoparticles as well as photons of different energies, including 

secondary fluorescent X-rays. Interaction between ionizing radiation and semiconductor 

nanoparticles leads to re-distribution and release of electrons as well as formation of reactive 

electropositive holes (h+) on nanoparticle surface. Free electrons and electropositive holes on 

nanoparticle surface can damage cellular components directly or indirectly through production of 

reactive oxygen species (superoxide O2
•-, hydroxyl radical •OH, hydrogen peroxide H2O2) which 

are also formed by radiolysis of water [31].  
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1.2 Nanoparticle Production and Characterization 

 

Numerous procedures for synthesis of TiO2 nanoparticles exist. Most control over shape, 

crystalline phase and size of nanoparticles is provided by synthesis approaches that use organic 

compounds; unfortunately, the same compounds remain attached to the nanoparticle surface after 

synthesis. Organic materials-free methods for TiO2 nanoparticle synthesis, on the other hand, 

make nanoparticles of variable sizes. A good compromise for TiO2 nanoparticle synthesis clean 

from organic materials is controlled hydrolysis of TiCl4 [32]. In this procedure, the most 

important feature important in order to achieve uniform nanoparticle size and crystalline form is 

careful maintenance of temperature. Abbas and others have determined that post-synthesis 

dialysis of nanoparticles in water while the pH gradually increases to 2.5 is the critical step for 

nanoparticle size “fixing”. While dialysis at room temperature produces nanoparticles larger than 

20 nm, dialysis at 5°C produces nanoparticles of 15±3 nm and dialysis at 0°C produces 

nanoparticles of smaller than 10 nm [32]. Nanoparticles prepared for work presented here were 

dialyzed at 1°C and nanoparticle size was 5 nm on average, with anatase crystal structure. This 

structure was not changed when nanoparticles were coated by dopamine-biotin, for example, as 

established by nanoparticle imaging with high resolution TEM and by diffraction (Figure 1.2). 

In order to evaluate the appearance of nanoparticles in aqueous solution, and to compare 

naked and coated nanoparticles, cryo-TEM imaging was done as well. This work constitutes part 

of the manuscript Brown et al 2017 [33] and will be shown in Chapter 3.  
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a) 

 

 

 

 

 

 

 

 

 

b) 

 

Figure 1.1 Characterization of TiO2 nanoparticles coated with dopamine-biotin. (a) High 

resolution TEM shows crystalline structure of nanoparticles and size of about 5 nm; (b) 

Diffraction pattern of same nanoparticles and its reconstruction (orange) matches the pattern 

characteristic for anatase (blue) TiO2 crystal structure. (Images courtesy of DiCorato and Smeets, 

joint manuscript in preparation)  
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 The physical attributes of nanoparticles such as such as size, surface charge, metal 

composition and concentration are key factors that contribute to a nanomaterial’s intracellular 

stability. As the determinates of nanoparticle behavior depend on their physical properties it is 

particularly important to measure and characterize each newly synthesized nanomaterial and 

evaluate suitability of synthesis route to maintain batch to batch reproducibility. Some of the 

characterization assays typically used for determining physical properties of TiO2 nanoparticles 

include dynamic light scattering (DLS), zeta potential, induced-coupled particle mass 

spectroscopy (ICP-MS), and cryogenic-transmission election microscopy (Cryo-TEM). These 

techniques were used to characterize nanoparticles used in this study.  

Dynamic Light Scattering measures a particles size and size distribution in aqueous 

solutions. This is particularly useful for nanobiotechnology work involving nanoparticles 

introduced to cells. DLS measures particles size through determining the mean nanoparticle size 

or hydrodynamic diameter in dilute aqueous suspensions. The hydrodynamic diameter is the 

diameter of an equivalent hard sphere that diffuses at the same rate as the analyte. Although 

particle size is the primary determinant of the measured diffusion coefficient, other parameters 

can impact these measurements and influence the measured size [34]. For example – it is known 

that in DLS the largest size particles or even particle aggregates dominate the readout; for that 

reason, DLS is used primarily to evaluate how nanoparticles behave in solution (especially after 

surface modifications) and not for nanoparticle sizing.  Nanoparticles used in this thesis were 

characterized by DLS. This, however, represents part of the manuscript Brown et al 2017 [33] 

and these data will be shown in Chapter 3.   
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Zeta Potential analysis is a technique for determining the surface charge of nanoparticles 

in aqueous solutions. Particle surface characteristics and charge play an important role in the 

particle’s physical state, stability in different media, agglomeration tendencies, and interaction 

with biological systems. Zeta potential measurement provides an indirect measure of the net 

charge of nanoparticles. This technique is often used as a tool to test batch-to-batch nanoparticle 

consistency and the effect of different nanoparticle surface coatings. Nanoparticles have a 

surface charge that attracts a thin layer of ions of opposite charge to the nanoparticle surface. 

This double layer of ions travels with the nanoparticle as it diffuses throughout the solution. The 

electric potential at the boundary of the double layer is known as the Zeta potential of the 

particles and it has values that typically range from +100 mV to -100 mV. The magnitude of the 

zeta potential is predictive of nanoparticle stability. Nanoparticles with Zeta Potential values 

greater than +25 mV or less than -25 mV typically are considered stable and unlikely to 

precipitate from solution. Dispersions of nanoparticles with a zeta potential value close to 0 will 

eventually aggregate due to Van Der Waal’s inter-particle attractions [34]. Zeta Potential is an 

important tool for understanding the state of the nanoparticle surface and predicting the long-

term stability of the nanoparticle. We used zeta potential analysis to determine nanoparticle 

stability after a surface modification (see Chapter 3).  

ICP-MS measures the mass fractions or concentration of elements in aqueous solutions. 

The mass fraction of nanoparticles in a given suspension is defined as the mass of element bound 

into nanoparticles per mass of suspension [34]. Samples of TiO2 nanoparticles are digested with 

acid, and the Ti mass fractions of solutions are measured. The mass fraction of Ti nanoparticles 

in each suspension is calculated as the difference between the value obtained for the 
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corresponding digested samples and the value obtained for the corresponding particle-free 

solutions. In order to establish nanoparticle concentration in experiments shown in manuscript 

Brown et al 2017 [33] (Chapter 3) we performed the ICP-MS evaluation of nanoparticle samples 

and diluted nanoparticle samples used for cell treatments (see Methods, Chapter 7). 
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CHAPTER 2: Elemental Mapping in Biology 

(adapted from Brown, K., Paunesku, T., Chen, S., and Woloschak G. E. Elemental Mapping in 

Biology using X-ray Fluorescence Microscopy: A Review) 
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2.1 Introduction 

X-ray Fluorescence Microscopy (XFM) also known as Synchrotron Radiation based X-

Ray Fluorescence (SRXRF) or Microprobe Synchrotron X-ray fluorescence (mSXRF) is a 

technique that detects X-rays emitted by atoms irradiated with hard X-ray photons of an energy 

higher or equal to the binding energy of the inner shell electrons of the sample’s atoms [35, 36]. 

The characteristic X-rays from each element in the sample are emitted and elemental K alpha 

and K beta X-rays produced by elements between Si and Zn are especially suited to create an 

elemental map of a biological sample. This elemental map is quantitative—concentrations of all 

different elements are detected simultaneously pixel by pixel, as the fluorescence radiation 

emitted is proportional to the atom’s concentration within the sample. XFM imaging allows 

detection of metals with detection limits as low as 0.1–5 parts per million (ppm) while most 

other micro-analytical techniques have 10 ppm as a detection limit. Moreover, XFM recognizes 

chemical elements regardless of their chemical environment. While histological staining for 

some elements is possible and can provide detailed information, it is relatively crude and 

destructive; it is also often specific to the chemical speciation of an element and only semi-

quantitative [37]. The sensitivity of existing histochemical staining methods is often low as they 

frequently detect only relatively highly concentrated metal deposits, making a detailed relative 

distribution of the contents impossible [38].  

Customarily, X-rays sources are considered soft or hard, based on their penetrance [39]. 

Preferred hard X-ray energy for work with biological samples is 10 kilo electron Volts (keV) or 

higher. Imaging at this energy is compatible with large focal depth and penetration of 10 microns 

or more. At the same time, this X-ray energy excites K line fluorescence for majority of 
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biologically relevant trace elements. Therefore, specimens do not need to be sectioned, but can 

be investigated close to their natural, frozen hydrated state with cryogenic approaches, without 

the introduction of artificial dyes. Additionally, X-ray fluorescence is induced throughout the 

thickness of a whole cell and can therefore be used to quantify elements on a per cell basis and, 

when sample rotation is possible, provide tomographic images of whole cells as well. Many 

different X-ray synchrotron facilities were used for studies of biological samples presented here, 

such as the Advanced Photon Source (APS) and the National Synchrotron Light Source (NSLS) 

in the USA, the Diamond Light Source in UK, the European Synchrotron Radiation Facility 

(ESRF) in France, the Berliner Elektronenspeicherring-Gesellschaft für 

Synchrotronstrahlung (BESSY II) and the Deutsches Elektronen-Synchrotron (DESY) in 

Germany, the Super Photon Ring-8 GeV (SPring8) and Photon Factory in Japan, and the 

Shanghai Synchrotron Radiation Facilities (SSRF) in China and Australian Synchrotron (AS) .  

Different instruments and sample preparation techniques were used in the studies shown 

here. Accurate measurement of the distribution of trace elements within cells and tissues requires 

that the possible elemental redistribution due to preparation does not exceed spatial resolution of 

the imaging instrument. Thus, sample preparation approaches that include freezing followed by 

imaging under cryogenic conditions allow imaging with highest resolution [20, 40, 41]. Freeze 

dried samples can also be well preserved, although they do not allow tomographic 3D imaging 

which is possible with frozen samples imaged under cryogenic conditions. Sample prepared with 

the use of chemical crosslinking on the other hand, always suffer from some elemental 

redistribution especially for most diffusible ions such as potassium (K) and calcium (Ca). 

Therefore, data obtained from such samples requires careful consideration and analysis [42, 43]. 
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With regard to XFM instruments, the so-called X-ray microprobes and nanoprobes, one finds 

great variation of X-ray focusing approaches and focused beam spot sizes range extends from 

35nm to decades of microns. Sample environments differ as well and allow sample sizes from 

1x1mm to several centimeters, surrounded by anything from ambient air, to helium gas to 

nitrogen gas as a cryo-jet, to vacuum. Despite these apparent variations, sample imaging with all 

these instruments is non-destructive, allowing complementary imaging at several instruments 

(provided that the sample mounting approaches are compatible) as they all use hard X-rays that 

can penetrate samples of 10 micron thickness or more and allow true whole cell imaging without 

the need for sectioning.  
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2.2 XFM exploration of elemental concentration, distribution and translocation in 

differentiation and normal homeostasis 

Metals and non-metal trace elements such as iron (Fe), copper (Cu), zinc (Zn), selenium 

(Se) etc. are essential to most forms of life. They serve as components of proteins and nucleic 

acids that are critical to a number of biological processes necessary for survival [42, 44-47]. 

These trace elements have important roles in proliferation, differentiation, and development. 

During cellular differentiation and biological development trace elements localize in specific 

areas of tissue or subcellular locations and are then redistributed; often, such redistribution 

signals new stage of development etc. Previous studies examining role of metals in cellular 

development made use of chelating techniques, or metal removal, to assess functional differences 

in growth and differentiation as a result of changes in metal concentration or localization. For 

many elements however, chelation would not be a suitable approach for exploration because of 

their critical cellular functions. In such cases information about different element roles may be 

gleaned from information about their distribution, concentration, and translocation under 

different circumstances. However, this information too remains largely unknown due to the lack 

of analytical techniques that can image elements with sufficient sensitivity and resolution. XFM 

provides a solution for this problem. XFM can act as a definitive in situ elemental imaging 

technique and provide data that need not be supplemented by optical microscopy with special 

dyes. Few examples below show how XFM can be used to monitor subcellular elemental 

redistribution as cells undergo differentiation as well as monitor elemental distribution in 

homeostasis in whole animals.  
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XFM was used to support immunocytochemistry investigation of human embryonic stem 

cells line H9. The loss of pluripotency is a key step in cellular development and differentiation of 

stem cells; this process is marked not only by protein expression changes but also alterations in 

elemental content. As H9 cells began to differentiate under the influence of retinoic acid, protein 

Oct4 characteristic for non-differentiated cells decreased while Zn concentration increased. This 

process was monitored qualitatively by fluorescent microscopy, using the dye FluoZin-3,AM  

and quantitatively by XFM work conducted at the APS [48]. Interestingly, high resolution XFM 

images in this study showed that Zn is excluded from the chromosomes of mitotic cells.  

A different study investigating elemental changes in the course of cell cycle affirmed the 

latter finding using a mouse fibroblast cell line—NIH 3T3[49]. Moreover, a complete elemental 

overview of cells undergoing mitosis has shown that Cu and Fe are also excluded from the cell 

region with condensed mitotic chromosomes. At the same time, Cu and Zn concentrations 

immediately adjacent to chromosomes were shown to be higher than in the remainder of the 

cytoplasm.      

Angiogenesis is the process of forming of blood vessels through endothelial cell division 

and subsequent differentiation. Growth of blood vessels is stimulated by Cu [50]; one of the 

earliest indications of this mechanism came from XFM studies on microvascular endothelial 

cells conducted at the APS. These cells were induced to mimic early angiogenesis and a shift of 

Cu from the nuclear periphery to the cellular periphery extended to filopodia extensions, process 

extensions, and cell to cell contacts during tubulogenesis. Importantly, XFM scans demonstrated 

that copper relocalization in these cells was not matched by distribution changes of any of the 

other elements [51]. 
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In addition to their intrinsic interest, these XFM studies also opened a new area of study 

in elementalomics: the study of dynamic spatial regulation of transition metals such as Cu and 

Zn. Prior to this work only fluxes of Calcium (Ca), Potassium (K), and Sodium (Na) were 

considered as appropriate subjects for study of dynamic elemental regulation. Historically, Fe, 

Cu and Zn were considered as comparatively static. It is possible that this view was based on the 

inability to sensitively measure and spatially localize these metals. Traditionally, metal sensing 

fluorophores are used for imaging of elemental distribution in live cells by optical microscopy; 

however, the data produced in such studies is subject to different types of artifacts and difficult 

to interpret quantitatively. Often, procedures for optical imaging require a significant degree of 

sophistication to ensure accuracy such as, for example Ca++ imaging by fluorescent calcium 

indicators such as fura dyes [52, 53]. In other cases, the problem with metal ion imaging lies in 

their inaccessibility; the affinity of endogenous metalloproteins for metal atoms studied is often 

higher than the affinity of the metal sensing fluorophore. Thus, these compounds interact only 

with the cellular pool of ‘free’ or ‘available’ metal. The selectivity of optical imaging 

fluorophores for free copper was used in an interesting way in combination with XFM to show 

the differences between dynamic Cu redistribution against the backdrop of “stabile” cellular Cu 

associated with Cu binding proteins [54]. Coppersensor-3 is a fluorescent probe that images only 

labile copper pools in cells; this dye was used in combination with Ca chelator BAPTA in optical 

microscopy to show the interconnectedness between Ca and labile Cu. At the same time –a 

complete elemental overview of samples prepared in parallel for XFM provided information 

about distribution of all Cu in these cells, including Cu stably bound to proteins and inaccessible 

to Coppersensor-3 dye. 
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XFM was also used to examine the cellular and subcellular localization and quantity of 

Se during development of spermatids (male germ cells) in the course of spermatogenesis. Se is 

concentrated in late spermatids due to elevated levels of selenoproteins [55]. Furthermore, high-

resolution scans revealed that Se is specifically enriched near the lumen side of elongating 

spermatids, where the tail is developed. During spermatogenesis, phosphorus is inversely 

correlated with Se and it was concentrated at the place where the head of the sperm forms. In 

mature sperm extracted from mouse testis however, Se was detectable in the head and co-

localized with P and Zn. Se was also accumulated in the midpiece of the sperm tail where it co-

localized with Cu and Fe. It is of interest to note that in these samples Se was well above toxic 

levels indicating the ability of sperm cells to handle excessive Se amounts [55].  

Se differences were found to be associated with healthy ovarian follicles as well. XFM at 

AS was used to measure Cu, Fe, Zn, Se and Br distribution in bovine ovaries focusing on 

follicles at different stages of development (from pre-ovulatory to those undergoing atresia). 

Significant elemental differences between follicle groups were found and Se appeared to be the 

element with greatest concentration difference between large pre-ovulation follicles and their 

smaller counterparts [56]. The authors postulate that selenoprotein glutathione peroxidase 1, an 

innate repressor of oxidative stress, may be responsible for these differences. 

Some of the medium and lower resolution XFM setups allowed imaging of whole 

animals and study of elemental distribution in normal organisms. For example, XFM was used at 

the AS to examine the distribution of K, Ca, Mn, Fe, Zn in anesthetized and immobile, whole, 

hydrated adult Caenorhabditis elegans without any additional processing. Genetically identical 

and developmentally synchronous animals were used to show similarity in elemental content and 
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distribution across specimens. For example, the anterior part of the body was enriched for Ca and 

Fe, while Mn enrichment was found towards the animal’s posterior [57].  

Similarly, XFM was used to visualize elemental distribution in whole zebrafish embryos 

at the APS [58, 59]. However, in these studies samples were embedded in Lowicryl K4M resin 

as solid substrate. This approach allowed both good preservation of elemental distribution due to 

low temperature during embedding process and enabled 3D imaging at room temperature. A 

special setup for sample rotation coupled with fast raster scanning permitted imaging of a few 

millimeters large sample –48h old zebrafish embryo, with X-ray beam spot of 3.5 micron over an 

angular space of 180 degrees at 3 degree intervals; this data was reconstructed topographically 

using a combination of several approaches. Ultimately, qualitatively new data was obtained, 

offering unique insight into the trace metal distribution at key stages of embryonic development. 

For example, total Zn content of the entire 48h old embryo was 8.2 ng and this information was 

in good agreement with prior “bulk” elemental studies. However, this study also documented a 

clear segregation between Zn and Fe into different parts of the animal with the highest Fe 

concentration in the yolk syncytial layer, for example. 

Special attention should be given to studies of human tissue samples because they form a 

baseline against which patient samples from different diseases can be compared. A particularly 

interesting work with 37 samples of brain tissue from the region of substantia nigra [60] was 

done at BESSY II. In this work samples from healthy individuals were grouped based on age 

into three groups (61–70, 71–80 and 81–90 years old) and screened for P, S, Cl, K, Ca, Fe, Cu 

and Zn content with the idea that some of the aging related changes may be associated with 

gradual development of neurodegenerative diseases [60]. Interestingly, neuronal bodies and 
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extraneuronal matter did not match each other with regard to elemental concentrations; 

moreover, while extraneuronal elemental concentrations did not vary much with age, 

concentrations of redox-relevant elements Fe and Cu in neuronal bodies followed inverse trends. 

An excellent example of a human tissue study is a recent XFM exploration of human 

placental tissue conducted at the APS [61]. In addition to information about this important tissue, 

this work provides a comparison of different sample preparation techniques: (i) fixation in 

formalin; (ii) fixation in a mixture of 3% glutaraldehyde and 1% paraformaldehyde in 0.1 M 

phosphate buffer; (iii) and fixation in a mixture of 3% glutaraldehyde and 1% paraformaldehyde 

in 0.1 M HEPES buffer, with or without prior freezing at -80°C and thawing; finally, these 

samples were also embedded in LR resin.  Two instruments were used for this work as well, a 

“standard” microprobe with beam spot size of 500nm and Bionanoprobe instrument with spot 

size of 30nm; X-ray fluorescence data were analyzed (as always at the APS) using MAPS 

software developed by Stefan Vogt [62]. Greatest variations in elemental abundance in this 

study, dependent on sample preparation approach, were noted for Ca and Cu. As recognized by 

this team, use of different preparation approaches is often necessitated by clinical work 

conditions; variations in sample “quality” with regard to particular elements should be 

recognized if change of sample preparation approach is not possible. 
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2.3 Use of XFM for examination of pathological elemental misbalance in disease  

Information on elemental distribution in samples from different disease conditions has 

the potential to provide insights in normal and toxic variations in concentration, trafficking, 

distribution, and storage of different elements. For instance, it is known that during the 

degeneration of dopaminergic neurons in Parkinson’s Disease (PD) proteins accumulate and 

form inclusions in substantia nigra region of the brain. Up to 24h postmortem samples of 

substantia nigra from PD patients were sectioned at 20 micron thickness, dried at -30°C and 

imaged with 15x15 micron steps at BESSY II [63]. Elemental maps of dopaminergic nerve cells 

and extraneuronal spaces for P, S, Cl, K, Ca, Fe, Cu, Zn, Bromine (Br) and Rubidium (Rb) were 

generated for Parkinson’s disease sample and compared to control.  PD neurons had significantly 

higher content of S, Cl, Ca, Fe, and Zn in substantia nigra compared to control groups. 

Additionally, P, S, Cl, Zn and Rb were increased in areas outside of nerve cell bodies in PD 

samples. 

Another interesting example of work done with human samples utilized the large sample 

instrument at the AS where specimens of tens of centimeters can be accommodated. Chronic 

anemia sufferers who depend on blood transfusion often experience iron overload that often 

leads to cardiac toxicity. Recently, investigators at AS were able to image a 5mm tick cross 

section of a postmortem heart of a transfusion dependent patient [64]. XFM iron maps with 

500x500 micron resolution displayed the iron distribution of the heart in great detail. A gradient 

in Fe distribution was found, with concentrations decreasing from the outer to the inner side of 

the heart muscle; however, it should be noted that this sample was stored formalin prior to 

sectioning and in that process, some of the Fe could have been redistributed.    
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A different Fe investigation study was done with the liver from patients with chronic liver 

diseases. The histochemistry stain Berlin blue is used most often to determine Fe in such 

samples, however, work by Kinoshita and others who used XFM at SPring-8 has documented 

that the latter approach shows superior sensitivity. Fe accumulation was noted especially in 

periportal area of the liver samples from patients with chronic hepatitis C (CHC) or cirrhosis. 

Interestingly, even in healthy livers hepatocytes in the periportal area showed higher Fe 

concentration, suggesting that these cells may be exposed to some degree of iron-induced free 

radical damage at all times [65]. 

Menkes disease (MD) is caused by mutations in the Cu-transporting ATPase gene 

(ATP7A). This protein transports Cu from the cytosol to the trans-Golgi network and enables 

synthesis of cuproenzymes. In addition, under elevated Cu conditions this protein translocates to 

plasma membrane and begins with efflux of Cu across the plasma membrane in order to maintain 

cellular Cu homeostasis. XFM was used to study many aspects of these processes both in patient 

samples and in experimental model systems. For example, cell culture studies focused on 

ATP7A were done with patient fibroblasts and mouse 3T3-L1 cells in which this protein was 

knocked out using CRISPR/Cas9 [66]. In both cases, XFM mapping (conducted at the APS) 

confirmed increase in Cu concentration throughout the cell volume – in cytosol, nuclei and 

mitochondria. Interestingly, this study found that ATP7A removal had the most profound effect 

on mitochondria as reflected by glutathione oxidation and increased concentration of H2O2. An 

exploratory study of Menkes disease focused primarily on patient samples was done at SPring-8 

and Photon Factory in Japan. A portion of the work was done on cultured keratinocyte cells lines 

from two Menkes disease patients and four matched healthy individuals; this work documented 
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that patient cells could not maintain physiologic Cu concentrations under a mild Cu overload. 

Patient samples form intestine, kidney and spinal cord were also included in this work. Excess 

Cu was found in the mucosal epithelial cells of the intestine, in tubular cells of the kidney, 

endothelial cells of blood and lymph vessels as well as some parts of the spinal cord [67].  

In the cytosol, Cu incorporation into secretory enzymes is mediated by Cu chaperone 

protein Antioxidant-1 (Atox1); in the nucleus, this protein acts as a Cu-dependent transcription 

factor. This protein is necessary for development of neovasculature and wound healing through 

regulation of vascular endothelial growth factor 1. Effects of Cu deprivation and absence of 

Atox1 protein in Atox1−/− mice on wound healing were investigated recently through a series of 

in vitro, ex vivo and in vivo experiments [68]. XFM imaging at the APS was done to corroborate 

Cu concentration differences and confirm that presence of Cu in the absence of Atox1 protein 

does not suffice for successful wound healing process. 

Another interesting example of XFM use with human samples comes from an NSLS 

XFM study of cadaveric human eyes [69]. In the human eye, age-related macular degeneration 

was associated with metal-rich deposits, but the concentration and distribution of metals in 

deposits was not known. Interestingly, this study established that Ca and Zn were present in all 

deposits, Fe only occasionally, while Cu concentration in deposits could not be differentiated 

from the background. 

Use of XFM for work with animal models of elemental misbalance is particularly 

popular, because animal models allow controlled genetic manipulations. For example, James and 

others used XFM at AS to investigate deposition of Fe, Cu and Zn in extracellular plaques 

forming in brains of animals with cerebral amyloidosis caused by expression of mutant human 
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amyloid precursor protein (APP) and presenilin 1 [70]. This work follows a study at the APS and 

NSLS where whole brain sections from animals of the same genotype but of different ages were 

scanned by XFM and Zn accumulation was found to be pronounced only in animals with fully 

developed plaques, with a period of more diffuse increased Fe accumulation prior to plaque 

formation [71]. Interestingly, while plaques could be detected by infrared spectroscopy [71, 72], 

they could be identified by Compton inelastic scattering as well [70]. 
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2.4 XFM analyses of elemental content in cancer  

Despite the fact that the majority of XFM studies with cells in culture are done with 

cancer cells, relatively few studies compared trace element status in different cancers, possibly 

because imaging of patient samples requires high throughput and large area scans for 

comprehensive, statistically significant comparisons. Nevertheless, it is probable that such work 

will increase in volume with the development of faster data acquisition approaches.  

Work done at the APS by Chandler and others has shown that subcellular Zn 

accumulation in breast cancer depends on cancer subtype [73]. Zn accumulation in luminal 

breast tumors was found at the tissue periphery, while it was more evenly distributed in the basal 

breast tumors. The authors continued onward to investigate Zn transporters by microarray 

analysis and extend the study to breast cancer cells in vitro. Ultimately, Zn comparison between 

luminal type breast cancer cell line T47D, basal-like cell line MDA-MB-231 and non-malignant 

breast cell line MCF10A has shown different staining patterns and Zn accumulation according to 

FluoZin-3 dynamic labeling. It should be noted that Zn concentration in non-malignant cell line 

was the lowest. This was in keeping with previous work done at the APS where benign breast 

cancer screening by XFM was done with 252 matched pairs of benign breast cancer samples 

[74]; in that work increased Zn concentrations were associated with an increased cancer risk. It is 

interesting to note that a study of esophageal samples, also conducted at the APS associated 

increased Zn concentrations with decreased risk of subsequent cancer development [75].   

  Recently, XFM was used to examine and compare trace metals concentration at the 

micro- and nanometer scale in patient derived human glioblastoma cells (11ST, 36ST, 86ST) and 

commercially available cell culture cell line (U87MG). The work was done at the APS using 
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flash-frozen cells at the high resolution cryogenic instrument Bionanoprobe and at the 

microprobe at sector 2ID-D equipped with a cryo-jet. Quantities of P and Zn were found to be 

increased in the cell nuclei while Fe, Mn and Cu accumulated in cytoplasm and perinuclear 

region. Fe and Mn accumulated in different regions of U87MG cells. In the patient-derived cell 

lines 11ST, 36ST and 86ST Fe accumulated mostly in perinuclear space with Zn and K. 

Interestingly, the patient derived 86ST cell line presented the highest content for most metals in 

comparison to other cell lines. In these cells Cl, Fe, Ni, Cu and Zn were increased at least twice 

compared to other samples [76]. 

Cancer related animal model studies have used XFM as well. For example, in order to 

identify the relationship between selenium intake and breast cancer progression Seleno-L-

Methionine supplement was tested in mice with developed 4T1 murine mammary carcinoma. 

Oral treatment was done for 28 days and the effect of SeMet on tumor growth was assessed. 

XFM was done at the SSRF and Se accumulation detected in tumor tissues, surprisingly, 

overlapping with the highest Fe distribution (and possibly tumor vasculature). 

Immunohistochemistry for Se binding proteins: glutathione peroxidase 1 and Selenium-binding 

protein 1 showed inverse pattern in treated and untreated tumors, the latter protein more 

increased in animals exposed to Seleno-L-Methionine supplement. Tumor growth in these mice 

was decreased [77].  
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2.5 XFM investigation of (experimental) elemental overload  

Successful use of XFM to investigate elemental homeostasis served as a basis to inspire 

studies of elemental “overload” either to investigate processes involved in elemental storage or 

to attempt to exploit accumulated elements in order to achieve better diagnostic imaging using 

only “native” elemental content of cells. 

For example, the idea to use Mn to increase native tissue contrast for magnetic resonance 

imaging (MRI) was entertained by researchers interested in functional imaging of pancreatic β‐

cells during activation. In an in vitro study conducted at the APS, XFM was used to visualize and 

quantify Mn in pancreatic β‐cells and their subcellular regions. As a model system MIN‐6 

insulinoma cells were used. When these cells were grown in standard tissue culture conditions 

with only a trace amount of Mn, this element was present in low 22 μM concentration and 

equally distributed across the cell. Exposure of cells to higher Mn concentration (50μM MnCl2) 

in medium with 2mM glucose did not activate cells but resulted in non-glucose‐dependent Mn 

uptake (250 μM cellular Mn concentration). However, when cells were activated by 16mM 

glucose in the presence of exogenous MnCl2 cellular Mn concentration increased to 590 μM. 

Interestingly, Mn distribution in these cells was uneven – with Mn both in the cytoplasm and 

accumulated in a perinuclear region, possibly corresponding to the Golgi apparatus and 

involving the secretory pathway [78].  

A different group of researchers focused on iron accumulation in cells exposed to 

inorganic iron (Fe(III) citrate, Fe(III) chloride and Fe(II) sulfate) and iron associated with its 

natural carrier protein - transferrin [79]. Two cell lines (colorectal cancer cell lines HT-29 and 

HCA-7) with different expression of transferrin receptors were studied using several X-ray 
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techniques – XFM at the Diamond Light Source and X-ray absorption near edge structure 

(XANES) spectroscopy at HASYLAB beamline at DESY synchrotron. While XFM mapping 

demonstrated Fe accumulation in cytoplasmic regions, XANES could be used to complement 

this study and determine relative ratios of Fe(III) sulfate vs. ferritin in HT-29 cells treated with 

different sources of iron. Comparisons with known XANES profiles for pure chemical/biological 

compounds was done using ATHENA software package analysis [80].   
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2.6 XFM exploration of exogenously added elements in cells and tissues  

XFM is often used to inform researchers about the intracellular distribution of exogenous 

molecules and (nano)particles deliberately introduced into cells, e.g. for diagnostic or therapeutic 

purposes, or in order to study the first steps underlying different types of toxic exposures. This 

approach is especially simple when (some of) the elements that make these exogenous treatments 

are not native to cells, although this is not necessary for successful imaging. Often, such 

chemicals and/or nanomaterials combine several elements – in such cases elemental co-

registration which is inherent to XFM imaging data, can be used to increase confidence in the 

data, or, conversely, to document material degradation caused by interaction with biological 

system under study. 

Many agents used to increase contrast in magnetic resonance imaging contain elements 

that are not native to cells. This is convenient for XFM studies and it was used by Karczmar 

laboratory in order to establish pattern of contrast agent accumulation in different disease 

conditions. Frequently, dynamic contrast material–enhanced (DCE) MRI is used to detect 

invasive breast cancer since the sensitivity and specificity of DCE-MR for the early detection of 

invasive disease is equal or superior to X-ray mammography. Animal studies coupled with XFM 

at the APS established that gadolinium accumulates in ductal carcinoma in situ (DCIS). 

Therefore, it is probable that during DCE-MR imaging gadolinium penetrates the basement 

membrane to enter mammary ducts distended with DCIS. Elemental gadolinium concentrations 

measured in animal experiments showed average concentration of 0.475 mmol/L  [81]. 

Similarly, newly developed Gd contrast agent gadodiamide was evaluated in an animal model of 

prostate cancer. XFM imaging of mouse prostates harvested 10 minutes after IV injection of 
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gadodiamide (0.13 mmol/kg) was done at the APS. The mean concentrations of gadolinium in 

the epithelia and lumens of prostatic glands from six animals were 1.00 and 0.36 mM, 

respectively, suggesting that uptake of contrast agent occurs in both prostate compartments [82]. 

Finally, the same group of researchers investigated new vanadium contrast agents for MRI [83]. 

This investigation involved mouse colon cancer model. Animals given contrast agents based on 

vanadium-based chelates were imaged by MRI, and sacrificed 2h later. Colon tissue samples 

from animals developing cancer contained many vanadium hot spots.   

It is important to note that gadolinium has been reported as a cause of nephrogenic 

systemic fibrosis – a disease with decreased kidney function and a fibrosing disorder of the skin 

and systemic tissues. Tissue samples from patients with nephrogenic systemic fibrosis have 

micron-sized insoluble deposits containing gadolinium. To clarify the precise chemical structure 

of these deposits, skin samples from a patient were examined using synchrotron XFM. The 

deposits contained Gd, Ca and P, suggesting that chemical release of gadolinium from a contrast 

agent molecule occurs in human tissue. This supports the idea that there is a link between 

development of this disease and dose and stability of the contrast agent [84]. 

Stability of a chemical compounds is often critical for obtaining desired effects. For 

example, a new group of chemotherapy drugs based on ruthenium-iodine complexes was 

explored in cell culture experiments and the samples were investigated by XFM at the APS [85]. 

Persistent co-localization of the two elements suggested that the new compounds are stable in 

medium, during cellular uptake and processing. 

Other chemical agents, including some that are present in everyday products may have 

adverse health effects. For example, standards for chromium content in water apply to the total 
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of Cr(VI) and Cr(III); however, while Cr(III) was found to be harmless in rodent models, Cr(VI) 

was associated with increased incidence of duodenal cancer. XFM imaging at NSLS was done, 

finding 30 times more Cr in duodenal villi than crypt regions of intestinal samples from exposed 

mice. A parallel investigation of DNA damage in these samples documented elevated numbers of 

gamma H2AX foci (loci of DNA double strand breaks) in the same tissue region [86]. 

Studies of interactions between cells and exogenous compounds and nanomaterials are 

often conducted in vitro or ex vivo. The latter approach was used to study interaction between 

peripheral blood cells and technetium-tin (99mTcSn) colloid in order to provide deeper insight 

into a procedure routinely used in clinic to label phagocytic leukocytes and image sites of 

infection. XFM mapping of neutrophils allowed examination of changes in element distribution 

that accompany neutrophil phagocytosis of TcSn colloid, presumably via a Complement 

Receptor 3 mediated process. Uptake occurred in half the neutrophils from a healthy individual. 

Within cells, Sn co-localized with iron (Fe) and sulfur (S), and it was negatively associated with 

calcium (Ca). The subcellular colocalization of Sn with Fe was consistent with fusion of the 

colloid-containing phagosome with neutrophil granules. The negative colocalization with Ca 

indicates that ongoing maturation of the TcSn colloid phagosome is no longer calcium dependent 

one hour after phagocytosis. It should be pointed out that co-localization between tin and 

technetium and 99mTc decay products could not be found despite the high sensitivity of XFM 

[87]. This study is nevertheless particularly interesting for future XFM research because it details 

a pixel by pixel analysis and mapping approach that incorporates cluster analysis in order to 

differentiate Sn pixels in neutrophils from those in artefactual contaminants. 



 
 

43

Another study working with radioactive elements was the work of Jensen and others that 

quantified and imaged plutonium (242Pu) in rat pheochromocytoma cells (PC12) [88-91]. 

Importantly, this work used micro XANES at the 2ID-D beamline at the APS to evaluate 

chemical state of Pu inside cells, and small angle X-ray scattering (SAXS) beamlines of the APS 

to determine that Pu can be incorporated into transferrin protein without disturbing its tertiary 

structure. Pu was taken up by cells most efficiently when it was associated with transferrin and 

taken up by cells via transferrin receptor endocytosis. 

Platinum-based chemotherapy agents such as cisplatin have long history as anticancer 

drugs. Most of the FDA approved Pt based compounds carry the most reactive chemical state of 

Pt: Pt(II), and while they are effective against cancer cells, toxicity of such drugs for normal 

tissues (such as, for example sensory neurons) is significant [92-94]. Different strategies are 

developed to lessen this problem, from Pt compounds that are less reactive prior to uptake by 

cancer cells, to development of delivery vehicles such as liposomes: spherical lipid bilayers. For 

example, high resolution XFM at the beamline ID22 at ESRF was used to investigate the 

changes in elemental composition, distribution, and concentration of Pt inside F98 glioma cells 

following treatment with cisplatin associated liposomes. While Pt and Zn content decreased in 

live cells, higher levels of calcium and lower levels of potassium are found in dead cells; this 

knowledge was used to interpret the data additionally. These results suggested that the liposomes 

could provide an effective method for platinum administration [95]. Likewise, when XAFS 

experiments were done at SPring8 it was found that chemical speciation changes of Pt (IV) into 

Pt(II) depended on uptake of newly developed Pt(IV) compounds by cancer cells [96].  
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Many other chemotherapeutic drugs are compounds made of elements that match cellular 

elemental content (C, H, O); doxorubicin (also known as Adriamycin) is such an example. While 

this chemotherapy drug does not “stand out” in XFM imaging, this molecule is optically 

fluorescent. The possibility to use optical fluorescence imaging and couple it with XFM imaging 

was used by researchers from Woloschak laboratory [12, 33, 87] both to investigate stability of 

nanoparticle-doxorubicin complexes and for different purposes. Most recently, exploration of 

more efficient ways to label TiO2 nanoparticles for optical imaging was corroborated by high 

resolution XFM imaging at the Bionanoprobe instrument at the APS [33]. In previous work, 

combined optical imaging and XFM were used to study targeted distribution of nanoparticles [8], 

as well as to register separation between Fe3O4@TiO2 nanoparticles and doxorubicin when 

doxorubicin-coated nanoparticles were taken up by ovarian cancer cells [12].  XFM was used 

very effectively by the same group for evaluation of nanoparticle uptake in single cells as a 

primary mode for nanoparticle detection. This work included the very first foray in subcellular 

targeting of TiO2–nucleic acids nanoparticles [3] and the subsequent refinements of subcellular 

nanoparticle targeting dependent on cellular uptake by electroporation [17]; exploration of TiO2 

nanoparticles as a platform for delivery of MRI contrast agent gadolinium [7, 16]; and the most 

recent work on targeting genomic DNA for damage by mimicking native cell ligands with 

nanoparticles and employing cell surface receptors that translocate the nanoparticles to cell 

nuclei [20]. In this study, about 20% of Fe3O4@TiO2 nanoparticles inside cells were found inside 

cell nuclei. This work was the very first example of hard X-ray fluorescence tomography 

accomplished by cryogenic imagining of frozen hydrated flash frozen nanoparticle treated cells. 
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It showcased the new XFM nanoprobe – the Bionanoprobe, a unique instrument located at the 

APS [40, 41].   

  As nanoparticle research advances, there is particular interest in targeting nanoparticles 

and nanoconstructs for the treatment of cancer. Understanding the transport of targeted 

nanomaterials in tumor tissues in vivo is important for optimizing their therapeutic properties and 

developing the next generation of nanomedicines. In addition to cells, Fe3O4@TiO2 nanoparticles 

were also given to rabbits that were implanted with VX2 cells in order to develop liver cancer. 

Two different modes of nanoparticle delivery were tested, “regular” intravenous delivery and 

trans catheter delivery directly to liver arteries supplying the VX2 tumor. The latter was shown 

to be more efficient even though nanoparticles were targeted for delivery to neovasculature [97]. 

Low resolution XFM imaging at sector 8 of the APS was used to screen for nanoparticle 

accumulation in tumor parenchyma as well as liver, kidney, spleen and lung and evaluate of-

target delivery of the same nanoparticle formulation under two different delivery modes.  

Many other groups have used XFM as well, as the means to gain quantitative insights 

into the tumor targeting and tissue penetration ability of nanoconstructs. A recent study 

conducted at the Australian Synchrotron used XFM to map and quantify distribution of 

transferrin-conjugated gold nanoparticles in human breast cancer cell line MCF-7 grown as 

spheroids. Despite their high targeting efficiency, these nanoparticles had limited penetration 

(less than 50 microns) when they were mixed with spheroids, even after 48 hours long incubation 

[98].  
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2.7 XFM exploration beyond mammals: elemental concentration, distribution and 

speciation in bacteria, eukaryotic single cell organisms and plants 

In addition to work with mammalian cells and samples discussed so far, XFM is also 

often used to quantify elements in bacteria and other single cell organisms, all of them of greatest 

importance for maintenance of the biosphere. For instance, marine cyanobacterium 

Trichodesmium erythraeum is made of groups of single cells – trichomes, and has a special 

adaptation that allows it to sequester CO2 by photosynthesis and do nitrogen fixation at the same 

time. If both processes were in the same cell, oxygen produced by photosynthesis would interact 

with iron from the enzyme nitrogenase and interfere with the nitrogen-fixing process, therefore, 

two functions are segregated into separate compartments – trichomes. The spatial distribution of 

Fe, S, and P in trichomes was mapped by XFM during exponential and growth phases of this 

organism. About 16% of trichomes sections (up to 25 cells) have 2-fold more Fe and S and 2-

fold less P compared to neighboring trichome sections. This ability to re-allocate elements 

indicates that Trichodesmium is a community of cells with specialized regions of multiple cells 

with unique chemical composition and specialized “tasks” [99]. 

Sulfate-reducing bacteria can produce sulfide that reacts with metals to form insoluble 

products such as ZnS. Spherical aggregates of ZnS (sphalerite) 2-5 nm diameter in size are 

formed within natural biofilms dominated by sulfate-reducing bacteria of the family 

Desulfobacteriaceae. Zinc concentration in these biofilms can be as much as 100-fold higher than 

Zn concentration of groundwater in which the biofilm is growing. XFM analysis done at the APS 

showed that ZnS aggregates in addition to these core atoms, also contain arsenic (As), Se, and Fe 
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but exclude lead despite of its presence in the groundwater. This finding suggests that microbes 

and microbial biofilms control metal concentrations in groundwater [100].  

Traditionally, the metal composition of bacterial cells has been measured by bulk 

elemental analysis and averaged, with little interest in possible alterations of elemental 

composition in response to substrate sufficiency vs. starvation vs. toxic stress. XFM at the APS 

was employed to determine changes in the elemental composition of bacterium Nitrosomonas 

europaea 19718 caused by growth and/or exposure to Cu(II). Exposure to Cu(II) caused 

statistically significant increase in cellular Cu concentration, while different growth status had 

little effect on Cu and Fe concentration. Ratio of Fe and Cu to other elements in this organism 

was higher than in Pseudomonas fluorescens. This suggests that that the former bacterium may 

have higher demand for Fe and Cu because of enzymes involved in nitrogen fixation need metal 

cofactors for electron transport [101]. 

Phytoplankton in the coastal seas of West Antarctica leads to substantial loss of iron from 

marine ecosystems because it incorporates it into biogenic silica (Si). XFM was used to analyze 

Fe and Si quantity and distribution in these organisms and confirm this hypothesis. In each 

specimen Fe and Si were co-localized, confirming structural incorporation of iron into cell walls 

made of silica [102]. 

Arbuscular mycorrhiza is a symbiosis between plants and fungi. Cooperation between the 

species improves the supply of water and macro-elements such as phosphate and nitrogen to the 

host plant, while as much as 20% of plant-fixed biomass supplies the fungus as a source of 

energy. XFM at SPring-8 was used to find that exposure to cadmium (Cd) leads to accumulation 

of this toxic element in cells and cell walls of both symbiotic organisms  [103]. Further research 
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may be able to establish how to reduce or increase Cd accumulation when plant production is 

done for the purposes of food production or heavy metal decontamination, respectively.  

Fe is an essential element for plant growth and development; however, its potential 

interaction with oxygen produced by photosynthesis requires compartmentalization and tightly 

regulated Fe acquisition and allocation. To evaluate Fe in tomato plant roots and cucumber 

leaves, XFM was done at DESY. Inside root, Fe was found in the outer layer - the rhizodermis. 

The Fe concentration there was two to three orders of magnitude more than in the inner portion 

of this organ where it averaged 10 μg/g. In cucumber leaf Fe concentration was highest in the 

midrib, with 600 μg/g, up to 60 fold higher than in the cells of parenchyma [104].  

Similar to compartmentalization of iron, Ca++ distribution in Arabidopsis thaliana is 

tightly regulated. Proteins called cation exchangers (CAXs) are involved in this process. XFM 

imaging of wild type and mutant Arabidopsis seeds was done at the NSLS. Elemental maps 

showed that altered Ca localization within cells and reduced partitioning into organelles in 

mutated seeds. Interestingly, changes in Ca distributions were different in CAX1 and CAX3 

single and double mutants, suggesting that these two genes play distinct roles in different seed 

compartments. In addition, K, Mn and Fe were also redistributed in mutant seeds [105]. 

XFM at the SSRF was done to investigate accumulation of Pb in plant Elsholtzia 

splendens—a copper accumulator plant exposed to Pb. This toxic element was mostly 

accumulated in the roots but also stems and leaves. In latter organs, Pb was restricted to the 

vascular bundles and epidermis. A significant positive correlation between Pb, Ca, K, and Zn 

distribution was found and correlation between Pb and Ca was the greatest. This insight could be 

exploited either to decrease or increase accumulation of Pb in this species [106]. 
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Production of biofuels and chemicals from plants requires chemical pretreatments that 

could be made simpler if iron was present in plant material. To enrich plant matter with iron, 

transgenic Arabidopsis plants expressing heterologous ferritin gene were engineered.  These 

plats accumulate iron under both control and iron-fertilized growth conditions. Growth in the 

presence of Fe fertilizer led to an increase in plant height and dry weight by more than 10%. Fe 

accumulation in these plants occurred in cell walls as determined by XFM studies conducted at 

the APS [107]. 
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2.8 Conclusions 

XFM is a powerful and versatile technique for investigation of elemental content in 

biological samples. The most accurate results are obtained without chemical fixation with flash 

frozen samples imaged under cryogenic conditions. XFM qualified by these conditions is 

unequivocally better than any other approach with respect to accuracy and sensitivity of 

elemental mapping and concentration evaluation. Whole cells can be imaged with resolutions 

better than 100nm and their content 3D reconstructed despite cell thickness of 10 microns or 

more; with some compromises in the spatial resolution samples as thick as 100s of microns can 

also be imaged in 3D. Other compromises in XFM are also often unavoidable due to exigencies 

of biomedical research. Various sample manipulations are sometimes necessary, from freeze 

drying, to chemical fixation to air drying.  Despite the fact that such preparation approaches alter 

some of the elemental concentrations – it rarely happens that it is not possible to decide which 

elements are most relevant for a study in question and find a proper preparation approach.  With 

new technical developments such as “fourth generation” synchrotrons, faster detectors and even 

“X-ray focusing” optics it is likely that XFM will continue to develop toward ever higher 

resolution and speed of data acquisition. 
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CHAPTER 3: Labeling and In Situ Detection of TiO2 Nanoparticles 

(adapted from Brown, K., Thurn, T., Xin, L., Liu, W., Bazak, R., Chen, S., Lai, B., Vogt, S., 

Jacobsen, C., Paunesku, T., and Woloschak, G. (2017). Intracellular in situ Labeling of TiO2 

Nanoparticles for Fluorescence Microscopy Detection. Nano Research. (In press) 
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3.1 Introduction 

Despite the extensive body of research exploring the interactions between TiO2 

nanoparticles and neoplastic cells, the chemical techniques to fluorescently label TiO2 

nanoparticles in vitro, in vivo, and ex vivo are limited and primarily depend on use of Alizarin 

Red S (ARS) [8, 10, 13, 15, 19]. Although this molecule binds well to the nanoparticle surface as 

an enediol ligand, its fluorescent yield is small and in the range of 0.001 units at best [108], 

while, for example, fluorescence quantum yield for Alexa Fluor 488 is 0.92 units (according to 

Invitrogen). In addition to ARS, chemotherapy drug doxorubicin also fluorescently labels TiO2 

nanoparticles however, its binding to the surface of TiO2 nanoparticles is mediated by single OH 

groups, and labeled nanoparticles shed doxorubicin molecules after cellular internalization [12]. 

Additionally, illumination of nanoparticles by light of UV-range wavelengths used for 

fluorescent microscopy excites TiO2, causing ROS release, which results in rapid bleaching of 

the samples. To make things more complicated, TiO2 nanoparticles quench fluorescence from 

immediately adjacent fluorophores such as Cy3 and FAM when they are used to label single-

stranded DNA oligonucleotides, and these in turn are adsorbed onto 20nm nanoparticles by 

phosphate groups [109]. Several studies attached biotin to TiO2 nanoparticles [1, 9]; however, 

this route for indirect labeling of nanoparticles in cells is challenging because of possible 

artifacts associated with background streptavidin labeling of cells. This has hindered our ability 

to gain in-depth knowledge of the details and mechanisms of TiO2 nanoparticle cellular 

targeting, internalization, and subcellular localization. Techniques that do not rely on fluorescent 

labeling such as transmission electron microscopy (TEM) and X-ray fluorescence microscopy 

(XFM or SXRF) are often used to determine TiO2 internalization and intracellular stability [3, 7, 
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8, 10-12, 15, 110]. XFM is a quantitative technique used to detect and map nanoparticles directly 

in whole cells based on titanium-specific K-alpha X-ray fluorescence emitted from titanium (Ti) 

atoms. XFM scanning registers a quantitative and qualitative map of the distribution of cellular 

elements such as sulfur (S), phosphorus (P), and zinc (Z) [110]. Similarly, energy dispersive 

electron spectroscopy (EDS, EDX, or XEDS) can be used to identify the elemental signature of 

titanium, but this technique does not function in combination with whole cells. However, both 

EM and XFM suffer from low throughput and other limitations. TEM requires biological sample 

sectioning and permits analysis of only a small number of cells. Similarly, XFM is not readily 

available and requires synchrotron-quality X-rays. Both techniques can be expensive and 

technically challenging, and neither allows analysis of large numbers of cells. 

In order to meet the demands of the growing body of research exploiting TiO2 

nanomaterials, it has become necessary to develop an in situ post-treatment labeling approach 

capable of precisely detecting the subcellular localization of nanomaterials in cells as well as 

tissue samples; such a technique also must be quick and produce consistent results. Herein, we 

describe two in situ labeling techniques to label TiO2 nanoparticles in order to image them using 

fluorescence microscopy. In addition, XFM was used to confirm the co-registration of the Ti 

elemental signature and nanoparticle optical fluorescence. 
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3.2 Fluorescein-biotin Labeling and Detection  

We attached FITC-biotin to the TiO2 nanoparticle surface through hydroxyl groups on the 

FITC part of the molecule (indicated by dashed lines in Fig. 1(a)). Due to the distance between 

these two OH groups, it is unlikely that both of these attach to the nanoparticle at the same time. 

Nevertheless, a single OH group binding to the nanoparticle surface is sufficient for nanoparticle 

coating; we have found this to be true in the past, e.g., for binding of doxorubicin [12]. Labeled 

nanoparticles (Figure 3.1(a)) were incubated with MCF-7 breast cancer cells and imaged first 

using confocal microscopy (Figure 3.1(b)) and then XFM (Figure 3.1(c)) to detect the 

intracellular localization of the nanoparticles in a single cell. Because TiO2 nanoparticles are 

surface reactive and may bind to additional parts of FITC-biotin instead of to hydroxyl groups 

only, we were concerned about quenching of some of the fluorescent signal (similar to 

quenching of Cy3 and FAM[9]). To prevent this, binding between nanoparticle and FITC-biotin 

was performed in the presence of glucose to additionally coat the surface of TiO2. 

After a 16 h treatment with nanoparticles, the cells were sorted by flow cytometry, seeded 

on formvar-coated gold TEM grids, and allowed to attach for 3 h prior to fixation and confocal 

fluorescence imaging. After optical fluorescence imaging, during which the grids were 

submerged in mounting media, the grids were rinsed in PBS, dehydrated in ethanol, and air dried 

prior to XFM. 
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Figure 3.1. Fluorescent labeling and uptake of TiO2 nanoparticles. (a) Possible interactions 

between nanoparticle and fluorescein biotin. There are two free OH groups on fluorescein 

molecule that are able to bind the TiO2 surface, similar to doxorubicin molecules [12]; they are 

indicated by dashed lines between oxygen atoms and nanoparticle (gray circle). (b) Confocal 

imaging of MCF-7 cell treated with TiO2 nanoparticles coated with fluorescein (FITC)-biotin. 

Separate and overlapping images of Hoechst (nuclear DNA) and FITC (nanoparticles) are shown 

as well as matching phase contrast image. (c) X-ray fluorescence microscopy (XFM) maps show 

the distribution and concentration of phosphorus (P), titanium (Ti), and sulfur (S) in the same 

MCF-7 cell treated with the FITC-biotin coated TiO2 nanoparticles. The positions of FITC signal 

in confocal image and Ti signal in the XFM map are well matched.  
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XFM was performed using the X-ray microprobe instrument with 2ID-E beamline at the 

APS, ANL. The X-ray fluorescence map of sulfur showed the boundaries of the cell as expected 

[3, 7, 8, 10, 16-18, 20, 40, 111] and corresponded well with the cells’ outlines in optical 

fluorescence microscopy. Similarly, the strongest phosphorus signal area in the phosphorus XFM 

map overlapped with the cell nucleus; again, this matched well with the DNA (Hoechst) 

fluorescent signal obtained by confocal microscopy. A strong titanium signal (per-pixel signal of 

up to 27 µg cm˗2) was detected by XFM inside the cells but outside of the nuclei. The 

distribution of titanium and, therefore, TiO2 nanoparticles showed a good overlap with the FITC 

fluorescence signal in images obtained by confocal fluorescence microscopy. The slight 

discrepancies between the images are expected since the cells were hydrated for confocal light 

microscopy but dried for XFM measurements. Moreover, imaging by XFM is performed with 

the sample mounted vertically into a special sample holder and positioned at 45° to the incident 

beam direction and detector, making direct comparisons between images impossible. It should 

also be noted that the substrates suitable for imaging by XFM are not ideally suitable for 

confocal fluorescence microscopy. In many cases, when formvar-coated TEM grids are used for 

cell growth, cells detach from the substrate during manipulations that remove mounting media 

necessary for fluorescence microscopy, and often only clusters of cells remain attached to the 

substrate, as happened with the cells shown in Figure 3.1. 
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3.3 Streptavidin Secondary In Situ Detection of Fluorescein-Biotin Labeling 

In order to show the selectivity and specificity of labeling TiO2 nanoparticles with FITC-

biotin and mitigate the potential problem of signal quenching when nanoparticles are directly 

labeled with FITC-biotin, we decided to expose nanoparticle aggregates inside cells to secondary 

in situ labeling and use the interaction between fluorescent streptavidin and biotin attached to the 

nanoparticle to confirm that the two fluorescent signals overlap. Cells that contained 

nanoparticles modified with FITC-biotin were purified by flow cytometry sorting, seeded on 

formvar-coated TEM grids, fixed, permeabilized, and stained with streptavidin-Cy3. Confocal 

imaging of biotin-FITC, streptavidin-Cy3, and Hoechst was performed (Figure 3.2(a)), and the 

TEM grids with cells were rinsed in PBS, dehydrated in ethanol, and air died to be imaged by 

XFM. Several single cells and cell clusters were imaged by confocal microscopy, but only the 

cluster shown in Figure 3.2 remained attached to the formvar substrate at the time of XFM 

imaging. The localizations of the optical fluorescence signals were compared to the 2D XFM 

map of titanium in the same whole cells (Figure 3.2). Several cells depicted in Figure 3.2 

demonstrate an overlap between the position of titanium (maximal per-pixel concentration of 

titanium up to 44 μg cm˗2) determined by XFM and sites of FITC and Cy3 dual fluorescence 

detected by confocal optical microscopy.  

Although this approach for optical labeling of nanoparticles is currently shown to be 

feasible, the presence of biotin may significantly affect interactions between the cells and the 

nanoparticles. For example, biotin uptake occurs both in cancer cells [112] and cells of normal 

tissues [113]. Biotin enters cells via the ubiquitously present protein-solute carrier family 5 

member 6 (SLC5M6), also known as the sodium-dependent multivitamin transporter. It is 
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probable that the nanoparticles coated with biotin would engage in biotin receptor-mediated 

uptake by many different cell types in vivo. This would interfere with the intended cellular 

targets of nanoparticles by creating a “targeting competition” between biotin receptors and the 

intended cell surface epitopes.  
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Figure 3.2. Secondary in situ fluorescent labeling of TiO2 nanoparticle aggregates. A cluster 

of MCF-7 cells treated with FITC-biotin TiO2 nanoparticles was chemically fixed, permeabilized 

and subsequently treated with Cy3 labeled streptavidin. (a) Confocal microscopy shows 

matching positions of florescent signal of FITC-biotin coated nanoparticles (green) and 

fluorescent signal of Cy3 streptavidin (red) interacting with biotin on nanoparticles after post-

fixation labeling of nanoparticle treated cells. Nuclear DNA was labeled by Hoechst. (b) XFM 

maps show cytoplasmic distribution of titanium (Ti) as well as 2D distribution of native cell 

elements P and S (last image in top row shows a phase contrast image of the sample prior to 

XFM). In this instance combined FITC and Cy-3 (a) signals and Ti fluorescent signal (b) show 

similar pattern of distribution.  
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3.4 Streptavidin-Alexa 488 In Situ Detection of Dopamine-Biotin Labeling 

In order to create a labeling and detection system that was more stable than labeling TiO2 

nanoparticles with FITC-biotin and secondary detection with Streptavidin-Cy3, we decided to 

label nanoparticles with dopamine-biotin (see Figure 1.2). Dopamine binds to TIO2 through two 

hydroxyl groups rather than single hydroxyl binding through FITC; in these experiments biotin 

was conjugated to dopamine using the free amino group of dopamine (Figure 3.3).  
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Figure 3.3. Secondary in situ fluorescent labeling of TiO2 nanoparticle aggregates. Biotin-

NHS compound was conjugated with amino group of dopamine using a standard chemistry 

procedure. Resultant molecule – biotin dopamine was attaches to nanoparticle surface via 

hydroxyl groups of dopamine.  
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Dopamine-biotin labeled nanoparticles were introduced into HeLa cells seeded on barrier 

slides, cells were fixed, permeabilized and stained with streptavidin-Alexa 488. We expected that 

the interaction between biotin on the nanoparticle surface and streptavidin would be more 

exclusive than in the case to biotin-FITC labeled nanoparticles. In this experiment, biotin was 

attached covalently to dopamine and the dopamine was attached covalently to the nanoparticle; 

we therefore used the harshest washing procedures for further processing of these samples that 

would still permit binding between biotin and streptavidin. At the conclusion of these washing 

procedures, cellular nuclei were labeled with Hoechst 33324. Confocal imaging of Alexa 488 

(streptavidin, on or off nanoparticles) and Hoechst (cell nuclei) was done (Figure 3.4). The 

fluorescence pattern in cells without nanoparticles was similar to cells with nanoparticles 

suggesting that a streptavidin-Alexa 488 detection system was not specific enough to image TiO2 

nanoparticles intracellularly. It is possible that the biotin on the nanoparticle surface was not able 

to interact with streptavidin e.g. because of the relatively short distance between biotin and the 

particle surface or because of the rigidity of chemical bonds in this type of nanoconstruct. 

Alternatively, it may be that the endogenous biotin was as abundant as biotin on the nanoparticle 

surface and no specific difference between nanoparticle aggregates and cytosol could be 

detected. In order to address the second type of labeling complications, we continued to modify 

the experimental conditions in order to reduce the fluorescent intensity in cells without 

nanoparticles. For example, we changed cell permabilization detergents and wash buffers. We 

also varied washing times, permabilization times, used different cell types, changed the detection 

fluorophore, reduced the concentration of streptavidin-Alexa 488 and pre-blocked cells with 

streptavidin and neutravidin. Despite these changes in experimental conditions the outcome of 
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the experiment did not change significantly (data not shown). Our ultimate conclusion was that 

the former explanation of the situation is more likely – geometry of biotin – dopamine molecule 

attached to nanoparticle surface did not allow the subsequent interaction between biotin and 

streptavidin. While we could have continued to test different linkers to distance dopamine from 

nanoparticle and ease access for streptavidin, we decided to turn instead to the use of smaller 

chemical molecules and use CLICK chemistry to label nanoparticles in situ rather than continue 

to develop streptavidin-dependent staining procedures.   
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Figure 3.4. Streptavidin-Alexa 488 staining of control cells (No NP) and cells treated with 

dopamine-biotin coated TiO2 nanoparticles (NP). No significant difference in labeling of 

these two samples was noted. Streptavidin distribution in both samples has shown the same non-

specific pattern. 
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3.5 Nanoparticle labeling with dopamine-azide and detection by CLICK Chemistry  

Since we were unable to develop a robust procedure for biotin-streptavidin labeling of 

TiO2 in cells, we decided to investigate alternative approaches for nanoparticle labeling in situ. 

Seeking nanoparticle coatings that would not target any specific cell receptors, we decided to 

investigate azide-PEG4-dopamine (Figure 3.5) as a surface modification of TiO2 nanoparticles 

and use it as a basis for subsequent in situ CLICK reaction with commercially available Alexa 

Fluor 488 alkyne [56]. Azide moieties in cells are sparse, making CLICK labeling suitable for 

cell biology. In its interaction with TiO2 nanoparticles smaller than 20 nm, dopamine is known to 

form stable covalent bonds spontaneously; the present study and previous studies used dopamine 

and dopamine-linked molecules for stable surface modification of TiO2 and TiO2 shell 

nanoparticles [1, 3, 4, 8, 11, 13, 14, 17, 18, 20]. Nanoparticles conjugated to dopamine-azide 

showed some increase in hydrodynamic diameter compared with that of bare nanoparticles alone 

when assessed using dynamic light scattering (Table 3.1). In addition, we noted small differences 

between zeta potentials of azide-coated nanoparticles; they shifted from -34.07 ± .91 to -31.30 ± 

.78 mV in comparison with those of uncoated nanoparticles (Table 3.1). Finally, size and 

aggregation of azide-coated nanoparticles were slightly increased compared with that of bare 

nanoparticles by cryo-TEM (Figure 3.6).   
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Figure 3.5. Schematic Diagram of CLICK labeling. Steps of in situ chemical reaction between 

azide-PEG4-dopamine (MWT426.47) conjugated to the surface of TiO2 nanoparticle (gray circle) 

and alkyne-modified Alexa-Fluor 488. This CLICK reaction is done in presence of Cu in situ, in 

permeabilized cells. 
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Table 3.1. Zeta Potentials and Dynamic Light Scattering of NPs. Bare TiO2 nanoparticles and 

azide-coated nanoparticles were diluted 1:200 in water and their hydrodynamic diameters and 

zeta potentials measured. Due to aggregation and the non-spherical shape of aggregates, sizing 

data obtained were deemed not reliable and cryo TEM images were used for nanoparticle sizing. 

  

Nanoparticle  

(dispersant) 

Zeta Potential 

 

Hydrodynamic Diameter 

Bare NPs (1:200) 

dH2O 

-34.07 ± .91 

 

364.7 ± 18nm 

 

NP-azide (1:200) 

dH2O 

-31.30 ± .78 

 

387.9 ± 79nm 
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Figure 3.6. Cryo-TEM images of bare and dopamine-azide coated TiO2 nanoparticles. Bare 

TiO2 nanoparticles and azide-coated nanoparticles were diluted 1:50 in distilled H2O, plunge 

frozen in liquid ethane and imaged. Compared to uncoated nanoparticles (left), azide-coated 

(right) nanoparticles and aggregate sizes appear slightly increased. 
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HeLa cells grown on microscope slides and serum-starved for 1h were treated with azide-

coated nanoparticles for 1h because we have noticed previously that non-specific uptake of 

nanoparticles is already substantial at this nanoparticle concentration [19]. Initially, in order to 

obtain a quick confirmation that new fluorescent staining matches the pattern that would be 

obtained by already established fluorescent dyes, we added ARS to azide-coated nanoparticles 

and used these doubly coated nanoparticles for cell labeling (Figure 3.7). The overlap between 

ARS and Alexa Fluor 488 fluorescence we obtained was encouraging, therefore we proceeded to 

optimize the CLICK reaction. 
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Figure 3.7. Cells treated with nanoparticles simultaneously coated with ARS and 

dopamine-azide and stained in situ by CLICK reaction with Alexa-Fluor 488 alkyne. The 

high nanoparticle concentration in this experiment (20 fold higher than e.g. in Figure 3.8) lead to 

the formation of substantial cell associated aggregates. This thickness of nanoparticle deposits 

was not compatible with proportional CLICK labeling; therefore, only those areas of 

nanoparticle aggregates that are relatively thin show an obvious red (ARS) and green (Alexa-

Fluor 488) fluorescence overlap. Importantly, this early experiment has also shown that a CLICK 

reaction with Alexa-Fluor 488 alkyne may result in weak staining of nucleoli. In our subsequent 

experiments, we have decreased nanoparticle concentration and refined CLICK reaction (1500x 

dilution of Alexa-Fluor 488 alkyne) to develop the procedure used in subsequent experiments. 
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Our focus in the next set of experiments was to obtain minimal Alexa Fluor 488 

background coupled with bright labeling of nanoparticle aggregates in situ (Figure 3.8). We 

noted that oversaturation of cells with the alkyne-modified fluorophore (alkyne-Alexa 488) can 

produce background despite the lack of azide groups in nanoparticle-free cells; therefore, we 

fine-tuned the labeling reaction to prevent non-specific background fluorescence in untreated 

cells. Cells without nanoparticles (untreated) exhibited a very dim fluorescent signal (Figure 3.8) 

that was easily recognized as background, non-specific fluorescence. Comparatively, cells with 

azide-coated TiO2 nanoparticles showed a strong fluorescent signal when excited with a 488-nm 

laser (Figure 3.8). Using these experimental conditions, we noticed even subtle differences in 

treatment and staining conditions such as a two-fold increase in concentration of alkyne-Alexa 

488 or a twofold increase in concentration of nanoparticles (Figure 3.8). Thus, for example, we 

noticed little difference in the Alexa 488 background when two different concentrations of 

alkyne-Alexa 488 were used and at the same time noted much stronger signal intensity in 

nanoparticle-treated cells. Similarly, doubling the nanoparticle concentration increased the 

volume of Alexa 488-positive pixels in nanoparticle-treated cells (Figure 3.8). We proceeded to 

test these signal intensity differences more quantitatively using Nikon Elements software (Table 

3.2). The data about pixel numbers and signal intensities confirmed our visual impressions.  
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Figure 3.8. Labeling specificity of CLICK reaction. Increased concentration of alkyne Alexa-

488 increases fluorescent signal intensity of nanoparticle aggregates in nanoparticle treated cells 

(right hand panels), while increased concentration of nanoparticles leads to greater nanoparticle 

uptake (bottom right panels). Cells not treated with nanoparticles (left panels) have low 

background Alexa-488 signal under the same staining and imaging conditions.    
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Nanoparticle Concentration 
 

No Nanoparticle 0.16 nM Nanoparticle 

Nucleus 

Hoechst 

area/Alexa 

area 

Alexa signal 

mean 

intensity 
 

Nucleus 

Hoechst 

area/Alexa 

area 

Alexa signal 

mean 

intensity 

0.67 

µM 0.533039984 27.05 1.713822631 655.4 

 1.34 

µM 0.319612203 110.8 0.749564841 346.48 

 No Nanoparticle 0.32 nM Nanoparticle 

 

Nucleus 

Hoechst 

area/Alexa 

area 

Alexa signal 

mean 

intensity 
 

Nucleus 

Hoechst 

area/Alexa 

area 

Alexa signal 

mean 

intensity 

0.67 

µM 0.534795386 304.05 3.978723404 1129.95 

 1.34 

µM 0.505167368 330.91 1.235462941 1026.54 

 

  

Table 3.2. Quantitative analysis of fluorescent intensity in images presented in Figure 3.8. 
We analyzed the fluorescent intensity signals of Hoechst and Alexa-488 in samples presented in 

Figure 3.8 in several different ways. Considering that the non-specific Alexa staining can be 

expected throughout the cell in nanoparticle free samples, we predicted that the ratio of Hoechst 

stained areas divided by Alexa-488 stained area will be close to 0.5 in nanoparticle free samples. 

On the other hand, in nanoparticle treated samples, nanoparticles absorbed majority of the Alexa-

488 and concentrated this signal into a smaller area and the ratio of nucleus vs. Alexa stained 

area increased (because Alexa stained area decreased to the area containing nanoparticles). Mean 

intensity of Alexa signal at each nanoparticle concentration increased more (in comparison to 

matching control) at lower azide Alexa 488 concentration, although total Alexa signal intensity 

was higher in samples containing more nanoparticles. 
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Several factors were considered in this analysis. For example, in cells without 

nanoparticle treatment ratio of nucleus associated pixels vs. Alexa associated pixels was close to 

0.5 suggesting a diffuse staining of whole cells by the alkyne-Alexa 488 detector molecule. In 

contrast, in cells treated with azide coated nanoparticles the ratio of Hoechst stained areas to 

Alexa-488 stained areas were greater than 0.5 suggesting staining specificity (Table 3.2). 

Furthermore, mean per pixel Alexa-488 signal intensity was about 3 times higher in cells treated 

with azide-coated nanoparticles then in matching no nanoparticle controls; this difference was 

slightly less dramatic in cells stained with higher concentration of click reagent.  

The final refined procedure for CLICK labeling of nanoparticles in situ yielded a bright 

signal and low background; however, it was important to confirm that the bright green signal 

shown in Figures 3.7 and 3.8 entirely depends on the presence of nanoparticles. For the ultimate 

confirmation of the presence of nanoparticle, we used XFM. In the period between experiments 

shown in Figures 3.1 and 3.2, and at present, the APS Synchrotron obtained a new, higher 

resolution instrument for XFM—the Bionanoprobe [20, 40]. As detailed in the Experimental 

section and described in Chapter 2, the X-ray beam focus of the Bionanoprobe is several fold 

better than that of the X-ray microprobe instrument at sector 2ID-D used to obtain XFM data in 

Figures 3.1 and 3.2. We decided to image the same sample by both confocal microscopy and 

then by XFM at the Bionanoprobe, replicating the work performed with biotin-FITC – 

streptavidin nanoparticles. In this case, cells were grown on silica nitride windows, processed, 

imaged by optical microscopy as if on glass slides, and finally washed, dehydrated by ethanol, 

and air dried as it was performed earlier. This approach for sample preparation is suboptimal 

with regard to both preservation of cell morphology and preservation of native cellular elemental 
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components, but the nanoparticle localization inside the cell remains unchanged. Thus, we 

anticipated that the only clear elemental signals from the cell would be phosphorus (indicating 

cell nucleus) and titanium (indicating nanoparticles); this was confirmed as anticipated, with an 

additional finding that copper from the CLICK reaction also incorporated into the cellular matter, 

providing (as an artifact) a clear cellular outline (Figure 3.9). As anticipated, the Alexa Fluor 488 

signal from confocal microscopy within the cell cytoplasm matched well with the Ti signal 

obtained by XFM (Figure 3.9). More importantly, maximum per-pixel intensity of Ti in this 

image was 3.89 micrograms per cm2, seven times lower than the maximum signal in Figure 3.1, 

while at the same time, signal for P differed only by threefold. Although some of these elemental 

signal differences could be ascribed to a different way of sample preparation, it is still likely that 

the cells in Figure 3.9 contain less TiO2 than their counterparts in Figures 3.1 and 3.2. However, 

at the same time, confocal fluorescence signal intensity is much clearer in Alexa Fluor 488 

CLICK-labeled samples (Figure 3.9) than in FITC-labeled cells (Figures 3.1 and 3.2). Therefore, 

CLICK chemistry provides staining not only lower in background but also more sensitive 

labeling for nanoparticles. 
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Figure 3.9. Confocal microscopy of nanoparticles using CLICK chemistry and XFM 

elemental mapping of titanium in cells. Cells seeded on Si3N4 windows, a substrate suitable for 

XFM, were treated with nanoparticles, labeled by CLICK and stained by Hoechst to be imaged 

by confocal microscopy (a). Next, cells were rinsed with PBS, dried (b) and subjected to XFM at 

a high resolution XFM instrument–Bionanoprobe (c). a) Optical microscopy, confocal image of 

the cell pair that was investigated by XFM; b) Dried Si3N4 window with the same pair of cells 

air-dried on its surface c) high resolution XFM images (beam size of ~85 nm; pixel size 100 nm) 

of the two cells. Element and maximal elemental concentration in micrograms per cm2 are given 

in white letters. Scale bar (black) is 2 microns; color scale defines false colors map with minimal 

signal in black and maximal signal in red.  
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3.6 Conclusions 

Three new approaches for labeling of TiO2 nanoparticles in situ were tested and two of 

them developed for labeling for confocal microscopy and successfully confirmed by XFM. 

Although confocal fluorescence imaging and XFM imaging are not easily paired with each other, 

we managed to preserve the integrity of substrates (fragile formvar-coated TEM grids and Si3N4 

windows) carrying some of the cells (many detached in the process of multiple manipulations) 

imaged by confocal microscopy. Thus, dual imaging was achieved, and it confirmed that the 

fluorescent signal and the metal oxide (elemental) signal are co-registered. XFM imaging of cells 

pre-screened by confocal microscopy has been accomplished only once before to our knowledge 

[8], showing that, as in this case, Ti signal obtained by XFM spans the entire cell volume, while 

confocal microscopy provides images of nanoparticles only in a given optical slice [8]. An 

excellent overlap was found between optical fluorescence signals (FITC and Cy3 in one case and 

Alexa 488 in the other) and the position of Ti in XFM-generated elemental maps. This suggests 

that the following can be achieved: (1) successful labeling of nanoparticles with optically 

competent dyes; (2) retention of fluorescent dyes on nanoparticles during cell treatments; and (3) 

washing out and removing sources of non-specific optical fluorescence from nanoparticle-treated 

cells pre- or post-stained with optically fluorescent dyes.  

Labeling based on the use of FITC-biotin and streptavidin is often associated with a 

slightly higher background fluorescence due to the interactions between streptavidin-Cy3 and 

endogenous, not-nanoparticle-bound biotin. It is possible that such background could be 

decreased by pre-treating cells with streptavidin or neutravidin, which have been used to reduce 

endogenous biotin in vitro [114] and in vivo [115]; nevertheless, in this case it is possible that 
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residual non-labeled avidin-like molecules could interact with the nanoparticles as soon as they 

enter the cells and reduce subsequent labeling with fluorescent avidin-like compounds. 

In order to detect TiO2 nanoparticles in situ and do so with a single step without 

background fluorescence and without concern that biotin import into cells may be triggered, we 

developed a CLICK chemistry approach for labeling and detecting TiO2 nanoparticles in situ. 

The copper-catalyzed azide–alkyne cycloaddition, also known as a CLICK reaction, was 

developed in 2008, and the following year it became a method of choice for use with biological 

samples [116, 117]. In nanotechnology, specifically with TiO2 nanoparticles, CLICK chemistry 

was used for the preparation of hybrid nanomaterials [118-121]. In biology, CLICK chemistry 

reactions have been used for various cell biology and biomedical applications; the virtual 

absence of azide-carrying moieties in cells makes this an excellent approach for labeling with 

low background [122]. Specifically, several CLICK-based techniques were developed to 

investigate post-translational protein modifications to identify newly synthesized proteins and to 

examine DNA replication in proliferating cells [123-125]. During the reaction process, a stable 

triazole forms in the course of a copper-catalyzed reaction between azide and alkyne moieties; 

this can be exploited as a simple chemical reporter to label and detect biomolecules of interest.  

Commercially available kits such as those from Life Technologies can be used for 

labeling of nucleic acids and proteins in combination with different “standard” cell biology 

techniques [56]. We used components from one of such kits to label azide groups, which were 

attached to the nanoparticle itself, with Alexa Fluor 488 alkyne in order to label in situ azide-

conjugated TiO2 nanoparticles with Alexa Fluor 488. CLICK chemistry staining showed the high 

signal intensity of Alexa Fluor 488 in confocal imaging without prominent background 
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fluorescence, thereby permitting accurate intracellular detection of even small nanoparticle 

aggregates. There was an evident overlap between the strong fluorescent signal of Alexa Fluor 

488 within the cytoplasm (Fig. 8), and the XFM detected localization of Ti. It is worth 

mentioning that the molecular weight (MW) of azide-PEG4-dopamine is about 400, while the MW 

of molecules used for targeted nanoparticle coating generally exceeds this by several fold. For 

example, the MW of B-loop peptide dopac conjugate we used previously is close to 1500 [20]. It 

will remain to be evaluated whether azide-PEG4-dopamine may interfere with nanoparticle 

targeting or not and whether access to the azide group may be affected by the presence of 

targeting molecules on the nanoparticle surface. Considering the large surface area of 

nanoparticles and the fact that B-loop peptide covered no more than 30% of the nanoparticle 

surface for successful targeting [20], adapting the nanoparticles for targeting and in situ staining 

should be easily accomplished. 

A chemical reporter labeling technique such as CLICK chemistry as an in situ staining 

approach has clear advantages over the use of nanoparticles labeled with fluorescent molecules 

prior to cell treatment. Moreover, the availability of alkyne-conjugated fluorescent dyes is 

increasing, allowing for more flexibility in the choice of detection molecules. CLICK chemistry 

itself is simple, highly selective, efficient, and reproducible. Finally, similar staining and 

detection techniques could be applicable to other metal oxide nanoparticles like iron oxide, 

which also has a high affinity for dopamine [126, 127].  

Nevertheless, because CLICK chemistry reactions introduce a substantial amount of 

copper into cells (Fig. 8), the elemental content of cells treated by CLICK chemistry shows high 

Cu content as an artifact. It is possible, nevertheless, that a copper-free CLICK reaction can be 
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used instead of the approach used here. Although CLICK chemistry may be suitable in most 

situations, a dual labeling approach such as the biotin-streptavidin labeling approach described in 

the present study has utility in pre- and post-detection studies, specifically in nanoparticle studies 

that requires labeling through hydroxyl groups. 

In conclusion, the results of this study show that it is feasible to label TiO2 nanoparticles 

both sequentially by biotin-FITC and then in situ by fluorescent streptavidin as well as strictly in 

situ by CLICK chemistry. Both approaches are capable of detecting TiO2 nanoparticles 

intracellularly through optical fluorescent microscopy. Importantly, these labeling techniques can 

be used as post-treatment labeling techniques (Figure 3.10) to detect TiO2 nanoparticle 

internalization, localization, and activation. To the best of our knowledge, this is the first report 

on TiO2 nanoparticle detection using CLICK chemistry coupled with XFM (Figure 3.11). In this 

study, we used XFM to confirm that fluorescent signals are indeed co-localized with the 

nanoparticles; however, in the future, only confocal microscopy can be performed, especially 

with CLICK chemistry-labeled nanoparticles. This will increase throughput for nanoparticle 

imaging in situ, facilitating the evaluation of nanoparticles in a variety of cell biology scenarios. 
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Figure 3.10. Schematic explanation of the benefits of nanoparticle post labeling. TiO2 

nanoparticles have low natural contrast; two novel ways to label them in situ to enable optical 

microscopy were developed, both based on standard tools used in cell biology. In each case, 

visible fluorescence was achieved in situ in cells fixed after nanoparticle uptake; specificity of 

labeling was confirmed by X-ray fluorescence microscopy. 
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Figure 3.11.  Both confocal microscopy and XFM were used in order to understand the 

distribution of CLICK labeled nanoparticles in cells. Confocal visible light microscopy shows 

distribution of nanoparticle aggregates in cells (top row); XFM mapping and elemental analysis 

of different image regions show that, for example, signal intensity of silica (sample substrate was 

Si3N4) is the same in any region of interest: background (green), cytoplasm (blue) or cytoplasmic 

nanoparticle aggregates (red).  On the other hand, in the area of the image corresponding to 

cytoplasmic nanoparticle aggregates, K alpha and K beta Ti lines show much higher peaks then 

in cytoplasm or naked substrate, while, for example Fe signal has the same peak intensity in all 

cytoplasmic regions (with or without nanoparticles). 
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CHAPTER 4: Nanoparticle Induced Cellular Stress 
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4.1 Introduction  

The physical and chemical properties of nanomaterials and their distinct differences from 

biological molecules upon internalization by cells or tissues open new avenues for cancer 

treatments.  Specifically, stress increasing nanoparticles are of interest in radiation oncology 

since radiation therapy is used in treating more than 50% of all cancers. Targeted and stress 

causing nanoconstructs that improve the effects of radiotherapy are of great interest in the field. 

Nanomaterials respond to ionizing radiation differently than biological molecules. While 

chemical bonds of most organic polymers suffer radiation damage, inorganic nanomaterials can 

accept or release electrons and photons without significant structural changes following radiation 

exposure. Moreover, depending on their surface modifications, the same nanostructures 

sometimes have a variety of effects on their immediate biochemical and biological surroundings 

(Figure 4.1).  
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Figure 4.1. Nanoparticle Induced Pathways to Increased Cell Death. Two general paths 

toward nanomaterial enabled radiosensitization have been explored: 1) improving the 

effectiveness of ionizing radiation and (2) modulating cellular pathways leading to a disturbance 

of cellular homeostasis, thus rendering the cells more susceptible to radiation-induced damage 

[128].  
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4.2 Nanoparticle-induced Cell Injury  

Nanoparticles induce cellular stress in a number of ways. Cellular stress in many cases 

leads to cell death. For example, copper oxide nanoparticles were found to increase autophagy 

and apoptosis [129] while palladium nanoparticles primarily induce apoptosis [130] and 

platinum nanoparticles prevent DNA replication [131].  

The effect of nanoparticles on cells is largely modulated by their acquisition of a protein 

corona and the subsequent intracellular modification of such corona through interactions with 

intracellular proteins. An in vitro study by our laboratory found that several different sizes of 

polyethylene glycol and tetraethylene glycol-coated iron oxide and titanium dioxide 

nanoparticles interact with proteasome and alter its activity [132]. Similarly, protein corona of 

silica nanoparticles was found to contain proteasomal subunits [133]. Considering that ubiquitin 

proteasome system regulates DNA synthesis and repair [134], it is possible that the rate of DNA 

repair in cells exposed to these nanomaterials is also altered.  

In addition, pre-designed surface modifications on nanoparticles can change native or 

normal cellular processes thereby inducing cellular stress. For instance, DNA repair can be 

deliberately modified by NPs. For example,  Li and others modified 2 nm gold nanoparticles by 

the addition of weak SUMO (Small Ubiquitin-like Modifier)-2∕3 ligands, at a density of 100 per 

particle [135]. Through this approach, (because of high density of a weak ligand on the particle 

surface) nanoparticles became able to interact with multiple SUMO molecules in a poly-SUMO 

chain; inside cells these constructs were found both in cytoplasm and nucleus. Because 

SUMOylation is a very important molecular modification pathway in the oxidative stress 

response, use of this type of nanoparticle, in comparison to same type of nanoparticles without 
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SUMO ligand, led to delayed DNA repair detected by comet assay of breast cancer MCF7 cells 

exposed to ionizing radiation. Similarly gold nanoparticles inside cells have been shown to 

deregulate cellular homeostasis in ways that increase ER stress and decreased capacity for DNA 

damage repair [136]. ER stress is itself responsible for Rad51 degradation and general 

suppression of DNA DSB repair [137].  

Nanoparticle induced perturbation of the cell cycle is an emerging area of research. A 

recent study using prostate carcinoma cell line DU-145 has documented changes in cell cycle 

following treatment with 10 nm gold nanoparticles coated with 6-deoxy-6-fl uoro-1-thio-D-

glucose (Glu-GNPs) [138]. Glu-GNPs triggered activation of the cyclin dependent kinases and 

cell accumulation in the G2/M phase at 29.8% versus 18.4% for controls at 24 h. This activation 

lead to cellular sensitization to ionizing radiation. Similarly, an increased number of cells in 

G2/M phase of cell cycle was noted in glioblastoma cells (SNB-19 and U87MG) in culture after 

treatment with titanium dioxide nanotubes [139]. Moreover, in this study it was noted that the 

DNA repair was reduced in glioblastoma cell lines after they engulfed TiO2 nanorods. As 

nanorods remained in vesicles inside the cytoplasm in these cells, the mechanism(s) responsible 

for these changes in cellular homeostasis are as of yet unclear. Many possible avenues for 

speculations about decrease of DNA repair in this work can be envisioned.  Perturbation of cell 

cycle by nanomaterials, however, does not always lead to increased numbers of cells in G2/M 

phase of the cell cycle. On the contrary, Mackey and El-Sayed conjugated gold nanoparticles 

with nucleus- and cytoplasm-targeting peptides cells and found an accumulation of cells in the S 

phase with a depletion of cells in the G2/M phase in human oral squamous carcinoma (HSC-3) 

[140]. Cells are the most radiation sensitive in G2/M phase of the cell cycle, so cell cycle 
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perturbations that would increase cell numbers in this part of the cell cycle would be the most 

beneficial as radiation sensitizers.  

4.3 Conclusions 

Nanomaterials have been shown to have physical and chemical properties that have 

opened new avenues for cancer diagnosis and therapy. Nanoconstructs that enhance existing 

treatments for cancer, such as radiation therapy, are being explored in several different ways. 

Two general paths toward nanomaterial enabled radiosensitization have been explored: (1) 

improving the effectiveness of ionizing radiation and (2) modulating cellular pathways leading to 

a disturbance of cellular homeostasis, thus rendering the cells more susceptible to radiation-

induced damage (Figure 4.1). A variety of different nanoparticle agents that work via one of 

these two approaches have been explored, many of which modulate direct and indirect DNA 

damage and different cellular pathways. There have been many in vitro successes with the use of 

nanomaterials for radiosensitization, but in vivo testing has been less efficacious, predominantly 

because of difficulty in targeting and localizing nanoparticles. There have been some exceptions 

such as Au nanoparticles in mice [141]. As methods for tumor targeting improve, it is anticipated 

that nanomaterials can become clinically useful radiosensitizers for radiation therapy. However, 

precisely because they cause cellular stress without necessarily causing cell death, nanoparticles 

may be expected to lead to development of somatic mutations and some of these could lead to 

development of new cancers. Toxicology research of this type, however is still in its infancy. 
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CHAPTER 5: HPV associated Head and Neck Cancer 
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composition of HPV associated Head and Neck Cancer (In preparation) 
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5.1 Introduction  

Similar to nanoparticles, viruses cause cellular stress; unlike nanoparticles, connections 

between viruses and cancer have been known for some time. As much as 15% of global cancer 

cases are attributed to infections [142]. Viruses directly contribute to cancer through various 

mechanisms [143, 144]. Direct mechanisms of virally induced carcinogenesis include cancer 

caused by genomic perturbations introduced by incorporation of viral genomes and virally 

induced changes of cellular homeostasis through generation of genomic instability, increase in 

the rate of cell proliferation, resistance to apoptosis and alterations in DNA repair mechanisms. 

5.2 Viruses and Cancer 

The remainder of this chapter will focus on human papillomavirus (HPV). Human 

Papillomavirus (HPV) is a double-stranded, non-enveloped DNA virus that encodes 8 viral 

proteins that infects epithelial type cells, especially keratinocytes [145]. Over 100 types of HPV 

have been identified and are divided into low risk and high risk groups based on their capacity to 

drive malignant transformation. HPV16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, 68, 73 and 82 

are high risk types of HPV [146]. High risk HPV types have been found to cause cervical, neck, 

anal, vaginal, vulva, and penile cancers [147]. HPV oncogenes E6 and E7 increase cell 

proliferation and resistance to apoptosis, disrupt cell cycle checkpoints, compromise DNA repair 

functions. This is turn leads to increases in DNA mutations, and genomic instability which lead 

to malignant conversion [148-150]. Human papillomavirus (HPV) infection alone is not 

sufficient for the development of cancer. Only a small percentage of HPV infections leads to 

invasive tumor growth suggesting that viral oncogene expression is not sufficient for cancer to 
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occur and that other cellular events are necessary. Therefore, cell cycle dysregulation and 

genomic instability caused by HPV allows cells to acquire additional mutations required for 

malignant transformation.  

The molecular mechanisms surrounding the role of HPV in cancer development are 

several. It is believed that viral protein E6 binds to and leads to ubiquitination of p53 a well-

known tumor suppressor protein. p53 is a mediator of apoptosis and plays an important role in 

stimulating cell cycle arrest after DNA damage [151]. Mutations in p53 gene are frequent in 

most malignancies. In fact, it is estimated that p53 gene mutations occur in nearly 50% of tumors 

[152]. In cells with DNA damage, p53 arrests the cell cycle until the damage has been repaired. 

If this does not occur, p53 induces apoptosis or senescence. None of these events can occur in 

cells that express HPV protein E6. Binding with E6 leads to degradation of p53 protein through 

ubiquitination and the cells with E6 expression are functionally equal to cells that have lost p53 

gene through e.g. loss of heterozygosity.  

 HPV protein E7 targets the retinoblastoma 1 protein (pRb) for degradation [153], 

causing increased cell proliferation and overexpression of p16 protein through a disrupted 

feedback loop [154]. pRb  arrests cell cycle progression after binding and inactivating members 

of the E2F family of transcription factors [155]. pRb specifically inhibits the G1-S transition in 

response to DNA damage.  

Uncontrolled cell division and accumulation of mutations and chromosomal 

abnormalities are increased in the absence of either p53 or pRb proteins; all of these effects can 

be expected in cells infected with HPV. Importantly, DNA damage induces expression of viral 

proteins E1, E6, and E7 [156-159] ; their presence coupled with DNA replication and DNA 
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double-strand breaks promotes viral integration [160-162]. Although DNA integration is not a 

part of the normal HPV life cycle, high-risk HPV (HR-HPV) DNA is often integrated into the 

human genome [163]. The sites of integration are distributed throughout the genome at sites 

where DNA double strand break repair failed [164]. A recent study reported a direct association 

between HPV integration and host genomic instability [165]. Additionally, E6 and E7 proteins 

from high risk HPVs such as HPV16 promote gene amplification, structural chromosomal 

alterations and centrosome replication errors leading to aneuploidy and polyploidy. Thus, HPV 

immortalized cell lines often show gain and loss of whole chromosomes [166, 167].  

5.3 HPV and Head and Neck Cancer 

Head and neck cancer (HNC) cases account for over 500,000 global cancer cases 

annually [168]. The most common type of HNC is head and neck squamous cell carcinoma 

(HNSCC), which includes cancers of the oral and nasal cavity, larynx, hypopharynx, and 

oropharynx. HNC is typically associated with tobacco use and alcohol consumption; however, in 

recent years HPV has been increasingly implicated as the causative agent of HNC [169]. In 

2008, human papilloma virus (HPV) was thought to be the causative agent in up to 20% of all 

HNSCC, particularly of the oropharynx, originating in the tonsil or at the base of the tongue, and 

since then that number has been increasing at a rate of 0.8% annually as the percentage of cases 

attributed to smoking and alcohol are slowly declining [170-173]. Oropharynx (OPC) tumors 

account for approximately 60% of all HNC cases [174-176] and approximately 50%-80% of 

OPSCC’s are associated with HPV-positive status [177, 178]. It is estimated that HPV will 
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eventually become the primary etiology for head and neck cancer in the United States. This 

category of HNC will be the main topic for further discussion. 

HPV-positive (HPV+) HNC tumors are distinctly different from HPV-negative (HPV-) 

HNC tumors. Patients with HPV+ tumors are younger in age, often non-smokers, and non-

alcohol drinkers [176]. Despite a more aggressive clinical presentation, HPV status is the 

strongest predictor of localized cancer and predictor of loco-regional control (LRC), decreased 

risk of recurrence regardless of age, stage, or gender and overall survival (OS) [179-184]. 

Specifically, HPV+ OPCs have a 58% reduction in mortality risk and a 62% lower risk of cancer 

progression compared to HPV- tumors [181, 182].  

5.4 Radiation response differences between HPV+ and HPV- HNSCC 

One explanation for improved clinical outcomes seen in HPV+ HNC (specifically 

oropharyngeal cancer) is an increased sensitivity to chemotherapy and radiation treatment [182, 

183, 185, 186]. Conversely, HPV- tumors carry frequent p53 mutations that confer 

chemoradioresistance [187]. DNA mutations in HPV+ and HPV- HNSCC cell lines occur by 

different mechanisms, which illustrates the reasons for the increased treatment sensitivity of 

HPV+ OPCs [188]. The enhanced responsiveness to radiation and chemotherapy of HPV+ 

cancer cells may be caused by cell cycle dysregulation and impaired DNA repair. For example, 

HPV protein E6 induces p53 degradation which in turn leads to failure to express p21 in 

response to DNA damage which in turn does not arrest the cells to allow them to repair the DNA 

[144, 147]. Irradiated HPV+ cell lines progress faster through S-phase, showing a more distinct 

accumulation in G2/M phase of the cell cycle. The abnormal cell cycle checkpoint activation is 
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accompanied by a more pronounced increase in cell death after irradiation.  HPV+ cell lines are 

more sensitive to radiation than HPV- cell lines, possibly due to radiation-induced cell cycle 

arrest [189]. In HPV+ (and p16+) head and neck cancer patients, p16 expression correlates with 

radiation sensitivity. Furthermore, studies have shown that HPV+ tumors are more sensitive to 

DNA-damaging agents than HPV- tumors [190]. 

While the relationship between HPV-induced oncogenesis, tumor sensitivity to 

radiotherapy, and improved clinical outcomes is still being investigated, the standard treatment 

for HPV+ and HPV- OPC continues to be similar. The combination of better prognosis and 

younger age of HPV+ OPCs has led to increasing interest in treatment de-escalation and to the 

development of HPV status specific therapies. Thus, many patients with HPV+ OPC may not 

require the aggressive radiotherapy given to HNSCC patients today. It is expected that new 

recommendations for treatment strategies for HPV+ cases will include dose reduction for 

radiotherapy. Nevertheless, prospective trials are under way to determine whether therapy can be 

stratified solely on the basis of HPV status [191-193].  

5.5 HPV and XFM  

Radiation treatment is a standard of care for more than 50% of all cancer patients; 

however, variation in response to therapy is significant. Healthy tissues and organs differ in 

radiation sensitivity, but the same organ generally has similar sensitivity to irradiation in healthy 

human population. Cancer cells on the other hand, often differ from each other quite significantly 

even for the same tumor type; these differences can be attributed to great genetic variation 

among cancers and even within the same tumor after clonal expansion. However, in head and 
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neck cancer it has been noticed that HPV infection generally correlates with greater radiation 

sensitivity.  

Investigation of elemental differences between tissues from HPV+ and HPV- head and 

neck cancers may, if any differences are found to be consistent, reflect HPV status and/or 

radiosensitivity/radioresistance of these cancers. We decided to explore the elemental makeup of 

head and neck cancers with this idea in mind. Nevertheless, such XFM investigation of head and 

neck cancers should be accompanied by complete information about HPV status, and also be 

supplemented with (i) studies of other tumors with different radiation sensitivity status but 

without HPV involvement, and (ii) studies of other tumors with viral involvement but without 

changes in radiation sensitivity. If we manage to correlate elemental content or distribution 

pattern either with HPV status or with radiation sensitivity, we could develop elemental imaging 

into a new tool to predict treatment outcomes. This would allow further “personalization” of 

radiation treatments to impact cancer care and quality of life for millions of people.  

5.6 Results 

Patient head and neck cancer samples at our disposal were previously tested by 

immunohistochemistry for expression of p16 protein. While correlation between HPV+ status 

and p16 + status is high, their coincidence is not absolute. Therefore, we developed protocols to 

test these samples for presence of high risk (HR) HPV by in situ   DNA hybridization (ISH). 

Tissue samples from 34 patients were organized into tissue microarrays (TMAs), and these 

TMAs were used for ISH. HPV positive status was demonstrated by development of blue color 

indicating successful hybridization of high risk HPV DNA probe (Figure 5.1). HPV negative 
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samples showed no change of color; positive and negative controls suggested by the probe and 

kit manufacturer were used at the same time.  

Patient samples were imaged by X-ray fluorescence microscopy (Figures 5.2 and 5.3). 

Two examples of fine scans of a pair of samples – one from an HPV- and one from an HPV+ 

head and neck cancer are presented. In each case both tumor and surrounding normal tissue were 

imaged. In the HPV- tissue sample there was no discernable differences in elemental 

composition between tumor and non-tumor tissue (Figure 5.3). In the HPV+ tissue sample, on 

the contrary (Figure 5.2), concentration of Zn in cells was higher in area corresponding to tumor 

than in adjacent non-tumor cells. Finally, the overall Zn signal in HPV- sample is much reduced 

in comparison with HPV+ sample. However, in HPV- sample Phosphorus (P) (highest in cell 

nuclei, Figure 5.3) correlates well with “patches” of tumor tissue (red arrow). 
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Figure 5.1. In situ hybridization staining of HPV DNA. Two tissue “dots” from a head and 

neck cancer tissue microarray are shown, as examples of representative in situ   hybridization 

results for HPV- (left) and HPV+ (right) tissues. Dark blue nuclei in HPV+ sample correspond to 

cells containing HPV DNA from high risk HPV virus types.  
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Figure 5.2. XFM image of HPV+ head and neck cancer tissue. The leftmost image is an 

optical micrograph of H&E stained tumor tissue with tumor spread indicated by medium purple 

area of the slide (arrow). X-ray fluorescence microscopy of the same sample was done and 

elemental maps for P, S, Fe and Zn are shown as labeled; scale bar is 200 microns; color range 

black (lowest signal) to white (brightest signal). Tumor area from H and E image (arrow) shows 

that the matching elemental map area (arrow) is a region with highest Zn signal. 
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Figure 5.3. XFM image of HPV- head and neck cancer tissue. HPV- (p16-) case: topmost 

image is an optical micrograph with tumor spread in patient sample stained by H and E (medium 

purple areas of the slide, arrow). X-ray fluorescence microscopy of the same sample (elemental 

maps for P, S, Fe and Zn. As above, elemental maps for P, S, Fe and Zn) are shown as labeled; 

scale bar 200 microns; color range black (lowest signal) to white (brightest signal). Tumor area 

from H and E image (yellow arrow) and the matching area of elemental map for Zn show no 

increase of Zn signal (yellow arrow), while P is increased (red arrow).  
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5.7 Conclusions 

Elemental concentrations in cancer cells vary significantly between different patient 

cases, even for the same cancer type, with Zn often playing contradictory roles in cells. The role 

of viral infections in elemental perturbations is not established, although their role in cancer 

development and response to radiation therapy are becoming more understood.  

We have attempted to investigate changes in elemental composition due to viral 

infections. Since HPV proteins E6 and E7 are Zn binding proteins and because cancer 

development in HPV+ patients depends on activity of these proteins, it is probable that that may 

explain the increased Zn concentration in HPV+ cases we observed in our XFM analysis.  It may 

be advantageous for HPV+ HNC to have higher Zn concentration as zinc acquisition has been 

shown to be important for cancer [194] although one study presenting bulk evaluation of head 

and neck tissues from HPV- cases suggested that pre-tumor biopsies had less Zn than their 

counterparts [75]. Specifically, Zn levels affect cellular health and this element has numerous 

and sometimes contradictory roles in cancer initiation, progression, termination, and potentially 

prevention. Zn is involved in cell growth and division, protein structure, enzymatic activity, and 

regulatory functions [195]. The presence of zinc in a number of biological processes lends itself 

to the idea that changes in zinc status may play a significant role in cellular dysfunction, 

including the development and/or progression of cancer. Evidence in support of this idea is 

extensive. Zinc is essential for cell proliferation [196, 197], and is important for tumor growth 

[198, 199], as the absence of zinc leads to cell cycle arrest [196]. Zinc is important to rapidly 

dividing cancer cells. Other studies have shown that zinc is necessary for both RNA and DNA 

stability through its interactions with Zn binding proteins [200, 201]. Cancer cells develop 
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mechanisms to shut down zinc efflux and maintain intracellular concentrations when availability 

is reduced [202]. 

 It is interesting to note that Zn is increased in HPV+ HNC tissue but not in HPV- HNC 

[75]. The latter is in agreement with many other cancer types. Malignancies in liver, gallbladder, 

prostate, lung, cervix tissue, as well as uterine myeloma are associated with a decrease in tissue 

zinc concentrations compared to non-cancerous tissues [203-210]. Conversely, in breast cancer 

patients there has been an increase in zinc tissue concentration in comparison with normal tissues 

[211, 212]. Additionally, not only do normal and malignant tissue types differ in zinc 

concentration, but cancerous breast cells tend to accumulate more zinc than immediately 

adjacent non-cancerous breast cells [213].  

It is interesting to consider that concentrations of Zn possibly due to HPV infection in 

tissue may play a role in radiation sensitivity. For instance, it has been suggested that zinc 

deficiency may elevate levels of free radicals and an overall state of increased oxidative stress 

[214]. In prostate cancer, the addition of zinc has been associated with sensitization to cytotoxic 

agents [215]. Zinc has been implicated in mediating apoptotic cell death [216]. Both indirect and 

direct apoptotic effects of zinc have been demonstrated in cancerous cells. Evidence suggests 

that zinc induces cell growth arrest at G2/M in a dose dependent manner [217]. This indirect 

effect of zinc has been attributed to the role of this element in inducing the expression of p21, a 

cyclin-dependent kinase inhibitor known to govern cell progression at this phase [217]. 

Moreover, zinc may have a more direct effect on cell death [218].   

Trace elements play an important role in diseases caused by viruses as some trace 

elements have been shown to exhibit antiviral activity or enhance the severity of viral infections. 
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For example, some trace elements have been shown to inhibit virus replication in the host cells, 

while others may enhance their virulence [219]. Therefore, it is a safe assumption that viruses 

have evolved mechanisms to modulate trace elemental concentration during the course of 

infection.   

Specifically, trace elements have been shown to bind to proteins that serve essential 

functions for a virus [220, 221]. For example, HPV E6 and E7 proteins have Cys-X-X-

Cys repeats that have a high-affinity for binding zinc [222]. The E6 protein of human 

papillomavirus 16 (HPV 16) has two putative zinc ion binding sites crucial for its function [223]. 

Although Zn is also a critical structural component of p53 in the case of HPV infection it may 

assist HPV in degradation of p53 [224].  

Research investigating trace metals in head and neck cancer, in particular, is limited and 

research examining trace metal concentration and distribution in viral associated cancer is rare. 

One of the few studies by Abnet et al examined an association between Zn and esophageal 

cancer [75].  This team conducted a prospective case control study to investigate the association 

between long term incidence of esophageal cell carcinoma and element concentration in tissue 

sections from patients participating in a nutritional intervention. X-ray fluorescence spectroscopy 

was used to measure zinc, copper, iron, nickel and sulfur concentrations from biopsy specimens. 

Patients were followed for 16 years and the incidence of esophageal cancer was tracked and 

recorded. High concentration of zinc was significantly associated with reduced risk of 

developing esophageal squamous cell carcinoma suggesting that zinc deficiency contributes to 

the development of esophageal squamous cell carcinoma [75]. This study was the first study 

showing that X-ray fluorescence spectroscopy can be used to assess relationships between 
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elements and disease risk. While the work demonstrated a strong negative correlation between 

Zn and esophageal cancer it focused more on risk rather than elemental concentrations in already 

developed leaving this area open for investigation. Importantly – this study did not include 

investigation of HPV status, and based on the cohort selected for this study it most likely that the 

patients were HPV-.  

HPV status and viral subtype can significantly affect cancer prognosis and treatment, and 

HPV status has now been established as a reliable prognostic biomarker for HNC [225]. Very 

often HPV+ HNCs are also p16-positive (p16+) [226]. p16 is used as an immunohistochemical 

(IHC) stain and is a surrogate marker for HPV. This is the case so often that most clinical 

practitioners use p16 IHC status as an indicator of prognosis in HNC and assume the p16+ 

cancers are identical to HPV+ HNC. It may be, however, that HPV+ HNC cases that are p16- 

have especially bad prognosis [227]. 

The debate regarding the preferred method of detecting HPV infection is still ongoing as 

guidelines for HPV detection have not been clearly defined, and methods for determining HPV 

status often vary between studies [228]. HPV detection by polymerase chain reaction (PCR) 

amplification of viral RNA from fresh or frozen tissues is widely accepted as the gold-standard 

method for determining HPV status [229]. HPV presence is detectable indirectly through the 

feedback loop that induces expression of the protein (p16) through IHC. Finally, HPV viruses 

can also be detected by their DNA through in situ hybridization (ISH) [230]. Though all three 

methods are able to detect HPV positive tissues, p16 IHC is more sensitive than HPV16 ISH, and 

it is technically easier to perform than HPV16 E6 mRNA quantification by quantitative real time 

polymerase chain reaction (qRT-PCR) [175]. It is also arguable that it may be the expression of 
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p16 that is making these cancers susceptible to radiation – the most important question from the 

perspective of patient prognosis. Finally, fluorescence in situ hybridization (FISH) detects HPV 

DNA with high specificity but relatively low sensitivity of 85–88% [231].  

While investigation of relative merits of p16 and HPV status for patient prognosis is 

ongoing-we propose to add evaluation of elemental content in HNC to the list in prognostic 

factors. Advancements in elemental tissue imaging in recent years became possible because of 

XFM. Today, XFM can be used to image large (cm size) sections of tissue samples with 

resolution in tens of microns, and then the same samples can be reduced in size, shifted to a new 

instrument and imaged at sub-micron resolution. We have used this approach to obtain coarse 

(low resolution) and fine elemental maps of different head and neck cancer samples.  We hope 

that this study may lead the way toward more extensive use of XFM in HNC prognosis.  
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CHAPTER 6: Discussion 
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6.1 Summary and Conclusions 

XFM was used in this work for two different purposes – to investigate nanoparticle 

treated samples and to evaluate elemental differences between HPV+ and HPV- head and neck 

cancers. It is important to mention that in the course of these studies we accumulated data that 

could also be used to investigate if and how cell stress may induce cellular elemental changes. 

Both nanoparticles and viruses turn on cellular stress and it is not impossible that if this study 

could be expanded to include hundreds of samples we could make conclusions about stress 

induced elemental changes in general. 

Different techniques to evaluate elemental content in nanoparticle treated cells were used 

in this work: ICP-MS for bulk nanoparticle sample analysis and XFM for precise elemental 

mapping of cell samples in 2D. In addition, two new nanoparticle staining approaches for 

immunocytochemistry (ICC) were developed in order to enable complementary nanoparticle 

imaging by optical microscopy. Human patient samples from head and neck cancer, on the other 

hand, were investigated for HPV presence by ISH and elemental content of such samples 

explored by XFM. This work documents how a concerted effort to evaluate elemental content of 

biological samples and image the distribution of specific biological molecules in the same 

samples provides not only cross-validation of these imaging techniques but a new depth of 

understanding in biology: elemental content and biomolecule content of single cells and tissue 

samples depend on each other. 

TiO2 nanoparticles have unique physical properties; when activated by photons of high 

energy (UV light or ionizing radiation) they release ROS and cause DNA damage in the form of 

double stranded DNA breaks. Therefore, TiO2 nanoparticles could be useful radiosensitizers and 
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increase sensitivity to radiation therapy. Targeting these nanoparticles to different subcellular 

locations could still increase the benefits from nanoparticle caused radiosensitization, however 

these studies are limited by the need to image and verify subcellular targeting of nanoparticles in 

large numbers of cells. Previous techniques to label and detect TiO2 nanoparticles relied on light 

imaging with co-confirmation of a Ti signal with XFM. These techniques have been suboptimal. 

Therefore, we developed three in situ   labeling and detection techniques. Initially, we exploited 

the free hydroxyl groups on TiO2 to conjugate a fluorescein-biotin molecule and then used the 

high affinity of streptavidin and biotin to use Streptavidin-Cy3 as secondary detection step. We 

found that Streptavidin-Cy3 can detect fluorescein-biotin coated TiO2 nanoparticles. This 

labeling and detection technique was successful. There was sufficient retention of fluorescein-

biotin on NPs after cellular treatment. However, this approach for TiO2 nanoparticle labeling and 

detection is sensitive but not very selective as we observed weak overlap between fluorescein-

biotin and streptavidin-Cy3 when NPs were detected in situ with streptavidin-Cy3. Because of 

the lack of selectivity XFM was still necessary to detect and confirm NP’s location. We assumed 

that the lack of selectivity (by way of weak overlap between fluorescein (green) and streptavidin-

Cy3 (red) was due to weak OH bonds between TiO2 and fluorescein, therefore we developed a 

dopamine-biotin label and streptavidin-Alexa 488 detection system. Dopamine conjugates to 

TiO2 through two hydroxyl bonds rather than one making the bond stronger and there is less 

potential for detachment once inside of cells. Once again, we exploited the high affinity bond 

between biotin and streptavidin and used Streptavidin-Alexa 488 as the detection molecule. 

While streptavidin-Alexa 488 can detect dopamine-biotin labeled TiO2 nanoparticles, this 

technique was too sensitive and again not selective enough because the background levels of 
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biotin in cells without nanoparticles were too high to differentiate between the background and 

TiO2 nanoparticles and TiO2 aggregates.  

Finally, we modified the well-known CLICK chemistry labeling and detection system to 

label TiO2 nanoparticles with azide and used fluorescently labeled alkyne-Alexa 488 to detect 

TiO2 nanoparticles and nanoparticle aggregates. This labeling and detection technique was 

successful in that we were able to detect TiO2 nanoparticles using a single-step labeling and 

detection; this was unlike the Streptavidin-Cy3 secondary labeling and both faster and more 

selective. The absence of cellular azide moieties led to low background compared to the 

dopamine-biotin and streptavidin-Alexa 488 labeling and detection. CLICK system was both 

selective and sensitive as only TiO2 nanoparticles and nanoparticle aggregates fluoresced. The 

fluorescent signal co-registered with the Ti signal as confirmed through XFM. Moreover, even in 

ICC we noted that when nanoparticle and detection molecule concentrations increased so did the 

fluorescent signal and intensity ratio (fluorescent signal divided by the cell area). While the 

success of CLICK chemistry labeling and detection system satisfied our objectives, this labeling 

comes with some caveats. This includes the introduction of a high amount of copper into cells 

since the reaction is copper-catalyzed. CLICK chemistry may interfere with the ability to stain 

other cellular components, such as the cytoskeleton so it may not be suitable for certain 

combination research experiments. In addition, because the reaction involved possibly toxic 

levels of copper it cannot be used for live cell imaging. Nevertheless, CLICK chemistry can be 

used to image TiO2 nanoparticles in fixed cells without the need to confirm NP location with 

XFM imaging.  
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Nanoparticles cause cellular stress that leads to cell death and increased sensitivity to 

radiation therapy; nanoparticle induced cellular stress and radiation in synergy lead to increased 

cell death. Similarly, HPV causes cellular stress through several mechanisms including 

inactivation of tumor suppressors p53 and Rb. While removal of these tumor suppressor proteins 

makes HPV+ cells susceptible to cancer development, activation of these same pathways leads to 

a feedback loop that increases production of a different tumor suppressor protein p16. It is most 

likely the presence of p16 that makes HPV+ cancers sensitive to radiation therapy. This example 

of collateral benefits of cellular stress is worth deeper examination. We compared the elemental 

composition of HPV+ HNC tissue and HPV- HNC tissue using XFM to begin to investigate 

possible elemental causes that may lead to differences in radiation responses of cancer tissues. 

Through XFM, we observed a unique phenotype in HPV+ HNC tissue where Zn concentration 

was greater compared to HPV- HNC tissue. It is still unclear if Zn increase is a product of 

accumulation of virally induced Zn binding proteins or if it is associated with other cellular 

proteins induced by cell stress (with or without a role in radiation sensitivity). 

6.2 Future Directions 

In conclusion, we have shown that it is possible to specifically and selectively label and 

detect TIO2 in such way that XFM elemental confirmation and co-registration is not needed to 

verify nanoparticle location, internalization, and targeting. The future directions that will build 

upon this technique include (1) detecting label-free nanoparticles by treating cells with azide free 

nanoparticles and labeling them with dopamine-azide and then conducting the CLICK reaction 

and detecting nanoparticles in situ; (2) introducing the detection molecule in vitro outside of 
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cells, removing copper e.g. by dialysis and then treating cells with Alexa-labeled nanoparticles 

that have been introduced to the detection molecule prior to cellular treatment is also a possible 

next step; (3) since CLICK chemistry was successful in cells, it would be logical to now test the 

same technique in tissues; (4) for research projects where changes in Cu levels are monitored, a 

Cu free CLICK chemistry labeling and detecting system is needed.  

Our work on HPV+ and HPV- HNC tissues demonstrates the need to continue to scan 

additional tissue samples and statistically analyze the differences in Zn concentration we 

observed in a collection of samples that is large enough to allow statistical analysis. In addition, 

we propose cross to correlate Zn rich regions with accumulation of E6 and E7 HPV proteins 

using laser capture microscopy and protein mass spectroscopy. Such a study would provide 

additional information regarding Zn concentration and the direct or indirect involvement of HPV 

in increasing the levels of Zn in HPV+ HNC tissue. 
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CHAPTER 7: Materials and Methods  
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7.1 Nanoparticle synthesis 

TiO2 nanoparticles were synthesized by applying a low-temperature alkaline hydrolysis 

approach according to Abbas and others [32], dialyzed in water at 4 °C, and stored at 4 °C.  

7.2 Synthesis of fluorescein-biotin Nanoparticle Coating 

TiO2 nanoparticles with an average diameter of 6nm were synthesized by a low-

temperature alkaline hydrolysis route as described previously and were dialyzed and stored at 4 

°C in 10 mM Na2HPO4 buffer at pH 5.7. The molar ratio of fluorescein (FITC)-biotin (5(6)-

(Biotinamidohexanoylamido-pentylthioureidylfluorescein; B8889, Sigma-Aldrich) to TiO2 

nanoparticles was such that 30% of the nanoparticle surface was covered by FITC-biotin. 

Binding was performed over a period of 16h in the presence of 1M glucose. Addition of glucose 

was performed in order to coat the nanoparticle surface and aid the uptake of nanoparticles. This 

degree of surface coverage of nanoparticles was used to ensure that all of the FITC-biotin 

molecules attached to the nanoparticle surface. 

7.3 Synthesis of Azide Surface Coating 

The SQ Peptide Synthesis Core facility of Northwestern University prepared for us a 

95% pure dopamine-PEG4-azide molecule; synthesis was performed using an NHS ester group 

on azido-PEG4-NHS (Click Chemistry Tools) and amino group of dopamine (Sigma-Aldrich). 

This molecule was used to coat the surface of TiO2 nanoparticles prior to cell treatment. The 

ratio of estimated TiO2 nanoparticle surface sites and dopamine was 1:1. Upon mixing, the clear 
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and colorless nanoparticle solution changed to a clear and light brown solution, similar to the 

color change induced by dopamine binding alone, which occurs immediately upon mixing and 

conjugation of dopamine to nanoparticles [4]. Nanoparticles were dialyzed in 100 mM sodium 

phosphate buffer in dialysis tubing with 2 kDa pores. This ensured that the unbound dopamine-

azide molecules (<0.5 kDa) were removed from the nanoparticle solution prior to use in cells. 

 

7.4 Synthesis of dopamine-biotin Nanoparticle Coating  

 Nanoparticles used in this work were produced according to the procedure published by 

Abbas and others [32]. TiCl4 solution was cooled to -20°C and added slowly dropwise and under 

vigorous steering to 40x volume of deionized water cooled to 1°C. Work was done in a chemical 

hood to enable removal of HCl gas that forms in this reaction. After steering overnight TiO2 

colloid was dialyzed in water at 1°C over a period of several days; this resulted in production of 

nanoparticles of 5nm on average (see e.g. Figure 1.2).  

7.5 Nanoparticle characterization 

Cryo-TEM: Bare TiO2 nanoparticles and azide-coated nanoparticles were diluted 1:50, 

plunge frozen in liquid ethane, and imaged using a transmission electron microscope (TEM) in 

the Biological Imaging Facility (BIF) at Northwestern University. The average size of NPs was 

found to be 5 nm ±2.9 nm (Figure 3.2).   
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 Dynamic Light Scattering: Bare TiO2 nanoparticles and azide-coated nanoparticles were 

diluted 1:100 or 1:200 in dH2O and assayed for hydrodynamic diameter size using Malvern 

capillary cells on the Zetasizer Nano ZSP in the Northwestern University Analytical 

BioNanoTechnology Equipment Core (ANTEC) facility. 

Zeta Potential: Bare TiO2 nanoparticles and azide-coated nanoparticles were diluted 

1:100 or 1:200 in dH20 and assayed for zeta potentials using Malvern capillary cells on the 

Zetasizer Nano ZSP in the Northwestern University ANTEC facility.  

 

7.6 Calculating NP concentrations 

The concentration of TiO2  NPs in solution was measured at the Northwestern University 

Quantitative Bioelemental Imaging Center on a X Series II Inductively Coupled Plasma-Mass 

Spectrometer (Thermo Scientific, West Palm Beach, FL) and compared to seven standards 

ranging from 0 ppb to 50 ppb titanium or iron with 3 ppb indium internal controls included in all 

samples and standards.  Calculation of NP molarity based on ICP-MS and Cryo-TEM sizing data 

was done as outlined below: 

Assumptions: 

1. Perfectly spherical NPs with a total volume (VT = VTiO2 + VFe) 

2. All Ti atoms are bonded with oxygen as TiO2, therefore the mole ratio of Ti to TiO2 is 

1:1 

Method: 

1. Calculate volume of TiO2: 

4
3 × � × ���2 	
 = ��
�� 
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4
3 × � × �� ��

2 �
 = ��
�� 

2. Calculate mass of TiO2 per particle using density of anatase TiO2 (ρ��� =  3.88 g/
cm
) and volume of TiO2: 

��
�� !"(#$%& =  ρ��� × ��
�� 

3. Calculate moles of TiO2 per particle using molar mass of TiO2: 

��
�� !"'#$%& ÷ 79.88 +
�,%  

4. Convert ICP-MS concentration from g/mL of Ti to mol/L of Ti: 

� +
�- × 1000 �-

- ÷ 47.88 +
�,% 

5. Divide the mol/L of Ti from ICP-MS by mol/particle of Ti from step 3 to get particles/L 

6. Convert particles/L to mol/L by dividing by Avogadro’s number 

Equation if you want to just plug in values: 

0123456789
:;<=<(?@ − ?BC)8D12EF G HI

= 012EF H6J3 

Simplified versions of the equation: 

0K#3LMN7OP
Q�ρ���(DS
 − DTU
)6 × WX�
�� Y Z[

= 0K#\2 Z]^3 

 

_ × 8D12EF`;<=<HI × 0123456789
a@b − aBCb = 012EF H6J3 
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7.7 Cell culture 

For Fluorescein-biotin and Streptavidin-Cy3 experiments, MCF-7 cells were maintained 

at 37 °C with 5% CO2. Roswell Park Memorial Institute (RPMI) 1640 media was supplemented 

with 10% fetal bovine serum (FBS), 2 mM L-glutamine, 10 mM HEPES, 100 I.U. mL˗1 

penicillin, 100 μg mL˗1 streptomycin, 1X non-essential amino acids, 0.25 μg mL˗1 amphotericin 

B, and 0.1 mg mL˗1 insulin (Sigma-Aldrich). Prior to treatment with nanoparticles, MCF-7 cells 

were placed in serum-free RPMI 1640 medium for 1 h. Next, the cells were treated with 0.12 µM 

of TiO2 nanoparticles coated with FITC-biotin (Sigma-Aldrich) overnight. The cells were 

washed with phosphate-buffered saline (PBS) solution and 200 mM of acidic glycine (pH 4.0) in 

order to reduce surface-bound nanoparticles. The cells labeled by FITC were collected using 

fluorescence-activated cell sorting (FACS) by the DakoCytomation MoFlo flow cytometer 

(Dako) and seeded on formvar-coated gold electron microscopy grids (Electron Microscopy 

Sciences) to allow for cell adherence. After 3h, the cells were washed in PBS and fixed in 4% 

paraformaldehyde. 

For CLICK Chemistry experiments, HeLa cells were obtained from the American Type 

Culture Collection (ATCC). The cell line was maintained at 37°C with 5% CO2 in Dulbecco’s 

Modified Eagle’s Medium (DMEM) supplemented with 10% FBS and 1% penicillin and 

streptomycin. For visualization by confocal microscopy, ~50,000 HeLa cells were cultured on 

glass slides (BioGenex barrier slides XT134-SL) overnight. These slides were washed with 1X 

PBS and placed in serum-free DMEM for 1 h. About 50,000 HeLa cells were seeded per barrier 

slide within a surface area of 1000 mm2. Cells were treated with dopamine-PEG4-azide-coated 

TiO2 nanoparticles diluted in serum-free DMEM. The final TiO2 concentration was 0.2 μg mL˗1 
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or, for nanoparticles averaging 5nm in diameter, approximately 0.16nM nanoparticles. Cells and 

nanoparticles were incubated at 37 °C for 1h. As a control, we included cells without 

nanoparticles. After nanoparticle incubation, cells were washed once with cold acidic glycine 

(200 mM, pH 4.0) and then washed twice with PBS with calcium and magnesium. Cells were 

then fixed in 4% formaldehyde in 1X PBS for 10 mins. 

7.8 Nanoparticle Detection with Streptavidin-Cy3 

Samples were washed and treated with 25 µM of Cy3-labeled streptavidin (Sigma-

Aldrich) for 1h. At the same time, nuclear DNA was stained by Hoechst 33342 (Invitrogen). 

Finally, the cells were washed and imaged on the LSM 510 UV Meta Microscope (Carl Zeiss 

Inc.) using lasers of 405, 488, and 543 nm to excite Hoechst, FITC, and Cy3, respectively. 

Bandpass filters of 420–480, 475–525, and 530–600 nm were used in conjunction with the 

appropriate excitation lasers. After visualization of the samples with fluorescence microscopy, 

the position of the cells was noted, and the samples were further prepared for XFM analysis. 

Position of the cells was noted, and the samples were further prepared for XFM analysis. 

7.9 Nanoparticle Detection with CLICK Chemistry  

The CLICK chemistry reaction was adapted from the manufacturer’s protocol provided 

for labeling of azide-conjugated proteins. Following fixation, cells were washed three times for 3 

min each with 1X PBS and permeabilized with 0.5% triton-X in PBS for 10 min at room 

temperature. Then, cells were rinsed three times for 3 min each with 1X PBS and blocked with 
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2% bovine serum albumin (BSA) in 1X PBS for 20 min at room temperature. A cocktail of the 

CLICK reagents (Life Technologies CLICK chemistry kit C10269) was prepared in the 

following proportions: 30 μL of 100 mM CuSO4, 150 μL of 20 mg mL˗1 Reactive Additive 

Buffer (Component C), 1,260 μL of 1X Cell Reaction Buffer, and 0.67 μM as the final 

concentration of alkyne-Alexa Fluor 488 (Life Technologies A10267). Cells were incubated with 

300 μL of the CLICK reagent mixture per slide (1000 mm2 surface area) for 30 min. Then, slides 

were washed three times for 3 min with 1X PBS, blocked for 10 min in 2% BSA, and then 

incubated with Hoechst 1:2500 in PBS for 10 min. 

7.10 Nanoparticle Detection with Streptavidin-Alexa 488 

Following fixation cells were washed 3x for 3 minutes each in 1xPBS and permeabilized 

in 1xPBS + 0.2% Triton X-100 for 5 minutes at room temperature. Cells were then washed 3x 

for 3 minutes each in 1xPBS and blocked in 1X TBST + 2% Bovine Serum Albumin (BSA) for 

20 minutes at room temperature. Streptavidin-Alexa 488 was diluted 25uL/mL in 500uL 1X PBS 

and the mixture of Streptavidin and 1X PBS was added to cells. Cells incubated for 1hr at room 

temperature. Then cells were washed 3x for 3 minutes each in 1X PBS and blocked in 1X TBST 

+ 2% BSA for 20 mins at room temperature. Cells were washed 1x for 3 min in 1X PBS and 

stained with diluted Hoechst at 1:2500 in 1xPBS. Cell ere then incubated at room temperature for 

10 minutes and excess liquid off was drained off of slides. Slides were mounted cover slips and a 

drop of prolong gold anti-fade reagent and seal with clear nail polish. 



 
 

119

7.11 Confocal Microscopy Imaging of Nanoparticles and Image Analysis 

MCF-7 cells treated first with TiO2 nanoparticles coated with FITC-biotin were washed, 

fixed in 4% paraformaldehyde, and then treated with 25 µM of Cy3-labeled streptavidin 

(Streptavidin−Cy3™ from Streptomyces avidinii, Sigma-Aldrich) for 1 h. At the same time, 

nuclear DNA was stained by Hoechst 33342 (Invitrogen). The samples were imaged on the LSM 

510 UV Meta Microscope (Carl Zeiss Inc.). To allow visualization of cell nuclei by Hoechst 

staining, FITC, and Cy3, lasers of 405, 488, and 543 nm were used. The detection of Hoechst, 

FITC, and Cy3 emissions were facilitated by bandpass filters of 420–480, 475–525, and 530–600 

nm, respectively. After visualization of the samples with fluorescence microscopy, the position 

of the cells was noted, and the samples were further prepared for XFM analysis. 

After CLICK labeling and Hoechst staining of nuclear DNA, slides with azide-dopamine 

nanoparticle-treated HeLa cells were washed three times for 3 min in PBS, drained of excess 

PBS, and covered with anti-fade mounting medium (Prolong Gold; Life Technologies); glass 

coverslips were applied and sealed with clear nail polish. Cells were visualized using the Nikon 

A1R Confocal Microscope at the Northwestern University Center for Advanced Microscopy 

using 405-nm and 488-nm lasers with bandpass filters of 420–480 nm and 505–530 nm, 

respectively. In addition, Z stack slices were taken every 0.22 µm. Identical microscope settings 

were used for all comparison images (e.g., Fig. 3.8). Nikon Elements Software was used to 

analyze fluorescence intensity signals and signal areas (Table 3.2).  
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7.12 X-Ray Fluorescence Microscopy (XFM) 

Imaging of cells by XFM at room temperature requires that they are prepared on suitable 

substrate and imaged only after they have been completely dried. Therefore, all confocal imaging 

had to be performed prior to XFM. We used two X-ray imaging instruments at the Advanced 

Photon Source (APS) Synchrotron at Argonne National Laboratory (ANL). One of them (X-ray 

microprobe) is located at the 2-ID-D beamline, while the other (Bionanoprobe) resides at the LS-

CAT beamline. Monochromatic hard X-rays (~10 keV) were used at 2-ID-D; fluorescent X-ray 

emission was detected by a germanium detector (LEGe Detector, Canberra). The cells were 

raster scanned with a step size of 500 nm and dwell time of 2 sec per step (Figs. 1 and 2). These 

data were fitted against elemental NBS standards 1832 and 1833 using MAPS software [27]. 

Elemental quantification and elemental 2D maps were calculated using the MAPS program 

[232]. At the Bionanoprobe instrument, monochromatic 10 keV hard X-rays were used as well. 

However, they were focused to a spot size of ~85 nm using Fresnel zone plates. The fluorescence 

spectra at each scan step was collected with a four-element silicon drift detector (Vortex ME-4, 

SII Nanotechnology). Data were fitted and quantified by comparison to a standard reference 

material (RF8-200-S2453, AXO Dresden GmbH) using the MAPS program [232]. 

7.13 High Risk HPV DNA in situ   Hybridization  

To cross compare p16 expression with HPV status we explored the use of HPV high risk 

in situ hybridization as a method to detect HPV DNA. We developed the HPV high risk in situ   

hybridization protocol in our laboratory using the ZytoFast PLUS CISH Implementation Kit 

(Zytovision T-1061-40). We obtained tissue microarrays from tumor tissues collected from 34 
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patients who presented with head and neck cancer at Northwestern University Department of 

Radiation Oncology. Each patient’s tumor tissue was previously evaluated for p16 presence 

through p16 immunohistochemistry (data not shown). After p16 status was determined, paraffin 

blocks of patient head and neck tissue was used to make tissue microarrays. Tissue microarrays 

were de-paraffinized at 70 oC for 10 minutes, soaked in xylene for 5 minutes two times and 

100% ethanol for 1 minute three times and air dried at room temperature for 10 minutes. Then 

we added 3 drops of Pepsin Solution to slides and incubated slides for 20 minutes at 37 oC. After 

incubation, slides were soaked in a covered staining jar of 95 oC EDTA solution for 15 minutes. 

Afterwards, slides were dipped in dH2O and excess water was drained off. Slides were dried 

until they were slightly dry but not completely dry. Then we applied 15uL of digoxigenin-

labeled HPV high risk DNA probe in hybridization solution to each slide, covered the solution 

with a coverslip and sealed the coverslip with rubber cement. Slides were then placed on a 75 oC 

heating block for 5 minutes then incubated at 37 oC overnight. Following overnight probe 

hybridization, coverslips were removed and slides were washed in 1X TBS wash buffer at 55 oC 

for 5 minutes. Next slides were washed in 1X TBS wash buffer at room temperature for 1 

minute. We then applied 2 drops of Rabbit-Anti-DIG to slides and incubated slides at 37 oC for 

30 minutes and washed slides in 1X TBS wash buffer at room temperature for 1min three times. 

Then we applied 2 drops of Anti-Rabbit-AP-Polymer to slides and incubated slides at 37 oC for 

30 minutes and washed slides in 1X TBS wash buffer at room temperature for 1min three times. 

Next, we applied 2 drops of NBT/BCIP solution to slides and incubated slides at 37 oC for 40 

minutes and then washed slides in dH20 for 2 minutes three times. We then added Nuclear Red 

Counterstain to slides and incubated for 2-5 minutes and washed slides in dH2O for 1 minute. 
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Slides were then dehydrated in 70% ethanol, 85% ethanol, 95% ethanol, and 100% ethanol two 

times for 2 minutes each. Then slides were cleared in xylene for 2 minutes two times and air 

dried for 15 minutes. Finally, we added 1-4 drops of mounting solution and covered each slide 

with a coverslip and sealed. Slides of tumor microarrays were then imaged on Nanozoomer and 

blue staining confirmed HPV status. Imaged microarrays were then compared to previously 

attained p16 IHC data.  

 

7.14 HPV HNC XFM Scanning  

In preparation for XFM, HNC tissue samples were thin sectioned and placed on Ultralene 

membrane on “tissue sample holders” suitable for high throughput XFM imaging at the APS 

beamline 8BMB. XFM of these tissue samples was conducted in the same manner as single cell 

XFM, using fly scans, this time with 30 micron step size (low resolution imaging). Data was 

analyzed as before – elemental quantification was done using MAPS software and areas 

corresponding to tumor and stroma identified by a pathologist. Subsections of these tissue 

samples were extracted and re-mounted on sample holders suitable for higher resolution XFM 

imaging at 2IDE microprobe. After fly scans and elemental quantification detailed tissue features 

could be seen, with maps of different elements replicating cell and tissue features (e.g. see 

Figures 5.2 and 5.3).  
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