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Introduction
Trace elements, particularly metals, play an important 

role in a large variety of cellular processes in a biological 
system. In the context of biological organisms and tissues, the 
term trace element means that over the entire organism an 
element is present at only trace levels, 100 ppm or lower. Trace 
element distribution and content can be analyzed using several 
techniques, for example, visible light optical fluorescence 
imaging, energy-dispersive X-ray spectroscopy on an electron 
microscope, synchrotron-based X-ray fluorescence (XRF) 

imaging, secondary-ion mass spectrometry, and laser ablation 
inductively coupled with mass spectrometry. Comprehensive 
reviews on these techniques are given by Lobinski et al. [1] 
and McRae et al. [2]. Among these techniques, synchrotron-
based XRF microscopy, particularly using third-generation 
X-ray sources and advanced X-ray focusing optics, offers the 
most suitable capabilities to perform trace element studies of 
biological samples: the penetrating power and non-destructive 
nature of X rays allows one to image many-micron-thick 
biological samples such as whole cells in a way that visible light 
or electron microscopes cannot; the sensitivity of X-ray-induced 
XRF is down to parts per million, several orders of magnitude 
better than standard electron-based techniques due to the 
absence of bremsstrahlung background in X-ray-induced X-ray 
emission. The capability of imaging frozen samples in both 2D 
and 3D with sub-50 nm resolution in various X-ray modes has 
greatly advanced a broad range of scientific studies. This article 
describes how this technique can be used to track the incorpo-
ration of nanocomposites into cancer cells.

Materials and Methods
XRF analysis and elemental mapping. A typical setup 

of a synchrotron-based XRF micro/nanoprobe is shown in 
Figure 1. A monochromatized X-ray beam is focused using 
an X-ray objective lens (a Fresnel zone plate in this case) onto 
a sample. While the sample is raster-scanned, a full X-ray 

fluorescence spectrum is recorded for 
each pixel using an energy-dispersive 
detector (Vortex-ME4, Hitachi High- 
Technologies Science America, USA) 
located at 90 ° with respect to the 
incident beam. This arrangement pro- 
duces 2D elemental maps of the 
specimen. Simultaneously, a transmis- 
sion signal is recorded using a quad- 
rant photodiode for differential phase 
contrast imaging. Figure 2 shows  
both the potassium X-ray fluores- 
cence map and a differential phase 
contrast image of a mouse fibroblast  

Figure 1:  Schematic of a synchrotron-based X-ray fluorescence micro/
nanoprobe. A monochromatized X-ray beam is focused onto the sample using 
a zone plate. While the sample is raster scanned, X-ray fluorescence spectra are 
recorded, forming 2D elemental maps and 3D reconstructions in tomography 
mode. Differential phase contrast images are produced from transmission signals 
recorded using a quadrant photodiode. 

Figure 2:  Potassium (K) X-ray fluorescence image (left side) and a differential phase contrast image (right side) of a 
mouse fibroblast cell. The count level for K signal (minimum to maximum range) is 0–267 counts/s. The images were 
acquired with the Bionanoprobe using a 50 nm step size.
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Bionanoprobe. Challenges arise 
in both instrumentation and sample 
preparation: How can an incident 
X-ray beam be produced sufficiently 
small and stable to probe individual 
organelles? How to preserve both the 
structure and chemistry of samples as 
in their natural states? How to prevent 
damage of a sample under intense  
X rays and repeated imaging?

To overcome these challenges, we 
developed the Bionanoprobe (BNP), 
an X-ray microscope with a sub-50 nm 
X-ray probe size, tomography cap- 
abilities, and a cryogenic sample 
environment.

The BNP is housed at an undulator beamline of the Life 
Sciences Collaboration Access Team at the Advanced Photon 
Source (APS) of Argonne National Laboratory, where the 
incident X-ray energy (E) is in the range of 4.5–35 keV with an 
energy resolution (Δ E/E) of 2×10-4. The BNP is dedicated to the 
studies of trace elements within frozen biological samples and 
other materials at sub-50 nm spatial resolution. It operates under 
high vacuum (10-7-10-8 torr) and cryogenic (<110 K) conditions 
(Figure 3). Samples are conductively cooled using liquid nitrogen. 
The vacuum condition protects frozen samples from frosting and 
minimizes air absorption of low-energy fluorescence X rays. The 
motion of the scanning stages is precisely controlled using laser 
interferometer systems. Using the BNP at an incident photon 
energy of 10 keV, we have observed 25 nm features on a resolution 
test pattern [3]. The practical spatial resolution of analysis is 
about an order of magnitude better than the other existing XRF 
microscopes at the APS. Very recently we have demonstrated 
ptychographic imaging at the same time of XRF imaging, 
providing phase contrast images with a spatial resolution theoret-
ically only limited by the wavelength of the incident X rays [4].

Biological samples have been studied in the frozen-
hydrated state at a temperature below 110 K. A robotic sample 
loading mechanism is used to transfer samples onto the sample 
stage under cryogenic conditions. The ability to perform 
cryogenic experiments has greatly advanced X-ray fluorescence 
studies, particularly for organic samples, such as biological cells 
and tissues. Biological cells typically contain more than 90% of 
water. By fast freezing, cellular water is retained as amorphous 
ice, and the cellular structure and ionic distributions are more 
faithfully preserved in their natural states compared to samples 
prepared by dehydration methods. Methods for cryogenic 
sample preparation have been investigated such as discussed 
by Jin et al. [5]. In addition, the radiation resistance of organic 
materials is improved at low temperatures [6].

Tomography. However, difficulties arise in accurately 
interpreting 2D images, particularly those collected from 
thick samples, such as cryogenically fixed biological whole 
cells because of the lack of information at various depths. 
X-ray fluorescence tomography is highly desired in this 
case. The BNP employs a rotation sample stage with a 
vertical rotation axis, enabling a total rotation of 180 °. 
Typically, about sixty 2D projections are collected with 
an estimated accumulated dose of 1010 Gy. No radiation 

cell (NIH/3T3 originally purchased from ATCC, USA). Quan- 
titative information on the elemental concentration is obtained 
by comparing the fluorescence intensities with a calibration 
curve derived from measurements of a thin-film XRF standard 
(RF8-200-S2453, AXO DRESDEN GmbH, Germany).

Figure 3:  Components of the Bionanoprobe: (a) liquid nitrogen dewar attached to the vacuum chamber. Liquid 
nitrogen provides conductive cooling to components holding the specimen inside the chamber. A laser interfer-
ometer system is used for precise stage positioning. (b) Robot used for sample exchange inside the chamber. 
Reproduced with permission of the International Union of Crystallography from [3].

Figure 4:  A survey scan acquired using an 850 nm step size of a frozen-hydrated 
HeLa cell sample treated with Fe3O4@TiO2 nanocomposites for 30 min. Cells were 
identified using the S fluorescence signal. The white box indicates the cell examined 
in Figures 5 and 6. The yellow box shows where the background signal was acquired. 
Reproduced with permission of the International Union of Crystallography from [3].

Figure 5:  X-ray fluorescence spectra, from the cell and a background region of 
Figure 4. The elements S, Ca, Ti, and Fe exhibit signals above background within 
the cell.
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damage to cryogenic samples has been observed at spatial 
resolutions of 100 nm and above. The quality of tomogram 
reconstruction is improved by projection image alignment, 
rotation axis correction, and background subtraction. 
Recently, XRF tomography has been developed and used to 
study 3D elemental distributions in biological samples on a 
sub-cellular level [7, 8].

Results
The BNP has been employed to study nuclear DNA 

targeting using photoactive nanocomposites. Different 
approaches have been developed to deliver nanoparticles 
composed of photoactivatable materials (such as TiO2) to  
the nuclei of cancer cells where these nanoparticles can  
cleave nuclear DNA under photoactivation. We have synthe-
sized 6–7 nm nanoparticles consisting of a Fe3O4 core and 

a TiO2 shell (Fe3O4@TiO2) and 
surface-conjugated these with several 
different peptides to facilitate nuclear 
delivery [9]. Cultured HeLa cervical 
cancer cells were used for this study. 
This cell line is the most understood 
and the most commonly used human 
cell line in scientific research. We 
then used the BNP to examine the 
nanocomposite-treated HeLa cell 
and determined the distribution of 
these nanocomposites. A particular 
question to answer is whether the 
nanocomposites would reach the 
nucleus after cellular internalization. 
We chose incident photon energy of 
10 keV, which allows excitation of 
Kα  X-ray fluorescence in elements 
with atomic numbers up to 30 (Zn). 
Distributions of both natural cellular 
elements (S and Zn, for example) 
and the elements introduced with 
the nanocomposites (Fe and Ti) 
were detected within a HeLa cell of 
about 20 µm in diameter. In a low- 
magnification survey map (Figure 4),  
the S fluorescence signal was used 
to locate cells of interest because 
S is present in the amino acids 
methionine and cysteine and is 
therefore distributed throughout the 
cell [9]. Figure 5 shows X-ray spectra 
from a cell (white box in Figure 4)  
and a background region of the 
same area (yellow box in Figure 4). 
These spectra show that cells exhibit 
elevated levels of S, Ca, Ti, and Fe 
compared a sample region devoid of 
cells (background spectrum). Figure 6  
shows the colocalization of Fe, Ti, 
and S signals of the cell in higher 
magnification maps acquired using 
a 50 nm step size. These elemental 
maps demonstrate that some of the 

nanocomposites were possibly taken into the cell by endocytosis. 
Multiple cells were examined using the same method. To confirm 
that nanocomposites were located within the nucleus rather 
than on the cell outer surface, a 3D tomographic reconstruction 
was produced (Figure 7). The elevated Zn fluorescence signal, 
probably from Zn finger proteins, is an indicator of the nuclear 
region [9]. This 3D rendering shows the Ti hotspots inside the 
Zn-rich volume and therefore confirms the success of nuclear 
delivery of the nanocomposites. Results from several of these 
X-ray 2D maps and 3D renderings indicate that about 20% of the 
nanocomposites were translocated into the nucleus [9].

Conclusion
The BNP is a new facility at the Advanced Photon Source 

of Argonne National Laboratory. This beam-line setup allows 
fluorescence X-ray mapping of elements in biological organisms 

Figure 6:  Elemental X-ray maps of the cell in Figure 4 acquired using a 50 nm step size. These maps show the distri-
bution of the nanocomposites (identified by the Fe and Ti signals) with respect to cellular structures. Reproduced 
with permission of the International Union of Crystallography from [3].

Figure 7:  Three-dimensional reconstruction (side view on left; cross section on right) of a frozen-hydrated HeLa 
cancer cell treated with Fe3O4@TiO2 nanocomposites for 30 min showing that some of the nanocomposites (identified 
by the Ti signals) were successfully delivered into the nuclear region (identified by elevated Zn signals). The 3D 
volume reconstruction was based on 53 projections with an angular coverage from -78° to 78° and an angular step 
size of 3°. Each projection was acquired using a 250 nm step size. This figure was adapted from Figure 6 of [10].
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and cells at sub-micrometer spatial resolution. Elements that 
appear in trace amounts over the whole organism or cell can be 
imaged in X-ray maps as segregated to cells and cell organelles.
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