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Abstract Metals and other trace elements play an

important role in many physiological processes in all

biological systems. Characterization of precise metal

concentrations, their spatial distribution, and chemical

speciation in individual cells and cell compartments

will provide much needed information to explore the

metallome in health and disease. Synchrotron-based

X-ray fluorescent microscopy (SXRF) is the ideal tool

to quantitatively measure trace elements with high

sensitivity at high resolution. SXRF is based on the

intrinsic fluorescent properties of each element and is

therefore element specific. Recent advances in syn-

chrotron technology and optimization of sample

preparation have made it possible to image metals in

mammalian tissue with submicron resolution. In

combination with correlative methods, SXRF can

now, for example, determine the amount and oxidation

state of trace elements in intra-cellular compartments

and identify cell-specific changes in the metal ion

content during development or disease progression.
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Introduction

Trace elements like Fe and Cu are essential in

numerous biochemical processes in virtually all

organisms from bacteria to man. Most organisms

have developed specific mechanisms by which they

regulate uptake and excretion, intracellular translo-

cation, and compartmentalization of metals. These

mechanisms are necessary to protect cells from an

often toxic reactivity of elements like Fe and Cu

while simultaneously ensuring proper availability.

Disruption of metal ion uptake and/or proper distri-

bution leads to a variety of human disorders (Choi

and Koh 1998; Danks et al. 1972; Koh et al. 1996;

Loudianos and Gitlin 2000; Waggoner et al. 1999).

Comprehensive mechanistic understanding of pathol-

ogies associated with metal misbalance requires not

only knowledge of the biochemical processes in

which metal ions are involved but also our ability to

accurately detect elemental species in cells and

tissues as well as the means to characterize changes

in their concentration, oxidation state, and ligand-

coordination environment. Thus, the biology of cells

in health and disease can only be understood through

systematic analysis of their genome, proteome, and

their metallome, with the latter providing information

about the distribution and abundance of metals in

cellular compartments and individual molecules.

Extracting the functional connections between genes,

proteins, metabolites and trace metal ions is an

important and exciting challenge in the post-genomic
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area (Lahner et al. 2003). The analysis of trace

elements in cells and tissues is dependent on the

availability of methods that have sufficient selectivity,

sensitivity, and resolution to extract quantitative data

about metal ions when analyzed against the background

of numerous other cell components. Technological

advances in the past 10 years have made studies of

distribution, concentration, speciation, as well as bio-

chemical function of metals in biological materials

possible. The purpose of this review is to provide an

overview of these methods with emphasis on

recent advances in X-ray fluorescence microscopy,

and utilization of this technology as a tool to image

trace elements in healthy and diseased mammalian

tissue.

Challenges of measuring metal concentrations

in biological material

Recent developments of high resolution technologies

to image metals have aimed to accomplish two goals:

to enable reliable measurements of metals with

subcellular resolution and to identify changes in metal

concentration, localization, and/or oxidation state that

accompany pathology development and can therefore

serve as prediction of a disease state (i.e. metallo

biomarkers). Which experimental approach is used to

evaluate metals in a biological setting depends mostly

on the desired resolution (for example different

methods are needed to measure bulk metal concentra-

tions in tissue compared to spatially resolved

measurements in cells or in cellular organelles), number

of samples, and whether the integrity of biological

material needs to be preserved for additional analyzes.

Concentrations of trace elements are often

accessed by bulk chemical analysis such as atomic

absorption spectroscopy (AAS) or inductively cou-

pled plasma mass spectroscopy (ICP-MS). Although

both methods are very sensitive (parts per billion

(AAS) or parts per trillion (ICP-MS)), all spatial

information is lost due to homogenization of the

material prior to measurements. In order to study

2-dimensional (2-D) distributions of metals in tissues

and cells, investigators had to rely solely on histo-

logical methods until recently. These procedures

employ either a colored compound (dye) or a

fluorescently labeled chemical, which when applied

to tissue undergo a chemical reaction and precipitate

(color stains) or form a stable chemical complex

(fluorescence labels) with the metal. The success of

these methods strongly depends on sample prepara-

tion and preservation, during which weakly bound

metals can diffuse out of cells or tissue. Furthermore,

the specificity and reactivity of the complex-forming

chemical reaction that ultimately determine the

sensitivity these methods are often unknown. Thus,

even if a metal is abundant in tissue it may not be

detected unless its oxidation state and coordination

environment favor complex formation with the dye or

fluorescent label.

A typical example is given in Fig. 1. Here, we

are comparing concentration and distribution of

copper in hepatic tissue from an explanted liver of

a Wilson disease (WD) patient to that of Atp7b-/-

mice, a mouse model for WD (Buiakova et al. 1999;

Fig. 1 Comparison of traditional copper detection methods

and SXRF. a 6-week old, pre-symptomatic; b 20-week old

Atp7b-/- liver, advanced disease state; c late stage WD,

human tissue section stained with rhodanine and bulk copper

concentration from AAS (copper concentration is given as wet

weight). The rhodanine stain was negative at the pre-

symptomatic stage (staining grade 0; a), weak in livers from

a 20-week old mouse (staining grade 1; b), and medium in a

human liver sample at the late stages of WD (staining grade 2;

c). The AAS results did not correlate with the histochemical

findings, the bulk copper concentration was highest at 6 weeks

(where no staining is observed) and about equal in samples

from the advanced stages of the disease
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Huster et al. 2006). WD is a genetic disorder in

which copper accumulates to high levels in tissues,

particularly in the liver (Ala et al. 2007; Loudianos

and Gitlin 2000). The bulk copper concentration was

assessed by AAS from homogenized tissue while the

spatial copper distribution was evaluated by rhoda-

nine staining of paraffin embedded tissue sections. It

can be clearly seen that the histology results do not

reflect the total levels of copper in tissue. High

levels of copper in a 6-week old mouse liver

(227 lg/g wet weight, as measured in a liver

homogenate by AAS) are not detected with rhoda-

nine in a tissue section that originated from the

same liver (Fig. 1a). In stark contrast, a section of

tissue from a WD patient that exhibited lower

copper levels in the bulk homogenate (54 lg/g

wet weight) clearly demonstrated discrete copper

deposits (Fig. 1c). Hepatic tissue from a 20-week

old Atp7b-/- mouse with a medium copper con-

centration showed a few copper deposits (Fig. 1b).

These differences in sensitivity of AAS and rhoda-

nine staining are not due to differences between

mice and human, but rather the form in which

copper is present at the earlier and later stage of

WD. Hence, to reliably detect metals in tissues it is

important to use methods that are independent of the

chemical state as well as sensitive enough to detect

low local concentration of the metal. Synchrotron-

based X-ray fluorescence (SXRF) is the ideal tool to

measure multiple metals independently of their

chemical state and environment; SXRF will be

described in later sections in detail.

Methods to image trace metals in biological

material with spatial resolution

A number of spectroscopic techniques that are based

on specific atomic properties are currently available

to image trace elemental distribution thereby com-

plementing the bulk analyses by AAS. Table 1 lists

the major techniques and their characteristic features.

Electron microprobe (EM) uses an energy disper-

sive detector with a transmission electron microscopy

(Roomans 1988; Roomans and Von Euler 1996). In

this method, an electron beam is used to excite outer

shell electron of atoms which upon re-arrangement

emits X-rays. The energy of the emitted X-rays is

element specific and can be used to determine the

elemental composition of a biological sample with an

energy dispersive detector. However, electrons

generate a significant amount of Bremsstrahlung

(radiation caused by decelerations of charged particles

when passing through the field of nuclei), which

lowers the sensitivity for trace elements (Sparks

1980). Current sensitivity of EM in thin sections is

between 100 and 1,000 lg/g. An important issue to

consider when working with EM is side-scattering,

that can increase the excited area to more than

100 nm2 irrespective of the size of the electron beam

(Kirz et al. 1978). In addition, EM requires lengthy

sample preparation which is necessary to preserve

tissue morphology at nm resolution. However, dehy-

dration and embedding of EM samples potentially

allow for weakly bound metals to diffuse out of the

sample. A compromise is to perform cryo-EM and use

Table 1 Major spatially resolved methods to image trace elements in biological material (adapted from {Lobinski, 2006 #235})

Technique Analytical

depth

(lm)

Spatial

resolution

(lm)

Technique Quantification Destructive Instrument

Electron

microprobe

0.1–100 30 nm Elemental

imaging

Quantitative No Transmission electron

microscope with

electron microprobe

Laser ablation

microscopy

coupled

with ICP-MS

1–200 12–20 lm Elemental

imaging

Quantitative Yes Laser ablation microscope

in combination with ICP-MS

SXRF [500 0.1–1 lm Elemental

imaging

Quantitative No Synchrotron source

l-XANES [500 0.1 lm Chemical

speciation

No Synchrotron source
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specimen that were flash-frozen in liquid ethane.

The freezing process will produce thin layers of

hydrated, frozen material in which cellular structure

and elemental composition are perfectly preserved.

Despite these limitations electron microprobe can

measure all major trace elements (with z C 6) in

biological specimen (Hanaichi et al. 1984; Laquerriere,

2002 #244; Zierold 2000). It can be successfully used

when metals are tightly bound and the identification of

intracellular compartments is critical.

Micro-particle induced X-ray emission (l-PIXE)

uses a focused ion beam (1–5 lm2 cross section)

instead of an electron beam which increases the

sensitivity of measurements by 100-fold (detection

limit 1–10 lg/g). Particles for l-PIXE are less easy to

generate than electrons but their relatively higher

momentum produces less Bremsstrahlung and side-

scattering. (Kirz et al. 1978). Like electron microprobe,

PIXE can simultaneously measure all elements (z C 6)

if used in combination with an energy dispersive

detector. PIXE has an acceptable penetration depth

of *100 lm but cannot be used for chemical speci-

ation (for a review see (Szokefalvi-Nagy 1994)). For a

recent report, describing the evaluation of subcellular

distribution of metals in mouse brains l-PIXE see

(Nakazato et al. 2008).

Laser ablation inductively coupled mass spectrom-

etry (LA ICP-MS) uses a focused laser to evaporate a

small area of sample after which the elemental

composition of the evaporated material is analyzed by

ICP-MS. The resolution of this technique is limited

(C12 lm) and the procedure is destructive to biolog-

ical material. However, the sensitivity is exceptional

(0.01 lg/g) and the instrumentation required for the

measurements is less complex. This makes LA ICP-MS

more accessible for routine measurements compared to

all other methods discussed here. The low resolution

renders LA ICP-MS unsuitable for subcellular imag-

ing of metals but makes it the method of choice (in

combination with ESI-MS) to identify metalloproteins

in complex mixtures that were separated on 2-D

electrophoresis gels. (Becker et al. 2008, 2005).

Synchrotron-based X-ray absorption

spectroscopy

Synchrotron-based X-ray fluorescence is a rapidly

emerging high resolution method to image elements

in biological samples. The principle of SXRF is based

on the intrinsic fluorescent properties of elements.

High energy X-rays (primary radiation) are used to

emit inner shell electrons (such as k- or l-shell) from

atoms of an object into the continuum. Outer shell

electrons fill the inner shell vacancies, thereby

emitting fluorescence (secondary radiation). The

energy of these secondary X-rays depends on the

properties of the nucleus and the electron shell and is

different for each element and/or oxidation state.

X-ray fluorescent measurements of biological sam-

ples yield quantitative information about the spatial

distribution of multiple elements simultaneously with

high sensitivity and low background (Yun et al.

1999). No dyes are needed and -when carried out in

energy scanning mode- SXRF and can be used to

determine the oxidation state of an element. While

many X-ray synchrotron sources have focusing optics

that achieve resolution in the low micrometer range

(for examples see: (McCrea et al. 2008; Miller et al.

2006; Pickering et al. 2006, 2000; Sham et al. 2005))

only third generation synchrotron sources (APS,

Argonne, USA; ESRF, Grenoble, France; and

SPring8, Hyogo, Japan) can provide high brilliance

at high photon energy that is needed to acquire 2-D

elemental maps at submicron (*200 nm) resolution.

To date, SXRF is the only available method for

quantitative imaging of whole cells (see Dillon et al.

2002; Hall et al. 2003; Harris et al. 2005; Kemner

et al. 2004; McRae et al. 2006; Paunesku et al. 2003;

Twining et al. 2003; Waern et al. 2005; Yang et al.

2005).

SXRF imaging in mammalian tissue. Visualizing

elemental distribution in biological material other

than cells adds another level of difficulty to the

experiment. Like in EM and l-PIXE, it is critical

that the preservation of tissue morphology is suffi-

ciently high to match the resolution of SXRF, i.e.

the visualizing 2-D elemental maps should not be

limited by the quality of sample preparation (mor-

phology). SXRF is exceptionally sensitive; attomolar

(10–18) amounts of trace elements can be detected

in single cells or 10 lm tissue sections (Twining

et al. 2003), so even slight losses or re-distribution

of elements during tissue preparation and sectioning

may lead to incorrect conclusions. In addition, to

increase the information content of the SXRF-

generated data, one needs to increase the size of

the measured sample (areas to be scanned) beyond a
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few cells. Similarly, the number of imaged sections

should be sufficiently high to obtain statistically

significant data. This number is largely determined

by the heterogeneity (different cell types) of the

scanned tissue.

Spectral analysis in SXRF microscopy

It is important to emphasize that SXRF imaging is a

quantitative method. Analysis of the SXRF scans and

metal quantification is routinely done at high resolu-

tion micro imaging beamlines at the Advanced

Photon Source (Argonne, IL; beamlines 2-ID-E and

2-ID-D). For each scan, full X-ray fluorescence

spectra are collected at every position during the

scan. The spectra are individually fitted using mod-

ified Gaussians for fluorescence peak descriptions,

and an adapted version of the SNIP algorithm for the

determination of background (Van Espen 2002).

Absolute quantification is carried out by comparison

of fluorescence counts from the sample to a calibra-

tion curve based on X-ray fluorescence of the

thin film NBS 1,832 (Cu) and 1,833 (Zn) (National

Institute of Standards and Technology (NIST)

formally National Bureau of Standards (NBS), Gai-

thersburg, MD).

For the analysis of the average elemental content

in specific regions of interest (ROIs), the fluorescent

spectra for the respective ROIs are extracted from the

original dataset, added up, and fitted and quantified as

described above. For each scan, the 3-dimensional

elemental maps of energy in x,y 2-D coordinates are

created using the software tool MAPS (Vogt 2003).

This is done by integrating the fluorescence counts

over the energy region of the element’s k-edge.

For example, the spectral region for copper usually

is 8.02–8.07 keV (Cu-Ka1-line: 8.049 keV). For

improved accuracy and to reduce spectral overlap

between adjacent Ka emission lines, the spectra are

fitted at every pixel individually. Calibration to area

densities (lg/cm2) is carried out by comparing the

fluorescence signal strength of the sample to that of

NBS1832 and NBS1833 using MAPS. To obtain

elemental concentrations within chosen ROIs, the

integrated spectra of these regions are fitted and the

resulting fluorescent signal compared to the fitted

standard spectra.

Correlative techniques in SXRF imaging

Although, the SXRF imaging is particularly informa-

tive when the SXRF-generated elemental 2-D maps

are correlated with tissue and cellular morphology,

achieving such close correlation is not trivial.

Adjacently cut tissue sections are only of limited use

as one has to rely on cellular structures to be larger

than 10 lm, the normal tissue thickness for SXRF

samples. One approach is described by Miller et al.,

who used synchrotron Fourier transform infrared

micro-spectroscopy (FTIRM) to correlate the location

of senile plaques in the brains of human subjects with

Alzheimer’s disease to the distribution of metals in

these brains (Miller et al. 2006). Another approach

was suggested by Pickering et al. who used optical

photographs to localize the 2-D distribution of arsenic

or selenium to different regions of plants (Pickering

et al. 2006, 2000).

Modern, high resolution SXRF utilizes beam sizes

B500 nm. To obtain information about distributions

of elements with cellular compartments, correlation

techniques should closely match this resolution and

should be applied to the same piece of tissue either

before (in case of light differential interference

contrast microscopy, DIC) or after the SXRF mea-

surement (any type of histological staining). DIC or

optical images are routinely published alongside the

2-D elemental distributions generated by SXRF but

these images rarely provide information beyond

cellular boundaries, and so far, have not yielded

any necessary subcellular information (Finney et al.

2007). To visualize subcellular organelles in SXRF

images of a single cell, McRae et al. employed

organelle specific antibodies that were conjugated to

colloidal gold particles (McRae et al. 2006). The gold

is detected by SXRF (at the Au-L1 edge) along with

other elements, and subsequent overlay of gold

distribution with that of other elements revealed the

location of labeled compartments and their elemental

content. Using this elegant method McRae et al. were

able to determine the elemental distribution for

copper and zinc in the Golgi apparatus and the

mitochondria of fibroblasts (McRae et al. 2006).

An alternative approach to identification of cellu-

lar compartments in cells and tissues is to use

intrinsic differences in the elemental composition and

sizes of organelles. For example, our own SXRF
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experiments demonstrated that in mouse hepatocytes,

phosphorous and potassium are on average more

abundant compared to the cytosol (15–25% and

8–15%, respectively). This is illustrated in Fig. 2:

nuclei show a higher than average fluorescent inten-

sity for potassium (black arrow) while empty spaces

such as sinusoids or bile canaliculi are recognized by

a sharp decrease in fluorescent counts for all elements

(white arrow).

Tissue preparation for the SXRF imaging

Proper preparation of tissues for high resolution

SXRF imaging is crucial in order to take full

advantage of the capabilities provided by the high

brilliance of the X-ray beam at high photon energy.

The window of a sample holder, on which the sample

is deposited prior to scanning, has to be made of a

material that does not contain elements that will be

measured in the sample and it has to be free from

impurities. Si3N4 windows or gold grids as used in

electron microscopy satisfy these requirements and

are widely employed as sample support in SXRF

(Finney et al. 2007; McRae et al. 2006; Twining et al.

2003; Yang et al. 2005).

The size of these supports is the limiting factor of

the area that can be imaged (usually 2 9 2 mm). The

choice of window material depends on the type of the

correlative methods to be applied to the sample

before or after the SXRF experiment. For example, to

be able to correlate the SXRF data with IR spectros-

copy results Miller et al. used a suprasil quartz

microscope slide that was sputtered with a thin layer

of aluminum as a sample substrate (Miller et al. 2006).

Our group is interested in the imaging copper

distribution in healthy and diseased livers. In addition

to using differences in potassium and phosphorus

concentrations within the cell (see above), we stain

samples after SXRF scanning with either hematoxylin

and eosin (H&E) to visualize cell morphology or with

immunohistochemical markers to better identify cell

compartments (Ralle et al. submitted). To be able to

work with the tissue after the SXRF experiment we

needed window support material that could be easily

attached to the sample holder and then equally well

detached after completion of the experiment. Another

requirement was to be able to scan larger pieces of

tissues to better determine the macroscopic liver

morphology (i.e. to visualize the three zones in liver

accinus). Lastly, we needed to have sample holders

that were easy to handle in the cryostat where

sectioning of the tissue takes place. As a result we

developed the lucite sample holder shown in Fig. 3 to

Fig. 2 2-D elemental map for potassium of a wild type mouse

liver section. The nuclei are clearly visible as brightest area

(black arrow) while the cytosol is represented by the slightly

darker, surrounding regions. The black regions are empty

spaces (white arrow). The bar at the bottom of the image shows

the false color display for the concentration range (red-

temperature scale)

Fig. 3 Sample holder designed for SXRF and histology

analysis of tissue samples. Sample holders were designed to

work with the sample mount at APS. The larger than normal

window area allows for large area scanning of tissues. The

window material (Ultralene, SpexSampleprep) is attached to

the sample holder with nail polish. The sample holders were

machined by Huffstetter machining, Hillsboro, OR
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which thin film material (4 micron Ultralene) is

attached by nail polish.

To ensure proper preservation of tissue morphol-

ogy, handling of tissue prior to SXRF scanning has to

be kept to a minimum. Formalin fixed tissue has

excellent morphology and can be used for SXRF

experiments, however this procedure will produce

reliable results only for tightly bound ions such as

copper and iron; prolonged storage in formalin

solution will lead to the loss of all diffusible

elements. We have found that an alternative strategy

can produce good quality results. When fresh, saline-

perfused tissue is embedded in an OCT (optimum

cutting temperature) compound and subsequently

flash-frozen in dry ice-cooled isopentane the tissue

retains its morphology almost entirely. The OCT

embedded block is sectioned in a cryostat and the

morphology accessed from an adjacently cut, H&E

stained section. Air-drying of tissue sample will

result in only little distortion of the sample topology

and cause some tearing but does not destroy the

overall morphology of tissue.

Future applications of SXRF imaging

SXRF imaging is the ideal and, so far, the only tool to

reliably determine elemental distribution in tissue

samples at the subcellular level with high sensitivity

and low background. With optimized protocols for

sample preparation and correlative techniques in

place, all necessary tools are now available to

investigate fundamental problems related to metal

content of tissues. It is certain that SXRF will

significantly contribute to the study of metallomes in

different organisms, from plants to humans. How-

ever, SXRF is not a routine spectroscopic method and

is not suitable for analysis of large numbers of

samples because of the scarcity of available synchro-

tron sources. The amount of data that can be collected

during a typical user cycle is limited by the scan

speed and desired resolution. The scan speed (the

time the detector spends at each point on a sample) is

determined by the time it takes to collect a sufficient

amount of photons. The resolution is dependent on

the available focusing optics. However, often the

deciding factor when choosing the resolution for a

scan is the total scan time (higher resolution = longer

scan time). Users have to choose what size scan at

which resolution and scan speed will result in

sufficient data collection given the limited amount

of beamtime. The time it takes to scan a sample at a

given resolution is ultimately determined by the

brilliance of the focused beam at high photon energy

and will only significantly improve if the brilliance of

the beam is improved. Thus, SXRF is likely to help

when important biological questions about metal ion

distribution, concentration, and oxidation state need

to be answered and only small amounts of materials

are available (such as biopsy samples) while resolu-

tion of individual cells (or their compartments) is

critical.
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