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a b s t r a c t

This review summarizes the state-of-the-art synchrotron-based techniques for studying the environ-
mental health effects of heavy metals exposure. Synchrotron radiation based X-ray fluorescence (SRXRF)
is widely applied in quantification of metals in different biological and environmental samples. X-ray
absorption spectrometry (XAS) is used for speciation of heavy metals. With high energy resolution
fluorescence detected (HERFD) XAS, it is possible to study heavy metals in biological samples at realistic
concentrations. The focused synchrotron-based X-ray is applied to image metals down to nm resolution
at 2- or 3- dimension (2D or 3D). The combination of XAS with SRXRF can realize 2D or 3D spatial
speciation, along with other techniques like scanning transmission X-ray microscopy (STXM) and full
field XAS. The structure of metal-binding biomolecules can be characterized by Protein X-ray Diffraction
(PX) and/or XAS, together with neutron scattering. The future aspects of multimode detection, new
imaging methods, fast detector technologies and big data strategies in synchrotron-based techniques
were also discussed.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Environmental health science is a transdisciplinary field, which
tackles public health threats from environmental exposures and
estimate the magnitude of health risks related to environmental
contaminants by investigating the mechanisms of biological
response, and use this information to develop solutions to mitigate
environmental problems [1]. Heavy metals are one of the many
environmental exposure factors, which are metallic elements that
have a density over 4.0 or 5.0 g/cm3. Metalloids, such as arsenic, can
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also induce toxicity at low level of exposure, which are regarded as
heavy metals, too [2,3]. Although heavy metals are naturally
occurring, most heavy metals come from anthropogenic activities
like mining, smelting, industrial production and domestic and
agricultural application [4].

Many heavy metals play vital roles in the chemistry of life. For
example, copper serves as a cofactor in many redox enzymes like
Cytochrome C oxidase, which influence respiratory electron
transport chain of mitochondria [5]. On the other hand, many heavy
metals including those essential metals are toxic to living organ-
isms at high concentrations. For example, lead, arsenic, manganese
and methylmercury (MeHg) cause injury to the nervous system in
humans [6]. The toxicity of heavy metals to organisms and human
is highly linked to their concentration, speciation and distribution.
Therefore, the study on the absorption, distribution, metabolism
and excretion of heavy metals in biological systems will help us to
understand the mechanisms underlying their environmental
health effects.
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Abbreviations

AAS Atomic Absorption Spectrometry
AFS Atomic Fluorescence Spectrometry
EDX Energy Dispersive X-Ray Fluorescence
EXAFS Extended X-Ray Absorption Fine Structure
(HERFD) XAS High Energy Resolution Fluorescence Detected

X-Ray Absorption Spectrometry
ICP-MS Inductively Coupled Plasma Mass Spectrometry
ICP-OES Inductively Coupled Plasma Optical Emission

Spectrometry
LA-ICP-MS Laser Ablation Inductively Coupled Plasma Mass

Spectrometry
MeHg Methylmercury
NAA Neutron Activation Analysis
NS Neutron Scattering
PIXE Proton-Induced X-Ray Emission
PM2.5 Fine Particulate Matter
PX Protein X-Ray Crystallography
SIMS Secondary Ion Mass Spectrometry
STXM Scanning Transmission X-Ray Microscopy
SRXRF Synchrotron Radiation Based X-Ray Fluorescence
WDX Wavelength Dispersive X-Ray Fluorescence
XANES X-Ray Absorption Near-Edge Structure
XAS X-Ray Absorption Spectrometry
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Different approaches have been applied to study the concen-
tration, speciation and distribution of heavy metals [7e10]. Among
all the techniques, synchrotron based techniques are versatile and
sometimes indispensable to study the environmental health effects
of heavy metals [11,12]. Synchrotron radiation (SR) is an advanced
light source providing from infrared up to hard X-rays with high
brilliance (many orders of magnitude more than conventional light
sources) and pulsed light emission (pulse durations at or below one
nanosecond). Synchrotron based techniques are developed through
the interactions of synchrotron radiation with matters, i.e. ab-
sorption and scattering. Fourier transformed infrared spectroscopy
(FTIR), X-ray absorption spectrometry (XAS), and X-ray computed
tomography (X-CT), etc. are based on the absorption of synchrotron
radiation by matters. X-ray diffraction (XRD), protein X-ray crystal
diffraction (PX), and small angle X-ray scattering (SAXS) etc are
based on the scattering of the synchrotron radiation. Besides, the
detection of the emission of secondary particles like X-ray fluo-
rescence spectrometry (XRF) and X-ray photoelectron spectroscopy
(XPS), are also developed using synchrotron radiation [12,13].

The light produced by SR facility is highly polarized, tunable,
and collimated, whichmake SR-based techniques outstanding tools
inmultidisciplinary research areas including physics, chemistry, life
science, materials science, environmental science and environ-
mental health science [14e17]. With the rapid growth in the
number of SR facilities around the world, synchrotron-based
techniques are more and more widely applied. To the best of our
knowledge, there is no review focusing on the application of syn-
chrotron based techniques for environmental health effects of
heavy metals although there are references that summarized syn-
chrotron based techniques like X-ray fluorescence imaging in bio-
logical systems [18]. This review summarizes the recent advances
of synchrotron-based techniques in quantification, speciation,
mapping, and spatial speciation of heavy metals and structure
characterization of metal-binding biomolecules in environmental
health study. Future aspects on the application of synchrotron
based techniques to study the environmental health effects of
heavy metals will also be discussed.
2. Multielemental quantification of heavy metals

Knowing the concentrations of heavy metals in biological sys-
tems is the first step to understand the environmental health ef-
fects of them. The quantification of heavy metals can be achieved
through different element-specific techniques like atomic fluores-
cence spectrometry (AFS), atomic absorption spectrometry (AAS),
etc, which are generally suitable for the determination of one or
several specific metals in one run. Inductively coupled plasma op-
tical emission spectrometry (ICP-OES) and inductively coupled
plasma mass spectrometry (ICP-MS) can quantify multi-metals in
one run with the detection limit as low as parts per trillion (ppt)
level [19]. Most liquid and gaseous samples can be directly intro-
duced into ICP-OES and ICP-MS, but solid samples need pretreat-
ment like digestion or ashing, which is time-consuming, and may
contaminate the samples. Neutron activation analysis (NAA) can
measure more than 30 elements simultaneously in one run with
the detection limits down to 10�6e 10�13 g/g. In addition, NAA does
not need sample digestion or dissolution and there is little oppor-
tunity for reagent or laboratory contamination. However, the
radioactivity in the sample after neutron activation is the major
concern for NAA, which requires qualified operation [9].

X-ray fluorescence analysis (XRF) is based on the detection of
characteristic fluorescence after excitation by primary particle
beam with sufficient energy. The intensity of the fluorescence
measured by the detectors is proportional to the concentration of
the element in the sample (Fig. 1). XRF is a non-destructive, mul-
tielemental analytical technique. The particle beam can be elec-
trons (electron microscope-energy dispersive spectrometer, EM-
EDS), an X-ray beam or a proton beam (proton induced X-ray
emission, PIXE). The detection limit for commercial XRF (using X-
ray tube) is around part per million (ppm) while the sensitivity can
be increased by using synchrotron X-ray (SRXRF), to around 1 part
per billion (ppb) for Zn [20]. SRXRF has been applied to quantify
multiple heavy metals in different types of biological and envi-
ronmental samples. Heavy metals like Cr, Mn, Co, Ni and Cu in
water samples were quantified by SRXRF, and gave comparable
results to the ICP-MS technique [21]. This indicates that SRXRF can
be a reliable tool to quantify multi-elements.

The merit of multielemental determination can contribute to
the development of novel method for diagnosis or even treatment
of diseases [23]. Breast cancer in women is the second most
frequent cause of cancer deaths after lung cancer. Trace element
concentrations in different human breast tissues (normal, normal
adjacent to the tumor, benign and malignant) were analyzed [22].
All trace elements, except Ti, were increased in both malignant and
benign tissues while Ca, Cu and Zn were lowered, comparing to
normal tissues and normal adjacent tissues. A multivariate
discriminant analysis of the observed concentrations of heavy
metals was able to successfully identify differences between trace
element distributions from normal and malignant tissues with an
overall accuracy of 80% and 65% for independent and paired breast
samples respectively, and of 87% for benign and malignant tissues.

Prostate cancer is the most frequently diagnosed form of non-
cutaneous cancer in men, and the second leading cause of male
cancer death in many countries. Analysis of the elemental con-
centrations (e.g. P, S, K, Ca, Fe, Cu, Zn and Rb) in samples of human
prostate tissues with cancer, benign prostate hyperplasia and
normal tissues showed a reduction in the concentration of S, K, Ca,
Fe, Zn and Rb on the two pathologies studied, compared with the
concentrations in normal tissues [24]. These results are comparable
to studies using other techniques like NAA and AAS [25,26].

The multielemental determination by SRXRF can contribute to
the source apportionment of environmental contaminants. Urban
air quality has a strong effect on human health. The most critical



Fig. 1. (a) X-ray fluorescence of the decay of the excited state after X-ray excitation; (b) Typical SRXRF spectrum from a malignant tissue. Reprinted from Ref. [22], Copyright (2009),
with permission from Elsevier.
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pollutant in atmospheric aerosols is fine particulate matter (PM2.5)
(i.e. particles with aerodynamic diameters smaller that 2.5 mm).
Strong evidence suggests that PM2.5 causes more severe health
effects than particles with larger aerodynamic diameters [27,28].
Besides the size effects, the composition of the particles in aerosols
are also an important factor for their adverse health effects [29].
Particles in aerosols were collected according to their aerodynamic
diameter through cascade impactors in airports. Trace elements (S,
Cl, K, Ca, Ti, Fe, Cu, Zn, Se, Br, Sr, Pb) were analyzed using SRXRF, and
typical elements coming from combustion processes (Zn, Pb),
aircraft related emissions (Cu), as well as road salting processes (Cl)
were detected. This method achieved quantitative determination of
ultra-trace amounts (pg/m3) of elements in the aerosol samples and
retained the full size resolution of the impactor, which can correlate
the elemental composition of fine particulate matter in different
size fractions of aerosols [30].
The multielemental determination by SRXRF together with
other techniques can contribute to the new scientific discipline
such as Metallomics [4,9,31], which is the study on the metallome
in biological system, and Exposomics [32], which is the study of the
exposome and relies on other fields such as genomics, metabo-
nomics, lipidomics, transcriptomics and proteomics.
3. Direct speciation of heavy metals

The environmental health effects of heavy metals are not only
dependent on the concentration, but also to their chemical forms
or species. For example, mercuric selenide (HgSe) has a relatively
low toxicity and accumulates as an apparently non-toxic detoxi-
fication product in marine animals while dialkylmercury de-
rivatives are extremely toxic, and methylmercury cysteinate was
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much less toxic thanmethylmercury chloride in a zebra fish larvae
model system [33].

For the speciation analysis, samples were either digested and
then extracted using acid, base, and enzyme or just diluted. The
resulting solution was separated by selective techniques like liquid
chromatography (LC), gas chromatography (GC), gel electropho-
resis (GE) or electro-chromatography (EC). Different species are
then monitored by a sensitive and element-specific detector like
ICP-MS, and NAA [34,35]. However, this process is time-consuming
and the extraction process may destroy or change the chemical
species.

Using an intense and energy-tunable source of X-rays, X-ray
absorption spectroscopy (XAS) can probe the local geometric and
electronic structure surrounding a specific element, which can
study the chemical forms or species of heavy metals directly in
solid, liquid, or gaseous state [9,36]. This powerful technique can
probe the local structure around almost any specific element in the
periodic table, which gives information on the number and
chemical identities of near neighbors and the average interatomic
distances without the requirement for preparation of crystalline
samples [14]. Typical X-ray absorption spectra generally have three
regions, including the pre-edge, X-ray absorption near-edge
structure (XANES), including the first 50e150 eV after the ab-
sorption edge and extended X-ray absorption fine structure
(EXAFS), which can be detected in suitable samples till 1000 eV and
more behind the edge, respectively.

XANES spectra can be used to determine the average oxidation
state of the element and the coordination environment of the
absorbing atom. By comparing to known references, the chemical
form of heavy metals in samples could be identified with little
pretreatment. It has been known that MeHg in fish is the primary
dietary source for mercury (Hg) in the general public. A comparison
of the Hg LIII XANES spectrum of swordfish skeletal muscle with the
solution spectra of selected standard compounds found that the
chemical form of MeHg should be methylmercury cysteinate
(MeHgCys), which is less toxic than methylmercury chloride [33].
Rice grown in Hgmining areawas found to be anotherMeHg source
for local residents [37,38]. The MeHgCys was also found as the
major form of MeHg in rice grain [39,40]. More examples include Se
metabolism of the purple bacterium Rhodobacter sphaeroides,
reduction of As in Indian Mustard, Mn in mitochondria isolated
from brain, liver, and heart, Cu and Zn in copper-zinc superoxide
dismutase isoforms [41].

EXAFS can also give speciation information by using the oscil-
lations in the EXAFS region. An example is the study on arsenic
species and transformation in arsenic hyperaccumulator, Cretan
brake (Pteris cretica L. var ner-vosa Thunb). It was found that the
arsenic in the plant mainly associated with oxygen, while it coor-
dinated with S as As-GSH in root. Most As in plant is present as
As(III)-O, indicating that As(V) is reduced to As(III) after it was
taken up into the root, and As remained as As(III) when it was
transported to the above-ground tissues [42].

Because XAS is a local probe technique, which implies no long
range order in sample is required, it can also be applied for quan-
titative speciation. XANES analysis is based on linear combinations
of known spectra from “model compounds”, which is sufficient to
estimate ratios of different species.

The direct speciation of Se in Se-enriched yeast was carried out
with XANES. By comparison of the XANES spectra of Se-enriched
yeast samples with that of the standard Se species, organic
ReSeeR (represented by selenomethionine) was found to be the
main form. Quantitative speciation through principal component
analysis and least-squares linear combination fitting of the Se-
enriched yeast samples found 83%, 85% and 81% of ReSeeR
selenomethionine for commercial Se-enriched yeast, which is in
agreement with the results from HPLC-ICP-MS analysis [31,43].

A main drawback using XAS for speciation is its relatively high
detection limit, i.e. the concentration of the element is required to
be 10 mg/g or higher [43]. With the introduction of high energy
resolution fluorescence detected (HERFD) XAS, the detection limit
has been lowered to below mg/g or even a few hundred of ng/g
[44,45]. Using HERFD XAS, the source of exposure of Hg in hair
samples from seafood, bactericide, dental amalgams or atmosphere
was identified, which was supported by molecular modeling [46].
Recently, the Se based selenyl free radicals were distinguished us-
ing HERFD XAS through a uniquely low-energy transition with a
peak energy at 12 659.0 eV, which corresponds to a 1s / 4p
transition to the singly occupied molecular orbital of the free
radical [47]. Furthermore, since HERFD XAS has a better spectral
resolution than conventional XAS, the precision for the quantitative
speciation can also be significantly improved [48]. In all, with the
HERFD XAS, it is now possible to study heavy metals in biological
samples at realistic concentrations (mg/g or below).

4. Spatial distribution of heavy metals

Besides quantification and speciation of heavy metals in sam-
ples, it is also important to know their distribution in the body,
which can give information on their trafficking and deposition.
Labeling methods like radioactive or stable isotopic tracers or
artificial dyes can only give information on the trafficking and
distribution of specific metals introduced into the samples [49,50].

The distribution of heavy metals with no introduction of iso-
topic tracers or artificial dyes can be achieved through mass spec-
trometry based and X-ray fluorescence based mapping techniques.
Mass spectrometry based techniques include laser ablation-ICP-MS
(LA-ICP-MS) and microscopic secondary ion mass spectrometry
(SIMS). LA-ICP-MS is a powerful tool in the analysis of trace element
distribution in situ owing to the very high sensitivity of ICP-MS and
direct laser sampling capability. LA-ICP-MS has been applied widely
for elemental mapping in the environmental samples and biolog-
ical tissues such as plant leaves, rat brains, human brains and teeth
[51e53]. By analyzing secondary ions removed from the sample by
sputtering, SIMS can give information on isotopic compositions of
small samples with a detection limit of ng/kg level and lateral
resolution down to 50 nm, which is called nanoSIMS [54,55].
However, both LA-ICP-MS and SIMS are destructive technique,
which may not be a suitable technique for precious samples. Be-
sides, the analysis through SIMS needs high vacuum conditions. On
the other hand, the capability of LA-ICP-MS and nanoSIMS for
isotope ratio analysis could help to unravel metabolic processes,
which is impossible for XRF.

The X-ray fluorescence based mapping techniques includes
microscopic EDX (energy dispersive X-ray fluorescence) or WDX
(wavelength dispersive x-ray fluorescence), and microscopic
proton-induced X-ray emission (PIXE). EDX/WDX coupled to elec-
tron microscope can provide very good spatial resolution at about
10 nm, but the detection limit are at about g/kg level which may
hold back their application in trace elements detection in biological
samples. PIXE has an enhanced sensitivity up to 100 times that of
EDX/WDX methods, which can simultaneously detect over 20 ele-
ments. It has been applied to elemental distribution in plant and
animal tissues [56]. The spatial resolution of 4 mm for PIXE can be
achieved by using characteristic Ti-K-X rays (4.558 keV) produced
by 3 MeV protons with beam spot size of ~1 mm [57].

However, the mass spectrometry based or X-ray fluorescence
based methods are limited by either high detection limits or poor
spatial resolution. The synchrotron X-ray fluorescence based
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mapping techniques, i.e. SRXRF at the advanced third-generation
synchrotron radiation sources, on the other hand, can be effec-
tively used to study heavy metals distribution in small spatial re-
gions (down to 10 nm) with low detection limits (with absolute
detection limit below 10�17 g) in two- or three-dimension
[10,58,59]. A simple comparison between SRXRF and other tech-
niques for spatial distribution analysis of heavy metals is presented
in Table 1.
4.1. Two-dimensional mapping

By regulating synchrotron X-rays with a slit or focusing system,
such as Kirkpatrick-Baez mirror system, refractive lenses, Fresnel
zone plate, and multilayer Laue lens, the beam size can be made
intomicron or nanometer level while they still have enough photon
intensity [59]. Raster scanning of the specimen and acquisition of
the entire X-ray spectrum yields quantitative topographical maps
for a wide range of elements. Different cells, tissues, and organ
slices have successfully been studied using this two-dimensional
(2D) SRXRF.

Hg is one of the most hazardous toxic elements while Se is an
essential element for animals and human beings [60,61]. Although
the antagonistic effect of Hg and Se in animals has been extensively
studied, their antagonism in plants remains less explored. SRXRF
with micrometer spatial resolutionwas applied to study the impact
of Se on Hg distribution in different tissues of rice plant [62]. It was
found that Hg was mainly localized in the epidermis and the
pericycle of the rice root. A substantial decrease in Hg accumulation
in the epidermis and stele of the rice root can be observed when Se
was used. The content of Hg in the leaves collected from the Hg/Se
co-exposed rice plant was much less than that of the Hg exposed
group, indicating the inhibitive effect of Se on Hg transportation
from the roots to the leaves through the vascular cylinder. In rice
grain, Hg was principally concentrated on the surface (the aleurone
layer), especially along the growth site of the embryo [40]. The
concentration of Hg in the embryo part of the rice grain from Se and
Hg co-exposed ricewasmuch lower than that of the rice exposed to
Hg alone. In addition, SRXRF also showed that the essential ele-
ments (Fe, Cu, Zn, K, Ca etc.) were mainly concentrated in the
embryo of the rice grain. This suggests that the essential nutrient
elements, rather than the toxic elements, can be selectively accu-
mulated in the rice grain. Therefore, SRXRF clearly shows that Se
treatment can inhibit Hg uptake and transportation from the rice
root to the aerial part, which finally leads to lowered Hg accumu-
lation in the rice grain, especially in the aleuronic layer and embryo.
Field studies confirmed that treatment with Se is an efficient way to
reduce Hg accumulation (both total Hg and methylmercury) in rice
and increase the yield and quality, and subsequently protects the
health of the rice-dependent populations in Hg contaminated area
[63,64]. In addition, iron plaque and different forms of sulfur were
Table 1
Comparison between SRXRF and selected techniques for spatial distribution analysis of h

Destructive? (Y/N) Spatial resolutio

Mass spectrometry based
LA-ICP-MS Y mm
SIMS Y ~50 nm

X-ray based
EDX/WDX N nm
PIXE Y ~10 nm
SRXRF N ~11 nm
also found to reduce Hg absorption and accumulation in roots and
the above-ground parts of rice [65e69].

Hg exposure can affect the distribution of Se in plants. SRXRF
mapping showed that Se was mainly concentrated in the stele of
the roots, bulbs and the veins of the leaves in garlic (Allium sat-
ivum), while its accumulation was reduced by Hg. Furthermore, Hg
attenuated Se phytotoxicity by reducing uptake of Se by garlic and
inhibiting upward transportation of Se from roots [70]. This is also
true in rice plant, where there was a negative correlation between
Hg and Se in rice grains [71].

SRXRF with beam size reduced to submicrometer level is well-
suited for elemental mapping of single cells with subcellular res-
olution. The subcellular distribution of copper in mouse fibroblast
cells was studied with a 200 � 200 nm2 X-ray beam focused by
Fresnel zone plate [72]. The SRXRF confirmed the subcellular
localization of Cu in mitochondria and the Golgi apparatus as found
by fluorescence microscope. Besides, significant co-localization of
Cu and S was found, suggesting that Cu might be primarily coor-
dinated by S-donor ligands.

SRXRFwith beam size at nanometer level has been used to study
the elemental mapping of Pt-stained human chromosome samples
[73]. Ag, Pt, Ba, and Cl were imaged in the chromosome with a
single 2D raster mapping. High concentration of Ag, which came
from the precursor used in the preparation process of the platinum
blue stain, was found. The strong Ba signal corresponds to an un-
intended contamination while Cl existed at multiple stages of the
preparation process. The distribution of Pt is interesting, as it binds
to DNA. A large clump of Pt was seen, which results from excessive
Pt accumulating along the edge of the sample as the stain
evaporates.

The nano SRXRF has also been applied to measure trace element
(As, Ca, Cr, Cu, Fe, Mn, Ni, S and Zn) distribution in root epidermis
and endodermis during dormancy of Spartina alterniflora [74]. The
elemental concentrations in the epidermis, outer endodermis and
inner endodermis were significantly different. The concentration
was higher in the endodermis than that in the epidermis.
Furthermore, the elemental concentrations in the outer endo-
dermis were significantly higher than those in the inner endo-
dermis. These results suggest that the Casparian strip may play a
role in governing the aplastic transport of these elements.

In addition to imaging the metals in organelles, cells, tissues and
organs, 2D SRXRF has been applied to identify the metalloproteins
after separation by 2D gel electrophoresis. For example, SRXRF
combined with gel filtration chromatography and isoelectric
focusing separation has been used to study metalloproteins in
human liver cytosol. Two Zn-containing bands, 11 Fe-containing
bands and some Cu-containing bands were found [75]. The quan-
tification of metals in metalloproteins was also possible, e.g., Se
concentration in a total of 157 seleno-proteins in Se-enriched yeast
was found to be 126.56 mg/g, which showed good recovery of Se in
the selenoproteins [76].
eavy metals.

n Isotopic? (Y/N) Detection limit

Y ng/kg
Y ng/kg

N g/kg
N 10 mg/kg
N mg/kg, ~10�17g (absolute)
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4.2. Three-dimensional mapping

Two-dimensional elemental mapping are performed along the
sample surface. The information retrieved is a product of the inci-
dent X-rays, penetration capability and the self-absorption
correction depending on both the energy of the exciting radiation
and the energy of the fluorescence radiation, which is not explicitly
depth-sensitive. X-rays with sufficient energy can penetrate very
deeply (in the order of several hundred microns, even mm range in
soft materials) into the samples [77]. Therefore, depth analysis
using X-ray can be performed in a non-destructive and non-
invasive way, which leads to three-dimensional (3D) mapping. 3D
XRF mapping is based either by pencil-shaped primary X-ray
beams and reconstruction algorithms similar to the ones used in CT
(i.e. SRXRF tomography) [78,79] or using specialized optics on both
the X-ray source and detector (confocal XRF) [80,81].

The SRXRF tomography measurement is achieved through
measuring a series of projected distributions under various angles
and back projected using the appropriate mathematical algorithms
[79,82]. Since this method involves rotation of the sample over 180�

or 360� relative to the primary beam, it is limited to the investi-
gation of relatively small objects. The spatial resolutions for XRF
tomography are situated at the mm level or even less [78,83,84].

SRXRF tomography was used to characterize Fe plaques and
related heavy metals on the surface of roots from the aquatic plants
Phalaris arundinacea (read canarygrass) and Typha latifolia (cattail).
By using this technique, Pb and Fe was found to accumulate on the
surface of the root, forming a covering on the root surface while As
was isolated to distinct regions on the exterior and interior of the
root [83,85]. Similarly, it was found that As was sequestered by
Fe(III) oxyhydroxides within cattail root plaques from a contami-
nated wetland [86].

The metal compartmentalization and concentration in different
tissues of Ni hyperaccumulator Alyssum murale was studied using
SRXRF tomography [87]. It was found that Ni and Mn concentrated
in stem and leaf dermal tissues and in distinct regions associated
with the Ca-rich trichomes on the leaf surface. Nickel was
concentrated in the xylem and absent from the phloem and cortex
in stems while it was isolated in the stele or vascular tissues of the
finer root. The opposite patternwas seen for the coarser root, which
is devoid of metals on the interior but covered in a “coating” of
well-correlated Fe, Zn, and Ni.

The confocal XRF has a depth resolution up to 10 mm and
detection limits of sub-mg/kg level. 3D micro-XRF has been suc-
cessfully applied in biological samples like the root of common
duckweed [77], human joint bone [88], and heritage objects like
ancient painting, ceramics and Dead Sea Scroll parchment samples
[89,90]. One of the obvious advantages for confocal XRF is that the
elemental mapping in cross section can be achieved with no ne-
cessity to cut the samples into thin slices [77].

The freshwater crustacean Daphnia magna is a frequently used
ecotoxicological model organism to investigate the mechanisms of
toxicity of heavy metals. Dynamic scanning confocal m-XRF was
used to obtain virtual dorsoventral sections of the samples
following exposure of D. magna to an elevated Zn concentration
[91]. Zn was found to be accumulated in the eggs, gut epithelium,
ovaries, gills and the carapace of the exposed D. magna. Different
sub-regions of interest, such as eggs, gut and gill tissues were also
analyzed in more detail. Confocal micro-XRF can easily analyze the
elemental distribution in different planes of interest. A sagittal
section was visualized, enabling it to link specific metal accumu-
lation patterns to corresponding biological/physiological features.
For example, different hemoglobin currents inside the organism
become confluent at the median dorsal ridge of the carapace before
returning to the pericardium around the heart. A more detailed
analysis of the ovary located in the front of the gut regarding the
reproductive toxicity of dietary Zn exposure was also got.

In general, SRXRF tomography involves long measuring times
and challenging data treatment, making it a complex task for 3D
determination/visualization of the elemental distributions within a
given sample. In contrast, confocal XRF does not require a tomo-
graphic reconstruction procedure, and it enables the local analysis
of arbitrary sub-volumes inside the sample [91].

5. Spatial speciation of heavy metals

The spatial speciation analysis gives the information on the
distribution of different chemical species of heavy metals in the
sample.

In the soft X-ray region, scanning transmission X-ray micro-
scopy (STXM) is used in an approach called XANES “stack” imaging,
as a stack of repeated 2D scans is acquired. Changing the incident
photon energy and taking images with other photon energies gives
an image sequence that includes both chemical information and
topographical information. Through the third dimension, the
XANES spectra can be obtained, and each spatial pixel in the image
contains a XANES spectrum and spatially resolved chemical
speciation information [92]. This method has been applied to study
the spatial speciation distribution of C and Ca in thermally treated
lignocellulosic cell walls [93]. It was found that at 500�C the
structural integrity of the cell wall was lost and aromatic C]C
resonances related to quinones appeared. Besides, it was found that
oxalate (CaC2O4) was the primary phase of Ca and thermal treat-
ment induced minor Ca phase transition into butschliite
(K2Ca(CO3)2) and hydroxyapatite (Ca5(PO4)3OH).

In the hard X-ray region, the fluorescence signal is often used
when acquiring XANES spectra, which will be showcased as
follows.

5.1. Two-dimensional speciation

A general scheme for 2D speciation is firstly to study the map-
ping of the heavymetals by SRXRF, then the speciation of interested
element at the “hotspot” is studied using XAS with focused X-ray.
Cardamine enshiensis is a Se hyperaccumulator plant found in Enshi,
a typical seleniferous area in southwestern Hubei province, Central
China. The spatial speciation of Se in roots, shoots and leaves of
C. enshiensiswere studied using SRXRF and in situ Se K-edge XANES
[94]. It was found that Se was primarily located in the cortex,
endodermis, and vascular cylinder in roots, while it was in the
epidermis, cortex and vascular bundle of shoots and concentrated
in the leaf veins and the peripheral parts. In situ XANES analysis
showed that the root vascular tissue contained 16% SeO4

2�, 19% C-
Se� (using selenocystine, SeCys as model compound) and 65% C-Se-
C (using methylselenocystine, MeSeCys as model compound), and
shoot vascular bundle contained 10% SeO4

2�, 28% C-Se� and 62% C-
Se-C while leaves had 84% C-Se� and 16% SeO3

2�(Fig. 2).
However, the above method can only give the speciation in-

formation of the interested elements at the selected “hotspot”. On
the other hand, by using the tunability of synchrotron radiation,
XRF spectra collected at different energies could be used to
generate spatial speciation of the interested species [95,96]. The
spatial speciation distribution of Se in a hyperaccumulator
Astragalus bisulcatus (two-grooved poison or milk vetch), a plant
capable of accumulating up to 0.65% of its shoot dry biomass as Se
in its natural habitat was studied by selectively tuning incident X-
ray energies close to the Se K-absorption edge [96]. It was found
that plants exposed to selenate for 28 days contained predomi-
nantly selenate in the mature leaf tissue, whereas the young
leaves and the roots contained organoselenium almost



Fig. 2. Optical image, m-SRXRF mapping of Se and least-square fitting of m-XANES spectra for roots (cross section, a, a1, a2), shoots (cross section, b, b1, b2) and leaves (c, c1, c2) in
C. enshiensis. The red boxed area in a, b and c are those for m-SRXRF mapping in a1, b1 and c1. In a2, b2 and c2, SeO3

2� (selenite), SeO4
2� (selenate), CeSe� (using selenocystine as model

compound) and CeSeeC (using methylselenocystine as model compound) were used for least square fitting. Reprinted by permission from Ref. [94]. Copyright (2018) Springer.
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exclusively. The concentration of organoselenium in the majority
of the root tissue was much lower than that of the youngest
leaves, isolated areas on the extremities of the roots contained
concentrations of organoselenium of an order of magnitude
greater than the rest of the root. This speciation method has also
been applied to study Se in the rhizosphere of Symphyotrichum
eatonii [97].

5.2. Three-dimensional speciation

Just like 3Dmapping, 3D speciation could be performed through
XRF tomography or confocal XRF.

Stanleya pinnata (prince's plume) is a selenium-
hyperaccumulating plant known for its capability to store at least
1000 mg Se kg�1 plant dry weight, preferentially accumulating
selenate over sulfate [98]. SRXRF tomography has been used to
study the speciation of Se in selenite-treated S. pinnata stem [99].
The distribution of total Se, inorganic Se(IV) and organic Se was
studied and dense Se accumulation was observed close to the
vascular bundles in the stems. The reduction of selenite and syn-
thesis of organic selenium in the shoot also occurred.

Full-field XANES employs the full spectrawith a large number of
incident energies and pixels, which combines the advantages of
micro-XANES and micro-XRF [100]. The combination of confocal
SRXRF with full-field XANES can be used for speciation [101]. This
method was applied to a biochar particle that was reacted with
Cr(VI), and it was shown that Cr was primarily distributed near the
particle surface. Depth speciation mapping was conducted at 33
representative energies and linear combination fitting (LCF) was
performed for the 33 data points from each pixel. It was found that
Cr(III) was the primary species with fractions ranging from 0.6 to 1
and the fraction is greater in the interior pixels of the particle than
at the surface, while the Cr(VI) fraction is greater at the surface. This
method can be applied in a environmental health sciences and
other disciplines to delineate depth chemical speciation within
intact solid-phase particles.
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6. Structure characterization of metal-binding biomolecules

Protein X-ray crystallography (PX) is one of the most powerful
tools for the determination of macromolecular 3D structure at a
resolution as low as 0.1 nm of metal-binding biomolecules [102].
Crystal structures characterization using synchrotron radiation
provide high-resolution snapshots of biomolecules. The higher
brightness, flux, and availability of advanced detectors for syn-
chrotron radiation have led to better quality data and higher-
resolution crystal structures. A notable example is the character-
ization of the light atom in nitrogenase, an enzyme that converts
nitrogen to ammonia. The 2.2 Å (0.22 nm) resolution structure of
nitrogenase detailed an FeMoco with a geometrically complex
arrangement of six inner iron atoms and nine surface sulfur atoms
[103]. In a later 1.16 Å (0.116 nm) resolution structure, a light atom
at the center of the FeMoco was observed but could not be
unambiguously assigned [104] while the latest 1.0 Å (0.1 nm) res-
olution structure clearly identified that the light atom is a carbon
atom [105].

Alzheimer's disease (AD) is the main cause of age-related de-
mentia and major brain changes associated with AD pathology
include accumulation of amyloid beta (Ab) protein fragments and
formation of extracellular amyloid plaques. Despite numerous
structural studies of Cu(II) binding to synthetic Ab in vitro, there is
still uncertainty surrounding Cu(II) coordination in Ab. Using XAS
and HERFD XAS, it was found that Cu(II)Ab(1e42) is sensitive to X-
ray photoreduction, changes in buffer composition, peptide con-
centration, and solution pH [106]. At pH 6.1, only a single histidine
residue coordinates Cu(II) in monomeric Ab(1e42), in addition to 3
other oxygen or nitrogen ligands was observed, while at pH 7.4, the
Cu(II) coordination in Ab(1e42) is similarly 4-coordinate with ox-
ygen and nitrogen ligands.

The three-dimensional structure determinations of biological
macromolecules such as proteins and nucleic acids by PX have
improved our understanding of many mysteries involved in bio-
logical processes. At the same time, these results have clearly
confirmed the commonly held belief that H atoms and water
molecules around proteins and nucleic acids play a very important
role in many physiological functions. However, since it is very hard
to identify H atoms accurately in protein molecules by X-ray
diffraction alone, a detailed discussion of protonation and hydra-
tion sites can only be based upon speculations. In contrast, it is well
known that neutron diffraction (NS) provides an experimental
method of directly locating H atoms [107]. The combination of NS,
PX and XAS can give the structural information including both the
locating of H atoms and metal atoms [108,109].

High-throughput (HT) technique of structural characterization
using XAS has been achieved. Scott and co-workers designed a 25-
well sample holder with 1.5 mm-diameter holes in a 5 � 5
arrangement on a 100 wide polycarbonate holder that fits into a
liquid helium-flow XAS cryostat [110]. With the beam apertured to
1 mm � 1 mm, the cryostat and sample holder are rastered first to
align the wells, then the metal distribution is determined with a
multi-channel energy-discriminating solid-state fluorescence de-
tector. The elemental distributionmaps detected by XRF are used to
target protein samples for further speciation (by XANES) and
structural analysis (by EXAFS) with a 30-element intrinsic germa-
nium detector. This HT XAS method has been used to study the
transition metal for 3879 purified proteins from several hundred
different protein families [111]. Approximately 9% of the proteins
analyzed showed the presence of transitionmetal atoms (Zn, Cu, Ni,
Co, Fe, or Mn) in stoichiometric amounts. Furthermore, by combi-
nation of bioinformatics approaches, it can provide comprehensive
active site analysis for metalloproteins as a class, revealing new
insights into metalloproteins structure and function [111].
It should be noted that properly handling of the samples is vital
for structural studies of metal-containing macromolecules, as pH
changes, incorporation of unexpected metals, or oxidization/
reduction of the metals could cause irreproducibility. Recently,
guidelines and best practices for characterizing metal-binding sites
in protein structures and alerts experimenters to potential pitfalls
during the preparation and handling of metal-containing macro-
molecules has been developed [112]. By controlling the sample pH,
the metal oxidation state using XRF, and collecting diffraction data
sets above and below the corresponding metal absorption edges,
this protocol allows researchers to gather sufficient evidence to
unambiguously determine the identity and location of the metal of
interest, as well as to accurately characterize the coordinating li-
gands in the metal binding domain in the protein.

7. Conclusion and future perspectives

In this review, the state-of-the-art synchrotron-based tech-
niques in quantification, speciation, mapping, and spatial specia-
tion of heavy metals and structure characterization of metal-
binding biomolecules in biological samples are reviewed (Fig. 3).
SRXRF is a non-destructive, multielemental analytical technique,
which has been used in quantification of metals in different bio-
logical samples. XAS has been used for speciation of heavy metals
while HERFD XAS, can be used to study heavy metals in biological
samples at realistic concentrations. The focused synchrotron-based
X-ray has been applied to imagemetals down to nm resolution at 2-
or 3- dimension. The combination of XAS with SRXRF can realize 2-
or 3- dimension spatial speciation. The structure of metal-binding
biomolecules can be characterized by PX and/or XAS, together
with NS. Many other synchrotron based techniques like FTIR, XRD
and SAXS have been applied in the study of environmental health
effects of heavy metals, but was not included in this review
[113e117]. It should be pointed out that the beamtime for
synchrotron-based techniques is still far from enough and this may
hinder the wide application of these techniques. Besides, dedicated
tools for data processing are also highly desired.

Future applications of synchrotron based techniques in studies of
environmental health effects of heavymetals will require an increase
in the capabilities of beamlines. The synchrotron radiation facilities
are evolved into low-emittance and quasi-diffraction limit storage
rings, either by upgrading the existing facilities (e.g. APS, ESRF,
Spring-8, Diamond, ALS, etc.) or by building new ones (such as HEPS
in China, SIRIUS in Brazil, MAX IV in Sweden, etc) [45]. The fourth
generation light sources, X-ray free electron lasers (FELs), have been
built in Europe, Japan, South Korea, USA and China. These new light
sources will greatly improve the resolution and sensitivity for the
detection of heavy metals in environmental health science [118].

The ability of multimode detection will be an important future
capability for synchrotron-based techniques. Presently, if a
researcher wishes to use SRXRF to interrogate a region of interest
within a sample at substantially higher resolution, it may require a
different beamline or a different synchrotron light source. The ad-
vantages of being able to dynamically change spatial resolutions on
one beamline would be significant [18]. Notably, the simultaneous
absorption-, phase- and fluorescence-contrast mapping beamline
was constructed at National Synchrotron Light Source (NSLS II),
which allows for the observation of the internal ultra-structure of a
thick chromosome without sectioning it [59,73].

For the traditional microscope mapping methods, a lens is used
to collect the photons scattered by a sample and an image recov-
ered. Although X-ray microscopes with ~10 nm spatial resolution
have been demonstrated, ~25 nm is more typicaldwhich is near
the wavelength limit [119]. Coherent diffraction imaging (CDI)
avoids this limitation by illuminating an object with a laser-like



Fig. 3. Synchrotron-based techniques for environmental health effects of heavy metals.
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beam and collecting the scattered light on a detector, which is a
lensless imaging technique and offers the highest resolution of X-
ray images, i.e. 2 and 5.5 nm in the 2D and 3D imaging [120]. CDI
has also been extended to speciation analysis using absorption
edges, which studied the imaging of Bi at 15 nm resolution in single
unstained viruses [121]. This work opened the door for quantitative
X-ray imaging of a broad range of specimens from protein ma-
chineries and viruses to cellular organelles through CDI. However, it
should be pointed out that although CDI is a powerful imaging
method with high spatial resolution, it doesn't have strong ele-
ments resolution and sensitivity.

Long exposure time to X-ray beam could cause damage to the
samples, especially biological samples, whichmay cause artifacts in
both elemental distribution and chemical speciation. It is therefore
essential to preserve the sample using cryogenic conditions or
preferably through reducing the radiation dose by using fast de-
tector technologies [122]. This can drastically reduce the exposure
duration and radiation doses [92].

The improved speed of data acquisition and sample scanning
systems have increased the amount of raw data collected during
each experiment. With the huge increase in data volume, the cur-
rent lack of automated data analysis pipelines prevents the fine-
tuning of beam-time experiments. Besides, the lack of appro-
priate data analysis environment limits the realization of experi-
ments that generate a large amount of data in a very short period of
time. To address these problems, a big data strategies is proposed,
which can increase the number of scientific discoveries [123].
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