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Summary  Human  tissues  contain  many  kinds  of  minerals  and  trace  essential  elements  that
act  as  catalytic  or  structural  components  of  large  biochemical  molecules.  In  addition,  various
metallic  and  inorganic  materials  are  used  in  dental  and  medical  materials  and  devices.  In  the
dental  and  medical  fields,  specimens  that  are  wet  and/or  have  low  heat  resistance  are  often
requested  for  elemental  analysis.  Therefore,  a  rapid  and  non-destructive  method  of  elemental
analysis  is  required.  X-ray  fluorescence  analysis  (XRF)  provides  useful  elemental  information
about  specimens  without  causing  specimen  damage  or  requiring  extra  specimen  preparations.

In  this  paper,  an  outline  of  the  XRF  apparatus  and  applications  of  XRF  to  hard  and  soft  dental
and medical  specimen  tissues  are  presented,  and  dental  materials  are  reviewed.

© 2014  Japanese  Association  for  Dental  Science.  Published  by  Elsevier  Ltd.  

Contents

1.  Introduction  to  the  trace  element  analysis  using  X-ray....................................................................  3
2. X-ray  fluorescence  analysis  (XRF):  apparatus  for  elemental  analysis  and  distribution  imaging............................. 4
3.  Applications  of  XRF.......................................................................................................  5

3.1. Tooth  analysis  with  XRF:  trace  element  detection  and  estimation  of  caries  ........................................  5
3.2.  XRF  applications  for  soft  tissue  and  pathological  specimens  .......................................................  5
3.3. Rapid  analysis  of  metallic  restorations.............................................................................  6
3.4. Application  of  synchrotron  radiation  to  XRF  (SR-XRF)  ..............................................................  7

∗ Corresponding author at: Yushima 1-5-45, Bunkyo-ku, Tokyo 113-8549, Japan. Tel.: +81 03 5803 5467.
E-mail address: uo.abm@tmd.ac.jp (M. Uo).

http://dx.doi.org/10.1016/j.jdsr.2014.07.001
1882-7616/© 2014 Japanese Association for Dental Science. Published by Elsevier Ltd. 

Open access under CC BY-NC-ND license.

Open access under CC BY-NC-ND license.

dx.doi.org/10.1016/j.jdsr.2014.07.001
http://www.sciencedirect.com/science/journal/18827616
www.elsevier.com/locate/jdsr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jdsr.2014.07.001&domain=pdf
mailto:uo.abm@tmd.ac.jp
dx.doi.org/10.1016/j.jdsr.2014.07.001
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Applications  of  X-ray  fluorescence  analysis  3

Acknowledgements  .......................................................................................................  8
References ...............................................................................................................  8

1. Introduction to the trace element analysis
using X-ray

Human  tissues  contain  many  kinds  of  minerals  and  trace
essential elements  that  as  catalytic  or  structural  compo-
nents of  large  biochemical  molecules.  Therefore,  analysis  of
the quantification,  distribution,  and  chemical  state  of  trace
essential elements  could  provide  useful  information,  for
example, in  metabolism  analysis.  In  addition,  skin,  respira-
tory, and  digestive  mucosa  are  sometimes  exposed  to  various
foreign objects.  Especially,  the  oral  mucosa  comes  into
contact and  is  exposed  to  dietary  and  various  restorative
materials, for  example,  eroded  ions  or  debris  generated
from metallic  restorations.  Additionally,  the  respiratory
mucosa comes  into  contact  with  inhaled  and  entrapped  air-
borne  debris.  These  foreign  objects  sometimes  result  in
various lesions;  therefore,  the  analysis  of  foreign  objects
in tissues  is  important  in  determining  the  diagnosis.

Qualitative  and  quantitative  analyses  of  the  heavy  ele-
ments in  biological,  medical,  and  environmental  specimens
are performed  using  various  methods,  and  are  tabulated  in
Table 1.  Atomic  absorption  spectroscopy  (AAS)  and  induc-
tively coupled  plasma  atomic  emission  spectroscopy  (or
mass spectroscopy)  (ICP-AES,  MS)  are  the  most  popular
methods for  trace  element  analysis.  These  methods  have
high sensitivity  (ppm—ppb);  however,  they  require  a  liq-
uid specimen.  Therefore,  solid  specimens  (e.g.,  biological
and medical  tissues)  should  be  solubilized,  for  example,

Table  1  Methods  for  trace  element  analysis.

Name  of  analysis  methods

Destructive  analysis  AAS  (atomic  absorption
spectroscopy)
ICP-AES (inductively  coupled
plasma-atomic emission
spectroscopy)
ICP-MS (inductively  coupled
plasma-mass spectroscopy)

Semi-destructive LA-ICP-MS  (laser  abrasion
ICP-MS)
SIMS (secondary  ion  mass
spectroscopy)

Non-destructive EDS  (energy  dispersive  X-ray
spectroscopy)
WDS (wavelength  dispersive
X-ray spectroscopy)
XRF (X-ray  fluorescence
spectroscopy)
NAA (neutron  activation
analysis)
PIXE (particle  induced  X-ray
emission spectroscopy)

with  an  acid  treatment.  The  solubilization  process  decreases
the concentrations  of  the  target  elements;  thus,  the  detec-
tion of  trace  elements  becomes  more  difficult.  In  addition,
information about  the  distribution  and  chemical  state  of
trace elements  is  lost  during  the  solubilization  process.  Fur-
thermore, biomedical  specimens  are  rare  and  restricted  in
amount; therefore,  elemental  analysis  should  be  performed
in a  non-destructive  manner.

Microanalysis  using  an  electron  probe  microanalysis
(EPMA) and  energy-dispersed  spectroscopy  (EDS)  are  also
commonly used  to  analyze  elemental  information  (ele-
mental composition  and  distribution  information).  These
methods provide  both  microscopic  imaging  and  elemental
information using  emitted  characteristic  X-rays  from  the
observed area.  Fig.  1  shows  the  mechanism  of  characteristic
X-ray generation.  The  bombardment  of  high-energy  elec-
trons and  high-energy  X-rays  strikes  a  bound  electron  in  a
target atom.  After  the  electron  has  been  ejected,  an  outer
shell electron  falls  into  the  vacant  inner  shell  and  then  emits
a characteristic  X-ray  with  energy  equal  to  the  energy  dif-
ference between  the  outer  and  inner  shell  energy  levels.
Characteristic X-ray  generated  with  high  energy  X-ray  irra-
diation is  called  as  ‘‘fluorescent  X-ray’’.  Each  element  has
unique  energy  level  sets  of  electrons;  therefore,  emitted
X-ray energies  are  characteristic  of  each  element.  Table  2
shows examples  of  characteristic  X-rays  energies  emitted
from various  elements  [1].  Characteristic  X-rays  can  be  used
to perform  an  elemental  analysis  by  electron  or  X-ray  irra-
diation.

EPMA and  SEM/EDS  are  popularly  used  for  micro-
elemental analysis  because  they  simultaneously  provide
electron microscopic  images  and  elemental  distribution
images. However,  there  are  some  requirements  for  spec-
imens in  electron  microscopy  observation.  The  specimen
should have  electroconductivity  (or  an  electroconductive
coating) and  kept  under  a  high  vacuum  during  observa-
tion. Therefore,  wet  specimens  (e.g.,  cells  or  wet  tissue)

Table  2  Example  of  characteristic  X-ray  energies  of  various
elements.

Atomic
number

Element  Characteristic  X-ray
lines (keV)

K�1 K�2 K�1

22  Ti  4.511  4.505  4.932
23 V  4.952  4.944  5.427
24 Cr  5.415  5.405  5.947
25 Mn  5.899  5.888  6.490
26 Fe  6.404  6.391  7.058
27 Co  6.930  6.915  7.649
28 Ni  7.478  7.461  8.265
29 Cu  8.048  8.028  8.905
30 Zn  8.639  8.616  9.572
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