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a  b  s  t  r  a  c  t

Investigation  of  small  areas  of  biological  tissues  or single  cells  is  of  particular  interest  in the  life sciences.
Chemical  imaging  in  such  samples  is  able  to provide  the  spatial  distribution  as  well as  concentrations
of  elements  and  molecules  present  in  the  sample.  At  present,  the  analytical  techniques  supporting
chemical  imaging  are  under  intensive  development  with  respect  to  higher  spatial  resolution  and  higher
sensitivity  and  accuracy.  In this  review,  we will  focus  on  the  state  of the  art  of  advanced  mass  spectro-
metric  techniques  such  as secondary  ionization  mass  spectrometry  (SIMS),  imaging  matrix-assisted  laser
desorption/ionization  mass  spectrometry  (imaging  MALDI-MS),  nano-scale  laser  ablation  inductively
coupled  plasma  mass  spectrometry  (LA-ICP-MS)  versus  non-mass  spectrometric  techniques,  for  instance,
igh spatial resolution
ano-scale
ano-scale laser ablation inductively
oupled plasma mass spectrometry
LA-ICP-MS)

synchrotron-based  X-ray  fluorescence  and  scanning  near-field  optical  microscopy  (SNOM)  assist  Raman
spectroscopy,  with  lateral  resolution  down  to  low-micrometer  and  nanometer  scales.  The outstanding
features  and  drawbacks  of  each  technique  are  also  discussed  regarding  their  application  on  the  study  of
biological  samples.  The  promising  future  of  imaging  mass  spectrometric  techniques,  especially  nano-scale
LA-ICP-MS,  for  application  in  biochemical  studies  with  high  spatial  resolution  down  to  the  nanometer
range  is  also  discussed.
. Introduction

The distribution and local chemical environment of metals and
on-metals in tissues and cells is the most fundamental knowledge
f any kind of organism. To obtain information concerning the
hemical species, as well as their concentrations and locations is
rucial for understanding their biological functions and metabolic
rocess. Traditional solution-based analytical methods require
he biological samples to be pre-processed by either digestion
r desorption in certain materials for chemical degradation.
owever, the sample preparation steps may  disturb the structure
nd in vivo nature of the tissues and cells. In addition, foreign
ontamination may  occur resulting in difficulties in interpreting
f the analytical data. Therefore, there is a need to acquire the
hemical information directly from the original biological samples.
ioimaging of elements and molecules in tissues and cells thus
ecomes necessary for this purpose.
In recent years, there has been a growing interest in the
evelopment of analytical techniques for chemical bioimaging,
nd, indeed, different analytical approaches have been established
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for directly imaging chemicals in biological samples. These tech-
niques include mass spectrometric methods such as laser ablation
inductively coupled plasma mass spectrometry (LA-ICP-MS) [1–4],
secondary ionization mass spectrometry (SIMS) [5–8], imaging
matrix-assisted laser desorption/ionization mass spectrometry
(imaging MALDI-MS) [9–11], synchrotron-based X-ray fluores-
cence spectroscopy (SR-XRF) [12–15] and synchrotron-based X-ray
absorption spectroscopy (SR-XAS) [16–18] (as well as XRF from
laboratory X-ray source with relatively lower energy), microscopy
techniques based on vibration spectroscopy, for example infrared
spectroscopy [19,20] and Raman spectroscopy [21,22],  probe-
specific detection methods such as confocal fluorescence imaging
(CF) via the measurement of fluorescence-labeled molecules
[23,24], as well as some hyphenated techniques like scanning or
transmission electron microscopy with energy-dispersive X-ray
analysis (SEM–EDX or TEM–EDX) [25–27],  and so on. Table 1
summarizes the main characteristics of the major bioimaging
techniques mentioned above to compare their performances in
different applications. Specifically, Fig. 1 gives an overview of the
ion sources in mass spectrometric techniques currently used for
chemical imaging in the field of life sciences.
In the case of chemical analysis in smaller-size samples such
as single cells, sensitive analytical techniques with much higher
spatial resolution down to the low-micrometer and even nanome-
ter ranges are required. One strategy is to decrease the size of the
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Table 1
Comparison of chemical imaging techniques for biological tissues and cells in low-�m and -nm ranges illustrated in this review (a more detailed comparison or characteristics of other techniques can be found in Refs. [7,28]).

Technique Light source Detection Vacuum
requirement

Sensitivity Lateral resolution Information
obtained

Limitation Examples of
application in
reference

SIMS Primary ions Secondary ions Yes >ng g−1 10 �m–50 nm
(LMIG: <50 nm)

Element and
molecular
(1–200 Da)

Strong matrix
effects, difficult to
quantify

[35,38]

Imaging MALDI-MS Laser Pseudomolecular
ions

Yes �g g−1 150–20 �m (7 �m
in Ref. [46])

Molecular (up to
100 kDa)

Suitable matrix [52,53]

NF-LA-ICP-MS Laser Neutrals
post-ionized in ICP

No >ng g−1 Low-�m down to
∼200 nm

Element and
isotope (6–250 Da)

Commercial
instrument not
available

[70–73]

LMD-ICP-MS Laser Neutrals
post-ionized in ICP

No �g g−1 Low-�m down to
∼300 nm

Element and
isotope (6–250 Da)

Laser power [75]

Aperture SNOM-LA-ToF-MS Laser Ionized molecules No �g g−1 Low-�m down to
∼300 nm

Molecular Super sensitive MS
required for tiny
amount of material
ablated

[65,67]

Aperture SNOM-Raman Laser Raman scattering No �g g−1 ∼100 nm Molecular Weak Raman
scattering

[106,107]

TERS Laser Raman scattering No �g g−1 ∼100 nm Molecular Heating of the tip
and the sample

[119,120]

�-XRF  X-ray from SR X-ray fluorescence No 0.1 �g g−1 25 �m–50 nm Element Access to SR
beamline

[88–91]

�-XAS  (XANES) X-ray from SR X-ray fluorescence No >�g g−1 <100 �m Oxidation state Access to SR
beamline,
references for
complex
bio-samples

[96,97]
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Fig. 1. Ion sources in mass spectrometric techniques cu
The  figure of SNOM-LA-ToF-MS is reproduced from Ref. [67].)

ocused beam used in these techniques. However, a smaller spot
ize certainly results in smaller amount of material available for
nalysis, whereas the detection limits of these techniques would be
hallenged due to the lack of sensitivities from such a small amount
f analyte. Another approach is to utilize the physical basis similar
o that used in nano-structure imaging techniques, however, with-
ut chemical information on the sample surface, such as atomic
orce microscopy (AFM), scanning tunneling microscopy (STM), as
ell as scanning near-field optical microscopy (SNOM), to obtain
igh lateral resolution down to the nanometer range by breaking
he optical diffraction limit (∼�/2) into the near-field region. Since
here are several excellent reviews with respect to the imaging
echniques in the study of biological tissues and cells [28–31],  in
he present review, we will focus on recent developments in mass
pectrometric methods in the direction of nano-range imaging of
lements and molecules to come to terms with future challenges
n characterizing small tissues and cells with high lateral resolu-
ion. Additionally, synchrotron-based XRF and Raman spectroscopy
ith spatial resolution at nanometer scale will also be discussed for

omparison.

. Nano-scale mass spectrometric techniques

.1. Nano-secondary ion mass spectrometry (nano-SIMS)

Secondary ion mass spectrometry (SIMS) is currently one of the
ost important mass spectrometric techniques for surface anal-

sis with respect to depth profiling and element and molecular
maging in the mass range from 1 to 2000 Da. In SIMS, a focused
rimary ion beam (e.g., Cs+, O−, Ga+, etc.) with high ion energy in

 high vacuum ion source is used for sputtering the sample sur-

ace materials during bombardment. The sputtered positively and
egatively charged secondary atomic and polyatomic ions are then
ransferred and analyzed by a double-focusing sector field mass
pectrometer (SFMS), time-of-flight mass spectrometer (ToF-MS)
y used for chemical imaging in the field of life sciences.

or quadrupole-based mass spectrometer (QMS) [1].  The develop-
ment of the primary ion source has improved the spatial resolution
in SIMS. The Cs+ primary ion beam in a dynamic SIMS can be
tightly focused as low as 30 nm,  while a tightly focused ion beam
(<50 nm)  with moderate intensity can be produced by the liquid
metal ion gun (LMIG) [32]. For molecular analysis, however, it is
rather difficult to reach high lateral resolution (normally within
the low-�m range), since in static SIMS a defocused ion beam is
used in order to keep the molecule at its high m/z ratio. Recently,
cluster or polyatomic ion sources, for instance C60

+, Aun
+ and Bin+,

have been developed for use as the primary beams to delivery high
energy to the sample surface resulting in the desorption of intact
compounds with low damage induced by bombardment as well
as high ion yields [33,34]. Using 25 keV Au3

+ primary ions in ToF-
MS (from ION-TOF GmbH, Münster, Germany), which have been
implemented in SIMS especially for the measurement of molecu-
lar species such as proteins with high molecular weights, imaging
of biomolecules (e.g., cholesterol and phospholipids) in mouse
brain tissue sections has achieved high spatial resolution as good
as ∼1 �m [35]. Spatial resolution down to the nanometer range
can be reached using now developed instruments of NanoSIMS.
A commercial NanoSIMS 50L routinely achieves a lateral resolu-
tion of down to 50 and 150 nm with Cs+ and O− used as the
primary ion sources, respectively [1,36].  By using a double-focusing
SFMS with a simultaneous multiple ion collector arrangement, a
precise elemental and isotopic analysis with a spatial resolution
of 50–200 nm and high sensitivity can be routinely achieved in
nano-SIMS with, for example, NanoSIMS 50 and NanoSIMS 50L
from CAMECA Instruments (Cameca, Courbevoie, France) [1].  More
detailed instrumentation and characteristics of this technique and
its application in life sciences can be found in an earlier review by

Heeren et al. [37].

One of the first applications of direct imaging SIMS for biological
studies can be dated to 1982, when Chandra and co-workers [38]
carried out a fundamental study on the gravity-sensing mechanism
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f plant roots by investigating calcium location in the amyloplasts
f root-cap cells using ion microscope, with the lateral resolution
f 1 �m.  Subsequently, applications of nano-SIMS in tissue and cell
iology [39–42],  as well as the interface between organisms and
heir environment [43,44],  have been growing rapidly. Based on
IMS, a mass spectrometric method for imaging isotopes has been
eveloped by Lechene and co-workers to study biological materi-
ls, which combines a new generation of SIMS instruments with
ophisticated ion optics, labeling with stable isotopes, and quan-
itative image-analysis software [45]. The new instrument allows
he precise and reproducible measurement of isotope ratios via
maging several isotopes simultaneously with high lateral resolu-
ion down to 33 nm [45]. By using this method, nitrogen fixation by
ndividual bacteria within eukaryotic host cells has been directly
maged and measured to demonstrate that fixed nitrogen is used
or host metabolism [46]. However, the SIMS method only allows
nalysis under high vacuum conditions, which has limitations for
he study of native living cells. Therefore, reliable sample prepara-
ion for SIMS analysis is a crucial step with respect to maximum
reservation of real information in a biological sample [47]. A com-
rehensive review of SIMS applications in biological research by
oxer et al. is recommended in Ref. [6].  Recently, we  combined
wo imaging mass spectrometric methods, SIMS and LA-ICP-MS,
o generate both elemental and molecular distributions in native
ryosections of mouse heart [7].  The results from both spatially
esolved imaging techniques were comparable regarding K and
a distribution in the heart slices. In addition, a relation between
on-metal (e.g., P) elemental distribution and molecular (e.g., phos-
hocholine) distribution has been established based on the images
f P measured by LA-ICP-MS and phosphocholine images measured
y SIMS. However, compared to LA-ICP-MS, the quantification of
IMS data is rather difficult because of the strong matrix depen-
ence of the ion yields and a high formation rate of polyatomic

ons [48].

.2. Imaging matrix-assisted laser desorption/ionization mass
pectrometry

Matrix-assisted laser desorption/ionization mass spectrometry
MALDI-MS) is nowadays one of the most important organic mass
pectrometric methods used for the analysis of large biomolecules
ncluding proteins, peptides and polymers. The sample material is
rst mixed with a light-absorbing matrix solution containing small
rganic molecules that have a strong absorption of photons at the
aser wavelength [1].  The matrix molecules are in surplus compared
o the sample molecules in order to isolate the analyte completely
nd to absorb the photon energy of the laser beam. The laser power
ensity in MALDI-MS is 2–3 orders of magnitude lower compared
o that in LA-ICP-MS in order to produce intact molecular ions that
ave high molecular weight. The desorption is performed on the
ried sample-matrix surface, however, in a high vacuum ion source,
o form the aggregate state of the matrix and analyte molecules and
hus to change to gaseous phase. The matrix molecule which carries
he analyte molecule absorbs most of the incident photon energy
o become ionized and simultaneously to avoid the fragmentation
f the analyte molecule induced by laser irradiation. This ionization
rocess takes place gently owning to the assistance of the matrix
olecules. The intact analyte ions are then extracted in the ion

eparation system and analyzed by a mass spectrometer [1].
Similar to the liquid sample analyzed by MALDI-MS, in order

o image a solid biological tissue or cell by MALDI-MS, the sam-
le surface is required to be covered with an organic compound as

he matrix to assist the laser-induced desorption and ionization of
he analyte molecule. In imaging MSLDI-MS, the analysis parame-
ers are optimized with respect to high efficiency of desorption and
onization as well as high sensitivity with better spatial resolution.
ass Spectrometry 307 (2011) 112– 122 115

A well-focused laser beam (down to 7 �m [49]), a suitable matrix
pattern on the sample surface, and appropriate sample prepara-
tion are found to be useful to improve the performance of imaging
MALDI-MS [49–52].  Another approach by means of oversampling
with complete sample ablation enables the chemical images to be
acquired with a resolution higher than the limitations imposed by
the size of the laser beam size [53]. The spatial resolution of imag-
ing MALDI-MS on a solid sample can be achieved down to several
sub-�m by different approaches [50]. On the other hand, the mech-
anism of ion formation in the case of such small laser spot sizes has
been studied, providing the information on methodological opti-
mization [54]. A protein microscope consisting a combination of
scanning near-field optical microscopy (SNOM, see Section 2.3 for
the details) and MALDI-MS, has been proposed by Vertes and co-
workers [55]. A SNOM probe is placed in the vicinity of the sample
surface to raster the tip over the sample at atmospheric pressure.
In the case of biological samples, an infrared laser is used as the
illumination radiation, and the water content of the sample acts as
the matrix. The proposed protein microscope is intended to iden-
tify peptides, proteins and other biomolecules within a tissue or
cell and to analyze their activity in vivo, as well as to provide infor-
mation on their spatial and temporal distribution down to sub-�m
resolution.

2.3. Near-field laser ablation/ionization mass spectrometry
combined with the scanning near-field optical microscopy
(SNOM) method (SNOM-LA-MS)

As a form of scanning probe microscopy (SPM), scanning near-
field optical microscopy (SNOM) is a microscopic technique for the
investigation of the sample surface on the nano-scale. By exploit-
ing the properties of evanescent waves by placing a light source
or a detector in close proximity to the sample surface (optical near
field), SNOM overcomes the far-field optical diffraction limit (∼�/2)
[56–58]. With this technique, the resolution of the image is only
limited by the detector dimension and not by the wavelength of the
illuminating light. SNOM can be operated in both an aperture and
an apertureless mode. Aperture SNOM utilizes a sharpened metal-
coated optical fiber to allow the illuminating light to pass through
the very small aperture at the end of the fiber onto the sample
surface with a spot much smaller than the diffraction limit, while
apertureless SNOM makes use of a sharp metallic tip inserted in
the radiation near-field to form the evanescent near-field radiation.
Compared to apertureless SNOM, which is more complicated theo-
retically and in operation, aperture mode SNOM is currently more
popular in application, although there are many issues associated
with the aperture tips, for instance, heating, artifacts, contrast and
sensitivity.

The aperture tip in SNOM is normally prepared by either pulling
or chemical etching of an optical fiber to form a tapered tip, which
is then metalized with, for example, Al [59–61].  The prepared tip
can vary in shape and diameter from several tens to hundreds of
nanometer. Zenobi’s group at ETH Zürich [61] has developed a self-
determinating process called “tube-etching” to yield tips with a tip
apex of 70–200 nm and a high optical transmission which is 2–4
orders of magnitude higher than that of conventional pulled fiber
tips. This method was found to be highly reproducible and efficient
to produce high-definition near-field optical probes with large cone
angles and smooth, sidehole-free aluminum coatings [61,62].  The
aperture probe works as a nanolight source, creating craters with
a lateral resolution of 70 nm on the sample surface [63].

With the combination of SNOM and the chemical analysis

method, both the topography and chemical information of the sam-
ple surface can be obtained with nanometric spatial resolution.
As early as 1998, Kossakovski and co-workers [64] developed an
instrument for simultaneous surface topographical and chemical
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nalysis by coupling a SNOM probe with a time-of-flight mass spec-
rometer (ToF-MS). The UV laser radiation was delivered by the
ncoated SNOM probe which was located in a vacuum chamber to
he sample surface and induced laser desorption and ionization of
he sample materials which were then transported and analyzed
y the ToF-MS. The mass spectra of the dried acetylcholine (ACh)
nd dihydroxybenzoic acid (DHB) droplets on a copper plate have
een obtained. The spatial resolution of line scan was estimated to
e 1 �m.

In 2001, Zenobi’s group [65] combined the SNOM probe with
 quadrupole mass spectrometer (QMS) for the laser ablation of
rganic compounds. The optical probe had a 170-nm-diameter
perture, which guided a pulsed laser to the sample surface to cre-
te a laser ablation crater of about the same diameter. The laser
blation was carried out at atmospheric pressure using a nanosam-
ling interface with a heated stainless steel capillary orifice called

on-trap positioned very close (<5 �m)  to the SNOM probe, in order
o suck in the tiny amount of ablated material and transport it into
he ion source of the mass spectrometer. The craters after laser
blation with a spatial resolution of less than 200 nm and a depth
f 20 nm were demonstrated. Assuming an energy of 2 nJ exiting the
ip and a crater on the sample bis(triazene) with such a dimension, a
uantity of ∼1.7 attomole of organic substance was ejected to give
nough sensitivity for the measurement in the mass spectrome-
er. The authors attributed the yield of craters to photochemical
ecomposition rather than a photothermal mechanism due to the
etection of products by the mass spectrometer that appeared only

 short period (∼20 ms)  after the laser trigger.
An atmospheric pressure sampling interface for ion-trap/time-

f-flight mass spectrometry (IT-ToF-MS) has been developed by the
ame research group [66] and applied in the SNOM mass spectro-
etric analysis of organic samples such as solid 2,5-dihydrobenzoic

cid, anthracene and pyrene [67]. An aperture SNOM tip coated
ith Al and Cr with a relatively large aperture size (500–800 nm)
as used to lead through the Nd:YLF UV laser (349 nm,  <15-ns nom-

nal pulse width, repetition rate of up to 2 kHz) onto the sample
urface. The laser ablation took place in the optical near field on
he sample surface at atmospheric pressure. The ablated materi-
ls were sampled with a heated capillary placed at a distance of
5–100 �m from the ablation spot and transported into the ion-
rap for ionization and then analyzed by the ToF mass spectrometer.
opographical images of the sample were recorded by scanning
he SNOM tip in shear-force feedback over the sample before and
fter the laser ablation. With such an arrangement, near-field laser
blation MS  at atmospheric pressure with full mass spectral infor-
ation was shown for the first time with a lateral resolution on

he low-micrometer scale (∼5 �m).  The authors demonstrated that
ifferent laser ablation conditions resulted in different craters on
he sample surface. Redeposition of the ablation materials on the
ample surface has been observed. This invokes the question of
ow much of the ablated material was efficiently transported to
he mass spectrometer. Following this work, using scanning elec-
ron microscopy, it was found that as much as 70% of the ablated

aterial could be deposited on the surface of the near-field tip [68].
 fundamental insight into the propagation of the ablated materi-
ls was obtained by using uncoated tips on the sample surface of
nthracene and tris(8-hydroxyquinolinato)aluminum (Alq3) pel-
ets. Most material in the near-field ablation plume stopped at a
eight of around ∼50 �m from both the anthracene and Alq3 sur-

ace. Although the tilted sample surface angled at 60◦ was  quite
igger than in the previous study (15◦) [67], the results showed that
he direction of the near-field ablation plume was neither towards

he direction of the surface normal nor towards the axis of incident
aser beam, but was deflected further away from the surface nor-

al, opposite to the direction of the incoming laser direction. The
nding illustrated the relatively low transport efficiency and low
ass Spectrometry 307 (2011) 112– 122

sensitivity of the mass spectrometer, suggesting that the geome-
try of the near-field laser ablation set-up, with respect to relative
positioning between the sampling capillary, the SNOM tip and the
sample surface should be further adapted.

Although laser ablation mass spectrometry coupled with aper-
ture mode SNOM has become established in low-�m spatial
resolution, it has hardly improved the detection limit of the analyte
measured by the mass spectrometer, due to the inherent charac-
ter of the instrumentation—the smaller spot size resulting from
the SNOM tip produces a smaller of material available for analy-
sis, not to mention the fact that there is additional mass loss in
the processes of ionization and transportation. It has been esti-
mated that the amount of material from a laser ablation crater in
the 100 nm–1 �m diameter range is in the order of a few attomoles
to a few femtomoles, depending on the material and laser ablation
depth [67]. Therefore, a very high sensitivity mass spectrometer is
required to analyze the materials ablated by SNOM-laser ablation.

2.4. Near-field laser ablation inductively coupled plasma mass
spectrometry (NF-LA-ICP-MS)

In order to overcome the drawbacks in near-field laser abla-
tion with aperture mode SNOM, an improvement of experimental
arrangement can be realized by using an apertureless tip instead of
the aperture SNOM probe. The idea is based on the physical prin-
ciples of near-field optical enhancement, which were illustrated
in more detail in our previous publications [69,70]. In general, a
very sharp apertureless tip electrochemically etched from a silver
wire is brought to the “near-field region” from the surface. The tip
functions as a source of secondary evanescent near-field radiation,
which can be much more intensive than the field of the primary
beam, causing local laser-induced surface effects (e.g., local des-
orption or ablation of sample) limited only by the object size rather
than by diffraction effects. The field enhancement can be expected
by 104 for a probate spheroid or a long sharp Ag tip. Therefore, the
amount of the ablated materials is increased due to the enhanced
radiation field and promisingly sufficient for the analysis by mass
spectrometer.

In our lab at Forschungszentrum Jülich, we utilize the near-field
effect in laser ablation inductively coupled plasma mass spectrom-
etry (LA-ICP-MS) as an atomic mass spectrometric technique, since
the technique using inductively coupled plasma mass spectrome-
try (ICP-MS) with an atmospheric pressure ion source coupled to
a suitable laser ablation system (LA) for the direct analysis of solid
samples is widely commercially available and is also well estab-
lished [1,70].  A schematic of the near-field LA-ICP-MS is shown in
Fig. 2. To realize the near-field LA-ICP-MS, a thin Ag tip with a tip
apex of ≤200 nm is inserted in the radiation field of a defocus laser
beam (Nd:YAG laser, wavelength 532 nm)  and brought close to the
sample surface. Near-field laser ablation is carried out in a small-
volume chamber at atmospheric pressure. The ablated materials
are transported by Ar as carrier gas into the inductively coupled
plasma (ICP) ion source of the sensitive double-focusing sector field
mass spectrometer with reverse Nier–Johnson geometry.

By means of single-shot analysis on 2D-gels and biological sam-
ples, the possibility was  demonstrate for the first time of applying
nano-local analysis of biological samples using the near-field effect
in LA-ICP-MS with spatial resolution in the hundreds of nanometer
ranges [70]. It was  observed that due to the near-field effect when
the needle is close to the surface, the measured U ion intensity was
increased by a factor of 60 in a single laser shot measurement in
comparison to transient background signals. In isotope ratio mea-

surements of Cu and Zn in gels doped with enriched 65Cu and 67Zn
isotopic tracers, significant enhancements of 65Cu and 67Zn signals
were observed. Furthermore, the possibility of quantification in NF-
LA-ICP-MS was investigated by isotope ratio measurements using
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Fig. 2. Schematic of
Revised from Refs. [69,70].)

he biological samples either doped with isotope standard refer-
nce material NIST U020 or enriched 65Cu and 67Zn tracers. Both
esults showed that the quantification procedures in NF-LA-ICP-MS
ould be carried out via a standard calibration curve and by using
he isotope dilution technique.

Since the near-field enhancement effect depends on the shape
nd diameter of the Ag tip, the positioning of the needle on the
urface and the distance between the Ag tip and sample surface,
t is crucial to establish a reproducible method for the yields of
he Ag tips, as well as a fine controlling system to precisely adjust
he tip to the sample surface. Therefore, we developed an elec-
rochemical etching procedure using a droplet of citric acid as the
lectrolyte in an electrochemical cell to produce a clean Ag tip with

 diameter in the range of hundreds of nanometer for use in NF-
A-ICP-MS [71]. For the precise control of the distance between tip
nd sample surface, a controlling system adapted from an STM sys-
em (Anfatec Instruments AG, Oelsnitz, Germany) was  developed.
his system can be operated in either STM mode by measuring
he tunnel current between the tip and the conductive sample sur-
ace, or in a dynamic non-contact (DNC) mode by monitoring the
mplitude of the oscillating current produced by oscillation of the
ip at a fixed frequency which is especially used in the analysis of
on-conductive samples like biological tissues and cells. In NF-LA-

CP-MS analysis, one therefore has the option of switching between
hese two modes according to the character of the sample surface.

In the following studies, the figures of merit of the NF-LA-ICP-MS
rocedure, including the effect of the tip diameter and the distance
etween tip and sample on the near field enhancement, were fur-
her explored by NF-LA-ICP-MS measurements on various samples
uch as Au film deposited onto a Si substrate [71], copper isotopic

tandard reference material, tungsten–molybdenum alloy standard
eference material [72] and nanoelectronic devices [73].

By adjusting the DC voltage applied to the electrochemical cell,
he thin needle tips can be produced with different diameters.
ar-field LA-ICP-MS.

Therefore, we  used these tips for the study of resulting laser craters
after the NF-LA-ICP-MS measurements [71,72].  We  found that the
laser craters in range from 200 nm to about 2 �m were produced
as a function of the tip diameter of the thin silver needle and the
“tip-to-sample” distance [71,72].  During the NF-LA-ICP-MS mea-
surement the needle was controlled by a 3D-manipulator and then
by the controlling system via measuring the tunnel current when
it was  close to the surface. The defocused laser beam did not cause
any ablation of the sample material when the needle was far away
from the surface. Only background signals were measured in this
case. However, a strong increase of ion intensity of the analyte was
recorded when the tip of the Ag needle was positioned in the vicin-
ity above the sample surface as the result of near field enhancement
effect. Note that, in the case of the measurement of Au-covered
Si material, not only the transient signal of 197Au+ was shown to
have increased about 16-fold, but also the signal of 28Si+ was clearly
detected while without the near field effect only the background of
Si was observed [71]. Within the “near field” region, the distance
dependence of the enhancement was studied. The needle tip was
placed at 1 nm,  5 nm and 10 nm to the surface of the interdigitated
electrode array chip (IDA chip). It was found that at the smaller
“tip-to-sample” distance (in the range of 10–1 nm) a higher ana-
lyte ion intensity, as well as a larger ablation volume, was observed
[72]. However, no Ag signals were observed in any of the NF-LA-
ICP-MS measurements, indicating that the near-field enhancement
took place selectively on the sample surface [73].

The advantage of using inorganic mass spectrometry is that
one can apply isotopic measurements to determine precise and
accurate isotopic abundances and isotope ratios in various fields
to study the composition of samples and the fate of elements [1].

Therefore, isotope ratios were analyzed in the standard reference
materials. Apart from the enhancement of ion intensities mea-
sured by ICP-MS, the NF-LA-ICP-MS can precisely determine the
isotope ratios of a given element. The average 65Cu+/63Cu+ isotopic
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atio was determined to be 0.4530 on copper isotopic standard
eference material NIST SRM 976, giving the relative standard devi-
tion (RSD) of the measurements as low as 3.9%. The isotope ratios
f 183W+/184W+ and 96Mo+/98Mo+ with high melting points were
easured in good agreement with their listed values of 0.4658 and

.6929, respectively [72].
With respect to the detection efficiency of the NF-LA-ICP-

S developed here, the theoretical calculation gave a value of
.7 × 10−5 cps per ablated atom based on a typical laser crater
ith a diameter of 600 nm on a Au-covered (20 nm in thickness) Si
aterial [72]. Although this is relatively lower than the detection

fficiency of conventional LA-ICP-MS, the enhanced signals were
ufficient for detection by the sensitive double-focusing sector field
CP-MS with good sensitivity. Similar to the phenomenon observed
n SNOM-laser ablation mass spectrometry [67], some particles
rom the ablated materials were found to be redeposited around the
raters. This could be responsible for the fact that less material was
ransported into the ICP-MS [72]. Nevertheless, the process of near
eld laser ablation and the material transport should be further
tudied to obtain full fundamental knowledge about NF-LA-ICP-MS.

Since the NF-LA-ICP-MS has proved to be successful in
ingle-shot measurements, we are currently developing a new
xperimental arrangement by the implantation of a 3D-movement
iezo under the sample holder, together with an improved needle
uto-approaching control. The new system will allow us, oper-
ted in the DNC-mode of the “tip-to-sample” controlling system,
o carry out elemental imaging in biological samples with a spatial
esolution on the nanometer scale.

.5. Laser microdissection inductively coupled plasma mass
pectrometry (LMD-ICP-MS)

An alternative concept for nano-scale LA-ICP-MS is proposed by
ecker and Salber [74] of introducing a laser microdissection (LMD)
pparatus with a powerful solid-state laser into the sample intro-
uction system for a sensitive ICP-MS [75]. The commercialized
MD  is based on a microscope technique under direct microscopic
isualization using a tightly focused pulse laser or continuous-wave
aser beam to isolate individual tissue or cell types from embedded,
rozen or fresh biological sections. The complex heterogeneous tis-
ue with the section of interest is placed on a thin polymer foil, or
irectly on the microscope glass slide without this foil [76]. The
olymer foil assists in forming a plasma-mediated ablation ini-
iated by linear absorption [77]. However, direct ablation of the

aterials through a suitable glass slide without a matrix assis-
ant has already been developed and is available in the commercial
MD. There are numerous applications of LMD  serving as a sample
reparation method for subsequent multiplex molecular analysis

n studies of protoplast, chromosome, whole single cells or cell
roups, neurons, and so on, in the life sciences [78–80].  Apart from
he further analysis of the dissected sections with respect to pro-
eomic and genomic studies, there is a possibility to directly use
he laser beam to ablate the sample materials to obtain elemental
nd isotopic information within the area if coupled to a sensitive
ass spectrometer. In 2005, Hutchinson [81] reported the com-

ination of LMD  with LA-ICP-MS as an alternative strategy for the
icroanalysis of immunohistochemical sections. A laser beam with

 spot size of 30 �m was used to cut off Alzheimer’s plaques and
onplaque materials of 30–100 �m in diameter and about 5 �m

n thickness, but the materials were then analyzed with LA-ICP-
S by line raster to produce elemental responses for Mg,  Al, Ca,

e, Cu and Zn. Recently, for the first time we demonstrated the

otential of directly using LMD  (SmartCut Plus LMD, MMI  Molecular
achines and Industries, Zurich, Switzerland) as a micro-sampling

ystem directly for a sensitive quadrupole-based mass spectrome-
er with hexapole collision cell (XSeries2, Thermo Fisher Scientific,
ass Spectrometry 307 (2011) 112– 122

Bremen, Germany) for imaging elements in small-sections of tis-
sues and cells with high lateral resolution down to the low- and
sub-micrometer scale [75].

In order to test the experimental LMD-ICP-MS arrangement,
laser beams from the LMD  apparatus with different spot sizes
(3–5 �m)  were applied either as line scans or in the free-hand
modus (spot size 3.5 �m in diameter) to ablate the material from
a 30-�m-thick brain tissue with a dried Cu droplet of 6 mm in
diameter. Due to the low laser pulse energy, the material was
not completely ablated, resulting in relatively lower ion intensi-
ties detected by the ICP-MS when compared to that measured
by LA-ICP-MS. However, maximum ion intensities of 104 cps for
63Cu+ can be obtained in each measurement. The variation of ion
intensity, especially in the free-hand modus, was due to the inho-
mogeneous distribution of tissue and Cu, which was verified in
LA-ICP-MS measurements. Furthermore, a precise determination of
63Cu/65Cu isotope ratios was found in this measurement by LMD-
ICP-MS. The limit of detection (LOD) of LMD-ICP-MS for Cu in the
3 �m line scan in the present setup was 190 �g g−1. Due to the
fact that the present LMD  operated at low laser pulse energy of
1 �J was  not sufficient to ablate all the materials under the pre-set
scanning lines, there is a need to improve a more powerful laser
beam for applications in imaging with excellent quality. Never-
theless, this low laser energy of LMD  was  originally designed to
cut off the section of interest but also to avoid any damage to the
biomolecules. With respect to laser ablation by a picosecond laser
with pulse energy >100 mJ  in the LMD  system, a complete abla-
tion of such a 30 �m-thick tissue section would be possible and
subsequently much higher ion intensities and lower LOD would
be achievable. Therefore, imaging of elements in biological tissues
and cells by improved LMD  would be a promising future appli-
cation with the improvement of spatial resolution and limit of
detection for microanalytical investigations on biological samples.
Furthermore, based on LMD-ICP-MS, we are proposing to develop a
metalloprotein microscope by combining imaging of metals using
LMD-ICP-MS and localizing targeted biomolecules using fluores-
cence staining technique, in order to establish an advanced imaging
technique with high spatial resolution for metallomic studies in life
sciences.

3. Synchrotron-based micro-X-ray fluorescence and
micro-X-ray absorption spectroscopy

Since the last decade of the 20th century, micro-X-ray fluores-
cence (�-XRF) has been rapidly developing as one of the newest
branches of XRF. Along with the construction of more power-
ful synchrotron radiation facilities around the world, �-XRF has
become a popular trend in X-ray spectroscopic analysis of small
areas. The high energy of the third generation light source ensures
enough power of the beam at a level of several keV with a small
spot size at the nanometer level. It also allows two-dimensional
elemental imaging in biological samples with the advantage of
non-destructive measurement at ambient pressure. Various tis-
sues and cells of animals and plants have been scanned using a
micro-X-ray beam with a spot size from no larger than 25 �m
down to several hundred nanometer [82–84,13,15,25,85,86].  Quite
recently, a hard X-ray nanobeam focused in one direction to a width
of 7 nm at 20 keV has been achieved at the 1-km-long beamline
(BL29XUL) of SPring-8 in Japan, by a laterally graded multilayer
mirror used to produce the nanobeam and a grazing-incidence
deformable mirror to restore the wavefront shape [87]. The quan-

tification of �-XRF spectra has also been developed, either, in most
cases, based on the analysis of reference materials which have a
similar composition and thickness to that of the samples or by per-
forming as standardless quantification if no suitable standards are
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vailable. However, standardless quantification of the �-XRF spec-
ra is still challenging, since the instrumental parameters such as
nergy, current and spot size are quite different in different facil-
ties, as well as the fact that the detected fluorescence of each
lement is dependent on the atomic arrangement in a complex
atrix. Biological markers labeled with heavy elements are pro-

osed for the purpose of �-XRF quantification, especially in the
ase of the analysis of a single cell, to highlight the visualization
f certain cell sub-units and structures [88,89]. Since there is con-
iderable debate about sample preparation by cutting the sample
nto slices before �-XRF investigation, with respect to the possi-
le loss and re-distribution of the elements, cryo-scanning �-XRF
as specially designed for cell studies and the sample preparation
rocedure was  improved [90]. Mouse embryonic fibroblast cells
ere pre-fixed by a quick-freezing technique and then scanned in

 well-designed cooling chamber with high vacuum by a focused
ard nano X-ray beam (spot size of 30 nm × 50 nm) at a X-ray
nergy of 11.5 keV. The distributions of K, Ca, Fe, Cu and Zn were
uccessfully visualized and considered to be the real elemental
rofiles in the cells of the living state. The distributions of these
lements (especially those of K, Ca and Fe) differed from those in
ells fixed with paraformaldehyde. However, this dedicated instru-
entation is hard to achieve at standard beamlines around the
orld.

Micro-X-ray absorption spectroscopy (�-XAS) provides precise
nformation on the local chemical environment and geometric
tructure of a metal species [91–98],  as well as of some metalloid
such as As and Se) species [99,100] in the biological tissues and
ells with a spatial resolution of around 10 �m,  including human
ancer cells, single neurons, small regions of brain sections, as well
s plant cells and tiny organs. However, the application of �-XAS to
on-metal elements like S in biological samples is relatively rare.
nly a few studies have been reported based on bulk XAS analy-

is, in most cases using the X-ray absorption near edge structure
XANES) to investigate the oxidation state by the identification of
ertain characteristics, such as small variations of energy at the
bsorption edge, pre-edge peaks at energies below the principal
bsorption edge, or peaks after the absorption edge [101,102],  since
t is practically impossible to obtain extended X-ray absorption
ne structure (EXAFS) spectra for the lighter elements (e.g., C and
) [18]. Pickering et al. [99] first obtained quantitative 100-�m-

esolution images of specific chemical forms of Se in intact plant
issues by selectively tuning incident X-ray energies close to the
e K-absorption edge. Although XAS and �-XAS can provide us
ith considerable information on surroundings of the target atom,

ncluding the species and number of the coordination atoms and
igands, the bond length between the central atom and the scatter-
ng atoms, and the oxidation state of the central atom, it is generally
nable to identify the origin of the ligands. Moreover, in biologi-
al samples, the ligands of a certain element may  not be a single
pecies, but more often consist of several species, which results in
ifficulties in spectral analysis, due to the lack of reference spec-
ra for such complicated samples. Unlike the standard preparation
n other analytical techniques, it is not appropriate to construct
omplicated reference materials which are similar to the studied
ample according to the information obtained from XAS and �-
AS spectra and then to use the spectra of the prepared standard

o fit the sample spectra, because the metal species in biological
ystems is not simply a mixture of several chemical compounds,
ut a symbiosis of a metabolic balance after a long period of evo-

ution. Furthermore, since biological tissues and cells are complex
nd sophisticated systems, it is difficult to carry out a structure

alculation from the XANES spectra like the one commonly used
n the studies of physics and materials science. Therefore, to over-
ome this weakness, chemical analysis of the candidate ligands is
ecessary and helpful.
ass Spectrometry 307 (2011) 112– 122 119

The third generation of synchrotron radiation facilities and
recent achievements in focusing optics facilitate the application of
�-XRF and �-XAS in studies of cellular toxicology, metabolism of
bio-metals and nano-particles, as well as medicine and pharma-
cology. However, since access to synchrotron beamlines is limited,
considerable attention should be paid to the design and preparation
of the experiments. Moreover, data processing and interpretation
should be adapted to the analysis of the complex biological system.

4. Raman spectroscopy combined with SNOM

Raman spectroscopy is a well-known spectroscopic technique
used to provide chemical information in a sample system through
the analysis of the interaction between the illuminating monochro-
matic light (normally from a laser) and molecular vibrations,
phonons or other excitations in the system. However, conventional
optical methods like Raman spectroscopy have limitations in spa-
tial resolution with respect to the theoretical optical diffraction
limit (∼�/2). This results in a great deal of attention being paid
on the improvement of Raman spectroscopy with respect to higher
spatial resolution and signal enhancement in a small area of the
sample. In the present review, we  focus on advanced Raman spec-
troscopic techniques with the aid of scanning near-field optical
microscopic (SNOM) methods.

An aperture SNOM, coupled with surface analytical and spec-
troscopic methods such as Raman scattering, would permit a high
spatial resolution (<100 nm)  and a high chemical information con-
tent [103]. However, the recorded intensity of Raman scattering
drops dramatically to the undetectable range with decreasing aper-
ture size, which was originally designed to increase the spatial
resolution. Moreover, since Raman scattering is a small fraction
of the scattered light (approximately 1 in 10 million photons)
by an excitation, when it is generated from a nano region, the
signal would be too weak to be detected separately from the
intense Rayleigh scattered laser light. To overcome this weakness,
local enhancement of the electromagnetic field is included in the
SNOM–Raman scattering measurement.

One of the options is to use surface-enhanced Raman spec-
troscopy (SERS). SERS is normally carried out on a rough surface
made of metal colloid or a substrate containing a certain metal (nor-
mally Ag, Au, or Cu). An enhancement in the electric field around
the metal can be obtained due to the excitation of the surface plas-
mons of the metal by the laser, resulting in a significant increase of
the Raman scattering by several orders of magnitude [104,105].  The
shape of the roughness and the excitation wavelength contribute
to the enhancement factor in SERS [106–108]. Using SNOM at high
lateral resolution (10 nm), the field distribution close to the surface
of gold films has been recorded [109]. The high peaks in the Raman
spectra were recorded corresponding to the so-called “hot spots”
due to the huge fluctuations of the electromagnetic fields. There-
fore, the molecular information on such metal-covered substrates
is revealed with high resolution [110]. However, this approach is
hard to implement in the study of real biological tissues and cells,
because the metal coating of the sample surface may  not present
the nondestructive cellular information at the level of the organelle
structures.

Another approach to enhance Raman scattering is to combine
it with an apertureless SNOM, which is known as tip-enhanced
Raman spectroscopy (TERS), by enhancing the intensity of laser
light using a sharp metallic tip which is brought very close to the
sample surface [111], as in the near-field LA-ICP-MS technique.

The tip is prepared by either electrochemical etching of a metal
wire or evaporating metal nanoparticles on to a suitable mate-
rial (e.g., atomic force microscopy (AFM) tip [112] or an optical
fiber tip [113]). The enhancement of the radiation field is depen-
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ent on a combination of the tip material and geometry. Only the
olecules located in the vicinity of the tip apex will experience

he field enhancement, therefore, providing a highly resolved lat-
ral resolution of approximately the size of the tip apex (20–30 nm)
ogether with the enhanced Raman signal sensitivity down to the
ingle molecule level. Inouye et al. [114] first used a metalized
antilever tip to detect the molecular vibrations with the aid of
ERS. Shortly after the success of Inouye et al., Zenobi’s group [112]
rst experimentally demonstrated a TERS applied for the analy-
is of surface compositions of brilliant cresyl blue and a C60 thin
lm, with an estimated enhancement factor of more than 2000 and
0,000, respectively, based on the given illuminated area of 300 nm

n diameter and a tip diameter of less than 50 nm.  Besides organic
olecular and material research [115–117], TERS has also been

pplied in studies of biological tissues and cells [115,118–120].
ankus et al. [59,113,114] developed a SERS-based nanoimaging
robe capable of chemical imaging with nanometer-scale spatial
esolution. Each chemical component in sub-cellular environments
ould be identified in the investigation of bacteria.

TERS is considered a promising technique for imaging of
hemical compounds in biological samples with nanoscale lat-
ral resolution. However, Downes et al. [121] observed a limit of
0–100 �W in the illumination power due to a temperature rise
f several tens of degrees beneath the tip apex, possibly resulting
n the evaporation of water from the tip apex region thus heating-
p both the tip and sample while imaging. Malkovskiy et al. [122]
lso proved that heating depends strongly on the optical proper-
ies of the tips and is minimal for laser wavelengths beyond the
lasmon resonance of tip. Even at a laser power as low as 1 mW
nd modest tip enhancement, the magnitude of heating can easily
each 100 K. This is the question that arises with respect to bio-
ogical samples which are sensitive to the environment, which still
equires considerable attention.

. Conclusion

In this review, we discussed the development and application
f analytical techniques in the investigation of biological samples
or chemical information with spatial resolution on the low-

icrometer and -nanometer scales in the field of life sciences. A big
tep forward has been made due to the development of the third
eneration synchrotron radiation facilities so that synchrotron-
ased techniques such as �-XRF and �-XAF are already available
or imaging elemental distribution and identifying metal species
at least in the oxidation state) in single cells without destroying
he samples. Raman spectroscopy coupled with aperture or aper-
ureless SNOM tips is another frequently used technique to obtain
hemical information in organic samples with lateral resolution
own to several tens of nanometer, although it is limited in applica-
ions for biological samples. Another application of aperture SNOM
ip for high spatial resolution is to combine this method with a

ass spectrometer. However, the efficiency of this combination is
ependent on the sensitivity of the mass analyzer, which results

n limited applications for materials with lower analyte concentra-
ions as in the case of a single cell. We  propose to use an apertureless
g tip instead of the optical fiber, and thus the electromagnetic field
round the tip can be significantly enhanced due to the near-field
nhancement effect. The material ablated by this enhance radia-
ion has proved to be sufficient for identification purposes in the
ensitive double-focusing sector-field mass spectrometer. With the
ear-field LA-ICP-MS developed at Forschungszentrum Jülich, it
s possible to analyze biological samples with high spatial reso-
ution in the nanometer range. Further applications of near-field
A-ICP-MS for imaging small biological tissues and single cells will
e carried out on a 3D-movement stage operated in the dynamic
ass Spectrometry 307 (2011) 112– 122

non-contact feedback mode. In addition, further studies are needed
to obtain a better understanding of the physical basis of near-field
laser ablation mechanisms as well as to improve performance. On
the other hand, apart from using the near-field enhancement effect,
it is also possible to directly couple a laser microdissection appara-
tus to a sensitive mass spectrometer in order to obtain elemental
and isotopic information with resolution in the low- and sub-�m
range. In the near future, these newly developed techniques will
soon open up a window for biochemical studies with high spatial
resolution down to the nanometer range in the life sciences.
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