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Abstract: This contribution reviews methods based on scanning probe microscopy for molecular analysis and identi-
fication on a length scale of 20-200 nm. Aperture scanning near-field optical microscopy (SNOM) was initially devel-
oped in our group for chemical analysis and imaging using fluorescence and Raman spectroscopies, with a resolu-
tion beyond the optical diffraction limit. In recent years, tip-enhanced Raman spectroscopy was developed into an
analytical tool capable of a spatial resolution less than 50 nm and, using the ‘gap’ mode of operation, the promise
for single molecule sensitivity and even higher spatial resolution. Aperture SNOM with pulsed laser irradiation can be
used for nanoscale laser ablation. With an interface to a very sensitive mass spectrometer, this provides a platform
for nanoscale mass spectrometry using atmospheric pressure sampling. The preparation of fiber tips for aperture
SNOM as well as metallized AFM tips and etched metal wires for apertureless SNOM applications is reviewed. Finally,
applications for the chemical analysis of thin molecular films and of biological samples are presented.
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1. Introduction

The world around us is primarily molecular.
Methods for chemical analysis are therefore
designed to reveal the molecular nature of
matter, and there are many ways to achieve
this goal. Historically, solution-phase chemi-
cal methods have been used, for example
chemical degradation via ozonolysis or spe-
cific detection methods based on biomolecu-
lar recognition. More recently, instrumental
spectroscopy methods such as nuclear mag-
netic resonance, infrared spectroscopy, or
mass spectrometry have been developed to
yield detailed information about the molecu-
lar composition of matter. However, most of
these methodologies cannot be applied to
questions in nanoscience and nanotechnol-
ogy, because they intrinsically lack spatial
resolution.

Techniques with nanoscale lateral reso-
lution, such as standard atomic force micros-
copy (AFM), scanning tunneling microsco-
py (STM) and scanning electron microscopy
(SEM), typically give very little or no chemi-
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cal information at all. Some exceptions exist,
for example derivatized AFM tips that can
be used for chemical recognition. In general,
however, only the shape of nanostructures,
the surface topography, and local electric
properties can be measured, albeit in many
cases with excellent spatial resolution. With
the advent of nanotechnology and nanosci-
ence, the need for chemical analysis has
become urgent. Methods of nanotechnol-
ogy and nanoscience allow us to control
and make use of properties of matter on the
nanoscale (length scale well below 1 um
in all three dimensions). Nano-objects that
are under intense study include subcellular
compartments, nanomaterials such as poly-
mer blends, ‘molecular machines’ and small
biological objects, nanoparticles with sup-
posed toxic effects, or components of mo-
lecular electronics. There is currently a lack
of methods capable of chemical diagnostics
and characterization, in particular of the mo-
lecular composition, of such nano objects.
Fig. 1 illustrates some of the challenges.

2. Principles of Chemical Analysis by
Near-Field Methods

As a platform for nanoscale chemical
analysis, we use scanning near-field optical
microscopy (SNOM), the ‘optical cousin’ of
STM and AFM. Standard ‘aperture SNOM’
works as follows: light from a laser is guided
into an optical fiber, whose tip is sharpened
and metallized on the outside such that

only a very small aperture (diameter = 50
nm) passes some laser light. This nanome-
ter light source can be used to illuminate a
spot on a sample that is considerably small-
er than the optical diffraction limit, ~A/2
(A = wavelength of incident laser light). Us-
ing a method developed in our group based
on chemical etching (see below), SNOM tips
with only 50 nm diameter and a high opti-
cal throughput can be fabricated. In order to
obtain a high-resolution optical image of the
sample, the SNOM tip is scanned over the
sample surface with nanometer accuracy, us-
ing piezo elements for motion control.

In principle, the use of SNOM not on-
ly allows topographic and optical but also
chemical information to be obtained, by
optically dispersing the emitted or inelasti-
cally scattered light to yield fluorescence or
Raman spectra (Fig. 2a). This is a nonde-
structive way of analyzing surfaces. An al-
ternative is nano ablation using laser pulses
with SNOM tips (Fig. 2b). SNOM-laser ab-
lation experiments have also been done in
our laboratory already 10 years ago [1][2].
We have also interfaced SNOM-laser abla-
tion with mass spectrometric analysis of the
ablation products. The big challenge is the
extremely small amount of material ablated
(only ca. 106 molecules per laser shot for a
100 nm crater). A key paper from our labo-
ratory demonstrated the feasibility of this
strategy [3]. In this work, laser ablation was
performed at atmospheric pressure, which is
advantageous for samples such as tissue sec-
tions that cannot withstand the high vacuum



NANOANALYSIS

784

CHIMIA 2006, 60, No. 11

Fig. 1. (a) Challenge #1: Electron micrograph of a model catalyst (Pd islands on a nanostructured SiO, substrate formed by annealing). What is the chemical
nature of reactants, intermediates, and products present at the active sites of the catalyst? (b) Challenge #2: Electron micrograph of a chondrocyte. What
is the chemical composition of the subcellular compartments? (Courtesy of Dr. Daniel Studer, University of Bern). (c) Challenge #3: AFM/tapping mode
measurement of a microtome thin section of a model rubber blend. What is the chemical identity of the different domains?

conditions typical of mass spectrometers.
The laser ablated material was sucked into
the vacuum system using a capillary inter-
face, followed by ionization using electron
impact and mass analysis using a quadrupole
mass spectrometer.

The particular challenge in coupling
SNOM with Raman spectroscopy is the fact
that Raman scattering is an inherently weak
effect. In addition, if Raman scattered light
originates from a very small (nanometer-
sized) region, it is normally barely detect-
able. A way to circumvent this problem is to
employ surface-enhanced Raman scattering
(SERS), based on local enhancement of the
electromagnetic fields (by up to six orders
of magnitude), by depositing samples on
a rough film of silver. Certain shapes and
sizes of silver colloids are able to enhance
the Raman scattering of adsorbed sample
molecules by more than 12 (!) orders of
magnitude. The special approach we have
pioneered makes use of an ‘apertureless’ ver-
sion of SNOM, where the Raman scattering
is amplified by the presence of a metallic
nanoparticle brought to the sample by means

of an atomic force microscope cantilever tip
(Fig. 2¢). We call this ‘tip-enhanced Raman
scattering’ or TERS [4]. The advantage of
this approach is that the sample can be illu-
minated using conventional optics, avoiding
the comparatively lower transmission of an
aperture SNOM tip. Such apertureless near-
field spectroscopy experiments have in the
meantime been realized using coated AFM
tips or sharpened metal tips. A special geom-
etry that promises particularly high enhance-
ment of the Raman scattered light is shown
in Fig. 2d (‘gap-mode TERS’). The sample
is localized in the gap between a metallic
surface and a sharp STM tip. STM feedback
is used to bring the tip within a nanometer or
less of the surface.

2.1. Preparation of Aperture SNOM
Tips
2.1.1. Taper Formation: Tube Etching

In particular for SNOM-Raman measure-
ments and for atmospheric pressure SNOM-
MS [3], aperture SNOM tips with a high
optical throughput and high damage thresh-
old are necessary. To produce such SNOM

probes with aperture dimensions of 100 nm
diam. or less, a highly reproducible and ef-
ficient fabrication method called ‘tube etch-
ing’ has been developed and studied in detail
in our laboratories (Fig. 3). ‘Tube etching’
yields tips with excellent quality regarding
taper angle and surface smoothness [5-7].

Tube etching is usually done batch-wise
(eight fibers simultaneously) with 40% hy-
drofluoric acid. An organic overlayer (e.g.
iso-octane) is used to protect the fiber mounts
from the corrosive HF vapor. The polymer
coatings at the tapered end of the fibers are
removed by treatment with hot concentrated
sulphuric acid. After thoroughly washing in
H,O and EtOH to remove traces of decom-
posed coatings and residual H,SO,, the tips
are finally dried overnight in a desiccator
prior to metallization.

2.1.2. Metallization and Aperture
Formation

To prevent the light from leaking through
the tapered side of the tip as well as to create
a well-defined aperture, a metal coating is
applied onto the tapered region of the fiber.
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Fig. 2. Different operating modes of near-field spectroscopic methods: (a) aperture SNOM for exciting fluorescence or Raman scattering on a sample
surface. (b) Aperture SNOM for pulsed nanoscale laser ablation with subsequent mass spectrometric detection of the ablation products. (c) Apertureless
SNOM using a modified AFM tip for tip-enhanced Raman scattering (TERS). (d) Use of a metallic STM tip in very close proximity to the sample surface

for gap-mode TERS.
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Fig. 3. Schematic of ‘tube etching’. The insets show selected video frames
acquired during such an etching process (adapted from [5]).

To achieve this, an adhesion layer coating
method is often used. In this technique, alter-
nating layers of Cr and Al were deposited on
the bare tapered glass to increase the stabil-
ity of the overall metal coating. The resulting
sandwich-like coating has a total thickness
of 170-180 nm. During metal evaporation
the fiber is continuously rotated around its
axis, thus yielding a homogeneous metal-
lization around the taper, while at the very
end the tip remained uncoated because of a
shadowing effect (taper is tilted away from
the metal vapor source). Tips produced in
this manner showed a superior optical de-
struction threshold and could withstand up
to 170 wJ of pulsed laser radiation before
the coating ruptured. To check for quality of
etching and metallization, light from a HeNe-
laser is coupled into the cleaved end of the
fibers and the tapered end of the tips is then
optically inspected with a light microscope
for shape and opacity. Only homogeneously
coated tips that do not leak any light except
at the apex are then further investigated by
SEM. Fig. 4 shows SEM images yielding
information about the shape of the taper and
the size of the aperture.

After inspection and choice of success-
fully fabricated fiber tips, they are glued onto
tuning forks with fast hardening glue and are
ready for use as SNOM probes.

2.2. Preparation of Apertureless Tips

Shape and material of the tip have direct
effect on the degree of TERS enhancement,
and consequently, the signal intensity and
S/N ratio. Furthermore, the lateral resolu-
tion of the technique is directly related to
the dimensions of the tip end. Its fabrication
procedure is thus of great importance for the
performance of TERS as an analytical tool.
The type of tip used is closely related to the
method to control the tip—sample distance.
In our group, two types of SPM techniques,
AFM and STM, are currently used for TERS
experiments.

The AFM is the most universal, versa-
tile and robust method for surface analysis,
with the advantage of being able to obtain
complementary data such as friction force,
electric force, magnetic force, or phase im-
ages simultaneously with the topography
image. Two types of methods have been
used to metallize AFM tips: the widely used
vapor deposition method [4][8] and chemi-
cal deposition (Ag mirror reaction) [9]. In
our group, AFM tips for TERS are usually
prepared by vapor coating of commercially
available AFM tips with Ag layers with a
thickness of a few tens of nanometers. Typi-
cal examples are shown in Fig. 5a—d. AFM-
TERS experiments are described in Section
4.1 [10].

Compared to AFM, the fabrication of
the STM tip for gap-mode TERS is easier
and cheaper. The main disadvantage is
that STM-based TERS requires conductive
samples, which limits its application. In
the area of STM, people have accumulated
a lot of knowledge for tip fabrication [11].
The best Raman enhancement to date has
been reported from gap-mode TERS stud-
ies with Au tips [12][13]. The imaginary
part of the permittivity of Ag in the visible
range is much smaller than that of Au, which
leads to a higher field enhancement. This has
been observed in our experiment, where by
use of Ag tips, single molecule sensitivity
is attainable (see Section 4.2). Our Ag tips
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for gap-mode TERS are prepared with the
etching method developed by Iwami et al.
[14]. With a careful control of the etching
parameters, tips with an apex smaller than
50 nm can be achieved reproducibly (see
Fig. Se).

We believe that the ability to reproduc-
ibly fabricate tips that exhibit consistently
good TERS enhancement with a particular
excitation wavelength is necessary for the
widespread application of TERS for na-
noscale chemical analysis.

3. Aperture SNOM in Chemical
Analysis

3.1. Fluorescence

The high quantum yield of fluorescent
dyes allowed imaging of single molecules
by aperture SNOM as early as 1993 [15].
These workers used a dilute solution of car-
bocyanine dye spread on a cover slip that
was previously spin coated with a 30 nm
thick layer of polymethylmethacrylate
(PMMA), resulting in an estimated density
of 23 molecules/im?. The SNOM was used
to image individual dye molecules. In the
same work the orientation of each molecule
was determined. The results were used to
map the squared components of the electric
field at various distances from the near-field
aperture. Since then, many publications
dealing with dynamics and lifetimes of sin-
gle fluorophores have appeared. From the
perspective of analytical chemistry, howev-
er, fluorescence detection is less attractive
than other spectroscopic methods, because
in most cases it requires chemical labeling
of a sample.

3.2. Raman/SERS

Raman spectroscopy is a well-estab-
lished technique for the identification of
molecular species, material phases, and
stress through the analysis of the vibration-
al states. It is non-destructive and it does not
impose strict requirements on the prepara-
tion of the sample. It can be applied to the
solid state as well as the gaseous state and
solutions. The first near-field Raman im-
age was obtained in 1995 by Jahncke et al.
[16] on potassium titanyl phosphate doped
with rubidium. It took over 10 h to complete

Fig. 4. SEM image of

a tube-etched and
metallized tip. The left
image illustrates the
smoothness of the
tapering, while in the right
2 image a magnification

| of the same tip is shown

| (top view) in order to

- | investigate the size and
shape of the aperture.
Scale bar left image:

2 um; right image: 100 nm.
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Fig. 5. SEM images of typical TERS tips: side-views (a, c) and corresponding top-views (b, d) of Ag-
coated AFM tips and side-view of an electrochemically etched Ag wire for gap-mode TERS (e).

the scan but the spectroscopic analysis of
the Raman light could clearly identify the
doped zones in the crystal. Nevertheless,
the small scattering cross section and the
luminescence background can obscure the
weak Raman bands of many samples. This
limitation can be overcome by exploit-
ing the surface enhanced Raman scatter-
ing (SERS) effect: molecules adsorbed on
specially prepared metal substrates show
an enhancement of their Raman inten-
sity of several orders of magnitude. In our
laboratory, SERS chemical imaging was
demonstrated [17] using brilliant cresyl
blue-labeled DNA deposited on a substrate
covered with silver-coated polytetrafluoro-
ethylene (PTFE) nanospheres. A resolution
of 100 x 100 nm? was achieved.

3.3. SNOM-Laser Ablation MS

Chemical analysis by mass spectrom-
etry (MS) is one of the most significant
analytical techniques for the identification
of unknown compounds and quantification
of known substances in complex matrices.
Laser ablation MS is conventionally used
for the spatially resolved analysis of sur-
faces but resolution is limited to 5-25 um
due to practical optical limitations and ul-
timately due to the diffraction limit. The
only alternative MS method, which rou-
tinely achieves 50—100 nm spatial resolu-
tion using a focused ion beam, is second-
ary ion mass spectrometry (SIMS). Unfor-
tunately, this method is limited to analysis
under ultra-high vacuum conditions and
only suitable for small molecules since
it is a relatively ‘hard’ ionization meth-
od. Due to these limitations, there is no
analytical method available today for the
nano-analysis of organic compounds with
MS, especially with regards to biological
samples (i.e. analysis of metabolites in liv-
ing cells or tissue).

In 2001, our group showed the feasibil-
ity of combining SNOM-based laser abla-
tion with mass spectrometry at atmospheric
pressure for the first time [3]. To overcome
previous instrumental limitations, we have

developed in the meantime a SNOM-MS
instrument with a highly sensitive ion trap
time-of-flight (IT-TOF) mass analyzer
built specially for this application [18]. A
schematic is shown in Fig. 6.

A SNOM fiber tip with an optical aper-
ture of 50-150 nm is used as a light source
for laser ablation on the nanometer scale
and combined with the IT-TOF MS by a
transfer (‘suction’) capillary. While the
tip is kept in shear-force feedback some
5-15 nm above the surface of the sample,
a topographic image of the surface can be
acquired. At any desired location, the UV
laser coupled into the fiber is switched on
for ablation; a spatial resolution of 70 nm
(FWHM) has been achieved. The ablated
analyte is then ‘sucked’ into the sampling
capillary, transferred into the ion trap and
ionized therein. The IT serves as a stor-
age and accumulation/pre-concentration
device and is pulsed into a time-of-flight
(TOF) mass analyzer. This setup will allow
chemical analysis with nanometer spatial
resolution at atmospheric pressure for nu-
merous applications in materials and life
sciences.
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4. TERS in Chemical Analysis

4.1. AFM-TERS

The aim of this project is the develop-
ment of an analytical tool for chemical anal-
ysis of sample surfaces with nanoscale spa-
tial resolution. The ability to perform such
measurements, especially if it can be done
in situ and nondestructively, is of growing
importance. In 2000, our group was the first
to experimentally demonstrate TERS [4]. By
harvesting the spatial resolution and chemi-
cal specificity afforded by scanning probe
microscopy (SPM) and Raman spectrosco-
py, respectively, the surface compositions of
brilliant cresyl blue (BCB) and Cg, thin films
have been unambiguously fingerprinted with
a 50-nm spatial resolution.

A large near-field enhancement of the
Raman signals is essential for performing
rapid TERS imaging. Unfortunately, the
experimental Raman enhancements have
been lower than theoretical predictions. This
has hampered the development of TERS to
become a robust and commercially useful
technique. We have been actively involved in
the fabrication and design of various TERS
probes based on AFM tips, which are inti-
mately connected to Raman enhancements
possible in an experiment. A contributing
factor has been identified as being caused
by the effect of the AFM tip material on the
wavelength of the surface plasmon reso-
nance (Agpg) of the attached Ag particles
[10]. In general, the Agpp of metal particles
is known to increase with higher refractive
index (n) of the underlying substrate. Using
a 488-nm excitation laser, we have success-
fully demonstrated the circumvention of this
problem by using AFM tips made of SiO,
(n = 1.5), which has a lower n compared to
SiN (n=2.05) or Si (n =4.4). This is shown
in Fig. 7 where the Raman signals of a BCB
thin film is better enhanced with a Ag-coated
SiO, tip, as compared to the best possible

AN

Fig. 6. Instrumental setup of the SNOM-MS setup (left part: SNOM with laser coupled into the fiber,

right part: IT-TOF mass spectrometer)
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Fig. 7. Raman spectra of brilliant cresyl blue
acquired with tip in contact (dark trace) and
retracted (dotted trace). TER spectrum is
collected with a (a) Ag coated SiO, tip and (b) Ag
coated SiN tip (adapted from [10]).

signal enhancement obtained by us for simi-
larly coated SiN tips.

4.2. Gap-mode TERS
Besides using a single nanostructure like

the TERS setup described above, other ge-

ometries can be also used for TERS. Electro-
magnetic theory predicts a strongly localized
surface plasmon mode in the nano-junction
between a flat metal surface and a metal
sphere [19], called ‘gap-mode’. For this

TERS scheme, enhancement factors >107

can be expected. Simulations show that the

electric field strength can be also enhanced

by 102 times at resonant condition [20][21].

This structure is naturally related to the

STM, which uses a sharp metal tip and a flat

conductive substrate. The first successful

gap-mode TERS setup was realized using an

STM and electrochemically etched Au tips.

A 10°-fold enhancement was observed [12].

In our lab, Ag tips are used instead of Au tips,

because the imaginary part of permittivity of

Ag is much smaller than Au in visible light

range [22] and thus the enhancement should,

in theory, be even larger. This has indeed
been observed in our experiments.

A sub-monolayer of BCB was used to
demonstrate the power of this gap-mode
TERS. The samples were made with follow-
ing steps:

i) An Au substrate was produced by vapor
coating a 150-nm Au layer onto a freshly
cleaved mica substrate.

ii) The Au film was annealed using a butane
micro-torch.

iii) A 10> M BCB solution was spin-coated
onto the substrate.

Fig. 8 shows two spectra recorded from
this sample. When the tip is far away from
the sample surface, no Raman signal can be
observed; after the tip approached to the tun-
neling range where the tip is typically within
1 nm of the sample surface, a strong signal
from BCB molecules appears.

The TERS cross-section can be estimat-
ed from the sample coverage (15 molecules
per 100 nm?), the power (0.5 mW) and the
area of the focus (5 um?) of the illumination
laser. Besides these parameters, the quan-
tum efficiency of the CCD (80%) and the
efficiency of the optical system also need
to be taken into account (~1%). The TERS
cross-section of the BCB molecules is es-
timated to be at least 4 x 10~!8 cm?. With
such a large cross-section, single molecule
TERS is within reach. Considering the S/N
ratio, 10718 ¢cm? is the normal threshold for
single molecule detection in fluorescence
microscopy [23]. Though it is smaller than
the absorption cross-section of laser dye
molecules, it is still detectable. Because an
integrating detector (CCD camera) is used in
TERS experiments, a simple increase of the
collection time will yield a better S/N ratio.
However, more research will be necessary to
unambiguously prove single-molecule sen-
sitivity of gap-mode TERS. Key difficulties
include ‘bleaching’ phenomena due to photo-
decomposition or photodesorption triggered
by the intense field under the enhancing tip,
the understanding of spectroscopic fluctua-
tion and ‘blinking’ phenomena in Raman
scattering, and the production of sufficiently
well characterized submonolayer films for
single molecule studies.

With a sensitivity at the single molecule
level and the combination with STM, gap-
mode TERS should aid researchers to under-
stand chemical reactions on metal surfaces
at the molecular level. Gap-mode TERS can
also help to unravel the mechanism of SERS
[24], which is still not completely under-
stood. The main problems are that the SERS
active substrate is not a well-defined system
and that there is no method to determine how
and where the molecules reside on a SERS
substrate. In contrast, gap-mode TERS is a
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Fig. 8. Comparison of the tip-enhanced Raman
spectrum and the far-field Raman
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fairly well-defined system; it can be done on
single crystal surfaces. Furthermore, where
and how molecules are bound onto a surface
can in principle be determined by STM.
The comparison between this information
and the Raman spectrum will allow direct
insight into the details of the enhancement
mechanisms.

4.3. Analysis of Biological
Nanostructures

Attachment of bacterial cells to solid-
aqueous interfaces and biofilm formation
are processes that are dominated by nanome-
ter-sized structures. Bacteria can reversibly
attach to solid surfaces by means of nano-
meter-sized cell-surface structures, i.e. pili
and flagella. Immobilized bacteria produce
so-called extracellular polymer substances
(EPS), which lead to irreversible fixation
of bacterial microcolonies and formation of
biofilms. The EPS matrix of a biofilm is com-
posed of different polysaccharides, proteins,
humic substances, and other biopolymers,
which can range in size from nanometers up
to a few micrometers. Biofilms are the pre-
dominant life form of bacteria in nature and
play important roles in medicine, industry,
and biotechnology [25-28]. For improve-
ment of biocides for biofilm removal or pro-
cess optimization in wastewater treatment
plants, a detailed knowledge of structure,
chemical composition, and interactions at
the nanometer scale is necessary [29].

Confocal laser scanning microscopy
(CLSM) is widely used to investigate bac-
teria and biofilms. Besides two- and three-
dimensional imaging, this technique allows
chemical characterization of different parts
of the sample by spectroscopic methods,
such as fluorescence and Raman spectrosco-
py. A drawback of CLSM is the restriction of
the spatial resolution by the diffraction limit.
Therefore, CLSM is mostly applied to the
micrometer scale and is not capable of im-
aging objects with a size of less than a few
hundreds of nanometers. On the other hand,
scanning probe microscopy techniques, such
as AFM, provide imaging of nanometer-
sized biological structures but no informa-
tion on their chemical composition. In our
group, a combined setup was developed,
which allows the investigation of the same
part of a sample by CLSM, AFM and Raman
spectroscopy [30].

First applications of this setup to EPS
polysaccharides, bacteria, and biofilms re-
vealed its potential in this field and in the
investigation of biological nanostructures
in general. Fig. 9b shows a CLSM image
of biofilm-forming river water bacteria at-
tached to a glass slide. The false color rep-
resentation (blue to red) is based on the light
intensity backscattered by the sample after
488-nm laser excitation. Tapping mode AFM
images of the same part of the sample reveal
the sub-micrometer spatial resolution of this
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technique (see Fig. 9d and 9f). In Fig. 9d, dif-
ferent colors reflect different height values,
i.e. the topography of the sample. In the first
order derivative (i.e. the gradient) of the
topography image, even small changes in
topography can be clearly identified (see
Fig. 9f). In other AFM measurements with
higher magnification, even pili, flagella, and
other structures on the cell surface with a
thickness of a few nanometers were clearly
visible. For enhancement of Raman signals
from nanostructures, the sample was coated
with 40-nm silver colloids, which are clear-
ly visible in the AFM image, but lead only
to a weak diffraction pattern with larger
size in CLSM due to the diffraction limit.
By focusing the laser on silver clusters, en-
hanced Raman spectra could be measured,
which represent a fingerprint of the molecu-
lar composition of the adsorbates on the Ag
particles. As can be seen, on a blank part
of the glass slide, no signals were achieved
(Fig. 9a), whereas the illumination of Ag
clusters, which are in contact with two parts
of the biofilm aggregate led to two different
Raman spectra (see Fig. 9c and 9e). In other
experiments with an EPS polysaccharide,
the enhancing particle was brought close to
the structures of interest in form of a Ag-
coated and TERS-active AFM tip.

The aim of further experiments is to
image and discriminate different biopoly-
mers (e.g. polysaccharides and proteins)
in hydrogels, biofilms, and other biologi-
cal matrices with nanometer scale spatial
resolution. Besides analysis of the internal
structure of biofilms, this technique can be
an interesting tool for the investigation of
sub-cellular structures or cell surfaces and
the elucidation of transport pathways of
nanoparticles in biological tissues, which
are under discussion as potential drug de-
livery systems.

5. Conclusions

Near-field fluorescence spectroscopy,
near-field Raman spectroscopy, and near-
field laser ablation mass spectrometry are
maturing as powerful analytical methods
for the nano world. In the absence of natu-
ral fluorophores, fluorescence detection de-
pends on chemical labeling. Raman spec-
troscopy is a very attractive, nondestructive
and label-free method for identification
and analysis. In the near field, it can be
performed both by aperture and aperture-
less SNOM methods. The latter has the po-
tential for excellent sensitivity — reaching
single molecule detectability — and very
high spatial resolution. Mass spectrometric
analysis of SNOM-laser ablation products
is predicted to become a powerful method
of chemical analysis and imaging as well.
Although it is destructive, this disadvan-
tage is easily outweighed by the very high
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Fig. 9. Imaging and chemical analysis of a bacterial aggregate by CLSM, AFM, and Raman
spectroscopy: CLSM image (b), AFM topography (d), AFM topography gradient (f), and Raman
spectra of three different parts of the sample (a, c, €).

chemical information content available
from mass spectrometry.
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