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a b s t r a c t

Evanescent field induced chemical imaging concept has been realized in analytical platform based on the
m-tip-enhanced Raman scattering spectroscopy (m-TERS). The technique aimed to minimize thermal
decomposition of dried biological sample as the result of huge concentration of optical field near the tip
by increasing the size of an aperture-less “excitation source”. m-TERS technique is similar to classical
biosensor systems based on propagating surface plasmon resonance phenomenon but with sensitive
elements a few micrometers in size that can be targeted to the area of interest. The utility of the concept
is exemplified by the analysis of dried single cell envelope of genetically modified Saccharomyces
cerevisiae yeast cells, which do not have any heat-removing pathways, by water as in the case of the
living cell. Practical excitation conditions effective for m-TERS Raman observation of single layer dried
biological samples without photodamage-related spectral distortion have been determined – the
allowable limit is above 30 s at 13 mW/mm2. Finally, potential of m-TERS spectroscopy as new bio-
friendly instrumental platform for chemical fingerprinting and analytical characterization of buried
nanoscale features is discussed.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Local optical identification of biological structures is of funda-
mental importance to reveal the details of animate nature explor-
ing the physical properties of matter for functional visualization
[1,2]. To characterize molecular interactions and signal transduc-
tion pathways at sub-cellular dimension – the ultimate limit in cell
biology – new sensing strategies are requested [3]. The key feature
of such approaches relies on the dimension of the physical
transducer being similar to the sub-structures they are sensing.
Because cells typically range in tens of micrometers with func-
tional sub-structures in the range of tens-hundreds of nanometers
in size, it is challenging to (i) identify the region of specific supra-
molecular machine and (ii) relocate the probe into the place of
interest. In the case of label free technologies it can be done if the
sample and physical transducer are spatially separated enabling
chemical characterization of extended biological object by scan-
ning protocols; final positioning of the transducer within definite

area of the sample may be realized using specific fingerprint of a
target component (Fig. 1).

Classical near-field analytical systems based on aperture-based
scanning optical microscopy [4] or supercritical angle fluorescence
spectroscopies [5] etc. are typical but expensive examples of such
approaches. Raman spectroscopy has also emerged as useful tech-
niques, which can afford rich chemical information using visible
light in both water and air environments and characterize complex
supramolecular architectures by vibrational fingerprint (virtual che-
mical image) [6–9]. In particular, the Raman-based non-destructive
chemical imaging resolves the functional structures with the micro-
scale resolution and their changes during biochemical processes in
real time [10–12].

Local spatial targeting of the Raman effect was realized in tip-
enhanced Raman spectroscopy (TERS) by combination of vibrating
spectroscopy and scanning probe microscopy (SPM) [13] in the
aperture-less optical setup with ultrahigh spatial resolution. To
obtain requested spatial resolution TERS uses strongly localized field
enhancement, where this enhanced interaction volume acts as an
excitation source with the size similar to the objects under investi-
gation. Contrary to the stable and high efficient Raman scattering
materials [14–16] for biological objects Raman scattering is week, so
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for the reasonable signal-to-noise level long acquisition time or high
laser intensity are necessary, which may destroy the biological
samples. Indeed, owing to high thermal instability of (bio)organic
molecules many of them under the TERS conditions reduce to so-
called “carbon contamination” as a result of thermal decomposition
(burning) [17,18] or “synthesis” of new compounds by plasmon-
driven chemical reactions [19]. So, in the case of bio-optical charac-
terization it is necessary to find such a level of optical field con-
centration that can be acceptable for adequate functioning of
molecular biosystems from one side and will be strong enough for
detection of Raman effect that – as an inelastic scattering process –
is week.

Spatial confinement of light can be implemented in a variety of
ways using effects of propagating or localized surface plasmon reso-
nance phenomena. For the metal SPM tip a typical way to concentrate
optical energy is to confine light in the form of evanescent wave using
plasmonic taper or metal nanoparticles [20,21]. In the classical nano-
focusing tapered structures with the sharp tips (�5–20 nm) signifi-
cant accumulation of optical energy is the result of excitation of
propagating surface plasmon polaritones (SPP) that are slowed down
and adiabatically stopped at the apex depositing a significant fraction
of their energy to the tip [22,23]. Adiabatic nano-focusing is strongly
dependent on the radius of the tip, with significant field enhancement
observed only at sharp tips, whereas the SPP propagation along the
curved metal surface whose diameters are about the light wavelength
or bigger seem similar the situation on the flat metal surface [24]. In
this case the electromagnetic energy is compressed in the area
occupied by the evanescent wave in the dielectric and even for the
flat surface may essentially enhance the Raman scattering [25,26,16].
In the present work we discuss new abilities of the concept based on a
combination of classical TERS approach and conventional SPR based
biosensors, namely, tip enhanced Raman scattering technique with
high radius tips (m-TERS) for adequate analysis of ultrathin dried
biological samples. In some sense m-TERS is similar to classical
biosensor systems based on propagating surface plasmon resonance
phenomenon but with sensitive elements a few micrometers in size
that can be targeted to the area of interest. Results of numerous
studies validate the correctness of long-time monitoring of biological
samples under SPR conditions without essential loss of their biological
function [27–30]. Moreover, we demonstrate that m-tip enhanced
optical readout can be efficiently used for chemical characterization of
cell envelope of single living yeast cell without their damage during
the measurements [31]. However, the TERS with micrometer tips is
never used for remote probing of extracted, usually dried, biological
materials which on the contrary to whole cell do not have any heat-
removing water outflows.

In the present work we discuss the potential of the m-tip-
enhanced Raman scattering spectroscopy (m-TERS) as a biologically
friendly concept based on evanescent field induced chemical ima-
ging for analysis of dried sub-cellular structures. The utility of the
concept is exemplified by the analysis of single cell envelope of
genetically modified Saccharomyces cerevisiae yeast cells, one of the
most extensively studied model eukaryotic organisms.

The paper is organized as follows. It begins by discussing the
methodological aspects of the m-TERS spectroscopy as a biologically
friendly technique suitable for analysis of buried or subsurface struc-
tures, a cell modification protocol, experimental setups, tips prepara-
tion etc. This is followed by the results of topographical imaging of
yeast cell envelope by atomic force microscopy (AFM) and chemical
characterization performed by m-TERS. Finally, the potential of m-TERS
spectroscopy as an instrumental platform for chemical fingerprinting
and analytical characterization is discussed.

2. l-Tip-enhanced Raman spectroscopy for careful analysis of
buried or subsurface structures

The classical TERS with a huge enhancement factor (often 107 or
more) of the Raman scattering from an object near the sharp tip has
an extremely small “excitation volume”. As the result of huge
concentration of optical field near the tip apex, signal instabilities in
the form of signal losses and spectral fluctuations with time have
been widely observed in TERS for the samples which are not so stable
as carbon materials or laser dyes [17–19]. As an expressive example of
the temperature gradients in the “hot” tip-sample nanogap is the local
annealing of the Au surface by the Joule heating generated by the
highly enhanced electromagnetic field [32]. To exclude possible
thermal decomposition of the sample within the “hot” area one of
the possible ways is the spreading of the less enhanced optical field to
the bigger volume increasing the diameter of the tip apex and
thereafter the size of an aperture-less “excitation source”.

The amplification mechanism of optical field (with wavelength λ)
for m-TERS tips with micrometer range radius R differs significantly
from the conventional tapered structures terminated by a sharp tip r
– r5λ and RZλ for TERS and m-TERS correspondingly [31,33,34].
With the increase of the tip radius intensity of electromagnetic field,
the resolution and field enhancement at the tip apex are reducing,
whilst the penetration depth of the evanescent wave is extended up
to the order of the wavelength on a flat surface [24]. It is the result of
the disturbing of the conditions required for realization of adiabatic
nanofocusing mechanism in sharp tips or “SERS-specific” amplifica-
tion mechanism in nanostructures when both incident and scattered
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Fig. 1. Schematic diagram of core processes is illustrating the concept of biosensing platform for evanescent field induced chemical imaging (left) and the generation and
propagation of surface plasmon polaritons at the surface of the perispheric submicron tips in the focal plane of the objective with high numerical aperture lens (right).
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fields are in resonance with the electromagnetic excitations (loca-
lized surface plasmons) in “antenna”/“source” [35].

Similar to classical SPR-based biosensors [24,27–30], the large
enough enhancement of local electromagnetic fields required for
adequate optical detection of Raman scattering can be realized
using spatial confinement of light near the surface in the form of
evanescent wave of surface plasmon polaritones [24]. Due to the
large radius of curvature of the probe termination, the SPP may
propagate continuously along the tip surface with relatively low
radiation loss without change of SPP wavelength. In this case the
electromagnetic energy is compressed in the area occupied by the
nonradiative evanescent wave around the tip resulting in accu-
mulation of optical energy near the metal surface [36,37]. It should
be mentioned though, that an exact theoretical solution of SPP
focusing by tapered structures terminated by a perispheric sub-
micron tip near the focus of high NA lens is still unknown.

Finally, it is reasonable to discuss some practical aspects of the
m-TERS techniques. First, plasmon states are the surface waves and for
coupling between them external radiation vector of the light must be
changed through diffraction on the rough tip surfaces [24]. SPP can
be excited by p-polarized radiation (the electric vector E- lies in the
plane of incidence, Fig. 1), since an electric field with components
directed along and normal to the metal surface is necessary for the
generation of surface charge. The tangential component of the inci-
dent radiation must coincide with the wave vector of the SPP; so, in
the case of rough tips the most efficient generation of SPP will occur at
certain angles when the surface relief profile will ensure the genera-
tion of surface coupled excitations. In our experimental set-up the
laser illuminates the tip in transmission mode through a high NA
objective within a wide range of incident angles (7601). As it is well
known, in this backscattering or reflecting geometry, above and below
the position of the actual focus, z-contribution of the field vectors can
be found [32]; in line with that we used slightly unfocused laser beam
whose focus has been shifting up in respect to the tip apex; it permits
to generate optical field suitable for SPP excitation. More information
concerning the optical field distribution near the focus of high NA lens
can be found in [40–43].

A second essential feature of m-TERS techniques is the presence of
a strong nonuniform electric field whose intensity below the tip
apex decays exponentially as exp(�d/δ), where d is the distance
from the tip [38]. Contrary to classical TERS the penetration depth of
evanescent wave δ in a medium in contact with the metal lies in the
range of hundreds of nanometers (c.a. δE0.37λ [24,39]) depending
on the light wavelength λ and on the type of material. It has opened
the way for analysis of buried or subsurface structures. The penetra-
tion depth of the evanescent wave outside the metal is roughly
similar to that on a flat surface; however, the nonuniform character
of evanescent wave must be taking into account for adequate
analysis [24].

The third remarkable feature of the SPP is the possibility to
propagate along the surface of the metal through distances that
significantly exceed their wave length. As a result, surface waves
propagate in various directions reflecting on steric hindrances,
interact and decay (Fig. 1) by spreading along a rough surfaces. As
a result, for the metal SPM tip with a spherical-like metal surface at
the tip apex (whose sizes are about the light wavelength) polariza-
tion dependent geometrical focusing due to SPP annular propagation
towards the tip of the hemisphere is well possible. Indeed, the
distribution of electromagnetic field around a metal tip depends on
the polarization direction of the incident laser. As seen from Fig. 1, in
the case of linearly polarized light along x axis (at the sample plane)
the surface charges within YZ plane is “spreaded” in the direction
perpendicular to the direction of propagation and disturb the
spatially localized system of charges required for the generation of
stable plasmon–polariton excitation. The best excitation conditions
realized for the case when electrical field lie within XZ plane (Fig. 1).

So, the area of high electromagnetic field in the vicinity of the tip
apex is ellipsoidal with long axis coincident with polarization
direction and dimension that is essentially smaller in respect to
the tip diameter. So, contrary to the high-resolution TERS with
maximum scope restricted roughly [38,44] by r� r� r (r is the tip
radius in nanometer range), in the m-TERS we can highlight the
volume with (ϒR)(mR)δ in size (δE0.37λ, R in sub-micrometer range
and ϒo1, μ51).

3. Experimental section

3.1. Yeast cell growth, isolation of membrane fraction and GDH
protein purification

The genetically modified S. cerevisiae yeast strain 21PMR-[pYE-
sec1-GDH] [31,45] was grownwith aeration in the liquid YPG media
(1% yeast extract, 2% peptone, 3% galactose) for 24 h at 30 1C. The
presence of Kluyveromyces lactis toxin signal sequence in the genetic
design of GDH assumes the secretion of the synthesized protein into
the extracellular medium. The yeast cells were harvested by cen-
trifugation (3000 g) at 4 1C for 10 min, resulted biomass (1 g) was
resuspended in 2 ml of PBS buffer and ground using liquid nitrogen.
The unbroken cell fraction was removed by centrifugation (1000g) at
4 1C for 5 min. Cytoplasmic fraction was cleared by centrifugation
(11000g) at 4 1C for 15 min. The resting sediments (cell wall and
membrane fraction) were twice-washed with PBS buffer and kept at
4 1C until used for spectroscopic analysis. GDH protein purification
was described in [31]. The specific activity of GDH (U/ml) was
determined in a crude yeast extract and in cytoplasmic or membrane
fractions by measuring the decrease in DCIP absorbance at 600 nm.
It was found that maximal GDH activity is in solubilized membrane
protein fraction (�40 U/mL) compared to localized in cytoplasm
(29 U/mL) or secreted form (trace amounts) [46].

3.2. Sample preparation and AFM imaging

Droplet of the PBS solution with dispersed cell envelope was
dried at room temperature (2072 1C) on a clean glass microscope
slide coverslips (24�24�0.15 mm3, Carl Roth GmbH, Germany)
without any additional coating. Samples were characterized by
AFM (NTEGRA Spectra system, NT-MDT Inc., Russia) in the tapping
mode using commercial silicon cantilevers NSG11 with a force
constant of 5 N m�1 at a scan rate of typically 1 Hz.

3.3. Raman spectroscopy measurements

Raman spectra are measured using a confocal Raman system
(NTEGRA Spectra, NT-MDT, Russia) that has been described pre-
viously [31]. The laser beam of 35-mW He-Ne laser (632.8 nm,
Melles Griot 25-LHP-928-230, USA) is delivered through a clean-up
filter into an inverted optical microscope (Nikon Eclipse TE 2000-S).
The microscope is equipped with a 100�1.32 numerical aperture oil
immersion objective (Leitz NPL Fluotar, Germany). In the present
work we used partly unfocused laser beam with above 5 μm
diameter and laser power of 1 mW (ca. 13 mW/mm2) at the sample
plane. The beam is focused through a glass cover slip, which is fixed
on a controlled XY scanning stage (50�50 mm2). 633- ultrasteep
long-pass edge filters reject residual backscattered laser light and
the signal is directed into a spectrometer (Solar TII, NT-MDT)
equipped with a TE-cooled (�70 1C) CCD camera (DV401-BV, Andor
Technology, USA). Using the additional Scanning Probe Microscopy
platform (for shear-force mode with tuning fork piezoelectric linear
actuator), the apex of gold tip was positioned within the focused
beam on the measured sample.
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In the present work the tips were produced by the electro-
chemical etching (10 V, 10 kHz, 10–30 s) of thin gold wire (99.99%
pure gold wire of 125 mm in diameter, GoodFellow, Cambridge
Limited, England) in a CaCl2 saturated solution twice diluted with
water [31]. Before etching, the gold wire was cleaned and glued to
a quartz tuning fork transducer. The fabricated probes have an
apex diameter in sub-micrometer range (typically 400–600 nm)
and show a Q-factor value of above 500–700 at a resonant
frequency of above 190 kHz.

3.4. Spectral Preprocessing

Following the spectral acquisition, the background spectrum
was subtracted from each spectrum at first; then spectra were
corrected from the fluorescence input by subtraction of fourth
order polynomial curves (multipoint baseline) using both wavelet
and moving average filters by Raman Processing Program [47,48].

The band specific experimental Raman enhancement factor Gs

has been deduced from the increase in intensity within the
specific Raman bands using

Gs ¼
R δn þΔ
δn �Δ IðδÞμ�TERSðδÞd δ

R δn þΔ
δn �Δ IðδÞμ�RamanðδÞd δ

ð1Þ

where I(δ)m-TERS and I(δ)m-Raman are the intensity of background/
fluorescence corrected m-TERS and m-Raman responses respec-
tively, δ is the Raman shift, δn is the position of n Raman band, and
Δ¼15 cm�1 in the present case.

Changes in chemical images (vibrational fingerprints) of the
samples were analyzed using polar diagrams similar to ones used
in analysis of multichannel arrays [49,50]. The intensity of Raman
based was normalized in line with the procedure

IðδiÞ ¼
δi

∑n
i ¼ 1δi

ð2Þ

where δi is the Raman shift of i-band and n is the number of bands
used for fingerprinting.

4. Results

4.1. AFM imaging of yeast cell envelope

The optical images of the dried cell envelopes on the glass
substrate indicate the presence of multilayer aggregates and a few
areas potentially covered by single layer flakes (Fig. 2). AFM imaging
resolves the detailed structural features on the surface providing
better visualization and allows separating the single layer areas.
Fig. 2 shows typical AFM images taken from the dried single cell
envelope on the glass. The thickness of the layer is c.a. 100 nm that is
in good agreement with results of other authors [51]. High-resolution
AFM imaging of the cell envelope of yeast shows some interfacial
structures with lateral size in the range of 20–100 nm and 3–7 nm in
height with homogeneous spatial distribution. It is reasonable to
assume that observed elements of the surface profiles are the result
of protein aggregates etc. located within the periplasm of cell
envelope [31].

4.2. μ-Ters spectra of single cell envelope: tentative band assignment

The area on the glass surface with the single cell envelope
revealed by AFM was used for Raman investigations. Fig. 3 shows
the substrate corrected typical Raman spectra in the range of 900 to
1900 cm�1 registered by the consecutive measurements at the same
point; spectra have been scaled to the same acquisition time (10 s).
The μ-TERS spectra with different light durations (10, 40 (¼10þ30)
and 100 (¼10þ30þ60) s as the result of consequent measurements

with acquisition time 10, 30 and 60 s) match each other well in the
800–1100 cm�1 region. The ratio of normalized and difference
spectra presented in Fig. 4 confirms this conclusion. At the same
time, there is some redistribution of Raman intensity in other areas:
with increasing duration time, the intensity of the component with a
Raman shift more than 1000 cm�1 decreases (Fig. 3), whereas at
smaller than 1000 cm�1, increases (data not shown).

100 nm

10 nm

10 µm

1×1 µm 

2×2 µm

Fig. 2. Optical image (bottom) of dried yeast envelope solution containing both
single and multilayer areas as well as AFM images of single cell envelope (middle)
and topography of membrane surface (top). Thickness of single layer area is above
100–120 nm.
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First of all it is reasonable to note that observed enhancement
of both fluorescence and Raman signals (the enhancement factor
Gs is above 3.5–4.5, Fig. 3) cannot be explained by an additional
reflection from the tip approaching the surface. The reasons for
that are the conical form of the tip, its small size in respect to the
laser beam and similar signal at glass surface for both tip-down
and tip-up configurations.

Data presented in Fig. 3 indicate that the μ-Raman spectra cannot
be used for the characterization of the sample due to the low quality
of the data whereas in the μ-TERS spectra the characteristic peaks are
clearly identified. It is important to note that although some specific
assignment of Raman bands can be made, many of the changes are in
spectral regions characterized by significant overlap between proteins,
lipids and polysaccharide peaks. So, well-defined analysis with the
molecular identification is difficult due to complex multicomponent
composition of the cell envelope. Spectrum has prominent bands in
the region between 900 and 1800 cm�1, namely, 1004 (Proteins:
Phe), 1145, 1215 (P: Phe, Tyr), 1280 (P: Amide III area), 1360–1390,
1440–1470 (C–H vibrations corresponding to all cellular components),
1560, 1605 (P, Lipids: C–C vibrations), 1640 (P: Amide I area) and 1725
(L: C¼O stretch) cm�1. Hence, spectrum corresponds more likely to
lipids and proteins [12,52,53].

In the present study we used dried envelope fragments of gene-
tically modified yeast cells enriched by GDH protein. It is difficult to
correctly identify the GDH specific bands within the spectra of single
layer envelope owing to relatively low concentration of GDH protein
in the membrane fraction (less than 0.1%). However, at least it is
possible to conclude that obtained spectra are in line with assump-
tion of GDH proteins arrangement within the periplasm of prokar-
yotic cells confirmed by biochemical study [46] and supported by
AFM imaging and Raman scattering [31,54,55].

4.3. Photo-bleaching of Raman scattering and possible photodamage
on single yeast cell envelope depending on duration of light exposure

The intensity of the both fluorescence emission and Raman
scattering are depending on duration of light exposure (Figs.3, 5).
The quantitative analysis of the m-TERS spectra of envelope obtained
for different durations (10, 40, 100 s) of sample exposure shows that
intensity of the Raman band specific for nonpolar phenylalanine
amino acid (1004 cm�1) do not fade essentially (Figs. 3–4). So, the
baseline/fluorescence corrected spectra have been normalized to an

intensity of a sharp band at 1004 cm�1 specific for the phenylala-
nine ring breathing vibrations (Fig. 5).

Spectra obtained from the sample with relatively short duration of
light exposure (10–30 s at 13 mW/mm2) show the decreasing of Raman
bands intensity of yeast cells, while longer exposure resulted in
the growth of some additional bands (above 1080, 1350 and 1580
(redistribution of the visible bands) cm�1). Analyses of the chemical
images – graphical fingerprint which represent the relative intensity
of typical Raman bands – verify this conclusion (Fig. 6). Spectral
fingerprint of the sample with relatively short duration only slightly
different from initial one, while at longer exposure essential changes
of fingerprint, has been observed. At the last case, the degradation of
protein specific bands shows a stronger decrease in the number of
exposure photons in respect to the lipids (1730 cm�1). This implies
that preferably the degradation of proteins is associated with thermal
photodecomposition.

For the sample with irradiated time more than one minute simul-
taneously with decreasing of protein specific scattering (preferable
within the Amide bands indicating the features of protein secondary
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structure) a relative increasing of the intensity in the regions at c.a.
1080, 1350 and 1580 cm�1 has been observed indicating the possible
presence of amorphous carbon in this material. Indeed [56,57], the
Raman spectra of disordered and amorphous carbons show several
common features – the so-called D (disorder-induced peak) and G
(graphite peak) bands around 1350 and 1600 cm�1 and an extra T
peak which lie at around 1060 cm�1. It is reasonable to note, that the
same dried cell envelope samples on the surface of the Klarites SERS
substrates (data not shown) demonstrate immediate degradation and
occurrence of carbon-specific bands at the same light intensity.

However, for the duration of laser light less than above 30 s
there are no differences between the virtual chemical fingerprints
observed (Fig. 5); so, the μ-TERS techniques can be efficiently used
for adequate fingerprinting of the single layer of dried biological
objects under relatively high level of laser illumination (13 mW/
mm2).

5. Discussion

The obtained results allow us to distinguish some issues which
are essential for adequate characterization of biological samples
under μ-TERS conditions, namely

– what are allowable limits for damage-free analysis of biological
objects, in particular dried counterparts of single leaving cells;

– how to use potential for analysis of buried or subsurface
structures for estimating the relative position of the scatterer
in respect to the tip apex;

– what kind of the photo-destruction processes in biological
material under μ-TERS conditions can be induced and

– how to control carbon contamination in transition.

Before the discussing the practical aspects of μ-TERS technique
outlined above it is reasonable to stress that the Raman spectra of the
cell envelope of the single living cells [31] and their dried extracted
fractions in multilayers [54] or as the single-layer fragments differ
from each other. Indeed, despite the similarity of the bands' positions
the intensity distribution is specific for each type of sample. The first
reason for that is difference in methodological approaches used for
Raman spectra recording with reasonable level of signal to noise ratio.
For example, in the case of single living cells the spectra represent
averaged scattering across a whole cell [31] whilst the spectrum for
multilayer dried structures are obtained under conditions of photo-
induced luminescence self-quenching [54]. So, both the measurement
approaches and sample preparation procedures have an impact on

the final result. Indeed, biological structures are adaptive systems
with elements optimized for operation under strictly defined condi-
tions. Fragments of the cell wall located on the surface of living cells
or on the glass surface are quite different in both structure and,
probably, composition. Thus, direct comparison of the spectra of
complex systems like cell envelope in such different environments
as living cell and dried sample may lead to misrepresentation of the
reality. An example is the significant difference in threshold of ther-
mal decomposition of cellular envelope in the living cell and their
dried counterparts on the glass substrate. To understand the reasons
for these differences it is necessary to analyze the structure of the cell
envelope of yeast.

The yeast envelope comprises the yeast cell wall (above 100 nm,
up to 30% of the dry weight of the cell and up to 50% of the volume),
periplasmic space (3–5 nm) and the plasma membrane (7–10 nm)
[58]. The yeast cell wall is made mainly of helical glucans (35–55%,
mainly a highly branched 1,3-β-glucan), structural protein – man-
noproteins (30–50%), and some chitin (1.5–6%) [59]. So, it is reason-
able to expect that Raman spectra will be a combination of spectra
originated from the main fractions. Indeed, many weak peaks are
well correlated with a highly branched 1,3-β-glucan and 1,6-β-glucan
[60] and mannoproteins. The comparative analysis of the m-TERS
spectra of dried samples and single living cells [31] indicate an
increased level of lipids in the first case (the ester peak at 1730 cm�1

[61]). This observation suggests that the internal side of yeast cell
envelope with bilayer lipid membrane directed to the tip whereas
the outer boundary is in touch with the substrate. The high level of
protein content (1500–1600 cm�1) within the area occupied by the
evanescent wave is well correlated with proposed orientation of the
cell envelope on the surface because of their natural arrangement
within the periplasm [55]. These features allow us to confirm the
directional and gradient character of μ-TERS technique, resulting in a
higher sensitivity for the layers that are closer to the apex of the tip.

According to our previous results, the processes of photo-bleaching
and thermal decomposition (“carbon contamination”) observed for
dried samples were absent in single living cells in the similar
experimental conditions [31]. A significant decrease in the damage
threshold of dried cell envelope is the result of the cell's ability to vary
in composition and thickness depending on both external and internal
factors. It is well known, that the cell wall may rapidly shrink
indicating the combination of mechanical strength and elasticity of
the construction [62]. The elasticity of the cell wall reflects the
structure of the individual 1,3-β-glucan molecules, which have a
flexible and helical shape, like a wire spring that can exist in various
states of extension. Due to the presence of side-chains, 1,3-β-glucan
molecules may only locally associate through hydrogen bonds, result-
ing in the formation of a continuous three-dimensional network. This
network is highly elastic and considerably extended under normal
osmotic conditions. So, it is reasonable to assume that after the cell
destruction cell envelope tends to shrink – cell envelope may lose up
to about 40–50% of initial surface [55,63] – and as a result become
considerably denser than in living cell. In this case the possibility of
heat-removing by water disappears, resulting in photo-destruction of
the chromophore and its immediate environment as the thermaliza-
tion of the electronic excitation at much lower light intensities.

μ-TERS technique as a version of Raman spectroscopy has a
higher error protection because it allows to detect thermal degrada-
tion of the sample in transition by monitoring the emergence of
specific Raman bands of disordered and amorphous carbons. In the
case of dry samples initial decreasing of scattering of lipids and
proteins followed by the degradation of proteins is associated with
non-radiative complex formation or photo-destruction with some
luminescence-free organic photoproduct [54]. This suggestion is in
good agreement with the fact that, photo-destruction of plasma
membrane of S. cerevisiae permeability barriers is important for
yeast cell lethality [64]. The porphyrin-type compounds, naturally

1725 cm-1

1605 cm-1

1560 cm-1

1445 cm-1

1360 cm-1

1215 cm-1

1145 cm-1  10 s 
  40 s
  100 s

1002 cm-1

Fig. 6. Polar diagrams represented virtual fingerprint of the Raman spectra
presented in Fig. 5 for different duration times.
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located within lipid membrane and periplasm, are considered to be
the most probable candidate for the role of the sensitizer in
photodynamic damage of yeast plasma membrane and cell inactiva-
tion by visible light. The relatively stable intensity of the phenyla-
lanine amino acid Raman band may be the result of the hydrophobic
nature of the benzyl side chain phenylalanine located far away from
the porphyrin chromophore. Moreover, the aromatic modes of the
phenyl rings are well identified due to the higher Raman cross
section of the aromatic rings while their absorption spectrum
occupy the higher energy region in respect to other amino acids.

Taking into account the results of Raman spectroscopy for char-
acterization of molecular photodamage in single yeast cell envelope
we suggest practical excitation conditions effective for m-TERS obser-
vation of dried biological samples without photodamage-related
spectral distortion – the allowable limits (practical maximum duration
time) without the photoproduct becoming visible is above 30 s at
13 mW/mm2 for 632.8 nm excitation wavelength.

6. Concluding remark

m-TERS is a well suited generation technique for local fingerprint-
ing of single living cells or their dried substructures. This technique
has a few advantages when applied to the study of biological
samples, namely (i) it is rapid, (ii) it is non-invasive, (ii) no damage
is induced if suitable laser wavelength and intensities are used, (iv)
may be implemented in both water and air environments without
special sample preparation procedures, (v) locally targeted physical
transducer may be easily located at definite place; (vi) versatile,
different functional structures may be identified by their vibrational
fingerprint using the same physical transducers; and (vii) m-TERS
may be used for buried or sub-surface structures.

It is reasonable to note that proposed technique is the further
development of Raman techniques based on single gold microshell
tailored to sensitive probe [65], TERS with tip apex modified by large
nanoparticle [66], a tapered optical fiber coated with Drude metals
[67–69], or shell-isolated nanoparticles [70]. One of the most pro-
mising further developments of the discussed evanescent field
driving Raman concept is a design of the plasmon enhanced light
sources suitable for the time-resolved emission or scattering spec-
troscopy with up to attosecond level resolution [71].

Contrary to the classical TERS with sharp tips the mass production
of reproducible m-TERS tips can be easy realized by the routine
microelectronic technologies that open the way to overcome the
bottleneck in thewide application of the TERS technology. Commercial
availability of the piezoelectric scanners, miniature lasers and inte-
grated optical detectors, as well as the feasibility of μ-TERS technique
with tips of micron size stimulate the development of simple and
compact Raman spectrometers combined with SPP based optical scan-
ners for wide applications in the near future. If true, this technique can
help to design biologically correct but versatile measurement proce-
dures for biological samples, and can be used for rapid, high through-
put medical diagnostic, toxicological studies and testing of new
pharmaceuticals.
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