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Surface-enhanced Raman scattering (SERS) spectroscopy is an emerging technique in biomolecular analysis
that can have a tremendous impact in the life sciences. We report on the SERS imaging of fungal hyphae
grown on nanostructured SERS active substrates engineered using semiconductor technologies. Time
fluctuations in the intensity and band position in the SERS spectra measured on the same sample position
with 1 s integration time have been observed indicating that the SERS signal arises from a limited number
of molecules and that possibly single components are being detected.

1. Introduction

With surface-enhanced Raman scattering (SERS), the Raman
cross section of molecules adsorbed onto silver or gold
nanoparticles is increased by several to many orders of
magnitude (up to 1015).1 This increase suggests the attractive
possibility of using SERS spectroscopy to image biological
samples, combining high spatial resolution with short integration
time; however, several challenges remain. In general, only
compounds within 10 nm from the active substrate will
experience the SERS enhancement. Technical considerations
include (1) production of well-defined, reproducible SERS
substrates, (2) chemical heterogeneity of biological samples,
which produce complex SERS spectra, and (3) preferential
adsorption of components onto the SERS substrate, leading to
nonrepresentative spectra.

Consistent with the expected increase in scattering intensity,
several groups have reported single molecule detection using
SERS spectroscopy.1-17 This conclusion is based on the
observation of time-dependent intensity fluctuations (blinking)
in the SERS spectra recorded from molecules adsorbed on
nanoparticles. The rationale is that many molecules would not
move or change their orientation at the same time in a
synchronized manner. The possibility of single molecule detec-
tion presents additional applications for SERS imaging.

Here, we report a SERS study of dried fungal hyphae grown
on commercially available nanostructured gold-coated substrates.
These are produced using nanofabrication techniques and offer
a well-characterized and reproducible substrate possibly ad-
equate for in situ or in vivo imaging studies. The SERS spectral
maps of the fungal system are correlated with Raman maps and
scanning electron microscopy (SEM) images. High-quality
SERS spectra have been obtained with as little as 1 s integration
time. In the SERS maps, signals detected a few micrometers
from the fungal hyphae are attributed to secreted extracellular

matrix compounds, showing the high sensitivity of the SERS
substrates. Intriguingly, time fluctuations in the SERS spectra
recorded at positions on the sample with very large enhancement
have been observed. Several bands were present for up to 1
min while others disappeared within seconds. The time scale
of these surface dynamics indicates a thermally activated
diffusion of various fungal components and demonstrate the
dramatic SERS enhancement enabled by such nanostructured
substrates.

2. Methods

Aspergillus nidulansstrain A28 (biA1, pabaA6, VeA1;
www.fgsc.net) was grown on a Klarite SERS substrate (Meso-
photonics Ltd.) essentially as described previously.18 Briefly, a
block of sterile potato dextrose agar (Difco), pH 6.5, was lightly
coated on one side with freshA. nidulansspores, placed on
one edge of the Klarite SERS substrate, and incubated inverted
(the agar retained by surface tension) in a moist chamber at
100% relative humidity for 24 h at 28°C. Hyphae grew across
the substrate, drawing nutrients from the agar. The SERS
substrate consists of a gold-coated regular nanotextured array
bordered by a smooth gold-coated surface, and thus hyphae also
grew across regions suitable for analysis by ordinary Raman
scattering. Following growth, the slide assembly was placed on
a clean metal surface at-80 °C (inoculated side facing up)
until frozen and then was lyophilized to dryness in a Labconco
Freezone 6.

Raman and SERS maps ofA. nidulansgrown over Klarite
SERS substrates were collected with a micro-Raman instrument
(HR LabRam invers, Jobin-Yvon-Horiba). The 632.8 nm
excitation wavelength of a HeNe laser, output∼ 4 mW, was
focused onto the sample with a Leica PLFluoar 100× objective
(N.A. 0.75). The spectrometer was equipped with a 300 lines/
mm grating, and the scattered Raman light was detected with a
cooled CCD. Maps were created by raster scans over single
fungal hyphae using a computer-controlledx/y motorized stage
(Mertzhäuser) and 1µm step size. Initially, fungal hyphae were
mapped to locate regions with high SERS enhancement
compared to Raman scattering maps. Subsequently, several time-
lapse series, consisting of 100-300 SERS spectra with 1-10 s
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integration time/spectrum, were measured on several individual
“hot spots” (see below). The total measurement time for a time
series of 300 spectra with 1 s/spectrum was 350 s. Following
data collection, the hyphae were visualized with SEM (Cam-
bridge Stereoscan 120 scanning electron microscope).

The majority of the spectra presented show the raw data. In
some SERS spectra, the strong, regular background was
subtracted with a sixth-order polynomial function, using the
LabSpec software available with the instrumentation.

3. Results and Discussion

3.1. Sample Morphology and Condition.The gold-coated
SERS substrate consists of a patterned region∼4 × 4 mm in
area, surrounded by a smooth border (Figure 1A). The hyphae
grew over the slide without contaminating the SERS substrate
with nutrients from the agar. In regions very close to the agar
block, a deposit extended outward with the hyphae, indicating
that the agar/nutrient mixture had possibly flowed along the
surface by capillary action; however, this behavior was not
observed further along the growing hyphae to where data were
recorded. Some contamination from the humid chamber could
not be excluded as a possibility. Survey spectra of the peripheral
unused regions on the SERS substrate yielded minimal con-
tamination signals (see section 3.5 below).

3.2. Comparison of Raman and SERS Maps.Our first
concern was to determine whether the SERS substrate would
give signal enhancement compared to Raman spectroscopy.
Since the fungal growth extended over both the smooth border
and the patterned SERS grid (Figure 1A), signals could be
compared for hyphae grown under essentially identical condi-
tions. Spectral scans from 200 cm-1 to 1800 cm-1 for hyphae
on smooth (Raman) and patterned grid (SERS) surfaces are
compared in Figure 1B. Spectra were acquired from 633 nm
excitation wavelength with 180 s integration time for Raman
and 10 s for SERS. A strong peak at 1050 cm-1 shows an
identical vibrational signature in both Raman and SERS spectra.
The Raman spectra also displayed a very weak peak at 1448
cm-1, but this was not seen on the SERS substrate. The

background in the SERS spectra is somewhat higher despite
the much shorter integration time, as it is due not only to
fluorescence but also to the emission continuum typically
observed in SERS.19

A hypha growing well away from the agar block on the
smooth region was selected for Raman mapping; data were
collected at 180 s/spectrum, with a spatial resolution of 1µm
(Figure 2A, SEM image; 2B, Raman microscope video image).
The map spectra were processed to give a false color image
that displays the intensity of the peak at 1050 cm-1; maximum
intensity corresponds to about 500 counts/180 s (Figure 2C).
The signal intensity is essentially restricted to the hypha and is
absent in the rest of the map. The peak at 1050 cm-1 was the
only strong band in all the normal Raman spectra.

A comparable hypha grown on the SERS surface (Figure 2D,
SEM) was mapped at 10 s/spectrum also at a spatial resolution
of 1 µm. The area corresponding to the mapped image is
outlined by the green box (Figure 2E) and again (Figure 2F)
with the hypha outlined in yellow as the profile is less obvious
against the SERS grid. The yellow hyphal profile has been
copied onto the false-color spectral map image (Figure 2F) again
processed to display the intensity at 1050 cm-1. The maximum
intensity on the SERS map is about 800 counts/10 s for a signal
enhancement factor of about 30 relative to the Raman map.

A distinctly different intensity pattern is seen for the SERS
map (Figure 2F) compared to the smooth surface Raman map
(Figure 2C). First, in the SERS map, the strongest intensity is
recorded at points around the hypha, although it is present to
some extent in all pixels on the hypha. Second, the pattern of
intensity distribution mirrors the SERS grid template. These
observations may be caused by restrictive “first-layer SERS
enhancement” with the probe being in direct contact or in close
vicinity with the substrate20 and may be due to pooling of
secreted extracellular material along the grid pattern. We next
consider these factors in more detail.

3.3. Distribution of 1050 cm-1 Signature. The results in
section 3.2 raise the intriguing question of why the 1050 cm-1

signal extends around the hypha in the SERS spectra but not in

Figure 1. (A) Photoimage of the Klarite substrate showing the SERS-active pattern grid area (top half) and the smooth border (lower half). The
fungi grown on the nanostructured region show no remarkable difference from those on the smooth area. (B) Representative Raman and SERS
spectra ofA. nidulans.
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the Raman map. Line maps were recorded along several hyphae
beginning at a distance of∼30 µm out from the tip and
continuing along the hypha for another∼30µm (Figure 3). The
band at 1050 cm-1 was observed only within 3-5 µm from
the tip in the SERS map and thus must be associated only with
the growing hypha.

During growth, fungi secrete materials with diverse functions;
some extracellular matrix (ECM) components act as adhe-
sives,21,22and others play roles in cell wall formation. Hydrolytic
enzymes (proteases, lipases, glycosidases) are secreted to break
down insoluble substrates; organic acids, some of which
scavenge Fe and P, are released and resorbed.23 The SEM
images of hyphae grown over the smooth gold surface show a
halo around the fungal wall indicating secreted material21 (see
also Figure 2A). Some of these materials may have spread over
the SERS substrate around the hypha during growth. Capillary
effects would facilitate the flow of any fluid material into the
pits of the SERS substrate.

A further explanation for the observed SERS intensity pattern
relates to the localized plasmon characteristics of the SERS
substrates. The role of the localized surface plasmons in the
electromagnetic enhancement of the Raman scattering of
molecules in the vicinity of metal nanoparticles is well
established.24-28 Periodic nanotexturing of metal surfaces can
lead to the formation of surface plasmons and, hence, the
growing interest in engineering SERS substrates using semi-
conductor technologies. Photon scanning tunneling microscopy
demonstrated that surface plasmons are bound to the metal
surface25 of periodic metal nanostructures. Through theoretical

modeling of the Klarite substrate’s structural parameters, Netti
et al. predicted a localized electromagnetic field confined at the
edges and in the pit.28

Surface plasmons are ideal for transducing incident electro-
magnetic radiation into molecules, enhancing the Raman scat-
tering by many orders of magnitude. The incident light excites
localized surface plasmons, which excite molecular dipoles that
then lose packets of energy to phonon vibrations.28 Given that
the mapping coordinates are not precisely aligned with the SERS
grid and that the laser focus spot is on the order of the pit
dimensions (∼1 µm), it is reasonable to assume that the laser
will not perfectly excite all localized surface plasmons at each
step. The band at 1050 cm-1 does not vanish, but its intensity
is reduced in a pattern that follows the nanotexture of the
pyramidal pits. Further research is required to determine the
cause of this peculiar pattern of intensity distribution, possibly
by SERS mapping at higher spatial resolution.

These results demonstrate that the SERS substrates are
promising for spectroscopic imaging. The same signature (1050
cm-1) is obtained in both the Raman and SERS spectra, but
the data collection is 30× faster for the SERS; larger areas may
be scanned much more rapidly when a known target peak is
available.

3.4. Time-Lapse Spectra at a Single Point.Interestingly,
although∼75% of the fungal SERS spectra had only one peak,
namely, at 1050 cm-1, ∼5% of the spectra had numerous strong
bands. About 7% of the spectra from the fungal SERS map
showed clear carbon bands (see section 3.5), whereas about 13%
had no features (black region in the spectral map, Figure 2F).

Figure 2. SEM (A, D) and photo images (B, E) of fungi grown over smooth gold surface and SERS active region, respectively. Raman (C) and
SERS (F) spectral maps processed for the area of the band at 1050 cm-1 for the regions outlined in the photoimages B and E. Spectral maps were
measured at 633 nm excitation with 180 s integration time for Raman and 10 s for SERS. Color bars show correspondence between band area and
processed map colors.
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In the spectra with many features, the SERS intensities of several
bands greatly exceed the intensity of the band at 1050 cm-1.
Some of the spots on the SERS substrate map where the
enhancement was strong were reexamined. SERS spectra were
recorded over a time series of 300-450 s with 1-5 s integration
time per spectrum. Figure 4 presents such a time series plot of
300 spectra with an integration time of 1 s/spectrum (actual
measurement time 350 s because of computer readout). No
background subtraction or smoothing procedures were applied
to these spectra.

Strong peak intensity fluctuations for several bands are
observed over time, but the standard deviation of the SERS
intensity of the band at 1050 cm-1 over time is minimal (marked
with an arrow in Figure 4). In the 300 spectra obtained on the
same spot, the temporal standard deviation of the peak intensity
at 1050 cm-1 and of the background estimated at 300 and 1800
cm-1 was less than 4%. There was no correlation between SERS
fluctuations and background intensity. Netti et al.28 analyzed
the Klarite SERS substrates and indicated good spatial repro-
ducibility with a spatial standard deviation of 10% for the peak
intensity of reference materials. Since the intensity of the band
at 1050 cm-1 and the background shape remain constant, we
conclude that photodecomposition during measurement and laser
illumination is minimal and that the fluctuations in the other
peaks must arise from some other cause.

The peak intensities at 611 and 1419 cm-1 are plotted as a
function of time in Figure 5 to illustrate the time scale of the
changes in individual peaks in the SERS spectra. The back-
ground has been subtracted for clarity. The peaks at 611 and
1419 cm-1 appear in consecutive spectra recorded over time
intervals of up to 50-60 s. These appearances are not related;
some coincide, others do not. The insert shows the intensity of
the peak at 1419 cm-1 for the time interval from∼300 to 310

s when the SERS enhancement is particularly high. The insert
demonstrates that three short, “blinking” periods for the SERS
enhancement have occurred in less than 10 s.

A closer examination of the spectra recorded between 301
and 311 s (Figure 6A) reveals short-time dynamics on the SERS
substrate. The intensity of the 1419 cm-1 peak reaches∼2000
counts for 2 s (at 302 and 303 s). In subsequent spectra, the
peak is overlapped by a very strong band at 1410 cm-1. The
peak at 1339 cm-1 can be observed in four consecutive spectra,
while the peak at 990 cm-1 exhibits strong enhancement only
in 1 spectrum out of 10 (at 303 s) rapidly fading at 304-305 s
and absent thereafter.

In contrast, the spectra shown in Figure 6B (time interval
from 257 to 267 s) and in Figure 6C (from 175 to 185 s) reveal
several bands that persist for longer periods. In particular, the
peaks at 1294, 1124, 976, 882, and 611 cm-1 can be identified
in all spectra of Figure 6B. The peaks at 1294 and 1124 cm-1

are also present in most of the spectra in Figure 6C, which also
shows consistent bands at 1419, 1391, and 606 cm-1. Hence,
recording hundreds of SERS spectra with 1 s integration time
made possible the simultaneous observation of both short-time
(∼1 s) and relatively long-time (∼1 min) molecular dynamics
on the gold substrate.

Several SERS studies have attributed time fluctuations in
SERS spectra to single molecule detection.1-17 Most of these
studies analyzed SERS active nanoparticles with a statistically
small number of analyte molecules per particle. Despite the
increasing amount of research to understand the physical or
chemical origin of the blinking effect, there is still considerable
controversy. Fluctuation in the enhanced electromagnetic field
intensity in the vicinity of the nanoparticles (photochemical
contribution) has been proposed.1,2 Other studies4,12-17 attributed
the SERS intensity fluctuations to the nanoscale motions of the

Figure 3. Representative line map of a fungal hypha with the intensity plot of the band at 1050 cm-1. The red points on the hypha image (bottom)
indicate the measurement position and correlate with the squares in the intensity distribution profile (top). The single-headed arrow indicates the
approximate tip of the fungal hypha between pixels 17 and 18.
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molecule in and out of the hot spot. Temperature-dependent
studies13,17 have demonstrated that the blinking is thermally
activated, ascribed most probably to thermally-facilitated dif-
fusion of the adsorbed molecule or changes in the orientation
of the molecule on the substrate during diffusion.

While most studies have focused on the detection of single
molecules for ultralow analyte concentration, single molecule
detection in a mixture of two dyes by SERS has recently been

reported.29 The Bi-Analyte SERS (BiASERS)29 study found
several nanosilver clusters where only one compound was
detected despite the statistical probability of there being 500
molecules of each dye per cluster. Unfortunately, no time-
dependent measurements were performed in the BiASERS
study.

Chemically, the fungal hypha is an extremely complex system
and comparison with such a Bi-Analyte system is a gross
approximation. Moreover, it seems unlikely that the Klarite
SERS substrates have single molecule detection capacity.
Theoretically, such single molecule detection requires enhance-
ment factors of over 1010-1014, and it is assumed that the Klarite
substrates28 provide a maximum SERS enhancement factor of
only 105-106. In contrast, recent theoretical calculations30 based
on Mie theory predicted that arrays of metal nanoshell dimers
could yield local electromagnetic enhancement of 1013-1014.
Zhao el al. attributed the extraordinarily high theoretical
enhancement to a long-range collective photonic effect con-
structively superposed onto the enhancement associated with
localized surface plasmons.30 The short-time fluctuations in our
SERS spectra indicate that the signal is due at most to a limited
number of molecules and are the first experimental evidence
that such nanostructured substrates may have single molecule
sensitivity.

The time-dependent spectra in this study also demonstrate
that several different compounds are experiencing the SERS
enhancement concurrently, since some peaks are present for
several seconds up to 1 min (see Figures 4-6) while others
appear and disappear in shorter intervals (see Figure 6). This is
actually strong evidence that a small number of molecules are
being detected using the Klarite substrates. The degree of
mobility of some fungal components is presumably limited by

Figure 4. Time-dependent SERS spectra ofA. nidulansrecorded with 1 s integration time showing every fifth spectrum. The background has not
been subtracted. Total measurement time was∼350 s, and a total of 300 spectra were recorded.

Figure 5. Plot of the SERS intensity of the spectra in Figure 4 for the
peak positions at 611 (9) and 1419 cm-1 (O) as function of time. The
same background line has been subtracted from all 300 spectra. Insert
shows an enlargement of the peak intensity at 1419 cm-1 from ∼300
to 310 s with rapid intensity fluctuation. The insert shows the region
from 300 to 310 s with the time scale expanded.
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intermolecular interactions with other compounds within the
structural matrix. While some compounds are more tightly
bound to the substrate and have lower mobility, eventually
another component could undergo thermal diffusion into the

hot spot and could experience strong surface enhancement for
a short time. Changes in the orientation or conformational
structure of some molecules (glycoproteins or polysaccharides)
during diffusion are also likely to occur, and perhaps these
contribute to the spectral fluctuations. It is not plausible that a
high number of molecules would diffuse or change their
orientation in a synchronized fashion. In addition, the confined
local electromagnetic field (about 10 nm) limits the number of
molecules that may give rise to the dominant SERS signal.10

In some of the time-dependent studies,5,13,17the blinking of
gold colloids was reported on the time scale of milliseconds.
However, the studies of Etchegoin et al.9 and Krug et al.2 were
able to differentiate between resonantly and nonresonantly
excited molecules adsorbed onto nanoparticles. They showed
that the rate and intensity of time fluctuations depend on the
excitation wavelength and analyte type. The present study using
Klarite substrates also differentiates between molecules with
various adsorption/desorption rates. The SERS signal fluctuates
on the time scale of seconds which is more typical of thermal
processes rather than instantaneous photochemical effects and
changes in the local electromagnetic field.9

The BiASERS study29 strongly indicated that the number of
the hot spots is much larger than previously believed and that
the determining factor for single molecule detection is the
presence or absence of an analyte at the right position. Despite
the intense work in this area, the present knowledge about SERS
substrates is limited, and there are only a few time- and space-
resolved studies. The present work employing Klarite SERS
substrates also suggests that single molecule detection can be
achieved and is possibly more common than currently expected.

3.5. Average of Time-Dependent SERS Spectra.Several
studies report the presence of amorphous carbon on SERS
substrates because of photodecomposition. Kudelski and Pet-
tinger4,12,15,16showed that such carbon nanocrystalline clusters
also exhibit narrow SERS bands with significant fluctuations
in number, intensity, and wavenumber. However, when numer-
ous (∼40) SERS spectra with high fluctuations were averaged,
the resulting spectrum corresponded to the Raman spectrum of
amorphous carbon with broad bands at about 1350 and 1580
cm-1.

The average spectra of several SERS time series recorded
from the fungi with high-intensity fluctuations are presented in
Figure 7. The strongest band appears at 1050 cm-1 since this
peak is present in all spectra and its intensity adds up to the
highest in the average spectrum. The average spectra are clearly
not corresponding to amorphous carbon. Several bands can be
identified in two or more average spectra. The bandwidth of
the peaks is quite large. Small shifts in the peak position of
vibrational modes have been observed in the time-lapse
measurements and were also reported previously in time-
dependent SERS studies;13 thus, the band broadening may be
due to small changes in the molecular orientation on the
substrate during the measurement (see vibrational analysis
below).

We have recorded SERS maps on regions of the gold
substrate where no fungal grew (∼2 mm from the fungi tips).
Only 5 out of 121 SERS spectra from bare substrate showed
characteristic broad bands because of amorphous carbon,
corresponding to three carbon clusters on an 11× 11 µm2

region. Three of these spectra were due to a single cluster spread
across three contiguous pixels. The spectra were recorded at 1
µm spatial resolution with 1 s integration time. One SERS
spectrum from the substrate shows an intense band at 1166
cm-1. The presence of the impurities can be due to contamina-

Figure 6. Selected SERS spectra recorded between time intervals as
indicated (A from 301 to 311 s, B from 257 to 267 s, and C from 175
to 185 s). 6A shows strong intensity fluctuations while in 6B and 6C
most bands have comparable intensities over several seconds. Integra-
tion time 1 s; background has been subtracted. Spectra are plotted on
the same scale as indicated and are offset for clarity.
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tions from air during storage or during the incubation time (24
h) in a humid environment. We estimate that approximately 5%
of the substrate is contaminated in this way. Characteristic
amorphous carbon bands were identified in about 7% of the
spectra in the SERS map outlined in Figure 2E (see section
3.4). Hence, the contamination on the hypha is minor and is
comparable to the blank reference regions on the substrate.

Figure 8 presents selected unprocessed SERS spectra from
the gold substrate far (∼2 mm) from the fungi. The spectrum
of the amorphous carbon cluster shows no narrow lines
(halfwidth< 20 cm-1) or any shoulders as reported in previous
SERS studies of nanocrystalline carbon. The SERS spectra in
Figure 8 also show that the background of the SERS substrate
itself is low; the background spatial variation is insignificant
and there are no Raman bands because of the SERS substrate.
From these results, we conclude that the fluctuations observed

in the SERS spectra of the fungi are not due to carbon
decomposition or to other substrate-related artifacts.

3.6. Vibrational Assignment. The ultimate goals of this
ongoing study18 are to understand the chemical changes that
occur during maturation of the fungal hyphae and how genetic
mutations and environmental conditions affect organism phe-
notype. This is a very difficult objective despite the fact that
Raman and SERS spectroscopy has been extensively applied
to the study of biological compounds, bacteria, fungi, plant, and
tissue specimens.20,31-45 However, the relative intensities and
wavenumbers of the bands in the Raman and SERS spectra of
a molecule are not identical. Through the interaction of the
molecule with the metal substrate, Raman forbidden modes can
become allowed in the SERS spectra. Further, according to
SERS selection rules,24 vibrations with polarizability compo-
nents perpendicular to the metal substrate are enhanced and will
give rise to strong SERS bands. Hence, orientation of the
molecule onto the substrate affects the SERS spectrum. Variation
of concentration and pH can also induce drastic changes in the
SERS spectra.46,47

In general, cell or tissue specimens give rise to Raman
spectra31-38 characterized by broad bands around 1650 cm-1,
the amide I protein CdO stretching vibration; 1575 cm-1

because of DNA and RNA components; 1440-1460 cm-1, the
methyl and methlyene deformation modes of lipids, polysac-
charides, and proteins; around 1285-1350 cm-1, the protein
amide III deformation of N-H and C-H; and 1000-1200 cm-1

corresponding to C-C and C-O stretching modes of lipids and
polysaccharides. Only a few vibrational modes of biomacro-
molecules give rise to sharp, signature peaks in their Raman
spectra, such as the phenylalanine ring breathing mode around
1004 cm-1. Despite the biochemical complexity of biological
specimens, their vibrational spectra have been correlated in some
instances with specific compounds. The Raman spectra of
Lactarius spores could be correlated with triolein as a major
lipid component,31 mitochondria could be correlated with
phosphatidylcholine,32 calcium dipicolinate has been detected
in bacterial Bacillus spores,38 and the creatine vibrational
signature has been identified in the spectra of brain tissue
sections.34

The difficulty of interpreting the Raman spectra of biological
samples lies primarily in the fact that all biochemical constitu-
ents are detected simultaneously, resulting in broad bands
because of overlap. Complex fitting procedures have been
attempted to discriminate between cellular components,33 but
their success is limited. Through the enormous enhancement
of the Raman signal via surface plasmons, the SERS spectra of
biological specimens correspond to signal from only a small
fraction of the tissue constituents or even individual biochemical
components. In addition, the single molecule SERS spectra are
characterized by narrower bandwidths (11 cm-1) ca. 1/2 the
normal width for samples at higher concentrations.13 Hence, the
overlap between numerous peaks is reduced and the resulting
SERS spectra generally show sharp bands39-45 (see also Figures
4 and 6).

We have recorded several hundreds of SERS spectra with
short (1-5 s) integration times providing numerous spectra with
distinctive vibrational chemical signatures. Individual analysis
of each spectrum is not the objective of the present publication.
A tentative vibrational assignment of some representative bands
is given in Table 1. An exact vibrational assignment and possibly
identification of individual components requires considerable
further experiments. Candidate compounds include not only the

Figure 7. Average spectra of SERS time-dependent measurements
recorded on hot spots with strong intensity fluctuations. A total of 90-
300 SERS spectra obtained with 1-5 s integration time/spectrum were
averaged.

Figure 8. Selected SERS spectra recorded from gold substrate in
absence of fungi (∼1-2 mm from fungal tips). Integration time 1 s;
spectra recorded in a row with 1µm spatial resolution. Spectrum a
shows characteristic amorphous carbon bands.
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external hyphae wall molecules but are also the secreted
extracellular matrix materials.

Future research should be directed toward both biomacro-
molecules and low molecular weight compounds adsorbed onto
these nanostructured SERS substrates possibly combined with
other high-sensitivity techniques such as mass spectrometry.
Additionally, further research is necessary to thoroughly char-
acterize these substrates. Elucidation of the observed time
fluctuations and localized SERS enhancement could help in the
development of improved SERS substrates, which is the goal
of several research initiatives.48-51

Conclusions

Nanostructured SERS substrates have been investigated for
imaging applications at high-spatial resolution (1µm). An
advantage of such materials engineered on the basis of photonic
crystal and semiconductor technologies over previously devel-
oped SERS active nanoparticles or electrochemically roughened
SERS substrates is their high reproducibility. The SERS active
region permits considerable reduction in the measurement time
necessary for a good signal-to-noise ratio compared to Raman
spectra on the smooth region of the substrate. Therefore, gold-
coated nanostructured materials as SERS substrates are promis-
ing in the analysis or screening of large sample areas. The high
sensitivity of these SERS substrates is also indicated by the
strong signal detected around the hyphal wall because of the
extracellular matrix components excreted during growth. An
intensity pattern superimposed onto the nanostructure of the
substrate has been observed, which greatly obstructs quantitative
measurements at high-spatial resolution. This intensity pattern
is possibly associated with the localized nature of the surface
plasmons.

Remarkable time fluctuations in consecutive SERS spectra
recorded on the same sample position with 1 s integration time
have been observed. Several peaks could be detected in spectra
for up to 1 min, while other bands were observed only for
seconds. Some of the peak intensities and the background shape

are constant over time; therefore, photochemical decomposition
due to laser illumination is negligible. Some bands show up
with strong intensity in a few spectra in the time-lapse
measurements, concomitantly with other bands which are present
in consecutive spectra. Thus, the SERS signal at such highly
active positions on the substrate is due to a limited number of
molecules and possibly to single molecule detection. The time
fluctuations are attributed to a thermally activated diffusion of
some fungal components into the SERS active spot. Tailored
nanostructured materials for SERS spectroscopy offer very rich
chemical information in biomolecular studies and are promising
substrates in biosciences.
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