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ABSTRACT This study demonstrates that spectral fingerprint
patterns for a weakly scattering biological sample can be obtained -
reproducibly and reliably with tip-enhanced Raman spectroscopy
(TERS) that correspond well with the conventional confocal Raman
spectra collected for the bulk substance. These provided the basis for
obtaining TERS images of individual self-assembled peptide nano-
tapes using an automated, objective procedure that correlate with
the simultaneously obtained scanning tunneling microscopy (STM)
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images. TERS and STM images (64 x 64 pixels, 3 x 3 um?) of peptide nanotapes are presented that rely on marker bands in the Raman fingerprint region.

Full spectroscopic information in every pixel was obtained, allowing post-processing of data and identification of species of interest. Experimentally, the

“gap-mode” TERS configuration was used with a solid metal (Ag) tip in feedback with a metal substrate (Au). Confocal Raman data of bulk nanotapes, TERS

point measurements with longer acquisition time, atomic force microscopy images, and an infrared absorption spectrum of bulk nanotapes were recorded

for comparison. It is shown that the unique combination of topographic and spectroscopic data that TERS imaging provides reveals differences between the

STM and TERS images, for example, nanotapes that are only weakly visible in the STM images, a coverage of the surface with an unknown substance, and

the identification of a patch as a protein assembly that could not be unambiguously assigned based on the STM image alone.
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ip-enhanced Raman spectroscopy is a
Tsurface-sensitive analytical near-field

technique that combines the high
spatial resolution achievable in scanning
probe microscopy with the chemical infor-
mation provided by Raman spectroscopy.'
A diffraction-limited laser beam is focused
onto the end of a very sharp metal-coated
or solid metal tip that is in close proximity to
the sample of interest. A confined and en-
hanced electromagnetic field at the tip apex
leads to a strong enhancement of the
Raman signal of the molecules in the vicinity
of the tip end.? Since the localization of the
enhanced electromagnetic field is depen-
dent on the dimensions of the tip end, the
spatial resolution is no longer determined
by the diffraction-limited laser focus but by
the size and shape of the tip apex. Therefore,
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it is possible to obtain a spatial resolution well
below the optical diffraction limit, in the range
of 10—15 nm.*® TERS has the potential to
investigate biological nanostructures since
the additional Raman signal enhancement
allows one to probe weakly scattering biolog-
ical molecules. Additionally, the spatial reso-
lution that TERS can achieve is in the size
range of numerous biological entities with
nanoscale dimensions.

Rational design of biological nanostruc-
tures through the self-assembly of molecules
such as proteins®’ and peptides®'° has been
widely investigated. Utilizing these molecules
for nanoengineering purposes attracts con-
siderable interest due to their straightforward
synthesis, biocompatibility, and ease of chem-
ical and structural modification."’ " As the
major cause for peptide self-assembly, strong
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evidence points to noncovalent forces such as van der
Waals interactions, hydrogen bonding, 77—z stacking,
and electrostatic interactions.”'®"”

A well-characterized peptide that self-assembles
into nanostructures is the AB(16—22) sequence (Ac-
KLVFFAE-NH,) that is part of the S-amyloid peptide,
which is a major constituent in amyloid plaques asso-
ciated with Alzheimer's disease.'” It has been demon-
strated that the AB(16—22) peptide can form amyloid
fibrils in vitro and is believed to play a key role in the full
AB(1—40) peptide's amyloid fibril conformation.'>'>#
Interestingly, it has been demonstrated that, under
different pH conditions and with various termini of the
peptide, very different morphological nanostructures,
such as amyloid fibrils, nanotapes, and hollow nano-
tubes, are obtained.'®™%'

In this study, the first TERS images of biological nano-
tapes (synthesized from the A5(16—22) peptide) based
on signals in the Raman fingerprint region (400—
1500 cm ") are shown together with simultaneously
obtained STM images. So far, only two other TERS
imaging studies on biological samples have been
published, namely, on lipid domains?? and on a bio-
tin-labeled Au nanoparticle bound to a streptavidin-
functionalized surface.”® The study on lipid domains
focused on the high wavenumber region (2000—
3000 cm '), and the study of the biotin-labeled Au
nanoparticle used the special condition of a hot spot
between the tip and a single particle.

Other TERS studies of biological nanostructures do
not show images but rely on single-point measure-
ments or line scans only.*?*?* Previous TERS measure-
ments on amyloid fibrils,?® collagen I fibrils,”” and
insulin fibrils?®2° only showed TER spectra collected
from individual positions. Unfortunately, these TER
spectra are often inconclusive: the spectral fingerprint
patterns that are shown differ significantly from labo-
ratory to laboratory, and even within the same experi-
mental series. In contrast, the results presented here
demonstrate that a highly reproducible TER spectral
fingerprint is obtained that corresponds well with the
confocal Raman spectrum collected of bulk nanotapes.
No fluctuating band pattern is observed (as would be
observed when contamination is present or decomposi-
tion occurs). It is, in fact, precisely this reproducibility in
the TER spectra that allows us to generate reliable TERS
images of the nanotapes, which, moreover, correlate well
with the simultaneously obtained STM images. In addi-
tion, the evaluation of the data is performed using a
straightforward, automated, and unbiased method, that
is, by always integrating over the same spectral range,
without relying on a subjective individual assignment of
TER spectra by the researcher or a complex mathematical
analysis. This is only possible if the fingerprint pattern of
the TER spectra is reproducible.

It is shown that obtaining a STM and a TERS image
simultaneously allows one to (a) identify structural
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differences within the studied nanotapes, (b) detect
nanotapes that are not clearly visible in the STM image,
(c) unveil the coverage of the surface with an unknown
substance that could only be identified based on the
full spectrum TERS image, and (d) identify a structure
that could not be unambiguously assigned in the STM
image as a protein assembly. Interestingly, this work
also confirms that the amide | mode is not observed in
gap-mode STM-TERS, as shown before.*® The assign-
ment of secondary structure of the amyloid nano-
tapes, which is usually based on the band position of
the amide | mode, was therefore not possible. How-
ever, the TERS fingerprint images shown in this study
illustrate the potential of TERS as a reliable, repro-
ducible imaging technique for weakly scattering
biological samples that simultaneously yields topo-
graphical and chemical information with nanoscale
resolution.

RESULTS AND DISCUSSION

An Abeta(16—22) peptide solution was deposited
onto an ultraflat Au substrate (that was prepared by a
template stripping method)*' and characterized using
atomic force microscopy (AFM), as shown in Figure 1.
An acetylated N-terminus and an amidated C-terminus
of the peptide were chosen because they mimic the
native charge state of the amyloid protein.'® According
to the AFM images collected, the nanotapes have a
ribbon-like, flat morphology and are up to several
micrometers long. Although there are some nanotapes
observed that are wider and thinner, the majority of
the nanotapes (see Figure 1a) have the same height
and width. Cross section analysis of 21 nanotapes in
two different AFM images (see Figures S1 and S2 in the
Supporting Information) reveals that the physical di-
mensions of the nanotapes are 5.4 + 0.9 nm in height
and 203.7 £ 18.0 nm in width.

The morphology and dispersity of the nanotapes
used in this study are very similar to the nanotapes
synthesized by Cui et al. using alkylated peptide
amphiphiles'® and by Tao et al. using the same peptide
sequence utilized in the present work.'® In both cases,
the authors state that the peptides may arrange in
stacked bilayers within the nanotapes (see Figure 2).
Depending on the peptide concentration and the pH
of the solution, the lateral width of the nanotapes
varies but has been shown to be consistent within
the same solution.'®"?

The length of an extended AS(16—22) peptide is
calculated to be approximately 2.5 nm (where the
distance between adjacent amino acid residues is
approximately 360 pm). Therefore, the peptide bilayer
thickness is calculated to be approximately 5.0 nm (2 x
2.5 nm), which is in agreement with the height of the
analyzed nanotapes (5.4 £+ 0.9 nm), as derived from the
AFM images. This provides strong evidence that the
nanotapes are composed of peptide bilayers. This is
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Figure 1. Representative AFM height images of individual nanotapes on a gold surface. Cross section analysis of
21 nanotapes (see Figures S1 and S2 in the Supporting Information) reveals that they are 5.4 + 0.9 nm in height and
203.7 £ 18.0 nm in width. (a,b) Most of the nanotapes are in the same width and height range. The white circle in (b) highlights
a peptide monolayer fragment at the end of a broken nanotape. (c) Two nanotape pieces, with the wide one most likely
consisting of a peptide monolayer and the narrow one of a peptide bilayer.

| = AcKLVFFAE-NH,

~200 nm
'\l

[~5nm

~um

Figure 2. Illustration of the proposed stacked bilayer ar-
rangement of the A3(16—22) peptide within the nanotape
structure.

also supported by the fact that, in the AFM image in
Figure 1b, fibrils with broken edges exhibit features
with approximately half the thickness (2.4 nm) of the
intact fibril that could be leftover monolayer parts
(white circle) and nanotapes are observed that are
wider but only half as tall (see Figure 1c). Similar to
the study of Tao et al.,'® the self-assembly of flat nano-
tapes instead of nanofibrils can be explained by a fine
balance between lateral adhesion (lateral interactions
between adjacent peptide chains due to favorable
side chain interactions, hydrophobic interactions, etc.)
versus the intrinsic property of S-sheets to twist due to
their chirality.>>3* Tao et al. state that the widths of
their nanotapes were on the order of 80 nm and
increased as the pH of the solution became basic. In
our case, the widths of the nanotapes measured are
more than twice as wide as observed by Tao et al.,
which could be attributed to greater lateral interac-
tions (see next section) within our sample as well as
different pH conditions present within our peptide
solution.

The FTIR spectrum of the mature solution (containing
nanotapes with ribbon-like, flat morphology and lengths
of up to several micrometers, as shown in Figure 1) in
Figure S4 in the Supporting Information shows two peaks
at 1621 and 1690 cm ™, with the low wavenumber peak
having greater amplitude than the high wavenumber
peak.* This indicates the likely presence of an antiparallel
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Figure 3. Orange: TER spectrum from an individual nano-
tape. Brown: TER spectrum from a position next to a
nanotape. Both spectra are extracted from the full spectrum
map (acquisition time 1 s/pixel, 2 mW incident power) of the
TERS images shown in Figure 4b,c. Black: Representative
confocal Raman spectrum of the nanotape sample that was
extracted from the full spectral map that the images in
Figure S3 are based on. Gray: Confocal Raman spectrum of
the bulk nanotapes (acquisition time 30 min, 2 mW incident
power). Green: More intense TER spectrum (additional point
measurement) on a nanotape (acquisition time 2 min, 240
uW incident power).

[-sheet next to a parallel 3-sheet secondary structure. We
hypothesize that the nanotape solution contains a mix-
ture of nanotapes with parallel and antiparallel 3-sheet
secondary structure. As described by Tao et al, the
formation of a peptide bilayer within the nanotape
structure is possible when the peptides arrange in a
parallel 5-sheet manner. In this way, the charged head-
group (positively or negatively charged, depending on
the pH) would point to the outside of the nanotape into a
polar solvent, while the uncharged end of the peptide
would point inward, similar to the behavior of surfactants.
However, we also observe the presence of nanotapes
that are about a monolayer thick, as seen in Figure 1c.
In this case, an antiparallel arrangement of the peptides
is possible for the A3(16—22) amyloid fibrils, as described
by Balbach et al.'> They suggest a favored electrostatic
interaction between C- and N-termini of neighboring
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molecules as a possible driving force for the formation
of antiparallel -sheet stacking. Further evidence for
the presence of 3-sheets is also observed in the confocal
Raman spectrum of the nanotape sample (lyophilized
from a mature solution and named “bulk sample” (gray
spectrum in Figure 3)), in which a peak at 1660 cm ™' in
the amide | region indicates 3-sheet secondary structures
within the nanotapes® The presence of the S-sheets
could further promote the stronger lateral interactions
that were described previously. However, a detailed
explanation of the molecular structure is still being
pursued.

Tip-enhanced Raman spectroscopy in the gap-mode
configuration was used to investigate the nanotapes
due to the following reasons: first, their size is well
below the optical diffraction limit. The high lateral
resolution of TERS offers the opportunity to probe
individual nanotapes.' Second, it is possible to simul-
taneously obtain topographical information that can
be related to the spectroscopic information extracted
from the TER spectra. Finally, these tapes are, as many
other biological materials, very weak Raman scatterers.
The strongly confined and enhanced electromagnetic
field at the apex of the TERS tip leads to an enhance-
ment of the Raman signal of a factor of up to 10° (AFM-
TERS) that enables probing of such very weak Raman
scatterers."?**” Gap-mode STM-TERS with its special
geometry of a metal tip in feedback with a conducting
metal surface is known to provide even higher en-
hancement factors of up to 10”2 Since it is crucial to
keep the acquisition times short when imaging biolo-
gical substrates (in order to avoid sample damage
due to laser-induced decomposition and/or sample
drift), the very strong electromagnetic enhancement
reached by gap-mode STM-TERS is highly beneficial for
imaging experiments. Since the nanotapes used in this
study are only 3—5 nm in height, the maintenance of
the tunneling current feedback between the Ag tip and
the Au substrate was possible. Therefore, the huge
enhancement effects of gap-mode STM-TERS could be
exploited in this study to obtain fingerprint TERS images
of biological nanotapes. However, in the gap-mode STM-
TERS configuration, it was previously shown that the
amide | mode is not observed, and therefore, information
about the secondary structure of the protein or peptide is
not available >

For comparison with the TERS data, a confocal
Raman spectrum of the bulk nanotape sample was
collected (30 min, 2 mW; see Figure 3, gray spectrum).
The observed spectral band pattern is consistent with
the amino acid sequence of the AS(1—40) peptide
fragment, Ac-KLVFFAE-NH, (see also Table S1 in the
Supporting Information): aromatic ring breathing
mode at 1004 cm ™', in-plane ring C—H bending mode
at 1031 cm™', C¢Hs—C vibration at 1206 cm~', CH
deformation modes and amide IIl around 1300 cm ™',
CH, scissoring modes at 1450 cm™', ring C—C
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vibrations at 1604 cm~’, and the amide | mode at

1660 cm™ ' 38** |n general, the aromatic modes of the
phenyl rings dominate the confocal Raman spectrum
of the nanotapes due to the higher Raman cross
section of the aromatic rings.3%4%%°

A first TER spectrum of the nanotapes was collected
using a point measurement (2 min acquisition time,
laser power reduced to 240 uW to avoid sample
damage) represented by the green spectrum in Figure 3.
The aim of this experiment was to obtain a spectrum
with a high signal-to-noise ratio since this TER spectrum
is easier to compare to the bulk confocal Raman data
than the TER spectra from the full spectral map due to a
minimized acquisition time per pixel and therefore a
smaller signal-to-noise ratio. Note that the TER spectrum
has an inelastic scattering background that is not as
uniform as the background in the confocal Raman
spectrum. This is due to the fact that none of the spectra
shown have been background corrected. The main
factors that might contribute to this background can
be found in ref 30. More importantly, what is already
known about how TERS compares to confocal Raman
spectroscopy of nonresonant weakly scattering biologi-
cal molecules is confirmed when comparing the TER
spectrum (green spectrum, Figure 3) of the nanotapes
with their bulk confocal Raman spectrum (gray spec-
trum, Figure 3): the band positions match, although in
TERS, fewer bands are present; the intensity ratios of the
bands change dramatically, and aromatic modes dom-
inate the fingerprint pattern.3®3" Note that this is not
due to a small signal-to-noise ratio since the aromatic
modes at 1004 and 1600 cm ' as well as the CH, mode
at 1450 cm ™" have the same ratio as is observed in the
confocal bulk Raman spectrum. A possible reason for
the absence of certain modes may have to do with the
special gap-mode STM-TERS configuration used that
causes a strictly perpendicular orientation of the elec-
tromagnetic field lines with respect to the surface, which
was discussed previously.>® The characteristic bands in
the TER spectrum in Figure 3 are as follows: the aromatic
ring breathing mode at 1004 cm™', an in-plane ring
C—H bending mode at 1031 cm™', the phenyl—C
stretching mode at 1206 cm ™', CH, scissoring modes
at1450cm ', and the ring C—C vibrations at 1604 cm ™.
The TER spectrum is—like the confocal spectrum—
dominated by the aromatic modes.

Figure 4 shows the results of the TERS imaging
experiment on the nanotapes deposited on a tem-
plate-stripped Au substrate. For each pixel of the
image, a full TER spectrum and the STM height infor-
mation were obtained simultaneously. Therefore, it
was not necessary that one knows a priori which
spectral feature will be important or which marker
band is going to be used for generating an image, as
the full spectra are available after the experiment.

Figure 4a shows the STM height image of the
nanotapes (brighter pixel indicates the presence of a
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taller feature). The lateral dimensions of the nanotapes
displayed in Figure 4 are similar to the dimensions of
the nanotapes deduced earlier from the AFM measure-
ments (Figure 1). Note that the nanotapes appear with
a negative (dark) contrast in the STM image, implying
that they should be deeper than the Au substrate. This
effect is already known from the STM literature: a STM
tip that is not perfectly sharp will be positioned at a
larger distance to the sample (we surmise that, in this
study, the height of the STM tip relative to the substrate
is larger than the height of the nanotapes) compared
to a very sharp tip (same measurement parameters).*®
Due to this effect, there is no mechanical contact
between the nanotapes and the Ag tip since they are
sufficiently separated. Additionally, biological samples
are, in general, less conductive than the air between
the Ag tip and the Au substrate.*’ Therefore, the tunnel
current between the STM tip and the Au substrate is
lower when the tip crosses a nanotape. Since constant
current mode was the STM modality used, the feedback
triggers the nanotape stage to move closer to the sample
in order to achieve the same tunnel current used when
the Ag tip is placed above the metal substrate. This is the
reason why a negative (dark) contrast in the STM image
of the nanotapes is observed.

Note that if there were mechanical contact between
the STM tip and the nanotapes, the tip would most
likely have become contaminated. This would have
been obvious in the remaining part of the TER mea-
surement: the observation of contamination peaks in
the TER spectra (a strong, varying band pattern that
does not match the bulk confocal Raman spectrum of
the nanotapes would be observed and/or two broad
carbonaceous bands centered around 1350 and
1580 cm ™' would be present in the TER spectra, as
described by Domke et al.),*® the loss of correlation of
the STM image with the TERS image, the same TERS
signal observed within several scanning lines, and the
loss of TERS enhancement are just a few examples of
what would have been observed if contamination
would have indeed taken place. In any case, we do
not see evidence of significant contamination in our
TERS images.

To generate an image of the nanotapes, the aro-
matic ring breathing mode at 1004 cm ™' was chosen
as amarker band, as it was by far the dominant mode in
the separately performed TER point measurement and
the bulk confocal Raman measurement (Figure 3).
Other TERS modes, such as the CH, scissoring mode
at 1450 cm ™", could have been used as a marker band,
as well. However, much longer integration times per
pixel would have been necessary to achieve a sufficient
signal-to-noise ratio and would have caused additional
difficulties such as sample drift, etc., as mentioned
above. The intensity of the aromatic ring breathing
mode is color-coded (higher intensity/integral value is
represented by brighter pixels) in the images shown in
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Figure 4. The TERS image in Figure 4b is based on the
peak area of the aromatic ring breathing mode (with
respect to the background); the TERS image in Figure 4c
is based on its peak maximum (with respect to the
background). Figure 4b,c shows the same features even
though different spectral evaluation methods (peak max-
imum vs peak integral) were used. Note that the images
were created using an objective, computational evalua-
tion method (always integrating the same peak (at the
same position) in each TER spectrum) and are not based
on a subjective, individual assignment of the spectra by
the researcher. Therefore, the spectra must (and do) show
the same spectral features in the same position (on the
nanotapes vs next to them) reproducibly within the whole
image. That the same spectroscopic answer (only differ-
ences in the intensity, not in the band pattern) is obtained
on the nanotapes is understandable, as they consist of
only one sort of molecule—the A3(16—22) peptide.

Two representative TER spectra of the full spectro-
scopic image are presented in Figure 3. The orange
spectrum represents a spectrum collected on a nano-
tape, and the brown one represents a spectrum col-
lected in the absence of a nanotape. The spectral
fingerprint of the TER spectrum on the nanotape
matches the TER spectrum obtained by the separate
longer point measurement (green spectrum) and the
confocal Raman spectrum of bulk nanotapes (gray
spectrum) that have been discussed before.

Figure S3 (in the Supporting Information) shows a
control image on the same region measured with
confocal Raman spectroscopy (same laser power and
acquisition time/pixel; color-coded image of the aro-
matic ring breathing mode) to ensure that the ob-
served signal is only due to the enhancement of the tip
and not due to a confocal background signal originat-
ing from the nanotapes. No spectral features belonging
to nanotape structures are observed. A Raman spectrum
extracted from this confocal full spectrum map is shown
in Figure 3 (black spectrum) for comparison. A confocal
Raman signal could also not be obtained in a longer
point measurement on the same sample (10 min acqui-
sition time, 1.7 mW laser power, data not shown). This
control experiment emphasizes the importance of the
huge enhancement effects of gap-mode STM-TERS. In
the absence of these effects, it would not be possible to
observe a Raman signal at all (with the parameters
described before).

When comparing the STM image (Figure 4a) with the
TERS images (Figure 4b,c), some differences and simi-
larities can be found that also might be biologically
relevant. Both TERS images show that the signal in-
tensity of the aromatic ring breathing mode yields a
spectroscopic image that correlates with the topo-
graphic image of the nanotapes obtained simulta-
neously by STM imaging. However, a closer look also
reveals that the long nanotape from the top middle to
the lower right is not continuous in the STM picture but
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Figure 4. Simultaneously acquired (a) STM and (b,c) TERS (acquisition time 1 s/pixel, 2 mW incident power) images of
individual nanotapes with 3 x 3 um? scan size and 50 x 50 pixels. The color-coded TERS images display the intensity (high
intensity is represented by a brighter pixel) of the aromatic ring breathing marker band (1004 cm™): (b) value of the peak
integral, (c) peak maximum. The arrow and circle illustrate that areas weakly observed as a feature in the STM image can be

identified as nanotape/peptide structures using TERS imaging.

continuous in the TERS image (arrow). Additionally,
small structures on the surface (e.g., highlighted by a
circle) can clearly be identified as nanotape pieces or
native peptide (as opposed to other substances that
might be absorbed to the surface) because of the
additional spectroscopic information available in the
TERS images. Only TERS imaging allowed this informa-
tion to be obtained.

Figure 5 demonstrates that similar TERS imaging
measurements can be reproduced on another region
of the sample. Figure 5a shows the STM image of the
nanotapes in this area. Figure 5b shows the corre-
sponding color-coded TERS image based on the inte-
gral value of the aromatic ring breathing marker band.
Again, the TERS image of the nanotapes correlates with
the STM topography image. Representative spectra
extracted from the image can be seen in Figure 5d.
When comparing the topography visible in the STM
image with the TERS image, differences are clearly
observed. Note in particular the following:

(i) As already shown for Figure 4, some structures
that are visible in the TERS image are invisible in the
corresponding STM image. The nanotape marked with
a circle in Figure 5 shows approximately the same
spectroscopic response as its two neighboring nano-
tapes, implying that these three nanotapes have simi-
lar chemical structures. However, in the STM image, the
nanotape on the left cannot be observed at all but is
observed very clearly in the TERS image. TERS is a
surface-sensitive technique for which the signal en-
hancement decays rapidly within the first few nano-
meters distance from the tip apex.*® We thus speculate
that the enhanced signal mostly stems from the top
layer of molecules on the nanotape. Therefore, the
signal intensity in the TERS image will be similar for
nanotapes of different height but similar chemical
composition. In the STM image, however, different
heights cause different contrasts. This could also be
the explanation for the “missing” nanotape part in the
STM image of Figure 4. Our interpretation is that the
nanotape is thinner in this particular region and there-
fore is still visible with the same contrast in the TERS
image but invisible in the STM image.
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(i) Nanotape 1 (see Figure 5) shows less contrast in
the STM image than nanotape 2, implying that the
latter structure is either thicker and/or less conductive,
leading to the more negative (darker) contrast in the
STMimage. However, in the TERS image, the TER signal
intensity of nanotape 1 is on average stronger than
that of nanotape 2. At the moment, we can only
speculate about the origin of the different intensities
in the TERS image, but we believe that it is due to
subtle, structural differences between the nanotapes.
As discussed above, TERS signals should result mostly
from the top layer of molecules and therefore should
be similar for the nanotapes if there were no differ-
ences in their structure. Additionally, within the nano-
tapes, different signal intensities of the marker band
are observed (different brightness of the pixels) in the
TERS image. This is a strong hint for structural hetero-
geneities within the nanotapes.

(iii) Similar to what is observed in Figure 4, a piece
that might not look like a nanotape structure (square in
Figure 5) is safely identified as a piece of nanotape (ora
structure containing the peptide) based on the TERS
image due to its spectral fingerprint. Only the combi-
nation of the two techniques (STM and TERS) allowed
this conclusion.

Looking at the TERS images in Figure 5, the broad
signal at 675 cm™' observed in the spectrum next to
the nanotape is the dominating TER signal within
regions where nanotapes are absent. By using this
mode as a marker band, the color-coded image in
Figure 5c was obtained. It is clearly shown that a
“negative” of the nanotape TERS image in Figure 5b
is obtained. Therefore, we concluded that the sub-
stance causing this broad band (that can also be seen
in the brown spectra in Figure 3) seems to cover the
empty Au surface. We tentatively assume that it origi-
nates from the ambient environment (possibly from
air) and settles down on the surface after the sample
preparation or may stem from the sample preparation
itself. In any case, this did not influence our imaging
experiments. Note that the observation of this sub-
stance was only possible due to the full spectroscopic
imaging that allowed post measurement data analysis.
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Figure 5. Simultaneously acquired (a) STM and (b,c) TERS (acquisition time 1 s/pixel, 2 mW incident power) images of
individual nanotapes with 3 x 3 um? scan size and 64 x 64 pixel resolution. The color-coded TERS images display (b) the

intensity of the aromatic ring breathing marker band (1004 cm™

, value of the peak integral) and (c) the band at 675 cm~ ' that

can be seen in the brown spectrum in (d). (d) Representative TER spectra taken from the full spectrum map that the TER
images in (b,c) are based on. Nanotapes 1 and 2 and the circle and square highlight the different STM contrasts and TERS
intensities in each region, strongly giving evidence of observed structural and/or chemical heterogeneity between the

nanostructures.

Additionally, this feature would not have been ob-
served by the STM measurement alone as this sub-
stance did not cause any contrast in the STM signal and
the chemical information derived from the full spectro-
scopic imaging was missing.

The lateral resolution achieved was determined
from the spectroscopic image by plotting the marker
band intensity across a nanotape from a higher resolu-
tion image obtained with the same tip (64 x 64 pixel
resolution with 1 x 1 um? scan size, acquisition time
1 s/pixel, 2 mW incident laser power) against the
scanned distance. A Gaussian fit resulted in a full width
at half-maximum (fwhm) value of 78 nm for the
nanotape width (see Figures S5 and S6 in the Support-
ing Information), which is a somewhat poor resolution
for TERS (a spatial resolution down to <15 nm has been
shown by Georgi et al.)>*®' but still well below the
optical diffraction limit. Note that, compared to the
estimated width of the nanotapes from the AFM
images (around 200 nm), 78 nm is a very small value
for the fwhm of a nanotape. However, in the STM
experiment, a broad tip is moving down when reaching
a nanotape, whereas in the AFM experiment, a sharp
tip is moving up when crossing a nanotape. It was not
the aim of this study to achieve the highest possible
spatial resolution but rather to simultaneously record
STM and TERS images of a very weak biological Raman
scatterer based on reproducible spectra in the finger-
print region. To our knowledge, the images shown are
the first TERS images of this kind. The subdiffraction
chemical information deduced from the correspond-
ing TER spectrum can be directly correlated to the
topographic information obtained from the corre-
sponding STM image.
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CONCLUSIONS AND OUTLOOK

This study shows that reproducible fingerprint TER
spectra of a weakly scattering biological sample can be
measured and used to generate TERS images that
match the simultaneously obtained STM images. The
TERS images deliver additional spectroscopic informa-
tion. The data evaluation used to generate the TERS
images were done in an automated and unbiased way,
rather than relying on the individual assignment of
spectra hand-picked by the researcher. The Ac-16—22-
NH, S-amyloid(1—40) peptide fragment was used to
prepare a submonolayer sample of amyloid nanotapes
on an ultraflat Au substrate. AFM imaging and cross
section analyses revealed that they are 5.4 £ 0.9 nmin
height, 203.7 £+ 18.0 nm in width, and several micro-
meters in length. These dimensions together with the
FTIR and bulk confocal Raman data imply that the
nanotapes consist of peptide bilayers with S-sheet
structure. We demonstrated that the TERS spectra
closely matched the bulk confocal Raman spectra for
the sample. Simultaneously obtained gap-mode STM-
TERS and STM images of individual nanotapes were
presented in which full spectroscopic information was
obtained in every pixel that provided the opportunity
to choose spectral features of interest. The intensity
of a marker band in the Raman fingerprint region
(aromatic ring breathing mode) of the nanotapes was
used to generate images that match the observed STM
topography. The spatial resolution of the spectroscopic
image was less than 78 nm—well below the optical
diffraction limit. The nanotape dimensions obtained by
the TER and STM images also correlate to the ones from
the AFM images of the same sample. It is shown that
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the spectral fingerprint pattern of the TER spectrum in
the full spectral map, the TER point spectrum recorded
for a longer time, and the bulk confocal Raman spec-
trum of the nanotapes correlate well, which assures
comparability and allows one to exclude contamina-
tion. By comparing the STM and the TERS images, it was
shown that topographic and chemical/spectroscopic
information collected simultaneously allowed one to
observe nanotapes that are not visible in the STM
image, to find a difference between the signal intensity
and the height information, to identify the coverage of
the surface with an unknown substance, and to assign
structure to a protein assembly that could not be
unambiguously assigned by using STM imaging alone.
A second full spectrum TER map of the nanotapes

METHODS

AFM Measurements. The AFM measurements were performed
on a commercial AFM system (BioScope Catalyst, Bruker Nano,
Santa Barbara, California) that is mounted onto an inverted
confocal laser-scanning microscope (FluoView FV500, Olympus,
Center Valley, Pennsylvania). The images shown in this study
were obtained using tapping mode AFM with ATEC NC canti-
lever probes (Nanosensors, Neuchatel, Switzerland). The images
(Figure 1, left to right) are 10, 3, and 1 um in size, with a
resolution of 256 x 256 pixels, and a scan rate of 1 Hz used.

TERS Setup. The commercial AFM/STM Raman microscope
(NTEGRA Spectra Upright, NT-MDT, Moscow, Russia) used in this
study was already described in detail by Stadler et al.>* A HeNe
laser with an excitation wavelength of 632.8 nm was applied.
For the TERS images (and the confocal control) shown in this
study, a laser power of 2 mW and an acquisition time for each
pixel of 1 s was used. For the stronger TERS measurement
shown in Figure 3, the laser power was adjusted with the help of
neutral density filters to 240 uW, and the acquisition time
increased to 2 min. The laser power was reduced for the longer
measurement to avoid sample decomposition due to laser-
induced heating. The confocal Raman spectrum of bulk nano-
tapes was acquired for 30 min with a laser power of 2 mW. Full
metal Ag tips in STM feedback with a template-stripped Au
substrate are used in this study; therefore, this kind of TERS
measurement is commonly referred to as gap-mode STM-TERS.

To ensure that the TERS imaging is reproducible, several
spots on the sample with different individual nanotapes were
scanned. The corresponding images can be seen in Figure 4 and
Figure 5 (also in Figure S5 of the Supporting Information).
Additionally, the TER spectra were compared with the confocal
bulk Raman spectrum of the nanotapes collected in order to
ascertain that the observed TER spectral fingerprint matches the
confocal Raman spectrum and that random parasitic persistent
contaminations are not measured (see Figure 3). A confocal
Raman control measurement of the sample (with the same laser
power and integration time/pixel) can be seen in Figure S3 in
the Supporting Information.

TERS Tips. The TERS tips used in this study were electroche-
mically etched from silver wires (diameter 0.25 mm, 99.99%
purity, Sigma Aldrich) in a 1:1 (v/v) mixture of perchloric acid
(70%, VWR) and methanol (p.a., Sigma Aldrich) using a potential
of 8 V. Subsequently, they were thoroughly rinsed with metha-
nol and preselected with the help of a Nikon 360x stereomicro-
scope according to their sharpness. The tip was mounted into
the STM tip holder and brought into STM feedback with the
template-stripped Au substrate. The focused HeNe laser beam
was scanned over the Ag tip, and spectra were collected for
each pixel. This created a spectral intensity map to determine
the most enhancing spot on the Ag tip. After this determination,
the HeNe laser was guided and focused to that spot. For the
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collected on a different spot on the sample confirms
the reproducibility of our experiment.

Overall, this study proves the potential of TERS as a
reliable method that yields reproducible spectra and
provides new insights into nanoscale biological sam-
ples that would not have been possible with other
methods. In the future, TERS could be used to study
more complex samples consisting of multicomponent
biological specimens or complex materials that cannot
be analyzed based on scanning probe microscopy
alone. Samples such as native biological membranes,
polymer interfaces, or nanofabricated devices could be
investigated. We are confident that TERS will even-
tually become a valuable routine technique for the
nanoscale characterization of surfaces.

TERS measurements, the laser was fixed into this position, and
the sample was moved by the means of a XYZ piezo scanning
stage.

Samples. Peptide Synthesis and Af(16—22) Solution Prepara-
tion. The lyophilized Ac-16—22-NH, peptide (sequence:
N-acetyl-KLVFFAE-NH,) was synthesized (CanPeptide, Ottawa,
Canada), and N-terminal acetylation and C-terminal amidation
were performed. The peptide was purified (>95%) by RP HPLC
and finally characterized using MALDI-TOF mass spectrometry.
The samples utilized for the far-field and near-field measure-
ments were prepared by initially dissolving 3.57 mg of peptide
in 0.1 mM deuterium chloride (Cambridge Isotope Laboratories,
Andover, Massachusetts) and waiting for 5—6 h. No effect on
nanotape formation could be observed if using deuterium
chloride instead of hydrogen chloride. The solution was lyoph-
ilized overnight (Modulyod freeze-dryer, ThermoElectron Inc.,
Milford, Massachusetts) and stored at —20 °C until use. A 2 mM
peptide solution was made by dissolving the lyophilized pow-
derin 2 mL of deuterium oxide (Sigma Aldrich), vortexed to mix,
and incubated at room temperature until further use.

Sample Substrates. The template-stripped Au substrates
that were used in the gap-mode STM-TERS experiments were
produced as described previously by Blum et al.*'

Piranha cleaned (H,S04/H,0,, 3:1, v/v) glass coverslips were
thoroughly rinsed with ultrapure water (NANOpure Diamond,
18.2 MQ-cm) and ethanol (Scharlau S.L.), subsequently dried in
a stream of nitrogen gas, and directly used for the confocal
Raman measurements.

TERS Sample Preparation. Forty microliters of the vortexed,
deuterated A(16—22) solution aged for approximately 2 weeks
at room temperature was deposited on a freshly template-
stripped Au substrate for approximately 5 min. It was briefly
rinsed with a gentle stream of 18.2 MQ-cm water and dried
with flowing N, gas.

Sample Preparation for Confocal Raman Spectroscopy. The
solvent for the AB(16—22) solution was removed by using a vacuum
concentrator (Christ RVC 2-18, Martin Christ GmbH, Germany), set at
room temperature, running for approximately 2.5 h until a dry
powder was obtained. The powder was placed on an ethanol-
rinsed, N,-dried glass slide, compressed into a small pellet using a
spatula and placed on the stage in the TERS instrument.

Sample Preparation for FTIR Spectroscopy. Approximately
20 uL of the aged and concentrated AB(16—22) nanotape
solution was deposited between two CaF, windows and placed
in an IR sample holder. Thirty-two scans were obtained and
averaged (Perkin-Elmer, Spectrum 100 Optica). The spectrum of
a D,0 background was subtracted from the sample spectra.

Data Processing. For the spectra shown, neither a background
correction nor smoothing was performed to ensure compar-
ability. The spectra were offset in the y-axis for better visibility.
The stronger TER spectrum (green) and the bulk confocal
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Raman spectrum (gray) in Figure 3 were multiplied in the y-axis
(factor 0.3 and 0.02) to display them in the same graph as the
other spectra. The processing of the TERS imaging data was
performed with the associated software of the instrument, and
the resulting images were exported as .jpg. For the Raman
images in Figures 3b and 4b, the area under the peak at
1004 cm™' (aromatic ring breathing mode) with respect to
the surrounding background was calculated and plotted color-
coded. The Raman image in Figure 4c shows the peak maximum
with respect to the surrounding background in the same color-
coded way (brighter pixel represents higher peak value). The
STM images were linewise slope corrected.
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