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Abstract
Surface- and tip-enhanced Raman spectroscopy (SERS and TERS) are modern spectroscopic
techniques, which are becoming widely used and show a great potential for the structural
characterisation of biological systems. Strong enhancement of the Raman signal through localised
surface plasmon resonance enables chemical detection at the single-molecule scale. Enhanced
Raman spectra collected from biological specimens, such as peptides, proteins or microorganisms,
were often observed to lack the amide I band, which is commonly used as a marker for the
interpretation of secondary protein structure. The cause of this phenomenon was unclear for many
decades. In this work, we investigated this phenomenon for native insulin and insulin fibrils using
both TERS and SERS and compared these spectra to the spectra of well-defined homo peptides.
The results indicate that the appearance of the amide I Raman band does not correlate with the
protein aggregation state, but is instead determined by the size of the amino acid side chain. For
short model peptides, the absence of the amide I band in TERS and SERS spectra correlates with
the presence of a bulky side chain. Homo-glycine and -alanine, which are peptides with small side
chain groups (H and CH3, respectively), exhibited an intense amide I band in almost 100% of the
acquired spectra. Peptides with bulky side chains, such as tyrosine and tryptophan, exhibited the
amide I band in 70% and 31% of the acquired spectra, respectively.

Introduction
Raman spectroscopy is steadily gaining importance for the structural characterisation of
biological systems.1, 2 The relatively low sensitivity of Raman spectroscopy can be
improved by utilising the electromagnetic field enhancement caused by rough metallic
surfaces, such as silver or gold, through localized surface plasmon resonances.3 This
phenomenon, known as surface-enhanced Raman scattering (SERS), enables chemical
detection down to the single-molecule level.4, 5 In addition to high sensitivity, this label-free
technique also provides information regarding the structural organisation of the specimen
surface.6, 7 These and other advantages have made SERS one of the most extensively
explored techniques in areas ranging from surface chemistry to biological chemistry and
biomedical analysis.8, 9 There are two proposed mechanisms for Raman signal
amplification.3 The first mechanism involves physical enhancement (GPhys), which is
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caused by the plasmonic excitation of the metal surface induced by the external
electromagnetic field.10,11-13 In the theoretical models proposed for this enhancement, the
chemistry of surface-specimen interactions is neglected.14 Alternatively, several studies
have demonstrated that the experimentally observed enhancement is often substantially
stronger than the theoretically predicted enhancement.15, 16 Thus, it was suggested that the
chemical contribution (GChem), which includes chemical bonding and light-induced charge
transfer between the adsorbed molecule and the substrate, must be considered. Recent
experimental studies and mathematical calculations suggest that both GPhys and GChem

should be considered simultaneously to explain the SERS phenomenon.17 However, the
application of SERS is limited by lower spatial resolution. Consequently, important
topographical information for the studied surfaces cannot be obtained. This disadvantage
can be overcome by combining a Raman spectrometer with a scanning tunnelling
microscope (STM) or an atomic force microscope (AFM). In this experimental setup, widely
known as tip-enhanced Raman spectroscopy (TERS), a single gold or silver particle or edge
at the apex of an AFM or STM tip greatly enhances the Raman signal, similar to SERS, in a
small area around the tip.18 Unlike SERS, site-dependent, semi-quantitative conclusions can
be drawn because the active enhancing particle is always the same. The AFM/STM
component allows the tip position to be controlled relative to the sample, and consequently,
high spatial resolution can be attained.19, 20 Working on a nanometer-scale resolution, which
depends mainly on the TERS tip diameter, is critically important for studying biological
samples, such as eukaryotic cells, bacteria, DNA, RNA, viruses and amyloid fibrils.21-23 It
was recently demonstrated that TERS could potentially resolve the nucleotide sequence of a
single DNA strand and reveal structural information of insulin fibrils on the nanometer
scale.23-25 The ability of the electromagnetic field to enhance the Raman signal is
comparable to the SERS effect mentioned above and consequently decays quickly as the tip-
specimen distance increases. As a result, only molecules within 3-4 nm from the tip apex
experience signal enhancement.26, 27

A protein Raman spectrum is typically composed of contributions from three major types of
vibrational modes originating from the polypeptide backbone (amide bands) and aromatic
and non-aromatic amino acid side chain residues. The positions of the amide bands depend
on the conformation of the polypeptide backbone and intra- and intermolecular hydrogen
bonds. Consequently, these bands can be correlated to the protein secondary structure.1, 28

The amide II band (1520-1570 cm−1) is primarily related to C-N stretching, N-H bending
and C-C stretching and is very weak in non-resonance Raman spectra, which causes it to be
nearly undetectable.29 Amide III bands (1230-1270 cm−1) overlap with vibrational bands of
CH2 and C-C vibrations, which significantly complicates and limits their interpretation with
regard to the secondary structure.1, 28 The amide I band (1640-1678 cm−1) does not overlap
with the vibrational bands of other functional groups and can be directly used for the
characterisation of protein secondary structure.30 For example, the position and intensity of
the amide I band has been utilised to describe the structural organisation of insulin fibrils30

and globular proteins.31

In some SERS spectra acquired from peptides,32, 33 proteins,34 and microorganisms,35 it has
been observed that the amide I band is dramatically suppressed. It has been hypothesised
that this “silence” of the amide I band is very unlikely to be caused by a parallel orientation
of all the peptide bonds in the analysed protein to the electrochemically roughened metal
surface or the incoming laser light.32 Two groups proposed that the absence of the amide I
band in SERS spectra is a consequence of poor specific adsorption of the peptide bonds to
the metal particles.8, 32 It was proposed that no enhancement occurs even if a peptide bond
is in close proximity to the metal surface if a peptide bond is not directly adsorbed on a
metal particle. Lack of experimental evidence currently limits the interpretation of such
SERS and TERS spectra, and the systematic study presented herein aims to clarify the
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nature of suppressed amide I bands in SERS and TERS spectra of proteins and protein
aggregates.

We hypothesized that the silence of amide I bands in surface-enhanced Raman spectra is a
consequence of the distancing of peptide bonds from the metal surface. The proximity could
depend on the length (bulkiness) of the amino acid side chains, which act as spacers between
the metal particles and the peptide bonds. Based on this hypothesis, amino acid sequences
with small side chain groups, such as H and CH3, would be expected to consistently exhibit
spectra with an amide I band. Conversely, peptides with bulky side chain groups, such as
Trp or Tyr, would be expected to frequently exhibit spectra with a suppressed or absent
amide I band. In this study, SERS experiments were performed on selected homo-peptides
with various side chains. We found that homo-glycine and -alanine peptides with small side
chain groups (H and CH3, respectively) exhibited the amide I band in nearly 100% of the
acquired spectra. This value decreased dramatically as the steric hindrance of the
substituents increased. For example hexa-tyrosine and tryptophan-rich peptides exhibited the
amide I band in only approximately 70% and approximately 31% of the recorded SERS
spectra, respectively. These results confirmed our hypothesis that small amino acid
substituents, such as H and CH3, allow the peptide bonds to be in a close proximity to the
surface of metal particles, whereas bulky substituents, such as phenyl and indole, shield this
bond from the particle evanescent field. Notably, the SERS experiments conducted here
were performed independently on different Raman setups with different SERS substrates
and laser wavelengths, which strengthens the validity of our results.

Experimental
Gold colloid nano-particles

DXR/SERS Analysis package, containing 70 nm gold nano-particles and gold-coated glass
slides, was purchased from Thermo Scientific, Madison, WI. According to the Certificate of
Analysis, the nano-particle colloid solution has a SPR absorption peak at 541 nm, pH 6.8
and zeta potential of −28 mV. The standard deviation of the particles seize as measured by
DLS is 7%. Prior to mixing with the analyzed specimen, gold nono-particles were
additionally dialyzed against distilled water.

Insulin protein
Bovine insulin (Sigma-Aldrich, St. Louis, MO) was dissolved (2 mg/ml) in distilled water.
The protein solution was mixed with 70 nm spherical gold colloid nano-particles (DXR/
SERS Analysis Package, Thermo Scientific, Madison, WI) in 1:1 V/V ratio. After being
mixed with an analyzed specimen, the solution was deposited onto a gold-coated glass slide,
which was also provided by DXR/SERS Analysis package (DXR/SERS Analysis Package
kit, Thermo Scientific, Madison, WI). There is an indication in the literature that the gold
surface may enhance the Raman scattering when a nano-particle is in a close proximity to
the surface.36, 37 However, understanding the exact enhancement mechanism of a specific
SERS system is beyond the scope of this manuscript. The solution was allowed to air dry
prior to spectra acquisition.

For TERS experiments on native insulin, the protein was dissolved in water (c = 0.5μM) and
1.5 μL was dropped on a clean glass slide. After drying under argon 190 TERS spectra were
acquired (t = 2 s) on a grid with a point-to-point distance of 1 nm. λ = 530,9 nm, P = 450
μW). Topology of the TERS spectra acquisition is shown in the Fig. S1.
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Insulin fibrils
Bovine insulin (Sigma-Aldrich, St. Louis, MO) was dissolved (60 mg/ml) in HCl, pH 2.5.
The protein solution was heated at 70 °C for 2.5 hours without stirring. An aliquot of a fibril
gel was diluted 1:10 V/V with HCl, pH 2.5 and mixed with 70 nm spherical gold colloid
nano-particles (DXR/SERS Analysis Package, Thermo Scientific, Madison, WI) followed
by deposition onto a gold-coated surface (DXR/SERS Analysis Package, Thermo Scientific,
Madison, WI) or a 6 nm evaporated silver island films that was annealed for 60 s at 180 °C.
The solution was allowed to air dry prior to spectra acquisition. Silver island films were
examined with AFM (data not shown) and the changes in surface morphology was noticed
as a result of film exposure to a low pH fibril solution. These changes could affect the SERS
signal including the observed reduction in SERS intensity while Raman band positions
remained unchanged.

For TERS measurements an aliquot of the fibril gel was resuspended in HCl (pH 2.5)
solution with a 1:100 dilution factor (v/v). A drop of this solution was placed onto a
precleaned glass. After the surface was exposed to the solution for 2–3 min, the solution
excess was gently removed, and the surface was rinsed with HCl (pH 2.5) solution and dried
under an argon flow. AFM topography image is shown in Fig. S2.

Peptides
Penta-glycine and penta-alanine were purchased from Bachem Bioscience (King of. Prussia,
PA). Hexa-tyrosine and tryptophan-rich peptide with the sequence Trp-Arg-Trp-Trp-Trp-
Trp were purchased from American Peptides (Sunnyvale, CA). Peptides were dispersed in
distilled water and mixed 1:1 V/V with 70 nm spherical gold colloid nano-particles (DXR/
SERS Analysis Package, Thermo Scientific, Madison, WI). The solution was placed onto
gold-coated surface (DXR/SERS Analysis Package, Thermo Scientific, Madison, WI) and
air dry prior to spectra acquisition.

Alternatively, hexa-Gly (c = 0.1μM), penta-Ala (0.02 μM) and tri-Tyr (c= 0.1 μM),
purchased from Sigma-Aldrich, St. Louis, MO, were dissolved in water and 1.5-3 μL were
placed on a 6 nm evaporated silver island film that was annealed for 60 s at 180 °C. The
samples were dried under argon and used within hours.

SERS instrumentation
SERS spectra of analyzed specimens mixed with gold nano-particles were recorded on
Renishaw in Via confocal Raman spectrometer coupled with Leica microscope, 20x long-
range objective using WiRE 2.0 software. A 785 nm laser light was utilized for the
excitation. For the spectral acquisition, automatic mapping stage (Nanonics AFM
MultiView 1000 system) was used. For each sample 400-1600 SERS spectra were collected
with 1 micron step from each other. Multiple consecutive spectral acquisitions showed no
evidence of photodegradation. The obtained spectra were further evaluated with GRAMS/AI
7.01 software. For all reported spectra no smoothing or a background substation was
performed.

SERS spectra of analyzed specimens deposited onto silver island films were acquired on an
inverted Raman microscope (XploRA INV, Horiba Scientific, France) using 532 nm
excitation with a laser power of 90 μW. Spectral acquisition time was 1s. As mentioned
previously, the raw spectra were further evaluated with using GRAMS/AI 7.01 software.
SERS spectra were recorded on the substrate surface with a point-to-point distance of 200
nm.
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TERS instrumentation
Tip-enhanced Raman spectra were acquired on a Nanowizard I AFM (JPK Instruments AG,
Germany) mounted on an inverted microscope (Olympus IX70, Japan). Experimental
conditions were as follows: oil immersion objective, 60x, NA=1,45 (Olympus, Japan),
mounted on a Piezo (PIFOC, Physik Instrumente, Germany) enabling a focus control in z-
direction of the TERS tip to the laser. The amplitude of the tip movement in AC-mode was
~10 nm.

A confocal Raman spectrometer (LabRam HR, Horiba Jobin Yvon, France) with a liquid
nitrogen-cooled CCD camera (ISA Spectrum One, Horiba Jobin Yvon, France) was coupled
to the AFM. A Krypton ion laser (Innova 300c, λ = 530,9 nm, USA) was used as the
excitation source with a power on the sample of 1.1 mW. The illumination light was linearly
polarized. However, in a TERS experiment this is not necessarily important, as the
polarization at the sample is likely to be dominated by effects of the tip/antenna, hence a
polarization orthogonal to the sample surface is to be expected.38 TERS tips were prepared
by evaporation of 20 nm silver on a commercial non-contact silicon AFM tip (NT-MDT)
and stored under argon till used.

Each TERS spectrum was accumulated for 10 sec. Spectra were collected from the fibril
surface with a lateral distance step that varied from 0.5 to 10 nm. The lateral steps were
controlled by an additional 100×100 μm sample scanning stage (P-734, Physik Instrumente,
Germany). To confirm that the TERS tip was not contaminated during the acquisition of
spectra of the fibril surface, a reference spectrum from the glass slide was recorded at the
end of each measurement. Again the untreated spectra were evaluated as previously
mentioned.

Results and discussion
Insulin fibrils

Insulin fibrils were immobilised on a glass slide, and TERS spectra were measured at
randomly chosen regions of the fibril surfaces based on the experimental conditions
described previously.23 Assessment of the data indicated that 88 spectra (Fig. 1) from a total
of 162 acquired spectra displayed a suppressed amide I band, while 74 spectra displayed an
intense amide I band.39 The absence of amide I bands in the TERS spectra of insulin fibrils
could originate from a perpendicular orientation of the peptide bonds relative to the main
axis of the TERS tip. This explanation is rather unlikely because suppressed amide I bands
can be observed in β-sheet structures and in α-helix structures,22 whereas peptide bonds
should face towards the tip randomly.

The insulin fibrils were also deposited onto an evaporated silver island film. In the collected
SERS spectra, almost 50% of the spectra displayed a suppressed amide I band, as shown in
selected spectra in Fig. 1. In Fig. 1, the variations between the SERS and TERS spectra are
quite apparent. The SERS spectra are similar, whereas the TERS spectra are different from
the SERS spectra and also vary among other TERS spectra. The difference between the
SERS and TERS spectra can be explained by the distinctive effects of sample and substrate
preparation. Due to the nature of sample preparation, an equilibrium between the specific
SERS substrate and the sample will form, and preferential binding of the specimen to the
substrate is expected.

In TERS, the specimens are measured “as is” because the tip can access chemically non-
preferred sites in the molecule. Consequently, the TERS spectra probe provides a slightly
different but possibly more natural organization of the specimen. Furthermore, the SERS
spectra reflect an average of many specimen sites and hot spots.40, 41 The TERS spectra
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originate from local, distinct sites, which is reflected in their spectral appearance and their
variation.42, 43

In our experiments, a similar proportion of spectra for insulin fibrils exhibited suppressed
amide I bands using both TERS and SERS. An individual TERS spectrum was measured
from a single fibril using a single nano-size metal tip. In SERS experiments, each Raman
spectrum was collected from a sample area of approximately 1 μm2 containing a large
number of fibrils and metal particles. The increase in the number of nanoparticles/fibrils
contributing to a single (averaged) SERS spectrum was expected to cause a significant
decrease in the number of spectra with a silent amide I band. Therefore, we concluded that
each SERS spectrum should be dominated by the contribution from a single hot spot. This
conclusion is further supported by the fact that only one in ten SERS measurements from
different spots (locations) on the silver film with deposited fibrils yielded an enhanced SERS
signal. The remainder of the locations were SERS-inactive (data not shown). In the
experimental setup in which gold nanoparticles were utilised for SERS characterisation of
the insulin fibrils (Fig. S3), every acquisition spot was SERS-active (hot spot). The latter
result indicates that more than one active spot could contribute to an individual SERS
spectrum. As a result, only a third of the SERS spectra displayed a suppressed amide I band
(discussed below).

Native insulin
To demonstrate that the presence or absence of the amide I band in enhanced Raman spectra
depends on the amino acid sequence rather than a specific property of the amyloid fibril
surface or the protein aggregation state, we studied native insulin using SERS and TERS.
Insulin is a small protein hormone that consists of 51 amino acids organised in two peptide
chains linked by disulphide bridges. The short protein sequence of insulin would be
expected to provide equal accessibility to the 70-nm gold or silver nanoparticles.

Similar to the spectra acquired for the insulin fibrils, the SERS spectra of native insulin are
very heterogeneous. Approximately 50% of the acquired spectra displayed a suppressed
amide I band (Fig. 2). The TERS spectra of insulin are less diverse and predominantly
exhibited a clear baseline. We often observed tyrosine (856 cm−1), cysteine (approximately
674 cm−1) and phenylalanine (1000 cm−1) bands and strong peaks approximately 1392
cm−1, which most likely originate from aliphatic groups. One can expect that for the direct
verification the acquired TERS and SERS spectra originate from the analyzed protein
specimen, a comparison with a normal Raman spectrum would be helpful (Fig. S4).
However, this kind of information might be even misleading. First of all, the Raman cross-
section of particular bands most likely will be different in enhanced and normal Raman
spectra. Thus, no valuable information can be extracted from the comparison of relative
intensities normal and enhanced spectra. It has been reported that specific bands can be
missing in normal Raman spectra, while they are visible in the SERS/TERS spectra. This
observation can be explained with the different selection rules in enhanced Raman
spectroscopy (change of polarizability). Such examples are well documented in the
literature. For example, amide II bands are invisible in the normal Raman spectra acquired
from protein specimens and often observed in TERS and SERS protein spectra.29, 39 It has
been also documented that the position of vibrational modes can change in the enhanced
Raman spectra relative to that in normal Raman spectra depending on the interaction of the
molecule and the metal nanoparticle.38, 44

Our TERS data indicate that similar to SERS experiments, almost 50% of all the collected
TERS spectra exhibited a silent amide I band (Fig. 2). Hence, we conclude that the
suppression of the amide I band is not determined by the aggregation state of the protein but
is due to the protein amino acid sequence.
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If surface plasmons preferentially enhance Raman bands of bulky side chains over the amide
I band, the respective vibrational modes should be found more often in SERS/TERS spectra
with a suppressed amide I band than in spectra with an intense amide I band. To confirm this
hypothesis, 100 SERS spectra of native insulin without an amide I band and 100 spectra
with the amide I band were assessed with respect to the occurrence of specific amino acids
(Fig. 3). Amino acid residues with characteristic marker bands, such as cysteine (Cys),
phenylalanine (Phe), tyrosine (Tyr), proline (Pro) and histidine (His), were chosen.29 As
evident from Fig. 3, SERS spectra with suppressed amide I bands contain Cys contribution
1.5 times more often than spectra with intense amide I bands. The ratio for sequences with
Tyr was nearly 2:1 and further increased for Phe and Pro (almost 3:1). His contributions
resulted in a maximum with a ratio of 9:1. These results support the assumption that bulky
substituents on the amino acid side chains shield the peptide bonds from the enhancing field
more effectively with increasing size.

Short model peptides
To further confirm that the size of the side chain determines the presence/absence of the
amide I Raman band, the SERS spectra of short homo-peptides, including penta-glycine
(Gly), penta-alanine (Ala), hexa-tyrosine and a tryptophan (Tpr)-rich peptide (Trp-Arg-Trp-
Trp-Trp-Trp), were recorded. All the peptides were mixed with gold nanoparticles at equal
concentrations and deposited onto a gold surface. In total, 411 SERS spectra were collected
for each peptide using an excitation wavelength of 785 nm (Fig. 4a).

The SERS spectra acquired from the penta-Gly homo-peptide exhibited a high degree of
similarity. All the spectra displayed intense amide I bands. In addition to intense CH2 modes
(1455 cm−1),45 a sharp and intense band was observed at 1010 cm−1, which can most likely
be attributed to a C-C stretch.46

Similar to penta-Gly, the SERS spectra of penta-Ala also exhibit a high degree of similarity.
All the spectra displayed intense amide I bands, indicating that the plasmon enhancement
can access the peptide bond through the distance of the −CH3 group.45 In addition, intense
vibrational modes attributed to CH2 and CH3 groups were detected.

In contrast, the SERS spectra of hexa-Tyr and a Trp-rich peptide are quite heterogeneous
(Fig. 4). One cause of this heterogeneity is the different vibrational modes of the ring and
=HN+ (Trp).45, 46 Each of the SERS spectra acquired from hexa-Tyr exhibited characteristic
vibrational bands at 826 cm−1 and 856 cm−1 (ring breathing).45 The SERS spectra for the
Trp-rich peptide also show this band (ring breathing) at 760 cm−1 and a band at 1010 cm−1,
similar to penta-Gly.

The percentages of SERS spectra with silent and intense amide I bands for each peptide
were evaluated, and the results are summarised in Table 1. While all 411 SERS spectra for
penta-Ala and penta-Gly display intense amide I bands, only 76% of hexa-Tyr and 31% of
Trp-rich peptide SERS spectra exhibit intense amide I bands. These data confirm that the
presence or absence of amide I bands in enhanced Raman spectra is apparently dependent on
the proximity of the peptide bond to the nanoparticle surface. Bulky side chain groups orient
the peptide bonds too far from the evanescent field of the surface plasmon and impede the
enhancing effect, which suppresses amide I bands in the spectra.

Similar results were obtained from independent SERS measurements of similar homo-
peptides (hexa-Gly, penta-Ala and tri-Tyr) using silver island films and a laser line at 532
nm (Fig. 4b). Silent amide I bands were observed in the same number of spectra for both
hexa-Gly and penta-Ala, which are peptides with small side chain groups (6±1.5% and
7±2%, respectively). These values are relatively high compared with the values observed for
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gold colloids at 785 nm (0%), which might be due to the unique characteristics of the
different metals (silver vs. gold). The dependence of the number of spectra with silent amide
I bands on the nature of the metal colloids is discussed below. Nevertheless, the trend
observed in our results, in which an increasing number of spectra do not display the amide I
band as the size of the amino acid side chain increases, is clearly evident. The probability of
silent amide I bands is three times higher in the tri-Tyr SERS spectra (21±2%).
Approximately the same number of spectra without amide I bands were collected for the
hexa-Tyr and tri-Tyr peptides (see Table 1). Thus, these data confirm that the number of
spectra with a suppressed amide I band correlates strongly with the bulkiness of the amino
acid side chain (Scheme 1).

Intriguingly, Tyr ring vibrational modes (at 856 cm−1 and/or at 823 cm−1) were observed in
100% of the SERS spectra acquired from homo-Tyr peptide (Figure 4) while amide I bands
were absent in 24±3% of these spectra. This clearly indicates that the enhancement affects
one part of the molecule leaving another branch untouched. Presumably this is due to a
specific orientation of the molecule on the metal surface. It is noteworthy, that the Tyr
amino acid residue including the side chain and the peptide bond is not bigger than 1-nm.
The fact that the Tyr side chain (phenol ring) can distance the peptide bond from the signal
enhancement indicates in our opinion that the peptide bond should be in a direct contact with
the metal surface to detect amide I vibrational modes in SER spectra. From this it can be
concluded that a direct contact with the surface is an essential requirement for chemical
interactions in SERS. Of course, more work is necessary to determine the distance
dependence of the amide I mode enhancement but this is beyond the scope of this
manuscript. One can hypothesize that the metal-peptide bond distance plays a crucial role in
the enhancement and varies for different chemical groups and/or vibrational modes. The
determination of the distance dependence of SERS for the peptide bond and Tyr will be a
target of future research.

An estimation of the number of enhanced Raman spectra with suppressed amide I bands
collected from native insulin and insulin fibrils is shown in Table 2. From these data, it is
evident that the number of enhanced spectra with a suppressed amide I band varies between
35% and 63%. The geometrical configuration of a metal nanostructure in addition to its
electromagnetic properties defines the enhancement activity.47, 48 In the homo-peptide
experiments, the proportion of spectra with suppressed amide I bands varies with the
excitation wavelength/metal identity. Spectra with suppressed bands are observed more
frequently in SERS with silver island films (530 nm excitation) than with gold nanoparticles
(785 nm excitation) (Table 2).

The use of gold colloids (785 nm) yields 35±4.5% of spectra without amide I bands for
insulin fibrils (selected spectra in Fig. S1), while the use of silver island films (532 nm)
yields 63±9% of spectra without amide I bands (selected spectra in Fig. 1). The TERS of
native insulin using AFM tip covered with silver (532 nm) result in 53±4.5% of spectra with
suppressed amide I bands, while the use of gold particles (785 nm) results in 40±3.5% of
spectra with suppressed amide I bands (Fig. 2 and Table 2). As mentioned previously, 88 of
162 total TERS spectra displayed suppressed amide I bands. For our statistical analysis, we
considered all the TERS spectra acquired from one fibril as a separate group. The large
standard deviation reported in Table 2 for the TERS experiments (58±26%) indicates that
some of the fibrils yielded only a few spectra with suppressed amide I bands, while some
fibrils exhibited a large number of these spectra. A better understanding of the factors
affecting these spectral results requires additional studies and is beyond the scope of this
article.
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As indicated in the Introduction, surface enhanced Raman spectra with and without amide I
band have been reported in the literature for many different protein containing systems and
various SERS substrates. In this study, we utilized two different SERS substrates, gold
colloids and silver island films for generating SERS of insulin fibrils, native insulin and
several short peptides. As evident from Table 2, a significant number of surface enhanced
Raman spectra of insulin in native and fibrilar form contain no amide I band. The latter is
true for all tested SERS substrates and conditions as well as for TERS of insulin fibrils. We
believe that the appearance and disappearance of amide I band in surface enhanced Raman
spectra is a general phenomenon and could be observed at various SERS and TERS
conditions for protein containing systems.

Conclusions
The application of SERS and TERS for studying biological systems, such as globular
proteins and amyloid fibrils, revealed that a substantial number of the collected spectra
display a suppressed amide I band.32-35, 45, 49 Approximately 50% of all the acquired spectra
from insulin fibrils do not exhibit amide I bands. This result was independent of the applied
technique (TERS or SERS), nanoparticle material and instrument and raised the question as
to whether this is a characteristic of the fibrillar state of insulin molecules. The study of
native insulin using both SERS and TERS revealed the same result: almost 50% of the
acquired spectra had a silent amide I band, suggesting that this phenomenon is not caused by
the protein aggregation state. Moreover, it was shown that the absence of this band could not
be attributed to a specific experimental setup or an aggregation state of the protein, but
rather to the bulkiness of the amino acid side chain. SERS studies of different homo-
peptides consisting of Gly-, Ala-, Tyr- and Trp-rich chains under a variety of experimental
conditions clearly demonstrated that the absence of amide I bands in the spectra depended
on the size of the amino acid side chain. The side chain increases the distance between the
peptide bond and the metal nanoparticle preventing their immediate contact. Based on these
results, we suggest that the surface enhancement of the amide I Raman band occurs due to
the short-range chemical mechanism in contrast to the physical mechanism. This
investigation enhances our ability to assign and better understand TERS and SERS spectra
of protein samples.

A new study published after the submission of this manuscript
A research paper has been recently published by C. Blum, T. Schmid, L. Opilik, N. Metanis,
S. Weidmann and R. Zenobi in J. Phys. Chem. C. (2012, 116, 23061-23066), which
addresses the problem of a silent amide I band in protein SERS and TERS spectra. It is
interesting that the authors report no TERS or SERS spectra of peptides and proteins, which
would show the presence of amide I band. Further investigation is required to understand the
difference in experimental results obtained in these two studies.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Selected TERS spectra (black) and SERS spectra (blue) of insulin fibrils with suppressed
amide I bands (—) and with evident amide I bands (---). Insulin fibrils were immobilized on
a glass slide for TERS measurements. An AFM tip covered by silver nanoparticles was
used. A silver island film evaporated on a glass slide18 was used in the SERS experiments.
For both TERS and SERS measurements, the excitation laser light with l = 532 nm was
used.
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Fig. 2.
SERS (black) and TERS (blue) spectra of native insulin with suppressed amide I bands (—)
and with detectable amide I bands (---). For SERS, insulin was mixed with gold nano-
particles and laser excitation at λ =785 nm was used. For TERS a silver island coated AFM
tip and excitation at λ =532 nm was used.
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Fig. 3.
Propensities of Cys, Phe, Tyr, Pro and His in SERS spectra of native insulin with a silent
Amide I band (red), and intense Amide I (blue).
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Fig. 4.
A) Selected SERS spectra of a Tpr-rich peptide (Trp-Arg-Trp-Trp-Trp-Trp) (red), hexa-Tyr
(green), penta-Ala (blue) and penta-Gly (black), measured at 785 nm on gold colloids, B)
selected SERS spectra of tri-Tyr, penta-Ala and penta-Gly, measured at 530 nm on silver
island films.
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Scheme 1.
Amino acid side chain length determines the silence of the amide I Raman band in surface
enhanced spectra. Localization of the peptide bond in close proximity (A) to the surface of a
70 nm metal nano-particle leads to the enhancement of the vibrational mode and the
appearance of amide I band in the SERS or TERS spectra. Distancing of the peptide bond
(B) by bulky side chains in amino acids dramatically diminishes its enhancement, which
causes a suppression of the amide I band. For better representation of the amide I silence
phenomenon, a proper scaling of the peptide bond to the metal particle was avoided.
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Table 1

Percentage of SERS spectra with suppressed amide I bands for each of the analyzed peptides.

Peptide Average % of SERS spectra without
Amide I

785/Au 532/Ag

Penta-Gly 0 -

Hexa-Gly - 6±1.5

Penta-Ala 0 7±2

Tri-Tyr - 21±2

Hexa-Tyr 24±3 -

Trp-Arg-Trp-Trp-
Trp-Trp

69±5
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Table 2

Amount of spectra with suppressed Amide I bands in TERS and SERS studies of native insulin and insulin
fibrils.

Method Metal of
nano-
particles

Excitation
wavelength,
nm

Native
Insulin,
average,
%

Insulin
fibrils,
average,
%

TERS silver 532 53±4 58±26

SERS silver 532 - 63±9

SERS gold 785 40±3.5 35±4.5
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