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Abstract: Surface-enhanced Raman spectroscopy (SERS) is a
sensitive label-free optical method that shows potential for single-
molecule sequencing. However, SERS detection of protein
sequences with single-residue sensitivity suffers from signal
dominance of aromatic amino acid residues and backbones, impeding
detection of non-aromatic amino acid residues. Here, we trap a gold
nanoparticle in a plasmonic nanohole to generate a single SERS hot
spot for single-molecule detection of 2 alike polypeptides (vasopressin
and oxytocin) and 10 distinct amino acids that constitute the 2
polypeptides. Significantly, both aromatic and non-aromatic amino
acids are detected and discriminated at single-molecule level either at
individual amino acid molecules or within the polypeptide chains.
Correlated with Molecule Dynamics simulation, our results suggest
that the signal dominance due to large spatial occupancy of aromatic
rings of the polypeptide sidechains on gold surfaces can be overcome
by the high localization of the single hot spot. The superior spectral
and spatial discriminative power of our approach can be applied to
single-protein analysis, fingerprinting and sequencing.

Introduction

The advent of analytical techniques with extremely low limits of
detection has led to dramatic progress in the field of single-
molecule sensing and in particular in nucleic acids sequencing!'l.
In particular, revolutionary advances in DNA sequencing
technology based on nanopores have been achieved during the
last decades®, but the research interest on this topic is still
enormous. The next technological revolution would be a fast and
reliable analysis and sequencing of proteinsl® that are the primary
actors in virtually all life processes. Coded by DNA sequences
known as genes, proteins can yield far more compelling
information than may be gleaned from DNA alone. Single-
molecule analysis of proteins would be of enormous value by

offering the potential to detect, for example, low-abundance
proteins that are overshadowed by high-abundance proteins in
mass spectroscopic measurements of biological fluids(“.

One major limitation in single-molecule sequencing of proteins is
the discrimination of the 20 distinct amino acids that are the
building blocks of proteins. The electrical readout method that was
successful to discern 4 distinct current levels for nucleobases in
single DNA faces a big challenge to recognize the 20 distinct
current signals corresponding to the amino acidsP®l. Alternatively,
integration of optical detection methods such as fluorescencel®!
and surface-enhanced Raman spectroscopy (SERS)® 71 have
shown interesting potential in complementing the electrical
readouts. Significantly, plasmonic nanopores are demonstrated to
offer improvements to not only detection but also slowing down
protein translocation.®! In a recent work, we demonstrated that a
plasmonic nanopore allows multiplex SERS discrimination of
single DNA with single-base sensitivity!l.

SERS relies on plasmonic metal nanostructures that exhibit an
amplified and localized electromagnetic field on their surface (so-
called hot spot) upon illumination of their resonant wavelength.
When analyte molecules enter a hot spot, the latter excites and
enhances the Raman signals of the molecules to emit SERS
spectra. Even though a hot spot usually covers more than one
molecule (multi-molecule), the SERS spectra can distinguish their
species as well as count their amount in the hot spot due to their
narrow fingerprint Raman peaks.”®! Such capability of multiplex
discrimination has been demonstrated to detect single
biomolecules such as DNA and proteins!'® 11,

A key step to single-protein sequencing by SERS is discrimination
of single amino acid residues in a protein chain. Nevertheless,
SERS spectra of proteins and amino acids suffer from two
problems. The first one is that the SERS spectra of proteins are
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dominated by the spectra of aromatic amino acid residues and
backbones!''"'%l. Non-aromatic amino acids are invisible in the
protein spectra. Among the 20 types of amino acids, only 4 of
them have aromatic rings. As a result, plenty of structural
information of the proteins is missing unless single-molecule
spectra of non-aromatic amino acid residues in a protein are
identified. Moreover, SERS detection of individual non-aromatic
amino acids at single-molecule level are still missing, probably
due to their small Raman cross-sections and fast movement in
solution. Secondly, SERS spectra of both proteins and individual
amino acids exhibit peaks much broader than those in normal
Raman spectra, hindering the multiplex discrimination of amino
acids in the protein chains.!'> 'l The peak broadening is partially
due to SERS signals collected from many hot spots of the
plasmonic nanostructures on which the analyte molecules are
adsorbed with different conformations.'¥ Therefore, a SERS
system able to detect single non-aromatic amino acids from a
single hot spot is desired to lay a foundation towards single-
molecule protein analysis and sequencing.

Recently, we developed an electro-plasmonic system able to
generate a single strong SERS hot spot to discriminate single
DNA bases in oligonucleotides!”l. Here, we use the same electro-
plasmonic system to explore the residue difference at the single-
molecule level between two alike and important polypeptides,
Vasopressin (VAS) and Oxytocin (OXT), which consist of nine
amino acids and differ by two distinct amino acid residues!'®l.
Briefly, analyte molecules are firstly adsorbed on gold nanostars
(AuNSs), which are then trapped in a gold nanohole to create a
single SERS hot spot for exciting the molecules and producing
single-molecule SERS spectra. We show that the approach is
able to discriminate VAS from OXT by the Raman spectra of the
amino acid residues, including the non-aromatic ones. To further
demonstrate the capabilities of the method, we collect single-
molecule SERS spectra of 10 types of amino acids that are the
building blocks of the polypeptides. Both aromatic and non-
aromatic amino acids are successfully detected with small peak
widths as results from single amino acids excited by the intense
hot spot. This result proves that Raman Spectroscopy enhanced
by a plasmonic hot spot can provide most of the features
necessary to achieve protein detection or sequencing at single-
molecule level without the trouble of labelling. These features are
namely: 1) it can reach spatial resolution comparable to single
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amino acids; 2) it can reach single-amino-acid sensitivity; 3) it has
the spectroscopic discrimination power necessary to determine
which amino acid is flowing through the hot spot. Finally, the
spectra are analyzed with Molecule Dynamics simulation to
evaluate residue conformations of the polypeptides adsorbed on
the AuNSs, which may shed light on the aforementioned two
problems of protein SERS.

Results and Discussion

Single-molecule spectra of individual amino acids by single
hot spot.

The electro-plasmonic system consists of a gold nanohole array
with a diameter of 200 nm on a SiN membrane that is sandwiched
in a microfluidic cell (see Supplementary Note 1 for details).
Figure 1a-c show a schematic description of the key elements and
working principle of the system. After the analyte molecules, such
as the polypeptides in Figure 1d,e, are adsorbed on the AuNSs
(Figure 1c), an electrical potential from 0 to -3 V is applied across
the membrane to drive the negatively-charged AuNSs in
electrolyte from the lower reservoir to the upper one through one
of the gold nanoholes. When the nanohole is resonantly
illuminated by a 785 nm laser, it generates an intense plasmonic
force that can drag a passing AuNS to its sidewall as near as
around 5 nm and trap it for tens of secondsl’l. Before being
trapped in the nanohole, the AuNS in solution can have many tips
(Figure 1c and Supplementary Figure S1) that act as hot spots
with similar field intensities!'”l. Once the AuNS is trapped, the
plasmonic coupling between the nanohole wall and the AuNS tip
near the wall induces a plasmonic gap mode on the AuNS tip with
a field intensity at least 2 orders of magnitude higher than those
of AuNS tips far from the nanohole wall'®, and ultrahigh
localization with a size similar to that of a nucleobasel’l. The
SERS signals of the molecules enhanced by the gap mode are so
strong that they actually screen SERS signals from other tips,
leading to a definite strong, single hot spot (Figure 1b). When
analyte molecules with a size similar to the hot spot form
submonolayers on the AuNS, the single hot spot covers only 1
such molecule in most cases and thus produce single-molecule
SERS spectra (Supplementary Figure S2), as already
demonstrated in our previous workll.
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Figure 1. Electro-plasmonic system with single SERS hot spot. (a) Schematic of the microfluidic setup that allows single AuNSs to be trapped in a gold nanohole
with plasmonic resonance upon laser excitation at 785 nm. (b) The trapping leads to a single strong and extremely localized SERS hot spot between the AuNS tip
and the nanohole sidewall that allows single-molecule SERS. (c) TEM image of the AuNS. The scalebar is 10 nm. The sequences of the 2 polypeptides measured
by the electro-plasmonic system: (d) Vasopressin and (e) Oxytocin, in which the different amino acid residues are underlined.
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Accordingly, our system produces single-molecule SERS spectra
by adsorbing submonolayers of amino acids on the AuNSs
(details in Supplementary Notes 1). The single-molecule spectra
from a trapped AuNS are strikingly different from multi-molecule
spectra produced by the AuNSs diffusing in solution. For example,
when sub-monolayers of Arginine (Arg) are adsorbed on the
AuNSs (Arg-AuNS), an Arg-AuNS trapped in the nanohole
produces stable single-molecule spectra with narrow peaks
(Figure 2a and colored curves in Figure 2b). On the contrary,
multi-molecule SERS spectra from AuNSs diffusing in solution
exhibit irreproducible broad peaks (black curve in Figure 2b and
Supplementary Figure S3). The broadening can be due to
different conformations of the molecules that are adsorbed on
multiple tip hot spots of the diffusing AuNSs. In contrast to an
average width of around 15 cm™' for the CHz peak at 899 cm™ in
the multi-molecule spectra, the single-molecule peaks had an
average peak width as small as 7 cm™ (Figure 2c,d). In fact, the
broad multi-molecule peak, such as the CHz deformation mode at
899 cm' in Figure 2¢, can be regarded as a sum of the shifting
single-molecule peaks!'¥, each of which represented specific
conformations and orientations of the adsorbed Arg molecules.?%

The Raman cross-sections of the non-aromatic amino acids were
up to 4 orders of magnitude smaller than those of the aromatic
amino acids under resonant excitation at 206.5 nmi2'l, whereas
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they remain unknown under non-resonant excitation such as the
785 nm excitation used in our case. To test the sensitivity of the
platform, we collect single-molecule spectra of 9 additional
different amino acids, including aromatic Phenylalanine (Phe),
Tyrosine (Tyr), as well as non-aromatic Glycine (Gly), Leucine
(Leu), Isoleucine (lle), Cysteine (Cys), Proline (Pro), Glutamine
(GIn) and Asparagine (Asn) respectively, as reported in
Supplementary Note 4. Together with the Arg, they are the
building blocks of the OXT and VAS. By considering the surface
selection rules for SERS and molecule sizes, the intensities of the
2 strongest single-molecule SERS modes of the 10 amino acids
differ within 1 order in magnitude (Table 1). On the other hand,
their reproducible single-molecule spectra exhibit similar narrow
peaks to those of the Arg (Supplementary Note 4). Successful
identification of the amino acids is performed by assigning at least
2 peaks (see Supplementary Table S3). Significantly, all the 8
non-aromatic amino acids are identified at single-molecule level
for the first time. Figure 3 lists representative single-molecule
spectra of the 10 individual amino acids that show distinct and
narrow ‘Raman peaks. They demonstrate an unprecedented
spectral discriminative capability of our electro-plasmonic system
because of the sensitive single hot spot. They also lay the
foundation for using the SERS spectra to discern further single
amino acid residues in the OXT and VAS by our system.
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Figure 2. Single-molecule SERS from trapped Arg-AuNSs. (a) SERS time series of trapped submonolayer Arg-AuNS. The color bar represents signal-to-base peak
intensity. (b, c) Comparisons between single-molecule spectra (colored lines) of trapped submonolayer Arg-AuNS extracted from (a) and multi-molecule spectrum
(black line) from multilayer Arg-AuNS diffusion in solution extracted from Supplementary Figure S3. The vertical black dashed lines indicate assignment of Arg
SERS modes according to Ref.[?? (d) Histograms of the 899 cm! peak widths of the single-molecule spectra (a) and multi-molecule spectra (Supplementary Figure

S3), respectively.
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Figure 3. Single-molecule SERS spectra of 10 types of individual amino acids
extracted from Supplementary Note 4. Spectra from top to bottom are: Leu, Gin,
Asn (intensity x 2), lle, Arg, Pro (intensity x 3), Phe (intensity x 3), Tyr, Cys, Gly
(intensity x 5).

Multiplex discrimination of single amino acid residues in
single polypeptides.
Both VAS and OXT are polypeptides of nine amino acids (a
nonapeptide). Their sequences are:[16]

VAS: C terminus-Cys1-Tyr2-Phe3-Gln4-Asn5-Cys6-Pro7-
Arg8-Gly9-N terminus

OXT: C terminus-Cys1-Tyr2-lle3-GIn4-Asn5-Cys6-Pro7-
Leu8-Gly9-N terminus
As underlined, the sequential differences of VAS and OXT are
characterized by 2 amino acid residues at position 3 (Phe > lle)
and position 8 (Arg = Leu). Both polypeptides have cycled
topology due to S-S bonds formed between the two Cys residues
at position 1 and 6, as shown in Figure 1d,e. Since the VAS has
the Tyr and Phe residues and the OXT has the Tyr residue, multi-
molecule SERS spectra of the polypeptides in literature were
usually dominated by the spectra of the corresponding aromatic
amino acids.[12, 13]

By adsorbing polypeptide submonolayers on the AuNSs and
trapping them in our electro-plasmonic system, SERS spectra of
single polypeptides with narrow peaks are produced. In the single-
polypeptide spectra, SERS peaks of all the amino acid residues
are distinguishable with peak assignments of at least 2 Raman
modes. Here we focus on the SERS spectra of the sequence-
characterizing residues at position 3 (Phe3 verse lle3) and
position 8 (Arg8 verse Leu8) and the neighboring ones, the
spectra of other residues can be found in Supplementary Note 5.
For example, the single-VAS SERS spectra show stable Tyr2-
only peaks (Figure 4a,b) and Phe3-only peaks (Figure 4c,d) from
different measurements, respectively, which last stably for tens of
seconds. Similarly, multi-residue peaks are also observed, such
as 2-residue peaks of Pro7-Arg8 (Figure 4e,f). The high
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probability of the multi-residue peaks (Supplementary Note 5)
remains even when we lower the number of VAS in the
submonolayer adsorbed on the AuNSs (Supplementary Table S1).
By identifying the non-aromatic amino acid residues, the residues
Phe3 and Arg8, unique to VAS, have all been characterized.

Table 1. Topological polar surface areas and intensities of 2 strongest SERS
modes from single-molecule spectra of individual amino acids in Supplementary
Note 4.

Amino Topological polar SERS modes Intensity

Acid surface area 123 (A2) (cm™) (count)

1043 55
Gly 63.3

1406 43

670 62
Cys 64.3

1132 28

1171 102
Leu 63.3

1527 129

930 135

lle 63.3

1448 115

724 113
Asn 106

1249 93

916 252
Gin 106

1280 102

1180 292
Arg 128

1595 155

844 76
Pro 49.3

1565 51

812 435
Phe 63.3

1199 344

1167 306
Tyr 83.6

1569 286

Notably, no signals from aromatic amino acid residues appear
together with the signals from non-aromatic ones, such as Pro7,
in the single-VAS spectra in Figure 4e, even though SERS modes
of individual aromatic Phe or Tyr are around 8 times in intensity
stronger than those of Pro from Table 1. It means that the single-
residue peaks in Figure 4a-d are due to excitation of one aromatic
amino acid residue in the VAS chain. Furthermore, the peaks of
different residues of single VAS in Figure 4 suggest that the hot
spot covers and excites different segment of the VAS chain rather
than the whole VAS molecule.

The AuNSs in this work have an average diameter of 50 nm and
their tips have an average apex diameter of around 10 nm (Figure
1c). The extremely localized hot spot here should be due to
random atomic protrusions on the AuNS tip, which were reported
in recent SERS studies of gold nanoparticles on gold films 2% 24
as well as in literatures of tip-enhanced Raman spectroscopy!®!
by other groups. Such a small hot spot was also observed in our
previous work that detected single nucleobases in single
oligonucleotide molecules.[7] Here the size of the hot spots can
be estimated by the size of single Tyr molecule between
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Figure 4. Multiplex discrimination of amino acid residue in single Vassopresin adsorbed on the AuNS (VAS-AuNS). SERS time series of (a,b) single Tyr2, (c,d)
single Phe3 and (e,f) Pro7-Arg8 of different single VAS-AuNSs, respectively. Colored arrows indicate the spectra in (b,d,f) corresponding to times in (a,c,e) marked
by the white dotted lines. Black dotted lines in (b,d.f) indicate frequency positions of the SERS modes of corresponding amino acids according to Refs.[2% 26-28]

the topological polar surface area of Tyr (83.6 A2 from Table 1)
and a maximum accessible surface area of Tyr (255 A2 from
Supplementary Table S1). The topological polar surface area and
the intensities of the SERS modes of individual Arg are
comparable to those of Tyr. Yet single-Arg8 peaks are not
observed which might be a result of a folded conformation of the
sidechain.

A common feature shared by the multiplex spectra in Figure 4 is
that some SERS modes blink while some remain constant,
suggesting changes of molecular conformations!®®. Such features
are also found in some spectra of individual amino acids (Figure
2a and Supplementary Note 4). In particular, the absence of ring
breath modes of Phe, Tyr and Pro can be used to characterize
geometry of the molecules on the surface due to the surface
selection rules for SERSIO. Briefly, the plasmonic hot spot on the

AuNS tip has electric polarization parallel to the surface normal of
the tip surfacel’l. If an aromatic ring is flat on the tip surface, its
ring breathing vibration is vertical to the hot spot polarization and
thus can not be enhanced by the hot spot, leading to suppressed
intensity of the ring breath mode®®l. When the aromatic ring is
tilted with respect to the tip surface, its ring breathing vibration has
a component that is parallel to the hot spot polarization and thus
can be enhanced by the hot spot %, Accordingly, the absence of
ring breath doublets at 860 and 828 cm™' of Tyr characterize a flat
adsorption geometry on surfacel?®, which is the case of Figure
4a,b. Also, the absence of the Phe ring breath mode, CC(ring), at
1006 cm™ characterize a flat adsorption geometry of Phe3[2l,
Therefore, Figure 4c,d presents a rotation process of the Phe3
ring: the Phe3 ring is tilted at 174 s due to strong ring breath mode
at 1006 cm™ and then turns flat when the ring breath mode
vanishes at around 201 s. Moreover, the absence of the Pro ring
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Figure 5. Multiplex discrimination of amino acid residue in single Oxytocin adsorbed on the AuNS (OXT-AuNS). Multiplex SERS time series of (a,b) Tyr2-1le3, (c,d)
Cys1-Tyr2, and (e,f) Pro7-Leu8 of different single OXT-AuNSs, respectively. Colored arrows indicate the correspondence of the spectra in (b,d,f) corresponding to
times in (a,c,e) marked by the white dotted lines. Black dotted lines in (b,d,f) indicate frequency positions of the SERS modes of corresponding amino acids

according to Refs.[22 2628

modes, CC(ring), at 990 and 910 cm™ suggests flat pyrrolidine
ring of Pro on the surfacel®®, which is the case at 46.5 s in Figure
4e,f. A rotation of the Pro7 pyrrolidine ring from tilted to flat
geometry due to the disappearance of the ring mode of 990 cm’
occurs at 43.5 s.

SERS spectra of single OXT (Figure 5) are also measured by
adsorbing OXT submonolayers on the AuNSs and trapping them
in the electro-plasmonic platform. Different from the single-VAS
case, no single-residue peaks are observed in the single-OXT
spectra. Significantly, Tyr2-lle3 peaks are observed for a few
seconds in Figure 5a,b as the only case that signals of both
aromatic and non-aromatic amino acid residues appear together.
The Tyr2 modes have intensities around twice those of lle3
modes. Tyr2 is in flat geometry due to absence of the ring
doublets at 860 and 828 ¢cm'.?8 Conformational change of Tyr2
is more obvious in the Cys1-Tyr2 peaks in Figure 5c,d where the
Tyr2 ring turns to be more tilted on the gold surface during 56 -
58.5 s due to strengthening of the ring mode at 860 cm™'. Pro7-

Leu8 peaks in Figure 5e,f exhibit moderate intensity of the Pro
ring mode at 910 cm™' to suggest a tilted Pro7 ring 281, As expected,
the amino acid residues (lle3 and Leu8) unique to OXT have all
been characterized by our system. Direct comparison between
Figure 4 and Figure 5 (summarized in Supplementary Figure S12)
identifies clearly the residue differences between VAS and OXT
at position 3 (Phe3 verse lle3) and position 8 (Arg8 verse Leu8).
Itis the narrow peak width that allows the multiplex discrimination.

Influence of the hot spot to the sidechain conformations.

Although the ring breath modes can characterize the ring
geometry of the aromatic amino acid residues, the conformations
of the non-aromatic ones remain difficult to explain by the SERS
spectra. To have a better understanding of the sidechain
conformations, we use Molecule Dynamics (MD) to simulate the
VAS and OXT on gold surfaces in an aqueous environment,
respectively (details in Supplementary Note 6). Figure 6a, b show
2 most probable conformations of the VAS on gold surfaces,
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some residues of which are in agreement with the spectra in
Figure 4. Briefly, the rings of Tyr2, Phe3 and Pro7 residues are
flat on the surface in Figure 6a, whereas Figure 6b shows a tilted
Phe3 ring and vertical Pro7 ring. Similarly, MD models of single
OXT on gold surface (Figure 6c, d) are in agreement with the
aromatic sidechain conformations derived from the SERS spectra
in Figure 5. In the model in Figure 6¢, Tyr2 ring remains flat on
the surface and interacts with the 1le3, which may explain the
Tyr2-1le3 modes in Figure 5a,b. In addition, the Cys1-Cys6 bond
is attached on the gold surface, in agreement with the Cys1-Tyr2
modes (Figure 5c¢,d). In both Figure 6¢ and 6d, the Pro7 ring is
tilted, in agreement with Pro7-Leu8 modes in Figure 5ef.
Therefore, the correlations between the simulated aromatic ring
geometries and those derived from the SERS spectra justify our
MD models. The single hot spots due to the random atomic
protrusions on the AuNS tip could be localized at the positions of
these residues to produce the corresponding spectra.

The MD-based models provide insight to the SERS features of
other non-aromatic amino acid residues. For instance, very few
Cys peaks are observed in the VAS spectra (Supplementary
Figure S10), probably because the Cys1-Cys6 are distant from
the gold surface according to Figure 6a. Furthermore, the cycled
structure due to the Cys1-Cys6 bond limits the conformation
patterns but leaves more freedom to the Pro7-Arg8-Gly9 tail,
which are affected by the pyrrolidine ring of Pro7. The Arg8 is
close to Gly9 (Figure 6a) when the pyrrolidine ring of Pro7 is flat
on the surface. The Arg8 is far from Gly9 (Figure 6b) when the
pyrrolidine ring of Pro7 is vertical on the surface. Here, we can
see from the models that the rings of the aromatic amino acid
residues tend to touch the gold surface as low-energy
conformations (Supplementary Note 6) and they are thus
enhanced the most by the hot spot. They can prevent other non-
aromatic amino acid residues from approaching the enhancing
surface due to their rigid structures and large spatial
occupancy[31]. This may explain the dominance of the SERS
peaks of the aromatic amino acid residues in multi-molecule
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protein SERS spectra in literature. Therefore, it is the small hot
spot of our system that leads to the localized excitation and
discrimination of the non-aromatic amino acid residues.
Otherwise, if a hot spot is large enough to cover the whole VAS
molecule, the aromatic amino acid residues will be enhanced
more than the non-aromatic ones, leading to the dominance of
those signals.

From the MD simulations, the polypeptides actually change their
conformations on the gold surface from time to time
(Supplementary Note 6). The dynamics of the sidechain peaks in
the SERS time series of single polypeptides in Figure 4, 5 and
Supplementary Note 5 suggest that the polypeptide chains move
across the single hot spots. The polypeptide conformation can be
influenced by the strong hot spot that can induce two possible
effects: heating®®! and optical trapping®?. The former increases
the thermal diffusion of the molecule, whereas the latter traps the
molecule in the hot spot. For individual aromatic amino acids,
such as Phe and Tyr, their SERS spectra suggest that their
aromatic rings are kept flat in the hot spot for =2 60 s
(Supplementary Figure S8). In comparison, another single-
molecule study at low temperature indicated that a dye molecule
with aromatic rings took <10 s to rotate on gold surface at 90 K2,
The room temperature in our measurement of individual Phe and
Tyr should speed up the rotations. Therefore, the difference of
rotational times suggests a dominant role of the optical trapping
effect in the case of individual amino acids. However, when it
comes to polypeptides, the rotational times of the aromatic rings
of their aromatic sidechains become shorter, ranging from 1 to 30
s, as suggested by the spectra in Figure 4. It is obvious that the
molecule size also plays a role, and more work is needed to
investigate it. These observations demonstrate that our electro-
plasmonic system has the potential to study conformation
changes that large biomolecules, such as polypeptides, can
undergo on gold surfaces in aqueous environment.
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Figure 6. Representative structures of the most probable absorbed conformations of the polypeptides on a gold surface obtained via molecular dynamics simulations.
(a,b) 2 most probable conformations for Vasopressin on a gold surface. (c,d) 2 most probable conformations for Oxytocin on a gold surface. Upper panels are the

top views of the molecule while lower panels are the side views.
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Conclusion

By trapping gold nanoparticles with adsorbed submonolayers of
molecules to generate single strong hot spots, our electro-
plasmonic system demonstrates multiplex SERS spectroscopy
with narrow peaks and single-molecule sensitivity. 10 types of
amino acids with and without aromatic rings are firstly measured
at the single-molecule level to demonstrate the sensitivity and
spectral discriminative capability. Then, by measuring single VAS
and OXT individually, the produced multiplex spectra not only
discriminate the residue differences between them, but also
characterize conformation dynamics of the polypeptides on gold
surfaces with corresponding simulations by Molecule Dynamics.
The Molecule Dynamics models in our work provide insight into
the problem of how the spatial occupancy of aromatic rings on
surfaces leads to the signal dominance of aromatic amino acids
residues in protein SERS.

By constructing a single hot spot with single-molecule sensitivity
and high localization, our work solves the problem that signals of
non-aromatic amino acid residues are invisible in protein SERS
spectra, laying a foundation for the single-molecule protein
sequencing. In fact, the 3-residue peaks from the single-
vasopressin spectra can discriminate 3 different amino acid
residues in a single polypeptide chain consisting of 9 residues,
which suggests a sequencing capacity of the protein sequences
up to 3° = 19,683.%% Recently, an ultrafast SERS technique
allowed detection time of single-molecule events to reach
microsecond scale®*. A combination of our platform and the
ultrafast detection technique can pay the way to single-protein
detection and analysis. Therefore, we believe that our work
represents a significant improvement towards single-molecule
protein sequencing.

Supporting Information

Details of materials, fabrications, Raman measurement,
characterization, data processing, Molecular Dynamics
simulations and additional SERS spectra can be found in
Supporting Information.
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Sensing of protein sequences by surface-enhanced Raman spectroscopy (SERS) suffers from the signal dominance of aromatic amino
acid residues and backbones, which hampers the ability to detect nonaromatic amino acid residues. Here, we use a single, localized
SERS hot spot in an electroplasmonic trap that allows for detection of aromatic and nonaromatic residues in single polypeptides due
to the hot spot close in size to that of an amino acid.
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