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Abstract
Two double-cysteine mutants of a small protein judiciously modified so that the cysteines appear at
axially opposite sides of the native fold were prepared such that different axes were defined in the
two mutants. Upon reduction, the disulfide bonds are broken, and the proteins act as bifunctional
ligands toward Ag nanoparticles, encouraging their assembly into nanoparticle dimers and small
aggregates such that, when excited with laser light, the proteins are automatically located at
electromagnetic hot spots within the aggregates. Because the protein molecules are small (~2.3 nm)
and because the electromagnetic energy at a hot spot tends to increase as the size of the interparticle
gap decreases, this nanoparticle–protein–nanoparticle geometry significantly enhances the Raman
emission at the metallic surface. Exploiting this effect, we have recorded surface-enhanced Raman
spectra (SERS) of the proteins at near-single-molecule level. The observed SERS spectra were
dominated by the vibrations of molecular groups near the anchor points of the proteins.

Introduction
Raman spectroscopy is extensively and routinely used as a sensitive vibrational spectroscopic
method for analysis and sensing. With the advent of new instrumentation and intense light
sources, Raman spectroscopy is no less sensitive nor more difficult than infrared, with the
added advantage that Raman is compatible with aqueous systems, an almost sine qua non for
biological applications.1-3 An embodiment of Raman spectroscopy called surface-enhanced
Raman spectroscopy (SERS) renders Raman potentially far more sensitive than infrared.4,5
With the enhancement offered by SERS, the cross sections normally measured for Raman
(10−30–10−25 cm2 per molecule)1-3 can, under favorable circumstances, be increased by as
much as 14 orders of magnitude (single-molecule SERS experiments),2,6,7 that is, to a point
where the Raman cross sections rival those of intense fluorescence. The SERS effect occurs
when the targeted molecules reside at appropriate sites at or near nanostructured systems
composed of certain metals such as silver or gold, and on average, the enhancement factor
ranges between 3 and 6 orders of magnitude. Theory8,9 predicts and experiment confirms that
exceptionally large increases in Raman cross sections are associated with molecules located
in the nanosized interstitial sites of aggregates of interacting silver nanoparticles (Ag-NPs).
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10-12 These favorable locations for exciting intense SERS are often referred to as “hot spots”.
The greatly enhanced signal observed at hot spots arises largely as a result of the increase in
the magnitude of both the incident and the scattered electromagnetic (EM) fields resulting from
the excitation of coupled, localized surface plasmons.

Almost since its discovery, SERS has been employed as a means of characterizing the
interaction between metal surfaces and biological molecules (such as proteins or DNA) or
detecting the formation of specific antigen–antibody complexes at such a surface.14-17 To
produce the level of enhancement required to report the presence of the Raman-nonresonant
target species at very low concentrations (such as those employed in this study), a large Raman
cross-section “label” (such as resonant dye) has been used. The Raman-resonant labels are
covalently attached to the target species, and the resultant conjugate is used to indirectly probe
the presence of the species of interest.15-17 That is, the surface-enhanced resonance Raman
spectra (SERRS) of the label are detected rather than those of the biomolecules themselves.
Label-free detection of biomolecules, in contrast, offers the advantage that it reports direct
spectroscopic evidence associated with the target molecule itself rather than the label.
Accordingly, a great deal of effort is currently being applied to label-free biosensing and
detection. Whereas great strides have been made in the label-free sensing of DNA, the ability
to selectively detect proteins at very low concentrations in the absence of labels remains fairly
limited.18-20

In this article, we report the label-free SERS spectra of two mutants of a small protein at very
low concentration. The two mutants belonging to the single-domain protein FynSH3 were well
characterized21 and modified so that they can act as bifunctional linkers for Ag-NPs, but no
Raman-resonant labels were covalently attached to the proteins. The NPs were then assembled
by the protein “linkers” into small clusters with the proteins located in the hot spots. It is well-
known that the electromagnetic field enhancement depends critically on the distance between
the silver particles and (at appropriate wavelengths) falls off rapidly as the interparticle gap
increases.8-12 Because the protein molecules are small (~2.3 nm), the nanoparticle–protein–
nanoparticle geometry significantly enhances the Raman signal collected from the nanogap,
enabling direct detection with minimal sample volume (i.e., in the absence of any Raman-
resonant labels as previously reported in the literature15-17).

Experimental Section
Chemicals and Procedures

All starting materials involved in the preparation of the Ag colloid and proteins were purchased
from commercial sources as analytical pure reagents.

Ag Colloid Preparation—A slightly modified Creighton sol was produced by borohydride
reduction of AgNO3. Briefly, a AgNO3 solution (3.4 mg in 20 mL of water) cooled to
approximately 10 °C was added dropwise, with constant stirring, to a NaBH4 solution (4.53
mg in 60 mL of water) precooled to 2 °C. Stirring was continued for another 50 min.

Protein Preparation—Double-cysteine mutants of the FynSH3 domain were generated and
confirmed by sequencing or by mass spectroscopy. The proteins were expressed (pET vector
in Escherichia coli) and purified by affinity chromatography (Qiagen) and reverse-phase HPLC
(C4, HP 1100, Waters).21

The proteins were conjugated to Ag-NPs at the cysteine sites. The protein was dissolved in a
50 mM NaPO4 buffer solution (pH 7.2), and the disulfide bonds were reduced with a 20-fold
excess of tris(2-carboxyethyl)phosphine HCl (Fluka). The reducing agent was removed using
a Sephadex G-25 gel filtration column (BioRad), after which protein solutions of different
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concentrations were immediately pipetted into the aqueous suspension of Ag-NPs and allowed
to incubate for several days to allow for efficient adsorption. However, several peaks could be
detected within the first hour of incubation (e.g., the C–S stretching mode at 677 cm−1). If
NaCl was added as an aggregation agent (0.25 mM final concentration), the aggregation
followed almost immediately (Figure S1 in Supporting Information). The final concentrations
of the protein in the Ag colloid were 5 × 10−5 and 5 × 10−9 M.

Instrumentation
Micro-Raman Spectroscopy and SERS—Micro-Raman and SERS spectra were
recorded with a LabRam system (Horiba Jobin Yvon) equipped with 1200 groove/mm
holographic gratings. The 514.5-nm output of a Spectra Physics argon-ion laser (model 164)
was used to excite the spectra. The output at the laser head was 70 mW. A laser power sensor
was used to determine the laser power at the sample and the optical losses introduced by
different optical components (such as optical filters, two Notch filters for the rejection of the
Rayleigh scattering, external mirrors, etc.). The laser power and the acquisition time were
carefully adjusted to increase the signal intensity in all spectra and minimize the background
arising from the decomposition of the sample under the laser beam or water. The background
significantly decreased or disappeared when the colloidal aggregates were deposited on a glass
cover slip at very low concentrations (5 × 10−9 M) and measured using acquisition times of 1
s (Figure 3 below). A small background was also noticed for the aggregated Ag sol in buffer,
in the absence of protein (for the same acquisition parameters). The spectra were collected in
the back-scattering geometry with a confocal Raman microscope (high-stability BX40)
equipped with Olympus objectives (LMPlanFl 100×, 50×, MPlan 10×). A Peltier-cooled CCD
camera served as the detector. The spectral resolution was 1 cm−1.

Electron Microscopy—A drop of the final solution was placed on a marked 400-mesh lacey
carbon-coated copper TEM grid (SPI Supplies) or a silicon wafer and allowed to dry. The
samples were imaged by TEM (JEOL JEM-1230 transmission EM) and high-resolution SEM
(JEOL 6340F). The beam intensity was kept at a minimum to reduce damage to the sample.

Results and Discussion
The 55-residue, predominantly β-sheet protein that was used in this study has been the subject
of exhaustive kinetic and thermodynamic studies.22 In both of the employed mutants, the
cysteine residues were judiciously located at opposite sites of the protein (K105C/S115C and
A95C/V141C), so that the introduced thiolate groups could act as linkers to the metallic NPs
(Figure 1a). The native-state distance between the two disulfide groups in the two mutants is
less than 2.3 nm.

The mutant proteins were dissolved in a sodium phosphate buffer (pH 7.2) and reduced with
a 20-fold excess of tris(2-carboxyethyl)phosphine HCl. Afterward, the reducing agent was
removed using a gel filtration column, and protein solutions of different concentrations were
immediately reacted with Ag-NPs. Ag-NPs with diameters of ~20 nm (Figure 1b and c) were
prepared by the borohydride reduction of silver nitrate. The final concentrations of the protein
in the Ag colloid were 5 × 10−5 and 5 × 10−9 M.

Breaking of the disulfide bonds during the reduction process makes the ensuing thiolate groups
accessible to the metal surface. As the new Ag–S bonds are formed, the protein draws the metal
particles together (Figure 1b and c), generating a SERS-active nanogap with the protein
molecule ideally positioned within it.

That such metal–protein–metal aggregates (primarily dimers) can produce intense and detailed
SERS spectra even at concentrations in the low nanomolar range is illustrated in Figure 2b and
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c. Similar SERS signatures were obtained at higher, micromolar concentrations (Figures S2
and S3 in the Supporting Information). No SERS spectra could be obtained under similar
conditions at very low concentrations and without a specific reduction of the disulfides bonds.

The SERS signal in Figure 2 was collected from a small focal volume (3.08 × 10−18 m3) within
a cell, illuminated with 514.5-nm laser light. Straightforward calculations (see the Supporting
Information) indicate that, on average, the focal volume contains approximately two NPs, with
several protein molecules attached. At the lowest final concentration studied here (5 × 10−9

M), we estimate that the average number of protein molecules in the focal volume is
approximately nine.

Ag–NP aggregates have high SERS activity toward the red portion of the visible spectrum,
where the plasmon resonances of aggregates normally lie. However, these resonances are
broad, and thus, the intensity of the SERS spectra that we observe at 514.5 nm are only
approximately an order of magnitude lower than those of the ideal case for Ag–NP dimers of
the diameters used in this study and for gap sizes of ~2 nm.11 In passing, we note that, despite
the fact that few NP clusters exist in solution, such clusters have a propensity to be drawn into
the tightly focused laser beam by the optical field gradient operating on the dipole induced in
the linked NP clusters.23

Upon close examination, it is apparent that the SERS and ordinary Raman spectra of the
K105C/S115C-modified protein (Figure 2) exhibit significant differences, suggesting that the
SERS spectrum depends on the relative disposition of the protein with respect to the metal
surface. It should be noted that ordinary solution-phase Raman spectra of these proteins could
not be recorded at the concentrations used for our SERS studies. While new peaks emerged or
changed their profile (e.g., position, relative intensity, full width at half-maximum) in the SERS
spectrum, others were absent. In SERS, such significant changes are often observed for
chemisorbed molecules, when the molecular and metal orbitals overlap resulting in new metal–
complex species.3,4 Moreover, vibrational fingerprint modes involving portions of the
molecule in the vicinity of the metal nanostructure should emerge as the most prominent bands
in the spectrum.

The S–S stretching mode24 observed at 515 cm−1 in the ordinary Raman spectrum of the neat
solid was absent in the SERS spectrum of the K105C/S115C mutant (Figure 2a and b),
consistent with the rupture of this disulfide bond upon reduction and protein-induced
aggregation of the NPs in solution. The C–S stretching mode associated with the cysteine
groups,24,25 in contrast, emerges as a very strong peak at 677 cm−1. Moreover, the strong and
broad band at approximately 167 cm−1 is due to the stretching vibration of newly formed Ag–
S bonds.25 This means that the cysteine groups are in the immediate vicinity of the nanoparticle,
with the C–S bonds most probably vertically oriented and strongly anchored to the metal
surface through the S atoms. The conclusion that metal–molecule–metal bridging occurs after
the disulfide bond cleavage is further supported by the increase in intensity or the appearance
of vibrational modes characteristic of aromatic amino acid groups (Table S1 in the Supporting
Information) located close to the cysteine thiolate and therefore in the immediate vicinity of
the two NPs. These mostly involve histidine (H, at 1399 and 1591 cm−1), tryptophan (W, at
707, 1084, 1132, and 1243 cm−1), and phenylalanine (F, at 1183 and 1591 cm−1).24,26-28 The
amino acid sequence in the two mutants is listed at the bottom of Figure 1a, where the cysteine
sites bearing sulfur atoms in the two mutants are marked in red (i.e., K and S for K105C/S115C)
and blue (i.e., A and V for A95C/V141C).

SERS spectra of the K105C/S115C mutant were also obtained at 1-s intervals from a colloidal
solution (final protein concentration of 5 × 10−9 M) deposited on a glass cover slip. Some of
the spots investigated along the sample showed temporal signal fluctuations (“blinking“). In a
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series of spectra recorded over a time period of 200 s, new peaks appeared or disappeared,
changed their profile or intensity, or significantly shifted. It is generally agreed that such sudden
spectral changes reflect the dynamics of one or very few molecules. A close examination of
the time evolution of the spectra in Figure 3 shows that the SERS signal of the K105C/S115C
protein alternates with that of graphitic carbon. This is represented by two distinct broad bands
at about 1360 and 1570 cm−1. In most cases, the signal disappeared completely after a certain
period of continuous exposure to the laser light, when water dried out completely. A
possible scenario that can explain the blinking pattern observed here is decomposition of the
bridging protein molecule into graphitic carbon and its replacement by another molecule that
has migrated into the hot spot and resumed the role of a molecular bridge. Such a process would
continue until all protein molecules were “consumed” and the signal disappeared completely.

The SERS spectrum of the A95C/V141C protein is similar to that of K105C/S115C. However,
several Raman bands due to tryptophan (W18 and W14 at 707 and 1084 cm−1, respectively)
24 and phenylalanine (F9a at 1183 cm−1)24,27 amino acids could not be detected for this system
(Figure 2c). Such a result could be expected, given that, for this mutant the cysteine groups
located close to the metallic surface are not surrounded by the mentioned residues (see the
amino acid sequence in Figure 1a). Hence, it appears that the modes involving vibrational
motions in the immediate vicinity of the metal–molecule interface are preferentially enhanced
in the hot spot. This is a common observation in SERS. In this case, however, it illustrates how,
by encouraging what is essentially the same protein to bind along different axes of its tertiary
structure, significantly different SERS spectra are observed.

Conclusions
In conclusion, label-free SERS spectra were obtained with visible excitation lasers from two
mutants of a small Raman-nonresonant protein illustrating several key features: (1) The double-
cysteine proteins bearing disulfide groups at opposite sites “self-assemble” with Ag-NPs in
such a way that the target molecules help create the electromagnetic hot spot in which they
reside. (2) The metal–molecule–metal geometry enables label-free and direct detection of
different presentations of the same protein with minimal sample volume (i.e., in the absence
of any Raman-resonant labels covalently attached to the biomolecule of interest). Although
visible excitation was used for this study, many of the Raman bands of the main and side chains
of the small proteins, including disulfide, aromatic amino acids, histidine, and carboxyl groups,
were observed with sufficient intensity to allow the identity of the molecule to be surmised for
biosensing applications.
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Figure 1.
(a) Two small FynSH3 proteins used as a linker between Ag-NPs (denoted K105C/S115C and
A95C/V141C). The protein is 70 amino acids long, but only 56 are structured, as shown. The
remaining unstructured portion of the protein is represented by a methyl group at the beginning
and 13 amino acids His-tag on the end. The cysteine sites bearing sulfur atoms are indicated
and connected by lines that denote pairs present in individual constructs. The native-state
distance between the two disulfide groups and the sequence separation of each construct are
also shown. (b) TEM image of a small NPs-dimer and trimer resulting from cross-linking with
the K105C/S115C mutant. The Ag-NPs can be identified as black, round particles that adhere
to the inner edge of the holes in the lacey carbon film of the grid. (c) SEM images of a small
NPs dimer (marked by a white oval) resulting from cross-linking with K105C/S115C. The NPs
dimer appears in this case as two very close white dots. At such low concentrations (i.e., 5 ×
10−9 M), most of the examined spots on the silicon wafer contain monomers, and only a small
percentage of the observed particles is represented by dimers or other small aggregates.
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Figure 2.
(a) Micro-Raman spectrum of the K105C/S115C-modified protein measured in the solid state
and (b,c) SERS spectra of the buffer solution of the two mutant proteins in Ag colloid (5 ×
10−9 M), (b) K105C/S115C and (c) A95C/V141C in Ag colloid (5 × 10−9 M). Excitation line,
514.5 nm; laser power at the sample, 1–10 mW; acquisition time, (a) 20 and (b,c) 200 s.
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Figure 3.
Time-resolved SERS spectra collected at 1-s intervals (b–g) from the metal–(K105C/S115C
protein)–metal nanogap of an aggregate deposited on a glass cover slip (5 × 10−9 M). Six
spectra were selected to highlight sudden spectral changes in intensity and position. Excitation
line, 514.5 nm; laser power at the sample, 0.05 mW; acquisition time, 1 s. (a) Average SERS
spectrum obtained in a buffer solution (from Figure 2b), included for comparison reasons.
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