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One of the most intriguing findings in single-molecule spectros-
copy (SMS) is the observation of Raman spectra of individual
molecules;? despite the small cross section of the transitions
involved. To obtain single-molecule Raman spectra, individual
molecules have to be adsorbed on metallic nanoparticles, usually
silver or gold, at very low concentration. The observation of the
spectra can be explained by the surface enhanced resonance Raman
scattering (SERRS) effeét> However, the microscopic picture of
the enhancement for single molecules (SM-SERRS) is not yet fully .
elucidated. There is an ongoing debate about the heterogeneity of §
active sites on the silver nanoparticles and about the importance of £
various factors on the enhancement. These factors include enhance-
ment of the electromagnetic fields close to the surface through
interactions with the plasmon excitatiohshemical bonding and
the subsequent formation of a charge transfer 8tadectronic
resonance, the particle siZend the presence of anioh&Some
publications indicate that particle association might help to generate
an ultrahigh amplification factdr%11At the single-molecule level,
the SERRS spectra recorded as a function of time reveal inhOMO- 4007 1600 1400 1200 1000 8001800 1600 1400 1200 . 1000 . 800
geneous behavior such as on/off blinking, spectral diffusion, Raman Shift / cm™ Raman Shift / cm™
intensity fluctuations of vibrational linés’12and even splitting of

Figure 1. SERRS spectra of a single EGFP molecule (5 s integration time,

some lines within the spectrum of one molectfle. 500 nW excitation power) adsorbed on a silver colloid. (a) Averaged
SM-SERS spectroscopy opens up exciting opportunities in the spectrum built up by 80 different individual molecules. (b,c) The spectral
field of biophysical and biomedical spectroscdpyi® where it time series from two individual EGFP molecules.

could provide ultrasensitive detection and characterization of
biophysically relevant molecules and processes as well as vibrational
spectroscopy with extremely high spatial resolutibi The first
example of SM-SERRS of a heme protein has recently been
published'” However, some publications argue that the size of the
complete protein will not allow for the local huge amplification of
the Raman signal. It was suggested that the noncovalently bound
porphyrin group might diffuse out of the protein to be adsorbed

d|r$ctly on dthE.Ag naé)r;opartlcléj. ided i Because the excitation wavelength corresponds to the maximum
0 avol this problem, we eciae to use green uoresceljt of the absorption spectra of the deprotonated form of the EGFP
proteins (GFPs) for SM'SE.RRS studies. GFPs area 9"”‘?5 of IC’r‘)te"nschromophoree( = 56 000 Mt cm™Y), this results in a resonance

in which th? chr?]m;)phore rl1$ fo:]mezd autoc?rt:Iytlcarl]ly |nrs]|de a bf]\rrel enhanced Raman spectrum which allows to probe the chromophoric
structqre (lengt nm, neig .t qm). us, the CNromophore e without spectral interference from the surrounding environment.
(constituted by three amino acid residues of the protein) is part of Most of the peaks in the spectrum are in agreement with the

the protein and is kept in place by a complex hydrogen-bonding ensemble Raman spectrum of EGFP published b&fdrewithin
network. GFP and its mutants are widely used as fluorescent probes, \ oo o££10 enrt confirming that the Raman spectrum of EGFP

forPceIII(LjJ_Iar and b_'0|09'cat‘_| lstud|é§. duced by the L d Mei IWas measured. Furthermore the spectra show all characteristics for
_ POlydISperse siver particles were produced by the Lee and VIEISEl p 4 5 spectra of individual molecules mentioned in the introduc-
citrate reduction metho®,and the average size was shown to be

70 nm by AFM. Measurements were performed on an inverted
microscope used for SM detectiéhThe time evolution of the

SERRS spectra of a single enhanced green fluorescent protein
(EGFP) molecule adsorbed on a silver colloid excited at 488 nm is
shown in Figure 1. The wavelength resolution of the system is
approximately 10 cmt. The low ratio of EGFP molecules to colloid
particles (1:1) together with the low number of Raman active
particles ensures that spectra of individual molecules are measured.
The averaged spectrum from 80 molecules showing a SERRS signal
is depicted in Figure la.

As can be seen in the time series of the spectra from one EGFP
molecule, the signals abruptly changed in both frequency and
intensity. The most important feature within this series of the spectra

 Katholieke Universiteit Lewven. =~ is the sudden frequency jump from 1524 to 1562 ¢t 15 s.
§ Universite Catholique de Louvain. The band peaking at 1524 cincan be assigned to the delocalized
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Figure 2. (a) Intensity time trace of the integrated SERRS signal detected
from single EGFP molecule. Bin size is 5 ms. (b) Autocorrelation curve
obtained from a whole trace of the SERRS signal of EGFP displayed in
Figure 2a. (c) Histogram of the correlation times obtained from an integrated
SERRS trajectory. The histogram is built up by the traces from 20 different

molecules.

imidazolinone/exocyclic €C mode of the deprotonated form of
the chromophore, while the peak at 1562 ¢roan be attributed to
the same mode of the protonated fothThis frequency jump can

be interpreted in terms of a conversion of the chromophore from
the deprotonated to the protonated form. Although the conversion

of the chromophore between the deprotonated and the protonated Supporting Information Available:

form is commenly accepted to occur in EGFP and related proteins,
the presence of the protonated form has been assigned on the bas
of off-periods in the fluorescence of the protein in SM experi-
ments?6 This hypothesis is further corroborated here at the single
molecule level via the vibrational fingerprints of the protonated/
deprotonated forms. Another time series of the spectra (Figure 1c)
clearly displays the reversible conversion between the two forms.
While only the protonated form is observed in®, 5-10, and
25—30 s, the contribution of the deprotonated form is dominant in
10-15 s. Between 15 and 25 s, the peaks of both form are present.
These findings point to the fact that the reversible conversion takes
place in less time than the accumulation time (5 s).

In Figure 2a a time trajectory of the integrated Raman signal
(including the broad background discussed in a number of publica-
tionsf) of a single EGFP molecule adsorbed on a silver colloid is
shown. The contribution of the fluorescence of EGFP to the

an EGFP SERRS intensity trajectory shows multiexponential
behavior (Figure 2, b and c). Correlation times from hundreds of
microseconds to several tens of seconds were found (Figure 2, b
and c). Even autocorrelation analysis of one burst turned out to be
multiexponential (data not shown). At this stage we can only
speculate on the origin of fluctuations in the SERRS signal of EGFP.
Possible actors are desorption followed by small lateral diffuion,
rotational diffusion, the photophysical processes taking place in the
chromophore, rearrangements in the hydrogen-bonding network,
and subsequent coupling to thebarrel. Nevertheless, we believe
this first SM-SERRS study of EGFP shows the potential of the
technique to gain structural evidence for photophysical processes
thought to occur in fluorescent proteins. We were able to demon-
strate dynamic conversion between the protonated and the depro-
tonated forms of the chromophore in individual EGFPs. Our data
show that GFPs, genetic tags recently developed for fluorescence
measurements, are also good SERRS probes.
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