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ABSTRACT 
 
Metallic nanoparticle aggregates coupling strong surface plasmons with a Raman reporter molecule have 
been developed for application in multiplexed optical imaging.  Of interest to our work is the ability of the 
agents to serve as surface-enhanced Raman spectroscopy (SERS) probes. We present the seed-mediated 
synthesis and characterization of rhodamine B isothiocyante Au nanoclusters (RhB-AuNCs).  RhB-AuNCs 
are anisotropic structures which contain the Raman reporter, RhB, embedded between a gold aggregate 
core and gold surface layer.  In contrast to typical SERS studies, the Raman signal originates from the 
probe (RhB-AuNCs) and not from RhB incubated with a noble metal colloid.  Characterization of the 
probes’ optical properties is presented.  The overall goal of our study is to prepare probes that may be used 
for the identification and spectroscopic labeling of multiple molecular biomarkers utilizing SERS imaging. 
 
 
 

Keyword list:  gold, nanoparticle, plasmonics, Raman,  , SERS 

                                                 
∗ To whom correspondence may be addressed.  E-mail:  michael.a.mcdonald@nist.gov 



2 

1.  INTRODUCTION 
 

Raman spectroscopy is one of the most powerful techniques for determining molecular vibrational states 
and hence the unique molecular fingerprint of complex molecules.1  However, the inherently weak Raman 
cross-section of most probes severely limit the techniques applicability to biological systems.  Surface-
enhanced Raman spectroscopy (SERS) overcomes these limitations, reportedly being capable of enhancing 
the intensity of Raman scattering by as much as 1014 via coupling of the surface plasmon of noble metal 
nanoparticles to excited electronic states in Raman active dyes.2   
 
SERS spectral signatures produced by Raman reporters in proximity to Au nanoparticles are ideal for 
multiplexing; enabling the simultaneous detection of multiple biomolecular targets.3  Fluorescent dyes and 
quantum dots have limited utility in multiplexed bio-labeling applications due to the overlap of emission 
peaks and interference from tissue autofluorescence.4  Additional drawbacks, not present in Raman-based 
methods, include photo-bleaching and quenching.   

 
Various small organic compounds, including fluorescent dyes such as rhodamine B isothiocyante (RhB),5 
fluorescein isothiocyanate (FITC),6 and indocyanine green (ICG),7 have been used as Raman spectroscopic 
markers.  While ICG, for example, has utility in biomedical imaging as a fluorescent dye when used at 
relatively high concentration, other probes such as RhB, have toxicity profiles that would limit use in vivo.8  
In contrast, Au colloids have been used therapeutically in the treatment of arthritis for decades.9   

 
In advance of biological studies, and in order to minimize potential toxicity issues, we have developed a 
probe in which the Raman reporter, RhB, is embedded in Au nanoclusters (AuNCs) and hence isolated 
from the external environment.  Rhodamine B Au nanoclusters (RhB-AuNCs) were synthesized by NH2OH 
mediated reduction of Au on RhB conjugated 5 nm Au colloidal seeds.10  In exploiting the surface-
enhanced Raman effect this design allows increased sensitivity of detection while lowering the overall RhB 
and Au concentration.  In contrast to typical SERS studies, 11 the Raman signal originates from the Au-
capped probe (RhB-AuNCs) and not from a Raman dye incubated with Au colloid.  The use of core-shell 
silica-coated Au colloids with embedded Raman reporters has been demonstrated by others.4  However, to 
the best of our knowledge, Au core-Au shell particles incorporating Raman dyes have not been reported.  
The present study represents a first step in the development Raman-active agents that will be subsequently 
functionalized for biomarker targeting.  The overall goal of our study is to prepare probes that may be used 
for the identification and spectroscopic labeling of multiple molecular biomarkers utilizing SERS imaging.     

 
2.  MATERIALS AND METHODS 

 
HAuCl4•H2O, NH4OH, NaOH, and rhodamine B isothiocyanate (RhB) were purchased from Aldrich 
(Milwaukee, WI) and used without further purification. ∗  5 nm spherical gold colloid was purchased from 
Ted Pella (Redding, CA).  Distilled, deionized water was used for all solution preparations and 
experiments.   
 
A schematic of our preparation method is shown in Figure 1.  To synthesize RhB-AuNCs a 1 ml solution of 
5 nm gold colloid (AuNPs, Fig. 1a.), at a concentration of 5 x 1013 particles/ml as reported by the 
manufacturer, was reacted with 0.001 M RhB overnight at room temperature with mixing.  The mixture 
was then dialyzed against a 4000X excess of water (MW cutoff = 2000) until RhB fluorescence was no 
longer detectable.  All procedures were performed in the dark to prevent RhB degradation.  The dialysate, 
RhB-AuNPs (Fig. 1b.), has an RhB concentration of ~2.5 x 10-6 M based on UV-Vis serial dilution 
experiments with known concentrations of RhB.  This permits an estimation of ~31 RhB molecules per 
AuNP on a per molar basis.  RhB-AuNPs were used as seeds for the colloidal Au surface catalyzed 
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reduction of Au3+ (1 % HAuCl4) by 0.1 M NH4OH under slightly basic conditions.  The reaction mixture 
was allowed to proceed at room temperature for 3 hours and then stopped via centrifugation (3 times, 6,000 
x g, and rinsed 3 times with water).  The blue colored RhB-AuNCs were recovered and reconstituted in 
water (Fig. 1c.).  Based on UV-Vis serial dilution series experiments, the final RhB-AuNC preparation 
contains ~1.4 x 10-6M RhB.  
 
Samples for TEM characterization were prepared by placing 6 μl aliquots of a particular agent onto 300-
mesh copper grids with carbon support film (Ted Pella). The samples were allowed to dry overnight at 
room temperature while covered in the dark.  Transmission electron micrograph images were obtained on a 
Philips EM400T TEM (Andover, MA) operating at 100kV.  High-resolution images were obtained on 
JEOL 2100F and 4000FX field-emission TEMs (Tokyo, Japan) operating at 200kV.   
 
A Shimadzu (Columbia, MD) mold UV-1601 dual beam UV/Vis spectrometer provided UV-Vis absorption 
measurements of the AuNPs, RhB, RhB-AuNPs, and RhB-AuNCs.  Fluorescence was measured with a PTI 
fluorimeter (Birmingham, NJ) (814 photomultiplier detection system and LPS-220B lamp power supply) at 
an excitation of both 512 nm and 560 nm.  A Renishaw RM 1000 Raman microscope (Hoffman Estates, 
IL) equipped with a 632.8 nm helium-neon excitation laser was utilized for Raman experiments (1cm path 
length, 5X microscope objective with an L-shaped adapter, 3 mW laser power). Spectral data was collected 
in the continual scan mode over the range of 900 cm-1 to 1800 cm-1 with 120 s integration time for three 
acquisitions. A slit width of 20 μm was used before an 1800 grooves/mm holographic grating coupled to a 
RenCam CCD detector.  
 

3.  RESULTS 
 

RhB-AuNCs (Fig. 2) show a diverse morphology exhibiting multiple branches of varying number, 
thickness, and length.  The mean diameter of RhB-AuNCs is 51 nm + 5 nm (as determined by TEM on > 
50 particles).  High-resolution TEM micrographs show that some branches have only a thin single layer of 
crystalline growth (see Fig. 1c.) while others exhibit patterns perhaps indicative of RhB-AuNPs layered 
with gold.  The lattice spacings of RhB-NCs (d111 = 0.24 nm and d200 = 0.2 nm correspond to the {111} and 
{200} facets of gold crystals (Fig. 2c.). 

 
AuNPs, as received from the manufacturer, exhibit a plasmon band at 515 nm (Fig. 3).  This corresponds to 
a nanoparticle size of 5 nm as predicted by Mie theory.12  RhB demonstrates a characteristic peak at 545 
nm.  The RhB-AuNPs peak is bimodal with maxima at 530 nm and 560 nm.  Electronic interactions result 
in changes to both the absorption band of the dye and the metal surface plasmon.  The distance between the 
RhB-AuNP maxima equals the distance between the AuNP plasmon band and the RhB peak, albeit shifted 
towards longer wavelength.  The red-shift is likely the result of RhB having absorption bands in the same 
frequency range as the plasmon frequency of AuNPs.13  RhB-AuNCs exhibit a broad absorption from 500 
nm – 800 nm with a peak at 565 nm.  The broadness of the signal, reflected by the blue coloration of RhB-
AuNCs (see Fig. 1c.), is likely due to the heterogeneity of sample resulting from the distribution of branch 
number and size.14  Another potential contributing factor to the broadness of the RhB-AuNC peak is 
presence of inter-particle aggregation.  No surfactant is used during RhB-AuNC synthesis and little is 
expected to remain from the AuNP manufacturer due to extensive dialysis, washing, and centrifugation.  It 
should be noted that RhB-AuNC absorption can be detected via UV-Vis while the RhB-NP starting 
solution absorption is undetectable; i.e., the threshold for detection of RhB-NCs is several orders of 
magnitude greater than that of either AuNPs or RhB-AuNPs when prepared at similar starting RhB-AuNP 
concentration. 

 
RhB (2 x 10-6 M) has a peak fluorescence emission at 580 nm while RhB-NPs (~2.5 x 10-6 M) have a broad 
emission with a peak at 536 nm (Fig. 4).  Neither AuNPs nor RhB-NCs are fluorescent within the 
spectrometers sensitivity.  Others have reported quenching of the excited state by noble metals resulting in 
energy transfer to the metal surface. 13 Our observation of decreased fluorescence intensity in RhB-NPs 
relative to RhB prepared at an equivalent concentration is in support of this phenomena.  The absorbance 
peak of RhB overlaps with that of RhB-AuNPs and RhB-AuNCs.   The absence of fluorescence in RhB-
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NCs taken in the context of RhB-NPs fluorescence is perhaps an indirect indicator of the presence of an 
overlying gold layer leading to RhB fluorescence quenching.   

 
RhB has Raman vibrations at 1200 cm-1, 1282 cm-1, 1360 cm-1, 1510 cm-1, 1530 cm-1, and 1648 cm-1 in the 
1200-1700 cm-1 region.15  The band at 1200 cm-1 has been assigned to aromatic C-H bending, 1282 cm-1 to 
C-C bridge-bands stretching, and  bands 1360 cm-1, 1510 cm-1, 1530 cm-1, and 1648 cm-1 have been 
assigned to aromatic C-C stretching.16  RhB-NPs demonstrated no discernable Raman features (Fig. 5).  
However, RhB-AuNCs showed Raman peaks at 1204 cm-1, 1282 cm-1, 1360 cm-1, 1508 cm-1, 1530 cm-1, 
and 1648 cm-1.  The enhancement of RhB spectral features observed with RhB-AuNCs, despite orders of 
magnitude lower RhB concentration, may be due to several contributing factors.  Chief among them is the 
likely presence of rough or uneven surfaces at the gold/RhB interfaces due to RhB-AuNP aggregation 
within RhB-AuNCs.17   
 

4.  CONCLUSIONS 
In conclusion, a Raman spectroscopic tag has been developed for future use in the multiplexed analysis of 
molecular biomarkers.  We have demonstrated a simple synthesis method for the production of an 
anisotropic gold-capped structure which contains an embedded, organic, Raman reporter molecule.  The 
average size was reproducible while the anisotropy imparted by its branches is thought to contribute to the 
enhancement of Raman signal intensity.  RhB-AuNCs exhibit a strong and reproducible Raman signal at 
low RhB concentration.  It is anticipated that organic dye-embedded AuNCs will demonstrate decreased 
toxicity, while providing high sensitivity for detection and spectroscopic information; attributes highly 
sought for multiplexed detection and spectroscopy.  Additional Raman reporters (e.g., FITC and 
tetramethylrhodamine-5-isothiocyanate, TRITC) and nanoparticle seeds (e.g., iron oxide) embedded within 
AuNCs are currently under investigation.     
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7.  FIGURE CAPTIONS 
 
Figure 1.  Schematic depicting precursors and SERS probe synthesis methods, photographs of the agents, and 
transmission electron micrographs of gold nanoparticles (AuNPs) (a), rhodamine B gold nanoparticles (RhB-AuNPs) 
(b), and rhodamine B gold nanoclusters (RhB-AuNCs) (c). 
 
 
Figure 2.  Transmission electron micrographs (a, b) and high-resolution transmission electron micrographs (c, d) of 
single (a, c) and multiple (b, d) RhB-AuNCs.  The {200} and {111} lattice fringes of Au are delineated in (2c., arrows) 
corresponding to lattice spacing d111 = 0.24 nm and d200 = 0.2 nm. 
 
 
Figure 3.  UV-Vis spectra of gold nanoparticles (AuNPs), rhodamine B isothiocyanate (RhB), rhodamine B gold 
nanoparticles (RhB-AuNPs), and rhodamine B gold nanoclusters (RhB-AuNCs).  Traces are offset for clarity. 
 
 
Figure 4.  Fluorescence spectra of gold nanoparticles (AuNPs), rhodamine B isothiocyanate (RhB), rhodamine B gold 
nanoparticles (RhB-AuNPs), and rhodamine B gold nanoclusters (RhB-AuNCs). 
 
 
Figure 5.  Chemical structure of rhodamine B isothiocyanate (RhB) and Raman/SER spectra of rhodamine B gold 
nanoparticles (RhB-AuNPs), and rhodamine B gold nanoclusters (RhB-AuNCs).  Traces are offset for clarity. 
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Figure 1.  Schematic depicting precursors and SERS probe synthesis methods, photographs of the agents, and 
transmission electron micrographs of gold nanoparticles (AuNPs) (a), rhodamine B gold nanoparticles (RhB-AuNPs) 
(b), and rhodamine B gold nanoclusters (RhB-AuNCs) (c). 
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Figure 2.  Transmission electron micrographs (a, b) and high-resolution transmission electron micrographs (c, d) of 
single (a, c) and multiple (b, d) RhB-AuNCs.  The {200} and {111} lattice fringes of Au are delineated in (2c., arrows) 
corresponding to lattice spacing d111 = 0.24 nm and d200 = 0.2 nm. 
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Figure 3.  UV-Vis spectra of gold nanoparticles (AuNPs), rhodamine B isothiocyanate (RhB), rhodamine B gold 
nanoparticles (RhB-AuNPs), and rhodamine B gold nanoclusters (RhB-AuNCs).  Traces are offset for clarity. 
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Figure 4.  Fluorescence spectra of gold nanoparticles (AuNPs), rhodamine B isothiocyanate (RhB), rhodamine B gold 
nanoparticles (RhB-AuNPs), and rhodamine B gold nanoclusters (RhB-AuNCs). 
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Figure 5.  Chemical structure of rhodamine B isothiocyanate (RhB) and Raman/SER spectra of rhodamine B gold 
nanoparticles (RhB-AuNPs), and rhodamine B gold nanoclusters (RhB-AuNCs).  Traces are offset for clarity. 
 
 
 


