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target antigens. The results were impressive; 
specific target features detected over 7–8 
decades of dynamic range (Fig. 1a).

To achieve the highest sensitivity, the 
researchers spiced up the method with a 
couple of additional elements. First, after 
the binding reaction, they deposited a 
metal surface on the substrate, increasing 
the signal 60-fold. Second, to improve the 
signal-to-noise ratio, they functionalized 
the SWNTs with a PEGylated phospholipid–
based surface to reduce nonspecific binding. 
Combined, these methods brought pro-

had small Raman scattering cross-sections 
and weak intensities, making the signal dif-
ficult to detect. To overcome this, Chen et 
al.1 tested whether carbon nanotubes can 
be used as Raman tags. One form of carbon 
nanotubes, called single-walled nanotubes 
(SWNTs), have a unique one-dimensional 
structure, possess huge Raman scatter-
ing cross-sections and show both resonant 
enhancement and higher stability than 
organic Raman labels. Chen et al.1 attached 
the SWNTs to antibodies and used them to 
probe protein microarrays that included the 

excited state, where it resides with a resonance 
lifetime and then emits at a different wave-
length. The Raman effect, however, involves 
no resonance lifetime, occurs at any frequency, 
is less susceptible to photobleaching and emits 
narrow Raman bands with less possibility of 
spectral overlap for multiple labels1. SERS is 
a specialized case of Raman scattering that 
occurs when the molecules are adsorbed on 
rough metal surfaces, which enhances the sig-
nal by as much as 1014-fold.

Until now, SERS for protein detection had 
limited application because it used dyes that 
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Figure 1  Sensitive detection techniques for protein microarrays. (a) Raman labels based on multicolor 12C and 13C SWNT tags for multiplexed protein 
detection (modified from Chen et al.1). The inset shows Raman scattering spectra for multiplexed protein detection. (b) A planar waveguide array system 
for fluorescence imaging (modified from ref. 5). All molecules of the microarray are excited simultaneously with a laser light, and only surface-confined 
fluorescence labels are selectively excited for emission. The inset shows the higher signal-to-background ratio achieved using this technique. (c) In a 
nanowire sensor array, a protein binds specifically to its receptor on the nanowire, producing a conductance change (modified from ref. 6). The inset shows 
conductance versus time data recorded for a binding event. (d) SPR measures changes in the refractive index very close to a sensor surface. The binding 
between a ligand immobilized on the sensor surface and an analyte in solution results in a change in the refractive index, which is monitored in real time. 
The inset, known as a sensorgram, shows changes in the resonance signal as a function of time. (e) Detection of real-time multiple binding events by 
monitoring the intensity of extraordinary optical transmission (EOT) through nanohole sensing arrays (modified from ref. 9). The inset shows binding events 
between the sensing arrays and the antibody. (f) Spectral reflectance imaging biosensor based on interference of light reflected from an SiO2 surface 
(modified from ref. 11). Increases in optical path length differences caused by biomolecular binding are measured. The inset shows the binding kinetics of 
various antigens to their respective antibodies.
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