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ABSTRACT  

Advances in nanotechnology enable the detection of trace molecules from the enhanced Raman signal generated at the 
surface of plasmonic nanoparticles. We have developed technology to enable super-resolution imaging of plasmonic 
nanoparticles, where the fluctuations in the surface enhanced Raman scattering (SERS) signal can be analyzed with 
localization microscopy techniques to provide nanometer spatial resolution of the emitting molecule’s location.  
Additional work now enables the super-resolved SERS image and the corresponding spectrum to be acquired 
simultaneously. Here we will discuss how this approach can be applied to provide new insights into biological cells. 
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1. INTRODUCTION  
Interest in optically detecting and imaging molecules has led to pioneering advances in chemical microscopy.1  
Molecules that fluoresce are routinely detected at the single molecule level and new advances in imaging 
instrumentation and data processing now enable imaging with spatial resolution well below the classical diffraction 
limit.  One such approach is stochastic optical reconstruction microscopy (STORM),2 which uses temporal fluctuations 
from single emitters to mark the centroid of emission from nanometer scale objects in order to generate a high spatial 
resolution image from the data.  The development of optical probes that can be turned on, or activated, and then turned 
off, or deactivated, has enabled STORM imaging of numerous structures, and increased the use of localization algorthms 
in biological imaging.   

To image molecules that do not fluoresce, other approaches are needed.  Vibrational spectroscopy leverages the unique 
combination of chemical bonds in a molecule to provide highly specific chemical detection.  The energy levels typically 
associated with vibrational modes are associated with photons that have wavelengths on the order of several 
micrometers.  Raman scattering arises from the inelastic scattering of light from molecules, where the energy difference 
between the incident and scattered light correlates with the vibrational modes of the sample.  Raman can be elicited 
using visible lasers; however, the cross-section of most Raman processes is very low and sensitive detection is 
challenging. 

Plasmonic nanostructures have been shown to amplify the Raman signal from molecules in close proximity to the 
surface of a nanostructure, an effect that is commonly referred to as surface enhanced Raman scattering (SERS).3, 4  
When the nanostructure is confined to the tip of a scanning probe microscope (SPM), so called tip-enhanced Raman 
scattering (TERS), nanoscale imaging can be obtained.5  The concentration of the electric field and reradiation of the 
scattering from molecules near the surface of the structure transform Raman into an ultrasensitive detection method.6 
Single molecules have been detected by SERS,7, 8 and in the last decade TERS imaging has been demonstrated with sub-
nanometer resolution providing intramolecular information from molecules in ideal conditions.9, 10  For bioimaging, the 
necessary interaction between the SPM tip and biological samples complicates analysis; however, molecules on the 
surface of cells have been imaged and detected with TERS.11-13 

An interesting alternative is to combine localization microscopy with the Raman signals observed from plasmonic 
nanostructures.14  It has been shown that the position of a single Raman scattering molecule on the surface of a 
nanoparticle can be tracked with using localization microscopy similar to STORM.15  Plasmonic nanoparticles undergo 
intensity fluctuations,16 which simplifies STORM analysis using the intrinsic signal fluctuations to isolate the position of 
individual molecules.  Indeed, electromagnetic hotspots, or areas of intense Raman scattering, on the surface of 
nanoparticles have been spatially resolved using super-resolution SERS imaging.17 It was further demonstrated that 
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protein receptors binding to peptide-functionalized gold nanoparticles could be imaged in biological cells, providing 
nanoscale spatial resolution in a wide-field format.18 

In super-resolution SERS imaging, the Raman scattered photons are binned to provide sufficient intensity to be detected 
and monitored, but binning the signal sacrifices the chemical information present in the spectrum.  For sufficiently bright 
optical signals, it is possible to collect the image and the spectrum simultaneously by placing a diffraction grating in 
close proximity to the array detector used for image acquisition.  This approach has been called snapshot or spectral 
imaging and has been used to correlate spectra with images in fluorescence, electronic scattering, and SERS imaging.19-23 
Our group has adapted this approach to monitor the SERS signals emitted from individual plasmon nanoparticles, 
providing a method to validate the detection of nanoparticles and suggesting a route to monitor chemical interactions 
within living cells.  The report will present how this super-resolution SERS spectral imaging approach works and can be 
applied in bioimaging experiments.       

2. METHODOLOGY       
2.1 Raman Microscope. 
The Raman microscope has been described previously but is summarized here for clarity.24  The instrument is built 
around an Olympus IX-71 inverted microscope frame.  The sample sits in the horizontal plane and the objective from the 
inverted microscope is used to collect the optical signal from the samples.  The laser excitation is provided by a 300 mW 
659 nm single longitudinal mode diode laser (Laser Quantum).  The laser is directed from above the sample, providing a 
transmission style set-up, and is focused to an approximately 30 µm diameter spot using a f=75 mm singlet lens.  The 
image collected from the wide-field illumination is passed through a 638 nm longpass dichroic mirror (Thorlabs) and a 
660 longpass edge filter (Semrock).  The image is focused by the tube lens through a 300 gr/mm transmission grating 
blazed at 17.5° (Thorlabs) and onto a scientific complementary metal-oxide semiconductor array (sCMOS, Hamamatsu 
Ltd., ORCA-Flash 4.0 V2) 

2.2 Calibration. 
Figure 1 illustrates the instrument set up. The transmission grating located immediately prior to the sCMOS detector 
diffracts the image into corresponding diffraction orders.  The position of the sCMOS sensor is slightly offset with 
respect to the imaging path, such that the un-diffracted (n=0) image is captured on the first third of the imaging sensor.  
The n=1 diffraction signal is then captured on the remainder of the sensor.  The distance between the transmission 
grating and sensor is determined using the geometric relationships between the n=0 and n=1 diffraction peaks of the 659 
nm laser.  We determine the angle r between the n=0 and n=1 diffraction peaks as follows: 

(1) 

Where n is the diffraction order,  l is the wavelength, d is groove spacing (nm/gr) of the grating, r is the angle of 
transmitted light, and i is the incident angle of the laser to the grating.  At normal incidence, i= 0 degrees, and sin i = 0.  
From this you can calculate the angle at which n=1 diffraction is observed: 

 (2) 

By determining the angle of the n=1 diffraction, you can calibrate the exact distance from the sensor to the grating (l) by 
counting the number of pixels between the diffraction spots and multiplying by the pixel size as follows: 

  (3) 

The distance from the sensor to the grating is equivalent to the focal length in the equation commonly used to calculate 
reciprocal linear dispersion (D-1): 

  (4) 

Note that here the assumption is made that cos r term is negligible.  Once you have D-1, one can covert the pixel spacing 
the sensor to wavelength.   
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Figure 1. The figure illustrates the experimental set-up used for the wide-field spectral SERS imaging.  The excitation laser 
is focused to a large spot at the sample, which is imaged by the microscope.  The Raman scattering is filtered from the 
transmitted and Rayleigh scattered light and then dispersed by a transmission diffraction grating onto a sCMOS array 
sensor.  The distance between the grating and the sensor (l), and the angle (r) of n=1 diffraction are important parameters for 
calibrating the spectral response.  A cartoon illustration of the expected data is shown. 

3. RESULTS 
Figure 2A shows the results from illuminating a 5 µm pinhole with a neon calibration lamp.  The location of the pinhole 
was moved to two different locations in the illuminated spot as shown in the composite image.  The n=0 portion of the 
image is seen as a spherical signal.  The spacing (l) between the grating and the sensor determines how much of the 
sensor will be used for imaging.  The illumination spot can be adjusted to occupy a larger or smaller area.  The n=1 
portion of the spectrum corresponds to the wavelength dispersed light incident on the sensor array.  Using the calibration 
method described above the distance between the grating and sensor was determined, l = 31 mm, and with a pixel size of 
6.5 µm, the pixels from the n=0 signals were converted to wavelengths as shown in Figure 2B.   

 
Figure 2. A) Composite image of a 5 µm pinhole imaged with a 20x objective located at two different points in the field of view.  
The pinhole was illuminated with a neon calibration lamp and the spectrum is recorded in the n=1 portion of the signal.  B) The 
two spectra observed in A are plotted on the same axis applying the calibration to covert the peaks to wavelength.   
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In addition to providing an example of the collected data, Figure 2 illustrates two key points about the measurement.  
The n=1 diffraction spatially correlates with the location of the n=0 object.  This has been shown to impact the spectral 
resolution, as the object acts as a virtual slit and the width of the n=1 features are the combination of the object with and 
D-1.24  Figure 2 also illustrates a second important aspect of this imaging approach.  If the objects are on the same row of 
pixels and closely spaced, the spectra in the n=1 portion of the sensor will overlap and complicate spectral analysis.  The 
typical Raman spectrum of 100 – 3300 cm-1 typically correlates with about 100 nm of bandwidth, suggesting that the 
objects on the same row of pixels need to be more than 150 pixels apart, which corresponds to ~100 µm apart physically 
for the 6.5 µm pixels on our sensor.  It is also worth noting in Figure 2B that the spectra obtained from different portions 
of the field of view show the same response.   

 
Figure 3. A) The brightfield image of a cell incubated with gold nanoparticles functionalized with a mercaptobenzoic reporter 
molecule and silica encapsulation is overlaid with the STORM fitting result. The nanoparticles are observed with increased 
spatial resolution.  B) The spectral response from the 3 nanoparticles noted in (A) are plotted. The prominent Raman bands at 
1080 cm-1 and 1600 cm-1 associated with the reporter molecule are clearly visible. 

 

Because the spectral resolution corresponds to the object size on the sCMOS sensor, nanoparticle probes and their SERS 
response can be detected with decent spectral resolution.  Figure 3 results from a cell incubated with mercaptobenzoic 
acid functionalized gold nanoparticles.  The power at the sample was 33 mW and the image was acquired by collecting 
1000 frames at 10Hz.  The SERS intensity fluctuations enable STORM algorithms to be applied. The ThunderSTORM 
plugin available in image J was used to localize the emission from the nanoparticles used here.25   

To distinguish between nanoparticles and other emissive particles in the cell, the spectral response can be analyzed.  
Here the prominent ring stretches associated with the mercaptobenzoic acid reporter molecule can be clearly 
distinguished.  NP2, which lies in a more congested portion of the image, shows evidence of other interfering signals; 
however, detection of the most intense Raman bands at the appropriate frequencies can distinguish this nanoparticle 
from others.  

The ability to detect the Raman signal from particles in cells suggests new opportunities to probe the chemical 
interactions associated with proteins and other molecules found in cells.  The nanoparticles can be located with high 
spatial resolution, and unlike TERS, the signals from within cells and tissues can be observed readily.   

4. CONCLUSIONS 
We have presented results illustrating how wide-field spectral, or snapshot, imaging can be used with SERS to provide 
high spatial resolution and chemical information from nanoparticle probes in biological systems.  Calibration of the 
optical response provides Raman signals that can be used to differentiate nanoparticles from the cellular environment.  
Optimization of the enhancement associated with different nanoparticle probes suggests new methods to probe chemistry 
in biological samples. 
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