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Rapid identification of heterogeneous mixture
components with hyperspectral coherent
anti-Stokes Raman scattering imaging†

Erik T. Garbacik,a Jennifer L. Herek,a Cees Ottob and Herman L. Offerhausa*
For the rapid analysis of complicated heterogeneous mixtures, we have developed a method to acquire and intuitively display
hyperspectral coherent anti-Stokes Raman scattering (CARS) images. The imaging is performed with a conventional optical setup
based around an optical parametric oscillator. Color coding each frame of the resulting hyperspectral data cube according to
vibrational frequency results in a two-dimensional projection wherein each compound appears with a unique hue. We demon-
strate the capabilities of this systemby recording a hyperspectral CARS data stack of a heterogeneousmixture composed of seven
crystalline amino acids and subsequently identifying each of them by direct visual analysis of the colored projection. Copyright ©
2012 John Wiley & Sons, Ltd.
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Introduction

As a tool for chemically selective imaging, the coherent anti-
Stokes Raman scattering (CARS) microscope has shown great
promise in a wide range of applications, from biomedical
investigations at the subcellular level[1] to the study of
pharmaceutics[2] to the real-time detection of bacteria.[3]

Many of the advances in CARS microscopy over the past
10 years focus on suppressing or eliminating the persistent
non-resonant background that often plagues CARS experi-
ments, especially when the concentration of resonant
molecules is low.[4–10] Unfortunately, the complexity of these
background-free techniques has been a significant hurdle to
widespread implementation. More recently, there has been a
steady increase in the use of multispectral CARS microscopy,
where multiple images are obtained at selected frequencies,
manually colored for maximum contrast, and overlaid in a
single image.[11,12] The rapid acquisition of full spectral infor-
mation at each point in a sample, known as hyperspectral
imaging, is already widely used with spontaneous Raman
microspectroscopy[13,14] and has long been an intrinsic goal
of broadband CARS schemes.[15–18] It is only in the past few
years that hyperspectral imaging has caught on with users
of narrowband sources.

Narrowband hyperspectral CARS imaging has already been
demonstrated with high-speed wavelength-swept laser
sources[19] and optical parametric oscillators (OPOs).[20,21]

However, the former work required long pixel dwell times
that could potentially lead to photodamage of fragile materi-
als, whereas the latter reported very lengthy acquisition times
for the full hyperspectral image. Further, the representation of
the three-dimensional hyperspectral data is a thorny issue:
the most common methods of data visualization are to either
show the entire field of view at one particular frequency
(akin to multispectral imaging), to extract and plot the
spectra of individual pixels within the image, or to display a
J. Raman Spectrosc. 2012, 43, 651–655
cross-sectional slice of the stack. Although often intuitive,
none of these depictions represent all of the data available
from the hyperspectral set, and the limitation of data can lead
to misinterpretation of the results.

In this manuscript, we describe a fast hyperspectral CARS
imaging method using a conventional optical setup that can
be easily tailored for a wide variety of applications. To repre-
sent this data, we have also designed a technique for color
coding the hyperspectral data cube as a function of frequency
and then projecting the entire cube into two dimensions. The
resulting projection shows the entire field of view with each
compound distinguished by a different color. We demonstrate
this combination of imaging and representation methods on a
complicated heterogeneous mixture of pure amino acids.

Experimental details

Optical setup

Our CARS system is based around a frequency-doubled
picosecond mode locked Nd:YVO4 laser (Coherent Paladin)
synchronously pumping an optical parametric oscillator (APE
Copyright © 2012 John Wiley & Sons, Ltd.
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Berlin Levante Emerald). The signal output of the OPO,
continuously tunable from 700–1000 nm, and the laser funda-
mental at 1064 nm are individually expanded with telescopes
and combined on a dichroic mirror. Temporal overlap is
achieved with a delay stage in the 1064 nm beam. The beams
are launched into a beam-scanning inverted microscope
(Olympus IX71 with FluoView300 scan unit) and focused on
the sample with a 40� 0.9NA air objective. The power of
the laser fundamental on the sample is 30mW, whereas the
maximum signal power is 50mW and decreases as the OPO
is tuned away from its gain maximum. Backscattered CARS
signals are collected with the focusing objective, reflected
off of a dichroic mirror, spectrally filtered, and detected with
a Photo Multiplier Tube (PMT) (Hamamatsu R3986). Forward
scattered CARS signals are not detected in this experiment.
For hyperspectral imaging, the crystal temperature and

cavity length of the OPO are fixed, and only the angle of
the intracavity Lyot filter is adjusted. By operating in this
mode, we trade spectral bandwidth for higher spectral resolu-
tion, less technical complexity, and more automation than
other reports of OPO-based hyperspectral CARS.[20,21] Each
frame of the hyperspectral stack is recorded at a different
position of the Lyot filter; the frequency interval between
frames is a variable from 0.7 cm� 1 to 100 cm� 1 at 800 nm.
For all experiments in this paper, we scan over the range
2880–3020 cm� 1 with 2-cm� 1 intervals. The Lyot filter move-
ments are synchronized to the FV300 scan unit by the use
of Transistor Transistor Logic (TTL) signals. The FV300 pro-
duces two pairs of digital output trigger signals when in
use, one each for the vertical and horizontal galvano mirrors.
These outputs indicate whether each mirror is moving in the
imaging or return direction, and the two outputs for each mir-
ror are exactly out of phase with each other. We monitor the
vertical TTL output with a home-built LabVIEW program; the
program idles when the TTL signal is High (HI) (indicating that
Figure 1. The hyperspectral projection method. First, a stack of images at
unique color according to a look-up table (middle). Third, each pixel is aver
The coherent anti-Stokes Raman scattering spectrum from any given region

wileyonlinelibrary.com/journal/jrs Copyright © 2012 John
the image is being recorded) and quickly switches the OPO Lyot
filter to its next position when that output goes Low (LO). The
power and wavelength of the OPO signal beam are recorded
for each frame of the hyperspectral stack.

Hyperspectral projection

The hyperspectral data cube that we record contains two
spatial dimensions and one spectral dimension. To generate
the final projection, we perform three sequential steps. First,
every pixel in the data cube is normalized, so that full satura-
tion will yield a pixel value of unity, whereas a fully dark pixel
will be zero. Second, each frame is assigned a value from a
color look-up table (LUT). Every pixel within that frame then
has a hue determined by the LUT and a color value scaled
by its (normalized) intensity. The final step is the additive
mixing of all frames at each spatial location with a maximum
intensity method. The resulting color of each pixel qualita-
tively represents the spectral characteristics of the sample at
that location. Sharp peaks in the spectrum will result in a bold
pixel color, whereas broad spectral features will appear more
white or grey. The projection method is illustrated in Fig. 1
and is implemented both within a home-built LabVIEW
program and as a set of plug-ins from the McMasters Biopho-
tonics Facility, Ontario (MBF) library for ImageJ.

Because the choice of color LUT is arbitrary and does
not affect the underlying data, it is useful to choose LUTs
that maximize contrast of the final image. When recording
hyperspectral images of known compounds, the LUT can be
carefully tailored to emphasize the most prominent spectral
features so that each compound appears predictably and
unambiguously. However, in many cases, it is not fully known
a priori what materials are present in the imaged region. In
these situations, the most practical LUT is one that contains
the entire visible spectrum, with the primary colors equally
different frequencies is recorded (top). Second, each frame is assigned a
aged across all frames to provide the final projected image (bottom-left).
can be extracted from the hyperspectral data set (bottom-right).

Wiley & Sons, Ltd. J. Raman Spectrosc. 2012, 43, 651–655
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spaced. A deficiency of this LUT is that a mixture of primary
colors (blue and green, for example) can appear identical to
an individual secondary color (cyan). To mitigate this effect,
we generate hyperspectral projections with three separate
LUTs. In addition to the full-spectrum LUT described earlier,
we use an LUT that repeats the spectrum twice and a further
LUT that repeats the full visible spectrumalmost three times
across the hyperspectral stack. These three LUTs are shown
and applied to the hyperspectral images of methionine
(Met) in Fig. 2. When three LUTs are used, the likelihood of
two compounds sharing the same color in all of the projected
images becomes very small, even when their spectra are
similar. Importantly, small variations in power, step size, and
start and end frequencies can result in dramatic differences
in the colors of the final projection. For this reason, care is
taken to ensure that every hyperspectral data set is recorded
over the same frequency range.
Sample preparation

Pure (>98%) amino acids – glutamine (Gln), histidine (His),
isoleucine, Met, phenylalanine (Phe), threonine (Thr), and
valine – were obtained from Sigma-Aldrich and used without
further chemical processing. These seven amino acids were
chosen because they each exist predominantly in one physical
crystalline form and because the intensities of their CARS
emissions are similar. Control hyperspectral images of the
individual compounds were recorded of the pure amino acids
without physical processing. For the mixed samples, a few
milligrams of each of the amino acids were combined together
and gently ground until the average particle size was observed
under a white-light inspection microscope to be less than
100mm. The mixed sample was then sealed between two clean
cover glasses to prevent oxidation and hydration.
Results and discussion

To calibrate the optical setup and hyperspectral projections,
we first imaged each of the seven pure amino acids. These
hyperspectral stacks contained 256� 256 spatial pixels and
Figure 2. The three look-up table s used in this paper are applied to the hyp
methionine peak yields a brilliant color in the projection image that correspo

J. Raman Spectrosc. 2012, 43, 651–655 Copyright © 2012 John
67 frequency intervals. Individual frames were recorded in
1.6 s (25 m pixel dwell time) and averaged twice to reduce
noise. For each amino acid, a composite of three hyperspec-
tral projections is shown in Fig. 3 using the three different
LUTs as described earlier.

The CARS spectra of the seven amino acids are plotted in
Fig. 3 (bottom). These spectra were extracted directly from
the hyperspectral data set, corrected for changes in the power
of the OPO signal beam and normalized to provide a qualita-
tive comparison of peak locations. A powerful aspect of the
hyperspectral projection we use is that small differences
in the CARS spectra of different compounds lead to quite
striking color representations. Although His and Thr have
principal peaks at nearly the same frequency (2932 and 2940
cm� 1, respectively), the signal appearing in the Thr spectrum
at 3020 cm� 1 results in the two compounds appearing uniquely.
Even when the two compounds have nearly identical spectra,
as in the case of Gln and Phe, the slight variations provide a
color difference that is recognizable by eye: the third Phe
projection appears bluer than that of the Gln.

The power of this projection method is best illustrated
in the case of a mixture containing all seven amino acids.
The prior calibration of the individual compounds makes it
possible to precisely identify them directly by color. A
hyperspectral image of 512� 512 pixels was measured in
300 s (1.1 s per frame, four frames averaged together per
frequency) over the same frequency range and projected
with the same LUTs as previously mentioned (Figs. 4(a–c)).
All of the readily identifiable crystals have been indicated
monochromatically in Fig. 4(d) based on visual comparison
with the calibration images. The CARS spectra extracted from
these components are shown in Fig. 4(e) and agree very well
with the CARS spectra measured from the pure substances
(from Fig. 3, overlaid in Fig. 4(f)). The colors assigned each
spectral curve in Figs. 4(e) and (f) are associated with those
of the regions in Fig. 4(d). Slight differences between the
two sets of spectra could be caused by a number of effects,
such as re-orientation of the crystals or microscopic phase
transitions due to grinding.

One drawback of this projection technique is that the colors
in the hyperspectral image may not be uniform across the field
erspectral projection of a single methionine crystal. The single prominent
nds to a narrow color band in the look-up table.

Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jrs
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Figure 4. (a–c) Hyperspectral projections of a mixture of the seven amino acids with each of the three look-up table s. All images are 150� 150mm. (d)
Each identifiable crystal in (a–c) is assigned a unique color after visual comparison with the calibration images in Fig. 3. (e) Coherent anti-Stokes Raman
scattering spectra extracted from each region in (d), associated to each location by color. (f) The spectra of the pure amino acids from Fig. 3, reproduced
and overlaid here, show good agreement with those shown in (e).

Figure 3. Top: Hyperspectral projections of seven amino acids with each of the three look-up tables. All images are 150� 150mm. Bottom: Normalized
coherent anti-Stokes Raman scattering spectra of the seven amino acids, directly extracted from the hyperspectral stack.
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of view for the same compound. The two crystals with dotted
boundaries in Fig. 4(d) could not be identified by visual
comparison with the calibration images in Fig. 3. However,
comparison of the spectra (Fig. 5) revealed that these crystals
share the same spectral features as His, in particular, a single
strong peak near 2940cm� 1. Compared with the His calibra-
tion, the spectrum from the dotted region in Fig. 4(d), this
wileyonlinelibrary.com/journal/jrs Copyright © 2012 John
peak, is slightly shifted (by approximately 3 cm�1 to a lower
frequency and has a lower ratio of resonant to non-resonant
contributions. Analysis of the other materials that came into
contact with the sample yielded no other spectra that match
with the His curve. We have observed that the His crystals are
highly scattering and display birefringence by transmitting light
through crossed polarizers. We believe that the peak shift may
Wiley & Sons, Ltd. J. Raman Spectrosc. 2012, 43, 651–655
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Figure 5. Comparison of shifted histidine spectrum (green, from dotted
region in Fig. 4(d)) with the calibrated spectrum from Fig. 3 (blue). This
figure is available in colour online at wileyonlinelibrary.com/journal/jrs.

Rapid identification with hyperspectral CARS
be an interference because of the orientation of the crystal and
optical fields[22] or as a result of material anisotropy,[23,24] though
a detailed study is beyond the scope of this manuscript.
Conclusion

We have demonstrated a fast method for recording and displaying
hyperspectral CARS data sets using a conventional and widely used
optical setup. Application of color LUTs to the spectral dimension of
these data sets allows a projection to intuitively display the entire
data cube in a single image, paving the way for rapid, chemically
selective visual analysis of samples. In principle, this projection
method could be applied to any hyperspectral data set, such as
those from spontaneous Raman scattering experiments.
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