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In vivo vibrational spectroscopic imaging is inhibited by relatively slow spectral acquisition on the second scale and
low photon collection efficiency for a highly scattering system. Recently developed multiplex coherent anti-Stokes
Raman scattering and stimulated Raman scattering techniques have improved the spectral acquisition time down to
microsecond scale. These methods using a spectrometer setting are not suitable for turbid systems in which nearly
all photons are scattered. We demonstrate vibrational imaging by spatial frequency multiplexing of incident
photons and single photodiode detection of a stimulated Raman spectrum within 60 ps. Compared to the spec-
trometer setting, our method improved the photon collection efficiency by two orders of magnitude for highly
scattering specimens. We demonstrated in vivo imaging of vitamin E distribution on mouse skin and in situ imaging
of human breast cancerous tissues. The reported work opens new opportunities for spectroscopic imaging in a
surgical room and for development of deep-tissue Raman spectroscopy toward molecular level diagnosis.

INTRODUCTION

In vivo vibrational spectroscopic imaging is opening a new window on
cellular machinery by visualizing the spatiotemporal dynamics of target
molecules or intracellular organelles. However, in vivo spectroscopic
imaging is not a simple combination of spectroscopy and microscopy.
Two grand challenges need to be overcome to realize spectroscopic im-
aging of a living system. One is decreasing the spectral acquisition time
to microsecond scale per pixel to allow real-time imaging of a highly
dynamic living system. The other is extracting the spectral information
from highly scattered photons, for which the conventional dispersion
approach is no longer efficient.

To increase the imaging speed, single- or multicolor coherent anti-
Stokes Raman scattering (CARS) and stimulated Raman scattering
(SRS) have been used to map known species (1-4), which have reached
video rate speed (5, 6). To resolve overlapping Raman bands, various
frame-by-frame hyperspectral imaging platforms by Raman shift
sweeping (7-12) have been reported. In these methods, the CARS or
SRS spectra are derived from the whole image stack acquired on milli-
second to second scale, which is insufficient for imaging living systems.
Broadband CARS (13-15) and multiplex SRS (16-18) have been devel-
oped to allow spectral acquisition at each pixel. Using a tuned amplifier
array, microsecond-scale multiplex SRS imaging has been demon-
strated (19). Yet, these methods using a spectrometer setting are not
suitable for turbid systems in which nearly all photons are scattered.

The spectrometer, conceptually demonstrated by Newton in 1672
and first built by Fraunhofer in 1814, uses a prism or grating to dis-
perse the collimated signal light on a detector array, which requires a
slit to reject scattered photons to achieve the desired spectral resolu-
tion. For highly scattered photons, this scheme becomes inefficient
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because most of the photons are rejected by the slit. An elegant way
to overcome this difficulty is to code the excitation photons, collect
the photons with a single detector, and then decode the spectral sig-
nal. To this end, spectrally tailored SRS using pulse shaping technol-
ogy has been developed to map desired chemicals (20). Three-color
SRS by modulation-multiplexing at kilohertz rate has been demon-
strated with an acousto-optical tunable filter (21). Coherent control
(22) and frequency comb (23) techniques allowed acquisition of a
CARS spectrum at each pixel. These two techniques required tens
of milliseconds or longer for each spectrum, which is not sufficient
for in vivo imaging purposes.

Here, we demonstrate a spectrometer-free, microsecond-scale
spectroscopic imaging scheme by using a single large-area photo-
diode to collect highly scattered photons within tens of micro-
seconds for each pixel. We first modulate the intensity (I,) of a
spectrally dispersed broadband pump beam with distinct megahertz
frequencies (Fig. 1A). The broadband laser is then combined with a
narrow-band Stokes beam (I5) and focused onto a sample. Through
the stimulated Raman gain (SRG) process, Al = cl,Is, where o is the
Raman scattering cross section, a Raman spectrum is coded into the
intensity of the Stokes beam, with each Raman shift corresponding to
a distinct modulation frequency. Then, a large-area detector collects
the Stokes beam intensity in the time domain, and a Fourier
transformation is performed to retrieve the SRG spectrum.

RESULTS

Quantification of photon collection efficiency by ray
tracing simulation

We quantitatively evaluated the photon collection efficiency by ray trac-
ing simulations in nonsequential mode using Zemax. In brief, 10” rays
were focused by a lens (f= 2 mm) into a 25-um spot on the surface of a
scattering medium. A Henyey-Greenstein scattering phase function was
used to approximate the angular scattering dependence (24). The re-
flected rays were collected by the same lens and passed through a
pinhole of 50-um diameter on the focal plane (fig. S1A). The percentage
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Fig. 1. Stimulated Raman spectroscopic imaging by spatial frequency multiplexing and single photodiode detection. (A) Principle. Every
color of the pump laser was modulated at a specific megahertz frequency. Through the SRG process, the modulation frequency transferred to the
Stokes beam. A time trace was recorded, from which fast Fourier transform was performed to retrieve an SRG spectrum. (B) A lab-built multiplex-
modulation SRS microscope. D, dichroic mirror; G, grating; SU, scanning unit; M, mirror; OBJ, objective; P, polarizing beam splitter; PD, photodiode;
PS, polygon scanner; Q, quarter waveplate; SL, slit. (C) Modulated pump laser intensity as a function of modulation frequency. (D) Linear relation
between wavelength and modulation frequency. (E) SRG intensity as a function of modulation frequency. (F) Retrieved SRG spectrum (circles) and

spontaneous Raman spectrum (solid line).

of rays entering the spectrometer was 0.01% for a 2.0-mm-thick dermis
tissue with scattering parameters measured by Tuchin et al. (25). In
comparison, a detector (10 x 10 mm?®) placed right after the lens
collected many more reflected rays (fig. S1B). On the basis of our
simulation result, the detection efficiency can be improved 200 times
with a single detector to directly collect modulated photons and retrieve
the spectral information through demodulation.

Single-photodiode detection of SRS spectra by spatial
frequency multiplexing

We used femtosecond pulse shaping technology to implement spatial
frequency multiplexing at megahertz level. A pulse shaper narrowed
down the spectral width of the Stokes beam to 15 cm™". The pump
beam was dispersed vertically and then scanned horizontally by a
polygon scanner onto a vertically aligned reflective pattern with 16
different densities, so that the spectrally dispersed laser source was
modulated at 16 frequencies ranging from 1.5 to 3.0 MHz. After
combining and focusing the pump and Stokes beams onto the sample,
the Stokes beam, as the local oscillator, was collected by a large-area
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photodiode and amplified by a resonant circuit with a 2.25-MHz cen-
tral frequency and a 1.5-MHz bandwidth. A data acquisition board
recorded a 60-ps time trace of the SRG signal, and fast Fourier
transformation demodulated the 16 frequency components to 16 Ra-
man shifts. A schematic of our experimental setup is shown in Fig. 1B
(detailed in Materials and Methods). Figure 1C shows the 16 distinct
frequency components of the broadband pump beam, each with a
70-kHz bandwidth. The frequency difference between two adjacent
components was 100 kHz, which prevented crosstalk between adjacent
channels. Moreover, a frequency range of 1.5 to 3.0 MHz prevented
crosstalk caused by harmonic frequencies. The pump laser intensity
profile (Fig. 1C) was used for normalization of the SRG signal on each
spectral channel. By relating the wavelengths of the pump laser to the
modulation frequencies, a linear relationship was found between Raman
shifts and modulation frequencies (Fig. 1D). We further acquired the
SRG spectrum of 100% dimethyl sulfoxide (DMSO) solution. Figure 1E
shows SRG intensity as a function of modulation frequency. After laser in-
tensity normalization and Raman shift calibration, an SRG spectrum was
retrieved, which reproduced the spontaneous Raman spectrum (Fig. 1F).
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Fig. 2. Microsecond-scale acquisition of SRG spectra from completely diffused photons. (A) Experiment configuration. (B) SRG intensity of DMSO
as a function of modulation frequency with 1.6- or 3.2-cm chicken breast tissues before photodiode. (C) Calibrated SRG spectra of DMSO. (D) SRG
intensity of olive oil as a function of modulation frequency with 1.0-cm chicken breast tissues before photodiode. (E) Calibrated SRG spectra of olive oil.

The integration time was 60 us.

We note that collecting all dispersed photons by a single detector
increases the level of shot noise shared among all spectral channels
(26). To evaluate the noise level, we measured the SDs of 16 spectro-
scopic images as a function of laser power on the photodiode (fig.
S2A). After normalizing the gain of each spectral channel (fig. S2B),
we compared the noise levels with electronic noise and theoretical shot
noise (fig. S2C). Under a laser power of 10 mW on the photodiode, the
theoretical shot noise and the measured noise were 1.5 x 10~* and 1.9 x
107® Vrms/Hz''?, respectively, which exceeded the level of electronic
noise (2.0 x 10~ Vrms/Hz"?). We further determined our detection
sensitivity by recording the 2912 cm™ Raman peak of diluted DMSO
solutions. The SRG spectrum of 1.0% DMSO produced a signal level of
2.5 % 107® Vrms/Hz'"? (fig. S2D), corresponding to a detection sensitiv-
ity of 3.2 x 10~° dI/I modulation depth at 60-us time constant.

Acquisition of stimulated Raman spectra from

diffuse photons

To show that our technique is capable of extracting a Raman spectrum
from highly diffuse photons, we focused the pump and Stokes light with
a 10x objective into a cuvette filled with a specimen (Fig. 2A). After
passing through the filter, the Stokes laser beam propagated through
a chicken breast tissue and was received by a photodiode with 60-ps
integration time. We first recorded the SRG spectra of DMSO in the
spectral window of C-H stretching vibration 2800 to 3000 cm ™). The
raw modulation spectra of DMSO reached a signal-to-noise ratio (SNR)
of ~60 and ~6 for 1.6- and 3.2-cm chicken breast tissues, respectively
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(Fig. 2B). The calibrated spectra are shown in Fig. 2C. We then recorded
the SRG spectra of olive oil in the C-H bending vibration (~1450 cm™).
With 1.0-cm chicken breast tissues before the photodiode, the raw
modulation spectrum showed an SNR of ~3 (Fig. 2D), and the cali-
brated SRG spectrum matched the spontaneous Raman spectrum
(Fig. 2E). These results collectively demonstrated microsecond-scale
spectrum extraction from diffuse photons in both C-H stretching and
fingerprint vibration regions.

Following drug diffusion through mouse skin tissue

in vivo

Our technique allowed in vivo monitoring of drug delivery into a mouse
skin. Topical drug delivery is traditionally analyzed by tape-stripping or
microdialysis techniques. Single-color CARS and SRS microscopy have
been used to map deuterated drug in the skin using the isolated C-D
stretching vibration (27, 28). Here, we demonstrate in vivo mapping
of vitamin E, in the form of o-tocopherol, on the skin of a live mouse
(Fig. 3A). Vitamin E is a fat-soluble antioxidant widely used for the
maintenance of healthy skin. This molecule exhibits a spectral profile
overlapping with the skin tissue in the C-H stretching vibration (Fig.
3B). To distinguish vitamin E from the skin tissue, we acquired an
SRG spectrum at each pixel and performed multivariate curve resolu-
tion (MCR) analysis of 40,000 SRG spectra. The SRG image was
decomposed into vitamin E (in pink), lipid (in yellow), and protein
(in green) as shown in Fig. 3C. Their concentration distributions in
the epidermis layer (~20 um below the surface) and around the sebaceous
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Fig. 3. In vivo monitoring of vitamin E distribution on mouse skin. (A) Experiment configuration. The nude mouse was anesthetized with isoflurane.
(B) Spontaneous Raman spectra of vitamin E, olive oil (rich in CH,), and bovine serum albumin (rich in CHs). (C) MCR output spectra of three components
assigned to lipid, protein, and vitamin E. (D) MCR concentration maps of lipid (in yellow) and protein (in green) before and after the treatment. (E) SRG images

at 2911 cm™". The pixel dwell time was 60 us. Scale bar, 100 um.

gland (~50 um below the surface) are shown in Fig. 3D. Before the treat-
ment, only lipid and protein components were found. After 5 min of
treatment, vitamin E molecules were found (in pink) in the epidermis
layer and enriched in the sebaceous gland (Fig. 3D). In contrast, selec-
tive imaging of vitamin E molecules was impossible with single-color
SRS microscopy (Fig. 3E). Together, these data showed that our tech-
nique is capable of mapping a specific chemical in a spectrally over-
lapped tissue in vivo.

Spectroscopic imaging of human breast cancerous

tissue in situ

We further demonstrated the capability of our scheme for imaging hu-
man breast cancer and stroma in situ. Current medical diagnosis of ma-
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lignancies relies on in vitro hematoxylin and eosin (H&E) staining and
histological examination of biopsies. Two-color SRS allowed selective
imaging of lipids and proteins in brain tissue on the basis of CH, vibra-
tion (2845 cm ™) and CH; vibration (2930 cm ™) (29). Broadband CARS
(15) and wavelength-sweeping SRS microscopy (9) were used to map the
chemical composition of thin tissue sections. Here, we demonstrate epi-
detected stimulated Raman spectroscopic imaging of intact human
breast cancerous tissues (Fig. 4A). SRG images at 2908 cm ™' showed
the morphology of the cancerous tissue at three different locations
(Fig. 4B). MCR analysis decomposed the SRG spectra into three compo-
nents (Fig. 4C). The spectral profile with a peak around 2850 cm ™ was
assigned to the adipose breast tissue. The peak at 2940 cm™" was assigned
to fibrosis, and the 2960 cm ™' peak was assigned to cell nuclei. The
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Fig. 4. In situ mapping of human patient breast cancer and stroma. (A) Digital picture of a 5-mm-thick human breast cancerous tissue. (B) SRG
images of locations indicated in (A) at 2908 cm™". (C) MCR output spectra of three components assigned to fat, fibrosis, and cell nuclei. (D) MCR
concentration maps of fat (in yellow), fibrosis (in green), and cell nuclei (in pink). (E) Histological analysis (H&E staining) of the same tissue. The pixel

dwell time was 600 ps. Scale bar, 100 um.

corresponding MCR concentration maps (Fig. 4D) closely matched the
histological examination of sliced tissues of the same area (Fig. 4E).

DISCUSSION

The current work demonstrated a platform for acquisition of a Ra-
man spectrum from highly scattered photons at 60-us integration
time. Our method is conceptually different from Fourier-transform
Raman spectroscopy, which sends the collimated signal light to a Mi-
chelson interferometer and retrieves the spectrum encoded in the
Fourier domain (30). A greater potential of our technology can be
realized by placing a ring-shaped detector between the focusing lens
and the specimen (6). In this way, up to 40% of diffuse photons can
be collected to generate a vibrational spectrum in a spectrometer-free
manner. In another direction toward minimally invasive molecular-
level diagnosis, the combination of our spatial frequency multiplex-
ing scheme with techniques that enable focusing of light through a
turbid tissue, such as time reversal of ultrasound-encoded light (31)
or digital phase conjugation with dynamic wavefront shaping (32),
promises a new avenue to implement deep-tissue vibrational spec-
troscopy for minimally invasive in vivo diagnosis.

Liao et al. Sci. Adv. 2015;1:21500738 30 October 2015

It is interesting to compare the detection sensitivity between our ap-
proach and single-color excitation SRS. For single-color SRS microsco-
py, the detection sensitivity of a 50 UM retinol or 5 mM methanol
solution was reported by Freudiger et al. (33) with 1-min integration
time. The 5 mM concentration limit for cholesterol reported by
Freudiger et al. was achieved at 1-s integration time. Here, we achieved
a 141 mM DMSO solution sensitivity at 60-us integration time
(fig. S2D). At 1-s integration time, our SNR would be improved 129 times
in theory, which corresponds to a detection sensitivity of 1.1 mM. Thus,
the detection sensitivity of our setup is on the same level as single-color
SRS. This sensitivity is partly attributed to shot-noise limited detection
and partly to spectral analysis of the whole data set.

It is important to note that acquiring a spectrum at each pixel allows
for separation of the SRS signal from the unwanted cross-phase mod-
ulation. Because cross-phase modulation is largely wavelength-
independent, by using spectral analysis such as MCR, we can separate
the Raman signal from this nonresonant background.

Our imaging platform can be applied to monitor the spatio-
temporal dynamics of target molecules in nontransparent living tis-
sues from which the signal photons are completely scattered. In
these systems, spectral acquisition by the conventional dispersion ap-
proach would lead to low photon collection efficiency. Because the
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animal motion and molecular diffusion are on the second scale, a
microsecond-scale spectral acquisition speed is required to collect a
spectroscopic image within seconds. Our technique meets this re-
quirement by recording a 60-us signal time trace from highly scattered
photons and retrieving a spectrum that is encoded in the modulation
frequency domain. We expect broad applications including in vivo as-
sessment of local drug bioavailability in human skin. Although we
focused on epi-detection, our technique is also applicable to forward
detection of scattering samples. We performed spectroscopic imaging
of live Caenorhabditis elegans and showed its capability to distinguish
lipid- and protein-rich compartments (fig. S3).

Our technology opens an avenue toward in vivo intraoperative his-
tological imaging. Current intraoperative tools for cancerous tissue as-
sessment, including cytological examination, frozen section analysis,
ultrasound, and radio-frequency spectroscopy (34-38), either are time-
consuming or lack sufficient tumor specificity. Recently reported Raman
spectroscopy technology for intraoperative tumor residual detection has
shown the ability to differentiate cancer cells from normal brain tissue
with a sensitivity of 93% and a specificity of 91% by point spectral mea-
surement within 1 s (39). Our technique reported here improved the ac-
quisition speed of a vibrational spectrum to microsecond scale, thus
allowing real-time spectroscopic imaging. With the aid of the MCR anal-
ysis, we further generated chemical images of bulk human cancerous
tissue, which reproduced the H&E staining and histological examination
results. Future development of a mobile intraoperative vibrational spec-
troscopic imaging tool would enable generation of histological data from
intact tissues in vivo to assess residual diseases in a surgical room.

The spectral coverage of our technology can be improved. The num-
ber of spectral channels (N) is determined as N = (fyax — fmin)/Af, where
fax 18 the maximum modulation frequency, f,;,, is the minimum mod-
ulation frequency, and Af is the bandwidth of each spectral channel.
The spectrum acquisition time (7T) is determined by T = 2/Af. Thema-
tically, by modulating an ultrafast pulse from 20 to 40 MHz with
70-kHz bandwidth, we will be able to generate 285 spectral channels
within 29 us. Moreover, with a 10-fs pulse, we will be able to cover
the entire fingerprint region with a spectral window of 1470 cm™".

In summary, our technique improved the Raman spectral acqui-
sition speed to microsecond scale and at the same time allowed the
retrieval of a vibrational spectrum from highly scattered photons.
Using this approach, we demonstrated in situ imaging of cancerous
human breast tissue and showed results that reproduced H&E stain-
ing and histological examination. Collectively, our technique has the
potential of pushing Raman spectroscopy from a single point mea-
surement tool toward in vivo clinical imaging applications.

MATERIALS AND METHODS

Spatial frequency multiplexing on an SRS microscope

A tunable 80-MHz pulsed laser (InSight, Spectra Physics) provided two
synchronized outputs. The tunable pump beam provided up to 1.0-W
power, 120-fs pulse duration, and a tuning range from 680 to 1300 nm.
The fixed 1040-nm beam with 0.5-W power and ~200-fs pulse width
served as the Stokes beam. The Stokes beam was sent to a diffraction
grating (1200 grooves/mm), and a slit on the Fourier plane narrowed
the bandwidth. The full width at half maximum was measured to be 3 ps
by an autocorrelator, and the power was 100 mW. A broadband pump
beam covering 180 cm ™" at 800 nm was dispersed by a diffraction grat-
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ing (1200 grooves/mm) in the x direction and scanned by a 17-kHz
polygon scanner (Lincoln Laser) in the y direction on a photolithog-
raphy mask, which modulated the reflected intensities of each
wavelength at 16 different frequencies ranging from 1.5 to 3.0 MHz.
The photolithography mask was designed with 16 one-dimensional ar-
rays of points in the x direction. Within each array, there were 88 to 176
periods in the y direction. These features were written by blue chrome,
which exhibits an optical density of 3 and low reflectivity (less than 5%)
at 800 nm, on a 4 inch x 4 inch x 0.060 inch piece of soda lime. We
placed a mirror (E03, Thorlabs) after the photomask to reflect the
modulated 800-nm laser beam. Therefore, the modulation depth was
close to 95%. A similar scheme was used to modulate the beam in the
kilohertz range in a previous study (26). For imaging applications, the
modulated pump and Stokes beams were sent to a lab-built microscope.
A 25x objective (XLPlan N 25%, Olympus) was used to focus the light
on the sample. The pump and Stokes laser powers on the sample were
30 and 50 mW, respectively. The SRG signal was then collected by the
same objective, and a polarizing beam splitter was used to reflect the
polarization-scrambled SRG signal to a photodiode (s3994-01, Hama-
matsu). This epi-detection scheme collected 3% of photons from the
sample. For the forward-detected imaging scheme, the Stokes beam
was collected by an oil condenser and sent to the photodiode. The in-
duced photocurrent was amplified through a resonant amplifier circuit,
which used the parasitic capacitance of the photodiode to create a cen-
tral resonance frequency of 2.25 MHz and a bandwidth of 1.5 MHz. The
amplified signal was sent to a high-speed data acquisition board with up
to 140 MHz sampling rate (ATS 460, AlazarTech). The data acquisition
was synchronized with the galvo mirrors in the lab-built microscope
and the polygon scanner in the pulse shaper by LabVIEW. A 60-ps time
trace of SRG signal with a sampling rate of 10 MHz was recorded for
each pixel. Fast Fourier transformation was performed in LabVIEW to
retrieve the SRG spectra in the modulation frequency domain. For each
spectral channel, we integrated over the 70-kHz bandwidth. After the
laser power normalization and Raman shift calibration, an SRG
spectrum was retrieved. For an image with 200 x 200 pixels, it took
2.4 s to record a total of 40,000 time traces. The data transfer from
the data acquisition board to the computer required ~3 s. The following
Fourier transformation at each pixel and image reconstruction by
LabVIEW required 1 min.

MCR analysis

MCR and alternative least squares fitting were used to decompose the
SRG spectral images into chemical maps of major components in a
specimen (I11). MCR is a bilinear model (40) capable of decomposing
a measured spectral data set D into concentration profiles and spectra of
chemical components, represented by matrices C and S*, D = C-S™ + E.
Here, T is the transpose of matrix of S. E is the residual matrix or ex-
perimental error. The inputs to MCR are the data set D and the
reference spectra of each component. S contains the output spectra of
all fitted components. The output concentration of a chemical com-
ponent at each pixel is expressed as a percentage relative to the intensity
of the MCR-optimized spectrum. Given an initial estimate of pure spectra
from either principal components analysis or prior knowledge, an
alternating least squares algorithm calculates C and § iteratively until
the results optimally fit the data matrix D. Nonnegativity on both con-
centration maps and spectral profiles is applied as a constraint during the
alternating least squares iteration. To reduce ambiguity associated with
MCR decomposition, a data augmentation matrix composed of repeating
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reference spectra can be added to the spectral data set D if needed. The
enhanced weight on pure reference spectra ensures that the MCR
algorithm selectively recovers concentration profiles for corresponding
Raman bands from experimental data set D.

Mouse tissue preparation

The protocol for this animal study (no. 1111000114) was approved
by the Purdue Animal Care and Use Committee. A male athymic
nude mouse (6 weeks old) under inhalation anesthesia with isoflur-
ane was used for in vivo imaging.

Human tissue materials and examination

The breast tumor samples were excised from a patient diagnosed
with invasive ductal carcinoma and then fixed in 10% buffered for-
malin. The SRS imaging experiments followed an Institutional Re-
view Board protocol (no. 0905008097) approved by Purdue University.
After SRS imaging, the tissues were sectioned and stained with H&E
for histological examination in the Purdue Histology and Phenotyping
Laboratory.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/1/9/e1500738/DC1

Vibrational spectroscopic imaging of live C. elegans

Fig. S1. Comparison of photon collection efficiency by a spectrometer to that by a single
detector.

Fig. S2. Detection sensitivity of spatial frequency multiplexing SRS microscopy.

Fig. S3. Spectroscopic imaging of a live wild-type C. elegans.
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