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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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