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Stimulated Raman-scattering (SRS) microscopy has emerged as a powerful tool for quantitative vibra-
tional imaging of live tissues and cells with biochemical specificity, but the spatial resolution of SRS
microscopy is still diffraction limited. We present work on saturated stimulated-Raman-scattering (SSRS)
microscopy to break the diffraction limit for far-field superresolution imaging in biological systems. A vir-
tual sinusoidal modulation (VSM) method is also proposed for retrieval of superresolution SSRS images.
We show an experimental implementation of SSRS microscopy for enhancing the spatial resolution of
SRS imaging in samples (e.g., plant cells, live HeLa cells) with a spectral focusing hyperspectral SRS
system. With saturation occurring in coherent Raman processes under a certain level of excitation powers,
it is anticipated that the SSRS technique has the ability to become an appealing tool for label-free far-field
superresolution SRS imaging in biological and biomedical systems.
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I. INTRODUCTION

To break the diffraction limit for biological imag-
ing, a variety of superresolution microscopy techniques
based on fluorescent labeling have been developed
in the past two decades, such as stimulated emis-
sion depletion (STED) microscopy [1], stochastic optical
reconstruction microscopy (STORM) [2], photo-activated
localization microscopy (PALM) [3], structured illumi-
nation microscopy (SIM) [4], and saturation excitation
(SAX) microscopy [5]. Compared to fluorescence-based
microscopy, coherent Raman-scattering microscopy [e.g.,
coherent anti-Stokes Raman scattering (CARS), stimulated
Raman scattering (SRS)] utilizing the inherent chemical
vibrational bonds as imagining contrast has been emerging
as an appealing tool for label-free biomolecular imag-
ing in biological and biomedical systems [6–11]. SRS
microscopy associated with bio-orthogonal Raman tags
(e.g., nitrile, alkyne and polyynes, etc.) [12,13] has also
been explored for high-contrast quantitative imaging and
supermultiplex in living cells. In both CARS and SRS
microscopy, a pump beam (ωp) and a Stokes beam (ωS <

ωp) are tightly focused into the sample. Coherent Raman
resonance happens when ωp − ωS matches the frequency
of a Raman-active vibrational mode along the phase-
matching direction. CARS detects the output at a new fre-
quency at 2ωp − ωS, whereas SRS detects either the loss of
the pump beam [called the stimulated Raman loss (SRL)]
or the gain of the Stokes beam [called the stimulated
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Raman gain (SRG)]. Compared to CARS, SRS microscopy
is free of nonresonant background and is suitable for high-
contrast vibrational bioimaging [7]. However, the spatial
resolution of conventional CARS and SRS microscopy is
still diffraction limited. Superresolution CARS and SRS
microscopy would be very attractive for imaging live cells
and even thick tissues, as coherent Raman-scattering tech-
niques with near-infrared (NIR) excitations can have a
larger penetration depth in biomedical systems [7]. Recent
studies show that suppressing CARS and SRS signals may
be a way to break the diffraction limit by using a STED-
like scheme [14–16]. For instance, the SRS signal can
be suppressed by adding a decoherence beam into a SRS
system for improving the spatial resolution by up to a fac-
tor of two [17]. SRS and CARS may also be suppressed
by introducing an additional competing SRS process for
enhancing the spatial resolution [18–20]. Superresolution
CARS microscopy with saturation is demonstrated in dia-
mond crystal [21]. Focal volume engineering may be used
to improve the lateral resolution by twofold although the
axial resolution is sacrificed [22,23]. Supercritical focus-
ing CARS has been reported for enhancing both axial and
lateral resolutions [24]. SRS microscopy with excitation
wavelengths in the visible range has been used for high-
resolution bioimaging [25], although it is still diffraction
limited.

Here, we propose and implement a far-field superres-
olution imaging scheme based on saturated stimulated-
Raman-scattering (SSRS) processes. We experimentally
demonstrate the SSRS scheme and also elucidate the SSRS
results with theoretical modeling. A virtual sinusoidal
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modulation (VSM) method is also proposed to extract
a superresolution SSRS image through a stack of SRS
images under different excitation powers with different
levels of saturation. We show an experimental imple-
mentation of SSRS microscopy for enhancing the spatial
resolution of SRS imaging in the samples [e.g., 1,4-
diphenylbuta-1,3-diyne (DPBD) crystal, plant cells, live
HeLa cells] with a spectral focusing hyperspectral SRS
system [26]. With the saturation occurring in coherent
Raman processes under a certain level of excitation pow-
ers, we expect that the SSRS technique has the ability to
become an appealing tool for label-free far-field superres-
olution SRS imaging in biological and biomedical systems.

II. METHODS AND MATERIALS

A. Principle of SSRS process

Figure 1(a) shows the energy level diagram to study the
saturation of SRS. Typically, a Raman process involves a
ground state |g〉, a vibrational state |v〉, and an electronic
state |e〉 [27]. In a real molecular system under intense
pulse laser excitations, the overtone states above the vibra-
tional state (labeled as |v1〉, |v2〉, etc.) can also be involved
in molecular transitions via nonlinear optical processes
[28]. For instance, if increasing the excitation power to
excite a significant portion of molecules to |v〉, the sub-
sequent transitions from |v〉 to overtone states may happen
in a cascade manner. This makes the SRS process diffi-
cult to saturate and hence, the overtone states cannot be
neglected in saturation of SRS. The status of the molecule
can be represented by the density matrixρ = |�〉〈�|. The
light-matter interaction is described semiclassically by the
Liouville-von Neumann equation with phenomenological
decay terms [27]

∂ρnm

∂t
= −iωnmρnm − i

�
[Ĥint, ρ̂]nm − γnmρnm (n �= m),

∂ρnn

∂t
= − i

�
[Ĥint, ρ̂]nn +

∑

Em>En

�nmρmm −
∑

Em<En

�mnρnn,

(1)

where m, n = g, e, v, v1, v2 . . ., and ωnm = ωn − ωm is the
frequency difference between the two states. γnm and �nm
are the decoherent rate and the delay rate, respectively.
Ĥint = μ̂ · E is the interaction Hamiltonian determining the
strength of light-matter interaction, in which μ̂ is the elec-
tronic dipole momentum operator and E is the electric
field of the incident light with a Gaussian temporal profile
[14,16]

E = [Ap cos(ωp t)+ AS cos(ωSt)] exp[−2 ln 2(t − t0)2/τ 2],
(2)

where Ap and AS are the field amplitudes of the pump
and Stokes beams, respectively. τ is the pulsewidth of

(a) (b)

FIG. 1. Principle of SRS processes. (a) Energy-level diagram
of SRS. (b) Temporal evolution of molecules populated in dif-
ferent energy levels (λeg = 500 nm, τ = 2 ps, and 
p = 
S =
200 THz).

both pump and Stokes pulses in terms of the FWHM of
intensity.

Here, the Raman shift is set to be �kvg = 1500 cm−1.
The pump wavelength is set to be λp = 800 nm, such
that λS should be 909.1 nm to match the Raman shift.
Two cases for the pulsewidths (τ = 2 ps and τ = 100 fs)
are considered for modeling, since both ps and fs lasers
are typically used in SRS imaging. For the electronic
state, since the electronic absorption of common biologi-
cal samples spans from ultraviolet (UV) to visible regions,
three cases will be considered: that is, the wavelengths
of the transition from |g〉 to |e〉 are λeg = 300 nm (off-
resonant excitation), 500 nm (off-resonant excitation), and
650 nm(preresonant excitation). (Details of other param-
eters refer to Sec. I of the Supplemental Material [29]
and Refs. [14–16,27,30–36].) Equation (1) can be solved
numerically by using the Runge-Kutta algorithm of the
fourth order from 0 to 4 ps (the center of the pulse is at t0 =
2 ps) to obtain the temporal evolution of population on
each molecular level for each set of parameters. Figure 1(b)
shows an example of the modeling results (λeg = 500 nm,
τ = 2 ps, and 
p = 
S = 200 THz). Instead of using the
peak intensities Ip and IS, the peak Rabi frequencies for
both pump (
p = μeg · Ep/� ∝ √

Ip) and Stokes (
S =
μeg · ES/� ∝ √

IS) beams are used, hence our results in
Fig. 1(b) are generic for different dipole momenta of the
molecule and different polarizations of light. Initially, due
to the |g〉 → |v〉 transition induced by a conventional SRS
process, the population on the vibrational state ρvv starts
to increase, while the population on the ground state ρgg
starts to decrease from 1. Subsequently, the populations on
the first and the second overtone states (ρv1v1 and ρv2v2)
start to increase in sequence due to the cascaded transitions
|v〉 → |v1〉 and |v1〉 → |v2〉. In the entire light-molecule-
interaction period, both ρv3v3 and ρv4v4 are � 1, thus it
suffices to include the first four overtone states for SSRS
simulations. One notes that in SRL and SRG measure-
ments, the cascaded transitions contributing to the SRS
signal cannot be distinguished from a conventional SRS
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process and hence, the overtone states have to be consid-
ered in the study of the saturation of SRS. Since ρee � 1,
most of the energy absorbed by the molecule is in vibra-
tional states rather than in the electronic state. The pop-
ulations on the ground state and all the vibrational states
undergo Rabi oscillations with frequencies close to the
two-photon Rabi frequency at 18 THz (period of approxi-
mately 350 fs) according to perturbation calculation of the
Liouville-von Neumann equation in Ref. [16].

Figure 1(b) shows that at the time point t = 4 ps, the
light-matter interaction is almost finished. Hence, we can
estimate the energy transferred to the vibrational levels
(including overtone states) and the electronic level as
follows:

Evib = ρvv|t=4 ps�ωvg +
4∑

i=1
ρvivi|t=4 ps�ωvig ,

Eele = ρee|t=4 ps�ωeg .
(3)

On one hand, the energy transferred to the vibrational
states is mainly due to the SRS process [15,37]; on the
other hand, while a pump photon is annihilated, a Stokes
photon will be created. Therefore, Evib/(�ωp − �ωS) is the
number of annihilated pump photons (or created Stokes
photons) per molecule through the SRS process. This
quantity is the SRS signal plotted in Figs. 2(a)–2(d). Sim-
ilarly, the energy transferred to the electronic state arises
from a multiphoton absorption (MPA) process. SRS cannot
be distinguished from MPA, which becomes an unwanted
background in SRS imaging. Assuming that the num-
bers of annihilated photons for both pump and Stokes
are equal in MPA, the number of pump photons lost per
molecule due to the presence of Stokes photons in MPA
isEele/(�ωp + �ωS)/2.

The signal level of SRS can be calculated as a function
of peak intensities. Figures 2(a) and 2(b) show two exam-
ples of SRS signal vs Rabi frequencies of pump and Stokes
beams (
p and 
S) in logarithmic scales, whereby λeg =
500 nm and the pulsewidths τ are 100 fs and 2 ps, respec-
tively. This shows that the SRS signal can be saturated
by both fs and ps lasers. Under saturation, the SRS sig-
nal is still roughly a function of the product of 
p and 
S.
To more clearly visualize the saturation of SRS processes,
Figs. 2(c) and 2(d) display SRS signals as a function of

 (
 = 
p = 
S), as well as the populations on the vibra-
tional state (vib) and the total population on overtone states
(ovt) after the light-matter interaction. Obviously, when 


is small [e.g., 
 < 300 THz and 
 < 50 THz in Figs. 2(c)
and 2(d), respectively], the slope of SRS is 4, that is,
SRS ∝ 
4 ∝ Ip IS. It is just a conventional (unsaturated)
SRS process, and the populations on overtone states (ovt)
are orders of magnitude smaller than that on the vibrational
state (vib). But when 
 becomes larger, the population on
the vibrational state reaches its maximum, while the pop-
ulation on overtone states gradually becomes comparable

(a) (b)

(c) (d)

(e) (f)

FIG. 2. Principle of saturation of SRS processes. (a),(b) The
SRS signal as a function of 
p and 
S , for λeg = 500 nm,
τ = 100 fs, and for λeg = 500 nm, τ = 2 ps, respectively. (c),(d)
SRS, the population on the vibrational state (vib) and the total
population on overtone states (ovt) after light-matter interac-
tion as a function of peak Rabi frequency 
 (
p = 
S), for
λeg = 500 nm, τ = 100 fs, and for λeg = 500 nm, τ = 2 ps,
respectively. The definition of the saturation Rabi frequency 
sa
is illustrated in (c). Pulse energy (e) and SRS signal to MPA
background ratio (f) for different sets of parameters under SRS
saturation.

to that on the vibrational state and can still increase due to
cascaded transitions [Figs. 2(c) and 2(d)].

According to Eq. (3), the excitations to both the vibra-
tional state and overtone states contribute to SRS signal,
thus the cascaded transitions to overtone states increase
the SRS signal and reduce the saturation of the SRS pro-
cess. The Raman shift of the cascaded transition from |v〉 to
|v1〉 is 1465 cm−1, which is 35 cm−1 less than the Raman
shift from |g〉 to |v〉 (1500 cm−1). For 2-ps-laser excita-
tion, the spectrum resolution is 10.38 cm−1, so that the
cascaded Raman process is slightly off resonance; for 100-
fs-laser excitation, the spectrum resolution is 207.6 cm−1

and the cascaded transition is within the spectrum reso-
lution. Obviously, by comparing Figs. 2(c) and 2(d), the
overtone states are much easier to be excited under fs laser
excitation. Nevertheless, in both fs and ps excitation cases,
although the cascaded transitions to overtone states may
reduce saturation to a certain extent, they cannot fully stop
SRS saturation.
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For a better quantitative understanding of the satura-
tion of SRS, we define a saturation Rabi frequency 
sa,
whereby if a Rabi frequency is above the saturation Rabi
frequency (
 > 
sa), obvious saturation of the SRS pro-
cesses will occur. Since saturation of SRS is a gradual
process (i.e., the slope of SRS is gradually decreasing from
4 down to smaller values), 
sa can be defined as the Rabi
frequency, bringing the slope of SRS down to 0.4 [a 90%
decrease, as indicated in Fig. 2(c)].

In Fig. 2(e), 
2
saτ is a quantity proportional to the pulse

energy. When λeg is closer to λp (closer to the prereso-
nant condition), the pulse energy required for saturation
is apparently smaller. However, SRS is saturated under
almost the same pulse energy for both ps and fs excita-
tion. This may be due to the two competing processes
involved in SRS transitions: (i) SRS is a third-order nonlin-
ear optical process; saturation means that nonlinear optical
processes higher than the third order are involved. In this
regard, for the same pulse energy, the fs laser should be
better for saturation due to its higher peak power. (ii) How-
ever, the fs laser is easier to excite the overtone states, thus
it is more difficult to achieve saturation as compared to
ps excitation. These two factors may compete and eventu-
ally almost cancel each other out, resulting in saturation of
the SRS processes occurring under a similar pulse energy
excitation with ps and fs lasers.

The signal-to-background ratios (i.e., SRS ratio to MPA)
under saturation for both ps and fs excitations are shown in
Fig. 2(f). Overall, SRS is an order of magnitude stronger
than the MPA process for both ps and fs excitations. For
the off-resonant excitation cases (λeg = 300 nm and λeg =
500 nm), the signal-to-background ratio is lower under fs
excitation. If close to the preresonant excitation (λeg =
650 nm), the signal-to-background ratio becomes similar
under fs and ps excitations. One notes that if λeg is shorter,
higher-order MPA is involved (e.g., if λeg = 300 nm, MPA
should be mainly due to three-photon absorption, while
λeg = 650 nm can be reached by two-photon absorption).
On the other hand, fs excitation, which has higher peak
power, is more efficient for higher-order MPA than ps exci-
tation with the same average power. Hence, the shorter λeg
is used and the higher background can be generated by fs
excitation.

One of the key tasks of our theoretical study on SSRS
processes in this work is to quantitatively predict the exci-
tation powers required for saturation of SRS processes in
the samples. The saturation Rabi frequency 
sa can be cal-
culated for each parameter set. Then, the peak intensity
required to reach such a Rabi frequency can be calcu-
lated by Isa = 1/2cε0[
sa�/(μeg/2)]2. For example, C-H
stretching of biomolecules (e.g., proteins, lipids) is the
most common Raman-active mode used in SRS imaging
in biological systems. μ of C-H stretching is about 0.03
elementary charge times nanometer [16] and its λeg is
around 200 nm [16], thus the peak intensity needed for

saturation will be about 1 TW/cm2 or 15 TW/cm2 for 2-ps
or 100-fs lasers, respectively. The saturation peak intensi-
ties of our synthesized Raman tag required for superreso-
lution SRS imaging are also calculated and compared with
experimental results [Figs. 5(a) and 5(c)].

B. Virtual sinusoidal modulation method for
superresolution SSRS imaging

The working principle of the VSM method is illustrated
in Fig. 3 by using simulation results (Sec. II of the Supple-
mental Material for details [29]). As shown in Fig. 3(a),
a stack of SRS images (e.g., SRL detected) is recorded

(a)

(b) (c) (d)

(e)

FIG. 3. Illustration of the VSM method for superresolution
SSRS imaging. (a) SRS images under excitation intensity prod-
uct Ip IS from I 2

0 to 6I 2
0 . (b) SRL vs Ip IS for selected pixels labeled

in (a). The measured data points (round dots) and the linear
interpolation (solid lines between data points) form the function
SRL = f (Ip IS). (c) Assuming that Ip IS is sinusoidally modulated
as Ip IS = g(t) = 6I 2

0 × [sin(ωt) + 1]/2, SRL should be modu-
lated accordingly as SRL = f [g(t)]. (d) The Fourier transform of
SRL = f [g(t)]. (e) The nth-order SSRS image can be retrieved
by plotting the Fourier components of the nth harmonic order
(nω) of all pixels as one image for which the resolution is
enhanced by a factor of about

√
n.
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under different excitation intensity products (Ip IS is from
I 2
0 to 6I 2

0 ), resulting in different levels of saturation. Then,
the superresolution SSRS images will be retrieved by
postprocessing of SRS images acquired with the following
three steps:

Step 1 [Fig. 3(b)] to obtain the function SRL =
f (Ip IS): From experimental data, for each pixel, we have
several data points for SRL vs Ip IS. Three examples [pix-
els labeled in red, black, and green in Fig. 3(a)] are shown
in Fig. 3(b) as round dots. In principle, SRL is a function
of Ip IS, that is, SRL = f (Ip IS). These experiments only
give several data points of this function. The missing data
is added by linear interpolation [solid lines between data
points in Fig. 3(b)]. It can be found that there is almost no
saturation in the green pixel, a little saturation in the black
pixel, and obvious saturation in the red pixel.

Step 2 [Fig. 3(c)] to apply modulation: Assum-
ing that the excitation intensity product is modulated
sinusoidally in the time domain as Ip IS = g(t) = 6I 2

0 ×
[sin(ωt) + 1]/2, we substitute Ip IS = g(t) into the relation
SRL = f (Ip IS) to obtain a curve SRL = f [g(t)].

Step 3 [Fig. 3(d)], Fourier transform: In Fourier
space, different frequency components of the modulated
signals {SRL = f [g(t)]} are plotted in Fig. 3(d). If there is
no saturation, that is, SRL ∝ Ip IS, SRL = f [g(t)] should
be sinusoidally modulated as well. Otherwise, SRL =
f [g(t)] becomes a distorted sinusoidal function, which
contains higher-order harmonics. Therefore, higher-order
harmonics can be utilized to distinguish different levels of
saturation. The signal from the center of the laser foci is
easier to saturate, thus such a signal can be distinguished
from the signal generated by the outer parts of the laser
foci, resulting in a better spatial resolution.

Finally, the nth-order SSRS image can be retrieved by
plotting the Fourier components of the nth harmonic order
(nω) of all pixels as one image, as shown in Fig. 3(e).
Similar to fluorescence-labeled SAX microscopy [5], in
principle, the spatial resolution of the nth harmonic order
of SSRS imaging is enhanced by a factor of about

√
n [38].

Figure 4 shows a comparison between the VSM and
SAX methods (Sec. II of the Supplemental Material for
details [29]). The VSM method is essentially an alterna-
tive option of sinusoidal modulation in SAX. As long as
enough data points are collected in VSM, the results should
converge to SAX. Figure 4(a) plots the accuracy of the
VSM method compared with SAX for retrieving different
harmonic orders with different numbers of data points by
linear sampling of Ip IS, that is, for n data points, Ip IS =
(1, 2, 3, . . . , n) × max(Ip IS)/n. Accuracy means how close
the VSM result is to SAX, where an accuracy = 1 means
perfect matching. It shows that n data points are enough to
retrieve the harmonic order nω when n ≤ 4. This agrees
with the Nyquist sampling theorem. However, if n > 4,

(a)

(b)

(c)

(d)

FIG. 4. Accuracy of the VSM method compared with SAX
for retrieving different harmonic orders with different numbers
of data points, by (a) linear sampling of Ip IS and (c) nonlin-
ear sampling of Ip IS . (b),(d), the strategy of linear and nonlinear
sampling of Ip IS .

more than n data points are needed to retrieve the infor-
mation at nω. The reason for this is illustrated in Fig. 4(b),
where a linear increase of Ip IS leads to a nonuniform sam-
pling rate int, and this effect is more serious for largern.
As shown in Fig. 4(c), this problem can be solved by
nonlinear sampling of Ip IS. Figure 4(d) illustrates nonlin-
ear sampling as Ip IS = max(Ip IS) × {1 − cos[θ (π /n)]}/2,
where θ = 1, 2, 3, . . . , n, to keep a uniform sampling rate
in t. Nevertheless, nonlinear sampling needs more data
points at higher intensity, thus it is easier to damage
the sample. Therefore, linear sampling is enough for low
harmonic orders.

C. Materials

Details of synthesis of DPBD and triphenylphospho-
nium Buta-1,3-diyne-1,4- diylbis(4,1-phenylene) (TPP-
BDBPD) and their properties are described in Sec. III of
the Supplemental Material [29].

D. Cell culture and incubation

HeLa cells are cultured in Dulbecco’s modified eagle
medium (DMEM) containing high glucose, glutamax, and
10% fetal bovine serum. Cells are subcultured and plated
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on a glass coverslip two days before imaging. For the
mitochondria imaging, 3 μl of TPP-BDBPD (0.2 mM in
dimethyl sulfoxide) solution is injected into a well plate
containing a glass coverslip and 3 ml of DMEM media,
then the plate is immediately shaken to ensure a homoge-
nous solution. The cells are then incubated at 37 °C, 5%
CO2 for 20 min. After thoroughly washing with phosphate
buffer solution three times, SRS imaging of HeLa cells is
conducted.

E. Image acquisition parameters

The SRS image of a DPBD crystal in the x-y plane
[Fig. 6(a)] is acquired with a pixel dwell time of 0.4 μs and
a pixel size of 75 nm, no average, Ip = 284 GW/cm2, IS =
71.5 GW/cm2. The SSRS image [Fig. 6(c)] is retrieved by
using the VSM method from four SRS images recorded
with IS increasing from 35.7 to 143 GW/cm2 at intervals of
35.7 GW/cm2, while Ip is kept constant at 284 GW/cm2.

The SRS image of a DPBD crystal in the x-z plane
[Fig. 6(h)] is acquired with a pixel dwell time of 0.4 μs,
a lateral pixel size of 158 nm, and an axial pixel
size of 300 nm, no average, Ip = 208 GW/cm2, IS =
29.5 GW/cm2. The SSRS image [Fig. 6(j)] is retrieved via
VSM from five SRS images recorded with IS increasing
from 29.5 to 148 GW/cm2 at an interval of 29.5 GW/cm2,
while Ip is kept constant at 208 GW/cm2.

The SRS image of chloroplast in plant cells [Fig. 7(a)]
is acquired with a pixel dwell time of 0.4 μs and a
pixel size of 79 nm, no average, Ip = 182 GW/cm2, IS =
36.9 GW/cm2. The SSRS image [Fig. 7(b)] is retrieved
from four SRS images recorded with IS increasing from
36.9 to 148 GW/cm2 by a step size of 36.9 GW/cm2, while
Ip is kept constant at 182 GW/cm2.

The SRS image of mitochondria labeled with TPP-
BDBPD in live HeLa cells [Fig. 7(f)] is acquired
with a pixel dwell time of 2 μs and a pixel size of
150 nm, averaged 40 times, Ip = 70.9 GW/cm2, IS =
214 GW/cm2. The SSRS image [Fig. 7(g)] is retrieved
from two SRS images recorded with Ip at 70.9 and
227 GW/cm2, while IS is kept constant at 214 GW/cm2.

The pixel dwell time and pixel size of all the SSRS
images are the same as their corresponding SRS images.
For the images of the DPBD crystal in the x-y plane and the
mitochondria, the objective used is Apo LWD 25X/1.10w,
Nikon.

III. RESULTS

A. Experimental observation of saturation of SRS
processes

The SRS images are acquired by using a home-built
spectral-focusing hyperspectral SRS microscope system
(Fig. S3 within the Supplemental Material) (for details
refer to Sec. V of the Supplemental Material [29] and Ref.

[26]). The SRS system can be readily switched between
fs excitation mode (τ = 100 fs) and spectral focusing
mode (ps excitation, τ = 1.8 ps) by flipping the glass
rods module out or into the SRS system. In this study, a
DPBD crystal is synthesized as a bio-orthogonal Raman
tag for SSRS imaging. The inset in Fig. 5(a) illustrates
its chemical structure. DPBD shows a strong Raman peak
at 2216 cm−1, which is located in the silent region of
Raman spectra of biological samples. Figures 5(a) and
5(c) show the measured SRS signals of DPBD crystals
at 2216 cm−1 vs

√
Ip IS and the geometric average of

pulse energy in logarithmic scale under spectral focus-
ing (ps excitation) and fs excitation modes, respectively.
Theoretical study predicts that

√
Ip IS = 0.19 TW/cm2 and√

Ip IS = 3.3 TW/cm2 are required for the saturation of
SRS of DPBD by ps and fs excitations, respectively. (Refer
to Sec. II A for the details of theoretical study and Sec. IV
of the Supplemental Material for the related parameters of
DPBD [29] and Refs. [39,40].) Compared with the ref-
erence line of unsaturated SRS ∼ Ip IS with a slope of 2,
the saturations of SRS signals (where the slope is <2)
are observed, which coincide with theoretically predicted
peak intensities for both ps and fs excitations. Similarly,
Figs. 5(b) and 5(d) show the measured SRS of chloro-
plast in leaf sheath cells of rice at 1530 cm−1. Saturations
are observed with

√
Ip IS greater than 0.1 and 2 TW/cm2,

for ps and fs excitations, respectively. There are several
Raman peaks involved in the measurements. In the spectral
focusing case (ps excitation), the spectral resolution of our
system is approximately 15 cm−1, thus the Raman peaks of
chlorophyll-a at 1530 cm−1, chlorophyll-b at 1523 cm−1

and chlorophyll-d at 1533 cm−1 can be excited simultane-
ously [41]. In fs excitation, there should be more Raman
peaks to be excited. To verify that the measured signal is
due to the Raman effect, SRS images of DPBD in both
resonant (2216 cm−1) and nonresonant (2076 cm−1) posi-
tions are displayed in Figs. 5(e) and 5(f). The intensity ratio
of the selected areas is I2076/I2216 = 2%, which is close to
the noise level, affirming that the measured signal is SRS.
The transient absorption signal of chloroplast may con-
tribute to the pump loss [42]. However, those pump-probe
processes via electronic excited states largely happen in the
visible region (450–700 nm) [42]. This is not the case for
our current study as our pump wavelength is 898 nm. The
SRS images of chloroplast in resonant (1530 cm−1) and
nonresonant (1590 cm−1) modes [41] are also compared in
Figs. 5(g) and 5(h). The intensity ratio of the selected areas
is I1590/I1530 = 15%, indicating that SRS is the dominating
process.

Comparing the results obtained by spectral focusing
mode (ps) with those by fs excitation mode, the pulse ener-
gies required for saturation are similar (e.g., for DPBD it
is about 0.6 nJ for both ps and fs excitations) [Figs. 5(a)
and 5(c)], which are also in agreement with our theoretical
calculations [0.63 nJ for ps excitations and 0.58 nJ for fs
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(f)(e) (g) (h)

(a) (b)

(c) (d)

FIG. 5. Experimental observation of the saturation of SRS
processes. (a),(b) Saturation of SRS for DPBD and chloro-
plast measured by spectral focusing mode (ps excitation). (c),(d)
Saturation of SRS for DPBD and chloroplast measured by fs
excitation mode. In each figure, the dotted black line is a refer-
ence line (i.e., unsaturated SRS signal), indicating the slope equal
to 2. The red and blue data points stand for the SRS measured.
The error bar indicates the standard error. The upper x axis stands
for the geometric average of the peak intensity, while the lower x
axis represents the geometric average of the pulse energy. (e),(f)
SRS images of DPBD at 2216 cm−1 and 2076 cm−1. (g),(h) SRS
images of chloroplast at 1530 cm−1 and 1590 cm−1. All SRS
images are acquired by using the spectral focusing (ps) mode.

excitations, labeled in Figs. 5(a) and 5(c)]. Therefore, it is
better to use the spectral focusing mode for SSRS imaging
to avoid photodamage due to the high peak power of fs
laser pulses. Note that in all of these SSRS experiments,
SRL is measured under different Stokes powers, while
the pump power is kept constant. To make sure that the
measured saturation behavior is not due to photodamage
and SRS measurements are repeatable, each curve is mea-
sured and repeated six times with standard errors of <3%
(i.e., in the first, the third, and the fifth times, the Stokes
power decreases from the maximum to zero step by step;
meanwhile, the Stokes power increases from zero to the
maximum in the second, fourth, and sixth measurements
for SSRS measurements).

B. Enhancement of lateral and axial resolutions in
SSRS imaging

We demonstrate the enhancement of both lateral and
axial resolutions of the SSRS imaging technique by using
DPBD crystals immersed in water. Figures 6(a) and

(a) (b)

(c) (d)

(e) (f) (g)

(h) (i)

(j) (k)

(l) (m) (n)

FIG. 6. Demonstration of both lateral and axial resolution
enhancement by SSRS. (a),(h) SRS image of DPBD crys-
tal immersed in water in the x-y plane and in the x-z
plane. (c),(j) Corresponding second-order superresolution SSRS
images. (b),(d),(i),(k) The contour plots of the selected area in
(a), (c), (h), and (j), respectively. (e),(l) SRL vs

√
Ip IS at selected

pixels P1, P2, and P3 in (b) and (i), respectively. The dotted black
line indicates slope equal to 2. (f),(m) The intensity profiles along
the white line in (b) and (i), showing clearly resolution enhance-
ment. The light-colored curves are the fitting results by error
function. The resolution is indicated beside the curve. (g),(n) The
average resolution measured at different locations of the inter-
face between DPBD and water. The error bar stands for standard
deviation. All the SRS and SSRS images are acquired by using
the spectral focusing (ps) mode.

6(c) show the comparison of the conventional SRS and
SSRS images along the x-y plane. The SSRS image is
retrieved by the VSM method at the second-harmonic
frequency (2ω). (Details refer to the VSM method in
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Sec. II B.) Figures 6(b) and 6(d) show the corresponding
contour plots of the selected areas in Figs. 6(a) and 6(c),
respectively. Compared with a normal SRS image, the
SSRS image provides a much sharper interface between
water and DPBD crystals. Figure 6(e) gives SRL vs

√
Ip IS

of selected pixels [labeled as P1, P2, and P3 in Figs. 6(b)
and 6(d)] in logarithmic scale. The dotted black line is
a reference line with a slope of 2, representing the con-
ventional (unsaturated) SRS process. From P3 to P1, the
slope is decreasing gradually, which means the level of sat-
uration is increasing. The resolution enhancement comes
from different levels of saturation. Figure 6(f) compares
the intensity profiles along the white lines in Figs. 6(b)
and 6(d).

To get a better understanding of spatial resolution
enhancement in a quantitative way, the data is fit by error
function

[
h(x) = A1

∫ x
−∞ exp(−t2/x2

0)dt + A2
]
, where A1,

A2, and x0 are fitting parameters. The fitting results are
plotted as light-colored curves. The lateral resolution can
be defined as the FWHM of the Gaussian function in the
fitting function h(x), that is, the resolution � = 2

√
ln 2x0.

This value is labeled beside the intensity profile. Then,
the resolution is measured in this manner at nine dif-
ferent locations across the boundary of the sample. The
average resolution and the standard deviation are plot-
ted in Fig. 6(g). This shows that the lateral resolution
is enhanced from 377 to 255 nm by a factor of 1.48,
which is close to the theoretical value

√
2. (Refer to VSM

method in Sec. I B.) In principle, the resolution enhance-
ment of SSRS imaging is unlimited; however, in practical
SSRS experiments, the extracted higher-order harmonic
frequency information of SSRS images could be limited
by the shot-noise and the saturation levels due to the maxi-
mum excitation powers permitted without photodamaging
the samples. The signal level at the second-harmonic order
(2ω) is usually less than 10% of the control images and
thus, the SSRS image has a relatively lower SNR. In our
study, the signal of the third-harmonic order (3ω) is buried
in noise.

To demonstrate the axial resolution enhancement by
SSRS imaging, similar SSRS experiments are also con-
ducted for the same DPBD sample. Figures 6(h) and 6(j)
show the comparison of the conventional SRS and SSRS
images along the x-z plane. The SSRS image is retrieved
by the VSM method at the second-harmonic frequency
(2ω). Figures 6(i) and 6(k) are the contour plots of the
selected areas in Figs. 6(h) and 6(j). The interface between
water and the DPBD crystal is much sharper in the SSRS
image as well. Figures 6(l)–6(n) show a similar result
to Figs. 6(e)–6(g). The axial resolution of SSRS imag-
ing is enhanced by a factor of 1.71, which is slightly
larger than the theoretical value

√
2. One notes that the

3 − μm-axial resolution is larger than the theoretical
value approximately (1 μm), which is most probably due
to the elongated point spread function arising from the

refractive index mismatch between water and the DPBD
crystal in the SRS experiments [43].

C. Superresolution SSRS imaging for biological
samples

We also apply the SSRS method for superresolution
imaging of biological samples. Figures 7(a) and 7(b) show
the comparison of label-free SRS and SSRS images of
the chloroplast in leaf sheath cells of rice at 1530 cm−1.
Figures 7(c) and 7(d) show the enlarged images of the

(a) (e)

(i)

(j)(f) (g)

(h)

(b)

(c) (d)

FIG. 7. Comparison of conventional SRS image and superreso-
lution SSRS image of chloroplast and Raman-tagged mitochon-
dria in live HeLa cells. (a),(b) SRS image and superresolution
SSRS image of chloroplasts in leaf sheath cells of rice. The
Raman shift is 1530 cm−1. (c),(d) Enlarged SRS and SSRS
images of the selected areas. (e) Intensity profiles across the
lines indicated in (c) and (d). (f),(g) SRS image and second-
order superresolution SSRS image of mitochondria in Hela cells
labeled with TPP-BDBPD. The Raman shift is 2216 cm−1. (h)
and (i) Enlarged SRS and SSRS images of the selected areas.
(j), Intensity profiles across the lines indicated in (h) and (i). All
the SRS and SSRS images are acquired by using the spectral
focusing (ps) mode.
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selected areas in Figs. 7(a) and 7(b). Apparently, the striped
distribution of thylakoids can be found more clearly in the
SSRS image [44]. The resolution enhancement can also
be observed clearly through the intensity profiles shown
in Fig. 7(e).

Mitochondria play a critical role in cell metabolism,
including adenosine triphosphate production, apopto-
sis, and autophagy [45,46]. Superresolution fluorescence
imaging of mitochondria is also reported to reveal interac-
tions between cellular structures by STORM [47]. Com-
pared with fluorescent imaging, Raman microscopy has a
unique advantage in quantitative analysis. Alkyne-based
Raman tag has been reported for SRS imaging of mito-
chondria [48]. In this SSRS study, we synthesize a Raman
tag called TPP-BDBPD for mitochondrial targeting in
which a DPBD molecule is modified to be BDBPD and
connected with a TPP molecule. TPP is commonly used
for mitochondria targeting [49]. The 2216 cm−1 Raman
peak of DPBD is not affected by this connection in terms
of both the Raman shift and the cross section. The SRS
and SSRS images of mitochondria in Hela cells labeled
with TPP-BDBPD are shown in Figs. 7(f) and 7(g), respec-
tively. Figures 7(h) and 7(i) show the enlarged images
of the selected areas in Figs. 7(f) and 7(g), respectively.
The intensity profiles of the white lines are plotted in
Fig. 7(j). SSRS images reveal a more detailed structure of
a mitochondria network in cytoplasm [50]. Mitochondria
are observed to undergo fusion and fission events con-
tinuously, resulting in a diverse range of the morphology
of mitochondrial networks, which is related to numerous
diseases (e.g., Parkinson, diabetes, cancer, and Alzheimer)
[50]. The SSRS method in this work may provide alterna-
tive insights into the distribution of mitochondria in living
cells with high spatial resolution.

IV. DISCUSSION

Different from fluorescence microscopy, SRS micros-
copy utilizing ultrafast lasers to excite the vibrations of
inherent molecules provides a unique way to map bio-
chemical distributions in living samples without the need
of labeling, making SRS particularly suited for quanti-
tative molecular imaging on biological and biomedical
systems with high biochemical specificity and sensitiv-
ity. Although superresolution optical imaging to break
the diffraction limit has been achieved for fluorescence
microscopy, those superresolution techniques are chal-
lenging to directly apply to SRS microscopy. Our SSRS
method to break the diffraction limit in this work has
shifted conventional SRS imaging to the kingdom of
superresolution. Superresolution SSRS imaging with the
VSM method shares the same experimental set up as con-
ventional SRS. Hence, SSRS can be readily applied to
existing SRS microscopes as long as the excitation power
is sufficient to achieve saturation without damaging the

samples. Our theoretical modeling on SSRS is not sam-
ple specific, thus theoretically, saturation of SRS can be
observed in any sample. The resolution of SSRS imag-
ing can be improved by extracting higher-order Fourier
components with the VSM method. In principle, there is
no limit of resolution enhancement by the SSRS technique.
Hence, the SSRS technique holds promise as an appeal-
ing tool for superresolution SRS imaging in a variety of
applications.

More generally, photon saturation is a versatile tool to
improve spatial resolution in a variety of imaging modali-
ties. There are typically two methods to achieve superres-
olution via saturation: (i) one can modulate the excitation
beam by a sinusoidal function, then detect the harmonic
modulation of the signal; (ii) besides normal excitation
beams, another donut-shaped beam is used to saturate
the signal from the rim part of the laser foci. Method
(i) was first proposed in SAX [5] and has been applied
for saturated two-photon fluorescence [51] and saturated
CARS imaging [21]. Method (ii) is essentially a STED-like
scheme, which has been applied for saturated pump-probe
microscopy [52] and saturated fluorescent imaging [53].
Our VSM method is an alternative version of method (i).
The sinusoidal modulation is implemented numerically in
VSM. Compared to SAX, VSM can significantly reduce
the dwell time for pulse laser excitation. To obtain a sinu-
soidally modulated intensity profile in the time domain,
many pulses are needed in each modulation cycle. In this
case, the dwell time has to be much longer than typical
SRS imaging, in which there are only a few pulses in
each modulation cycle. For example, in the SSRS image
of chloroplast by VSM, the dwell time of a single image is
0.4 μs. Four images are acquired thus the total dwell time
is 1.6 μs only. In comparison, the dwell time in superres-
olution imaging of both saturated two-photon fluorescence
and saturated CARS takes up to 100 μs [21,51]. Meth-
ods like SAX by differential excitation, which is similar to
VSM, can also be used to improve the detection efficiency
[54]. The STED-like scheme of SSRS imaging is also fea-
sible in principle. Although STED-like SSRS makes the
set up more complicated, it is more suitable for fast SSRS
imaging as it only needs to scan once to obtain a superreso-
lution image; however, the VSM method requires scanning
several times with different excitation powers for retrieval
of a superresolution image.

In SSRS imaging, photodamage to the samples with
high excitation power can be one of the main concerns. The
damage threshold may vary from different samples under
different imaging parameters (e.g., dwell time, averaging
times, pixel size, etc.) [37,55]. In our mitochondria SSRS
imaging under Ip = 227 GW/cm2 and IS = 214 GW/cm2

with pixel dwell time of 2 μs and averaged 40 times,
photodamage is observed in approximately 15% of the
cells, but no damage is observed if averaged <10 times.
For chloroplast SSRS imaging under Ip = 182 GW/cm2
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and IS = 148 GW/cm2 with 0.4 − μs dwell time with-
out averaging, no obvious damage is observed. For SSRS
imaging of DPBD crystals under Ip = 208 GW/cm2 and
IS = 148 GW/cm2 with 0.4 − μs dwell time without
averaging, some parts could be damaged while some
other areas are not. Compared to superresolution SSRS
imaging with 75–150-nm pixel size, the saturation curves
(Fig. 5) are measured with a 1.2 − μm pixel size
and no photodamage is observed in all samples. Hence,
the excitation power should be carefully controlled with-
out damaging the samples for superresolution SSRS
imaging.

It would be very attractive to apply the SSRS method for
superresolution imaging of abundant biomolecules (e.g.,
lipids, proteins) in biological and biomedical samples.
According to our theoretical modeling, saturation of C–H
stretching in lipids and proteins requires a peak intensity
of approximately 1 TW/cm2 in the spectral-focusing mode,
which is approximately fivefold higher than the maximum
peak intensity available in our current SSRS set up. Since
such a high excitation power is required for lipid and pro-
tein imaging, the photodamage effect should be assessed
and controlled carefully [56]. In our SSRS HeLa cell imag-
ing, the exposure time of one pixel is approximately 80 μs
(2 − μsdwell time, averaged 40 times). If the peak inten-
sity increases by five times, the signal level will increase
by 25 times while the shot noise will increase

√
5 times

(in our cell imaging, the SRS signal level of the Raman
tag used is comparable to the lipid and protein SRS sig-
nal). Hence, the SNR will increase by 11 times (25/

√
5).

To maintain a similar SNR, the exposure time per pixel
required is 80/112 ≈ 0.66 μs. Under such power levels,
the photodamage is mainly due to energy transferred to
the molecules through the SRS process [37]. The exposure
time to induce photodamage is found to be inversely pro-
portional to the square of the peak intensity [55], that is,
if 80 − μs exposure time is acceptable for a 0.2 TW/cm2

peak intensity, 80/52 = 3.2 − μs exposure time should be
also acceptable while the peak intensity reaches 1 TW/cm2,
as it is long enough to maintain the SNR. On the other
hand, a lower repetition rate of laser sources can signif-
icantly reduce the risk of photodamage [37,55,56], thus
a kHz laser would be a good option for superresolution
SSRS imaging of lipids and proteins in biological samples,
although sacrificing the imaging speed.

In summary, we demonstrate that the SSRS technique
breaks the diffraction limit to enhance both the lateral and
axial resolutions of SRS imaging in DPBD crystals, in
which the VSM method is used to retrieve a superreso-
lution SSRS image from a stack of SRS images acquired
under different excitation powers. SSRS for superresolu-
tion imaging is proven for biological samples (e.g., chloro-
plast in leaf sheath cells, mitochondria in living Hela cells
labeled with TPP-BDBPD). The experimental observation
is in agreement with the predicted SRS saturation peak

intensities in DPBD crystals for both ps and fs excita-
tion. We expect that by choosing proper laser sources and
adopting rapid scanning methods to mitigate any photo-
damage effect, the SSRS imaging technique promises to
be an appealing tool for label-free far-field superresolution
SRS imaging in biological and biomedical systems.
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