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Stimulated emission depletion (STED) is the key optical technology enabling super-resolution microscopy below
the diffraction limit. Here, we demonstrate that modulation of STED in the time domain, combined with properly
designed lock-in detection, can radically enhance the contrast of fluorescent images of strongly autofluorescent
biotissues. In our experiments, the temporally modulated STED technique, implemented with low-intensity con-
tinuous-wave laser sources, is shown to provide an efficient all-optical suppression of a broadband fluorescent back-
ground, allowing the contrast of fluorescent images of mammal brain tissues tagged with nitrogen-vacancy diamond

to be increased by five orders of magnitude.
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Diamond with nitrogen-vacancy (NV) centers offer much
promise for quantum technologies [1-3], enable a unique
modality of optical magnetometry on the nanoscale [4,5],
and allow optical thermometry to be implemented with a
millikelvin accuracy and an unprecedented, nanometer-
scale spatial resolution, thus providing a unique tool for
thermometry of living cells [6]. Diamond nano- and
micro-particles with NV centers find growing applica-
tions as nonbleaching, cytocompatible labeling agents
and cellular biomarkers in bioimaging with standard,
linear [7,8], and two-photon [9] laser excitation. The in-
tegration of the NV diamond with optical fibers [10,11]
helps manipulate, polarize, and interrogate the spin of
NV centers through a fiber [12], paving the way toward
fiber-format single-photon emitters, quantum sensors,
optical magnetometers [13,14], and thermometers [15].

The unique photophysics of NV centers in diamond
proves to be ideally suited for stimulated emission
depletion (STED) microscopy [16-18], a technique that
enables an unprecedented far-field spatial resolution,
well below the diffraction limit, leading to revolutionary
breakthroughs in optical imaging. When applied to NV
centers in diamond, STED microscopy has been shown
to yield point-spread functions of only 5.8 nm in width
[19,20], helping to resolve individual nitrogen vacancy
centers in diamond nanocrystals [21] and allowing a
far-field spatial resolution two orders of magnitude
higher than the wavelength of excitation light [19]. Wide-
field multispectral super-resolution imaging has also
been demonstrated [22] using spin-dependent fluores-
cence in nanodiamonds modulated through the magnetic
resonance of NV centers.

Detecting fluorescent markers against a bright auto-
fluorescence of biotissues is one of the key issues in
fluorescence microscopy. As a possible solution to
this problem, discrimination of the fluorescent signal
from autofluorescence using fluorescence of NV centers
modulated by a microwave field [23] or a strong
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alternating magnetic field [24,25] has been demonstrated.
Here, we show that temporally modulated STED
(TMSTED), combined with properly designed lock-in
detection, can help discriminate fluorescence of NV-
diamond markers from an intense autofluorescence
background, offering an all-optical method of ultra-
high-contrast imaging with no need for an additional
microwave or a magnetic field, which may have un-
wanted effects in in vivo work. As our experiments
show, the TMSTED technique can enhance the contrast
of fluorescent images of NV-diamond nanoparticles in au-
tofluorescent mammal brain tissues by five orders of
magnitude, providing a powerful tool for ultrahigh-
contrast bioimaging.

In our experiments, micro- and nano-particles of dia-
mond with NV centers were used as fluorescent markers.
The fluorescence of NV diamond was induced by 532 nm,
5 mW continuous-wave second-harmonic output of a Nd:
YAG laser (Fig. 1). This field transfers NV centers from
their ground, A state to an excited, >E state [green arrow
in Fig. 2(a)], which tends to decay with a lifetime of about
11.6 ns, emitting fluorescence [red arrow in Fig. 2(a)]
within the range of wavelengths from approximately
600 to 850 nm. Similar to the earlier STED work on

M /7
3D stage %

i |'\/ lens  DM1” \
> Filter ™1
¢ ﬁ I

Tissue NV-center

Fig. 1. Experimental setup for TMSTED imaging: Nd:YAG SH,
second-harmonic output of a continuous-wave Nd:YAG laser;
STED, wavelength tunable source of STED radiation; DM1,
DM2, dichroic mirrors; M, mirror; PD, photodetector; Ref,
the reference input of the lock-in amplifier.
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NV diamond [19-21], this fluorescence emission was sup-
pressed in our experiments through a STED process [red
arrow in Fig. 2(a)] using an additional optical field in the
near-infrared. In our scheme, this STED field was deliv-
ered either by a Ti: sapphire laser or a Ti: sapphire-laser-
pumped optical parametric oscillator (OPO), supporting
a wavelength tunability range from 800 to 1300 nm.
The STED field is modulated in our experimental
scheme with a modulation frequency of 415 Hz and a duty
cycle of 50% using a chopper (Fig. 1). The fluorescence
signal from NV diamond is detected using a lock-in am-
plifier, which was set to pick up an input signal at 415 Hz,
thus measuring the difference Iy, = Iy — I (Fig. 1) be-
tween the overall fluorescence signal in the absence of
the STED field, I,, and the fluorescence signal sup-
pressed by STED, I,. The fluorescence from NV centers
is separated from the STED radiation using shortpass
filters with a cutoff at 750 nm and a dichroic mirror
(DM2 in Fig. 1), providing a reflection coefficient higher
than 97% in the range of wavelengths from 400 to 690 nm
and transmission in excess of 92% in the 710-1200 nm
wavelength range. A notch filter is used to block
reflected and scattered 532 nm radiation in front of
the detection system. For fluorescent imaging, both ex-
citation and STED laser beams are focused with a 20x
micro-objective. A sample is placed on a high-precision
three-coordinate translation stage (Fig. 1), which enables
scanning along the x- and y-coordinates in the transverse
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Fig. 2. (a) Diagram of the temporally modulated STED versus
energy states of NV centers in diamond: Exc, excitation radia-
tion; STED, frequency-tunable STED radiation; Fluor, fluores-
cence signal. (b) The lock-in output as a function of the
STED radiation power for different STED radiation wave-
lengths: (filled circles) 815 nm, (open circles) 1064 nm, (trian-
gles) 1110 nm, and (rectangles) 1210 nm. The Dbest
S « 1 - exp(clgrgp) fits are shown by solid lines.

plane and helps to adjust the position of the sample
relative to the beam focus along the z-coordinate.

In the first series of experiments, we examined the
performance of the TMSTED detection scheme by meas-
uring the lock-in output for NV diamond on a substrate
without any fluorescence background as a function of
the power and the wavelength of STED radiation. Typical
results of such measurements, performed on an diamond
particle with a diameter of about 250 pm, are presented in
Fig. 2(b). The efficiency of luminescence signal suppres-
sion in STED is an exponential function of the STED field
intensity Istep [23], 7 = exp(clstep), Where o is the cross
section of the stimulated process, giving rise to a lock-in
amplifier output S « 1 — exp(clgrgp). This dependence,
shown by solid lines in Fig. 2(b), is seen to provide a rea-
sonably accurate fit for the lock-in output measured as a
function of the power of STED radiation for all the wave-
lengths of the STED field, indicating the predominance of
one-photon transitions over multiphoton processes in the
STED process in our experiments.

As the STED radiation wavelength is increased from
815 nm [filled circles in Fig. 2(b)] to 1210 nm [rectangles
in Fig. 2(b)], the lock-in output monotonically decreases,
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Fig. 3. Fluorescent images of an NV-diamond particle taken
through (a),(b) a 1-mm-thick layer of rhodamine 6G solution
and (c¢),(d) a 200 pm thick slice of mouse brain without (a),
(c) and with (b),(d) TMSTED suppression of the fluorescence
background. (e),(f) One dimensional cuts of these fluorescent
images taken along the dashed lines shown in the panels with
(black line) and without (red line) TMSTED suppression of the
fluorescence background for an NV-diamond particle imaged
through (e) rhodamine 6G solution and (f) a slice of mouse
brain. The dashed lines show the median levels of (1) the
TMSTED fluorescence intensity corresponding to NV diamond
and (2) the TMSTED-suppressed background from the brain
tissue. Contours of NV-diamond particles are shown with
dotted lines.



indicating a monotonic drop in the efficiency of STED.
This behavior is also fully consistent with the predomi-
nantly one-photon nature of STED transitions. Indeed,
since the frequency of STED radiation @ remains lower
than the frequency of a STED transition wgrgp within
the entire STED-radiation tunability range [Fig. 2(a)],
longer STED radiation wavelengths translate into larger
frequency differences Aw = wgrgp — @, lowering the
efficiency of STED and decreasing the lock-in output
in our experimental scheme. Based on these findings,
the 815 nm output of a continuous-wave Ti: sapphire
laser was used as a source of the STED radiation in
all the experiments presented below in this Letter.

In the second set of experiments, NV diamond fluores-
cent markers were placed inside an aqueous solution of
rhodamine 6G, which was used to mimic a strongly auto-
fluorescent, albeit not strongly scattering medium. In a
standard scheme of imaging, where the fluorescence sig-
nal is detected without any suppression of the fluores-
cent background, the fluorescence from a 1 mm thick
layer of aqueous rhodamine 6G solution is three orders
of magnitude more intense than the fluorescence of a sin-
gle NV-diamond particle with a diameter of 250 pm used
in this measurement. As a result, the NV-diamond particle
is not visible in fluorescent images recorded without the
STED beam [Fig. 3(a) and the red line in Fig. 3(e)]. When
the temporally modulated STED field is on, on the other
hand, the fluorescence background because of rhod-
amine 6G is suppressed by more than five orders of mag-
nitude [see the red and black lines in Fig. 3(e)], through
appropriate lock-in detection as described above, making
the NV diamond particle clearly visible in the resulting
fluorescent images [Fig. 3(b)]. Notably, no spectral filter-
ing was applied in our experiments to separate the fluo-
rescence resulting from NV diamond markers from the
background luminescence, provided by dye molecules.
The method of fluorescence contrast enhancement dem-
onstrated in this experiment will thus work equally well
for any spectrum of background fluorescence, including
that of autofluorescence.

Finally, in the third series of experiments, the TMSTED
technique was applied for brain imaging. In these experi-
ments, a single NV-diamond particle with a diameter of
250 pm was placed beneath a 200 pm thick slice of a live
brain sample extracted from a C57Bl-line mouse a few
hours before an experiment. Brain slices were addition-
ally colored with rhodamine to artificially increase the
background in fluorescent images.

Fluorescent images recorded without a STED beam of-
fer no clue with regard to the location of the NV-diamond
particle [Fig. 3(c), red line in Fig. 3(f)]. With a temporally
modulated STED field applied, the fluorescent back-
ground is reduced by five orders of magnitude, enabling
the detection of the NV-diamond particle in fluorescent
images [Fig. 3(d), black line in Fig. 3(f)]. An averaging
time of 100 ms per pixel was found to be adequate for
the conditions of our experiments. With such an averag-
ing time and no a priori data on the location of NV
diamond particles, images similar to the one shown in
Fig. 3(d), synthesized of 50 x 50 pixels with a step of
7.4 pm, are fully recorded within about 20 minutes.

The contrast of these NV-diamond images can be quan-
tified in terms of the ratio of the median levels of
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TMSTED fluorescence intensity corresponding to NV
diamond [dashed line 1 in Fig. 3(f)] and TMSTED-
suppressed background from the brain tissue [dashed
line 2 in Fig. 3(f)]. For the image presented in Fig. 3(e),
this contrast is estimated as n ~ 120. The lower efficiency
of fluorescence background suppression provided by
TMSTED and an excessive blurriness of NV-diamond
images in experiments with brain slices compared to ex-
periments with rhodamine solution are because of a
strong scattering of brain tissues. The scattering length
of brain slices used in our experiments, estimated as ap-
proximately 90 pm, was more than a factor of two shorter
than the thickness of brain slices (~200 pm).

To summarize, we have demonstrated that modulation
of STED in the time domain, combined with properly
designed lock-in detection, can radically enhance the
contrast of fluorescent images of strongly autofluores-
cent bio tissues. The temporally modulated STED
technique, implemented with low-intensity continuous-
wave laser sources, has been shown to provide an effi-
cient all-optical suppression of a broadband fluorescent
background, allowing the contrast of fluorescent images
of mammal brain tissues tagged with nitrogen-vacancy
diamond to be increased by five orders of magnitude.
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