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Abstract

Stimulated Emission Depletion (STED) microscopy increase spatial image resolution by laterally
sharpening the illumination profile of the confocal microscope. However, it remains compromised in
axial resolution. To improve axial STED resolution, constructive interference of the STED depletion
beam must be formed surrounding the focal plane to turn off the fluorophores beyond the focal plane.
For isotropic 3D-STED resolution, this axial STED interference pattern must be overlayed with the
doughnut STED beam at nanometer accuracy. Such optical configurations can be challenging in
alignment. In this current work, we introduced a straightforward lifetime based axial contrastin STED
microscope by imaging the samples on an ITO coated glass coverslip. The STED laser generates surface
plasmon resonance on the ITO surface that enhanced the metal induced energy transfer MIET effect
on the ITO surface. The enhanced MIET effect established a lifetime gradient with ~20% dynamic
range that extend for mor than 400 nm from the ITO surface. The axial contrast based on the lifetime
gradient was directly used for 3D-STED imaging of tubulin fibers inside COS-7 cells, where the vertical
displacement of single tubulin fiber was revealed. Lifetime gating could be applied to further improve
lateral spatial resolution. Considering that most common implementation of STED microscopes uses
pulsed lasers and timing electronics, there is no optical modification of the microscope is required in

the current 3D-STED approach.

1. Introduction

Due to the diffraction of light, the diameter of the
focused light in the standard laser scanning confocal
microscope cannot be finer than 200 nm for the visible
light spectrum [1]. Features that dwell within the laser
spot cannot be separated as all the fluorophores within
the focal spot are excited simultaneously. The STED
microscope breaks the diffraction barrier by sharpen-
ing the effective point spread function (PSF) of the
excitation laser [2]. This is done by introducing a
second doughnut-shaped depletion beam which over-
lays with the excitation laser to turn off the

fluorophores in the peripheral region of the focal
point. Only the fluorophores located in the exact
center of the doughnut beam remain ‘on’. A 0-27
vortex helical shaped phase plate is inserted in the
STED beam path to alter the wavefront of the STED
beam so that it generates a destructive interference
pattern at the geometrical center of the focal point and
a constructive interference pattern at the peripheral
ring [3]. This produces an open-ended tube-like three-
dimensional geometry of the STED depletion beam
with zero intensity along the z axis. The resulting
effective PSF of the STED microscope is like a thin
needle. Due to the lack of depletion in the z direction,
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there is little resolution enhancement along the axial
axis. Although a resolution close to 30 nm can be
achieved in XY with STED, the z direction is still
limited in the range of ~1 um [4]. Several approaches
have been proposed to increase the resolution in the
axial dimension. One method is to combine STED and
4Pi microscope modalities. That is, a coherent STED
light source is split into two separate light paths and
guided to the same focal point from two opposing
objectives. The two beams forms a sharp interference
pattern along the z axis [5]. By tuning the polarization
state of one laser beam, destructive interference with
zero intensity can be shifted to the shared focal plane
of the two objectives, while constructive interference
formed surrounding the focal plane to turn the
fluorophores off. For optimized improvement in
resolution in both the XY and Z direction, this axial
interference pattern must be perfectly superimposed
with the doughnut beam to form a sphere-shaped
hollow depletion pattern. Isotropic 40 nm 3D resolu-
tion has been demonstrated using this configuration
[5]. However, the two objective 4pi configuration is
cumbersome for sample accessibility and requires
additional adjustment of sample buffer composition
to reduce local refractive index mismatch [5]. Alter-
natively, one single objective-based 3D-STED
approach has also been proposed, where a similar axial
interference pattern with zero intensity at the focal
plane is generated from a separate top-hat phase plate.
It overlays with the XY doughnut beam at the same
focal point to achieve isotropic 3D-STED resolution
[6-9]. Although the sample space accessibility is
improved compared to the 4pi 3D-STED, the setup
still requires sophisticated optical configuration and
nanometer precision alignment. Optical aberrations
have also been reported in these systems which prevent
achieving optimal resolution [10, 11]. An alternative
simpler hybrid phase plate has been reported that
integrates the doughnut and top-hat phase plates effect
in a single beam path [4]. However, using this method
the resolution was compromised in the XY direc-
tion [4].

The recently reported Metal Induced Energy
Transfer (MIET) technique has been shown to
improve the axial resolution without additional opti-
cal modifications of the microscope. The principle of
MIET is based on the near field resonance effect that
occurs when the fluorophore is placed in close proxi-
mity to the metal surface [12]. When the fluorophore
is located at close distance <=150 nm to the metal
film, the excited energy is transferred to the surface
plasmons of the metal surface through near field reso-
nance effect. This induces a reduction of the apparent
lifetime of the fluorophore. The resonance effect is
reminiscent to the well-known Forster resonance
energy transfer (FRET) between two fluorophores
[13], while the working distance range for MIET is
much longer than FRET. In MIET, the requirement
for the acceptor is that it should contain free electrons
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which are able to resonate with the electromagnetic
wave from the excited fluorophores. Due to the sub-
stantially large absorption cross-section of the metal
film as an acceptor, the resonance effect can be exten-
ded linearly for up to 150 nm [14]. As the distance
between the fluorophore and metal surface can be
deduced from the measured lifetime, MIET has been
adopted as an axial super-resolution imaging techni-
que. The achievable z resolution using MIET can be
down to ~5 nm in both point scanning and wide field
illumination microscopes [14, 15]. Except the fre-
quently used gold substrate, recently it has been shown
that semiconductor materials, such as graphene and
indium tin oxide (ITO), can also produce the MIET
effect but with shorter axial range of less than 20 nm
[16—18]. This is due to the lower abundance of free
charge carriers present in the semiconductor to reso-
nate with the electromagnetic field of the dipoles [16].
Nevertheless, one of the drawbacks of imaging
through the gold film is the low transmission rate due
to the opaque nature of gold. At 10 nm thickness, the
transmission efficiency is only ~10% at 650 nm [19].
In comparison, indium oxide is a highly transparent
ceramic semiconductor material. After doping with
Tin, it is still highly transparent but more conductive
due to increased concentration of free electron carrier
[20]. The unique optical and electrical property of ITO
has been utilised in many optoelectronic devices, such
as solar cells and sensing electrodes [21]. Recently, ITO
coated coverslips have also been applied in fluores-
cence spectroscopy [17, 18]. With a 700 nm thick ITO
coating, the transmission efficiency is still greater than
85% in the visible spectrum [22], which makes it
highly valuable for photon sensitive super-resolution
techniques [23, 24].

The MIET effect generate from the ITO surface is
effective for <10 nm distance from the ITO coated
surface, which has been used to locate the fluor-
ophores with subnanometer accuracy in the z axis
[17]. For distance greater than 10 nm, the MIET effect
was substantially reduced. However, how will the
MIET effect be influenced by the STED laser near the
ITO surface is yet unclear. To our knowledge, STED
imaging on ITO coated coverslip has not been repor-
ted to date. It is known that ITO is transparent to visi-
ble light and partially reflective to infrared light due to
the plasma frequency of ITO in the infrared spec-
trums. At plasma frequency, the free electron in ITO
become delocalized and oscillates in resonance with
the incoming light wave, known as surface plasmon
resonance SPR [25, 26]. From nanoantennas single
molecule imaging work, it is known that when the dye
fluorescence emission band overlays with the locally
excited plasmon resonance, reduction of dye lifetime
can occur [27]. The plasmon frequency of ITO is blue
shifted to the near infrared spectrum with the increase
of ITO coating thickness [28]. At 765 nm STED laser
wavelength and 750 nm ITO coating thickness that
used in current study, we anticipate that the STED
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laser could induce SPR on the ITO surface which
could potentially enhance the MIET effect. Experi-
mentally, we showed that in presence of the 765 nm
STED laser, the MIET effect from the ITO surface was
substantially enhanced, which extended for more than
400 nm with more than 20% dynamic range. The
effect was not observed on standard glass coverslip or
ITO alone. The STED laser enhanced MIET effect gen-
erates a steep and long distance range lifetime gradient
that was sufficient to detect the axial displacement of
single tubulin fibers in COS-7 cells.

2. Result and discussion

2.1, STED laser enhances the MIET effect of the ITO

surface

We anticipate that the MIET effect on the ITO surface
can be used to produce axial contrast to the standard
STED imaging. Here, we used commercially available
ITO coated coverslips with 8-12 2 electric resistance
that are equivalent to 750 nm thickness of ITO coating
according to the manufacturer. We acquired STED
imaging using the Microtime 200 STED microscope
(PicoQuant, GmbH) coupled with a FLIM bee scan-
ner. The sample are excited and depleted by the 40
MHz pulsed 640 nm and 765 nm laser respectively. In
the following text, we refer the STED laser as the 765
nm depletion laser and 640 nm laser as the excitation
laser. The shape of the STED doughnut was checked
by reflection from 100 nm gold nanoparticles. The
typical central hollow shaped STED doughnut pattern
were confirmed on both the glass substrate and ITO
surface (Supplementary figure 1 (available online at
stacks.iop.org/MAF/10/035001/mmedia)). We
imaged fluorescent polystyrene beads with 430 nm
diameter that were labelled with a far-red dye that was
suitable for our STED laser light configuration. When
imaged at glass surface in absence of STED depletion
laser, the dye displayed a single exponential decay with
lifetime of 2.3 ns. In presence of STED laser, the dye
emission is modified depend on the STED intensity it
experiences. At high STED laser intensity, there is high
probability for the excited dye to return to ground
state through stimulated depletion at the STED laser
wavelength. The timing of the depletion laser needs to
be adjusted for optimized depletion efficiency [29]. By
imaging the beads using the 63X water immersion
objective with the STED phase plate removed, we
found that having the 765 nm STED depletion laser
delayed by 200 ps with respect to the 640 nm excitation
laser produced the most efficient dye depletion. The
same laser settings were applied for all the following
STED image acquisitions. Atlow STED laser intensity,
the STED laser is insufficient to induce simulated
depletion. In this case, the STED laser quenches the
excited dye lifetime. This is because the STED laser
forms an additional decay pathway for the excited
fluorophore to return to ground state with an emission
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of photons in its intrinsic spectrum [6, 30]. The
influence of STED laser to the dye lifetime 7 can be
mathematically described as 7 = 1/(K; + o), where,
Kj is the intrinsic decay rate, ois the absorption cross
section of the STED laser, and I'is STED laser intensity
[31]. Here, we acquired lifetime of a group of
randomly selected beads on the glass substrate. We
found that as the STED laser intensity increases, the
dye lifetime began to decrease at early lifetime bins
which formed a noticeable inverted hump on the
fluorescence decay at ~1 ns (figure 1(a)). Since a band
pass filter (690/70) was placed to reject the STED laser
and STED laser stimulated dye emission, we reason
the lifetime shortening is due to the insufficient
stimulated depletion of the dye. It is noticeable that the
decrease of lifetime only occurred for the duration of
the STED pulse (figure 1(a)). The lifetime after the
STED pulse remained the same as in free space as
previously reported [6, 30]. When the pixel lifetime
value in the Fast FLIM image that calculated by taking
the average photon arrival time of all photons in
individual pixels was plotted in histogram, it produced
a single peaked gaussian distribution (figure 1(b)). At
17.4 mW STED laser intensity, the lifetime histogram
was shift from 2.3 &+ 0.4 ns to 1.6 £ 0.4 ns without
significant change in the shape of distribution.

In comparison, the lifetime behavior of the dyes on
the ITO surface was more complex. We found that the
STED laser quenched the dye lifetime at short lifetime
time as on the glass substrate, it also enhanced the
MIET effect at longer lifetime. At short lifetime scale,
the amplitude of the fast decay due to the incomplete
STED deletion was substantially increased for the
same STED laser intensity on the ITO surface com-
pared to glass substrate as shown in figure 1(c). This is
consistent to the previous studies to show that the effi-
ciency of STED depletion was enhanced when the dye
was placed inside a metal shell [32, 33]. More interest-
ingly, the dye lifetime decay after the STED pulse was
also significantly accelerated on the ITO surface.
When the lifetime decay after the STED pulse from 2
ns onward was plotted side by side for the glass sub-
strate and ITO surface under same STED laser inten-
sity (figure 1(c) inset), it was evident that there was an
overall faster decay rate on the ITO surface. Suggesting
that the overall lifetime decay process of the dye on the
ITO surface has been modified. The effect is reminis-
cent to increased MIET quenching effect as the fluor-
ophores was brought closer the ITO surface as
previously reported [17]. This implies the STED laser
has enhanced the MIET effect on the ITO surface that
potentially due to localized plasmon resonance cou-
pling between the STED laser and ITO surface. The
lifetime distribution of average photon arrival time in
the Fast FLIM image also showed a more complex nat-
ure on the ITO surface. The original peak was shifted
from 2.3 4+ 0.4 ns to 1.1 4 0.5 ns, and a second peak
at 0.25 ns appeared with increased STED intensity
(figure 1(d)). Importantly, we ruled out the possibility

3


http://stacks.iop.org/MAF/10/035001/mmedia

Methods Appl. Fluoresc. 10 (2022) 035001

Y Maetal

——— (0 mW STED glass

intermittently on the ITO surface.

Time (s)

a 1000 4 1000 - —— 0 mW STED ITO
—— 0mW STED 1000 ——12.3 mW STED glass
0.6 mW STED —— 123 mW STED ITO
—— 22 mW STED
- ——— 52 mW STED
£'100+ 8.8 mW STED 2 100
€ 12.3 mW STED g
z 17.4 mW STED 2
-8 ; 5 3
1]
-%‘ 104 = 10
[=]
£ E
2 2
1 1
0 5 10 15 20 25 25
b d Lifetime (ns)
j —— 0 mW STED 104 4 A —— 0 mW STED
1.0 —— 0.6 mW STED ﬂﬂ‘- AN i D
—— 2.2 mW STED 1 [ 9
0.8 ——5.2mW STED 0.8 ' ; \ ’ 'D r‘ — g; m glgg
——— 8.8 MW STED I\ [ 8.8 mW STED
- ——123mWSTED i . 12.3 mW STED
£ 6. 17.4 mW STED s 064/ | \ [ / ‘ —— 17.4 mW STED
5 2] ‘ |
= = '
0.4
0.2
0.0 )
0 4
e B T T T
5
3 2000 - SRy
(5] * o
c : . : anan g
B 1000 | ' : . : : ‘
=
2 . e e s
0 1 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40 45 50
f 3 [ T T T T T T T T T .
2] STED off
g STED on
o]
[&]
| =
2
o
i =
o
0 1 1 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40 45 50

Figure 1. STED Laser enhances MIET effect on the ITO surface. The fluorescence lifetime decay (a), () and histogram of pixel lifetime
values in the Fast FLIM image (b), (d) of the 430 nm beads on the glass (a), (b) and ITO (c), (d) surfaces at various STED laser power
measured at the objective back aperture as indicated. In aand ¢, the lifetime decay is normalized to 1000 at the peak of the exponential
decay. Inb and d, the pixel lifetime value in the Fast FLIM is calculated by taking the average photon arrival time in each pixel over the
full 25 ns lifetime window, which is equivalent to the center of mass of the lifetime decay. The histogram is normalized to 1 at the
gaussian peak. The inset in c showed a cropped lifetime decays between 2 ns to 5.5 ns with and without of 12.3 mW STED on glass and
ITO surface as indicated. To ease visual comparison, the decays in the inset were normalized by the lifetime values at 2 ns. (¢) and (f),
plot of detector intensity by focusing 640 laser on a bead (e) and outside of a bead (f) with STED laser switched off (black) and on (red)

that the fast photons were due to scattering from the
640 nm or STED laser on the ITO surface. Here, we
compared the fluorescence intensity emitted from a
bead and scattered light outside the bead with constant
640 nm laser illumination while switching the STED
laser (8.8 mW) on and off on the ITO surface

(figures 1(e), (f)). On the fluorescent bead, the pre-
sence of the STED laser depleted the fluorescence by
~60%, without causing notable photobleaching and
anti-stoke excitation (figure 1(e)). Outside the beads,
the scattered 640 nm laser from the ITO surface was
less than 0.1% of the signal from the bead, and the
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Figure 2. PSF characterization of STED imaging on the ITO surface (a, b) XY and XZ plane image of a single 430 nm bead on glass (a)
and ITO coated (b) coverslips. From left to right, the columns are intensity, intensity weighted and non-intensity weighted STED
lifetime images, respectively. The lifetime images were color coded from blue to red indicate increase of lifetime. The color scales were
optimized independently in a and b to maximize the contrast in display. Scale bar = 500 nm. (c) Plot of the fluorescence intensity
(first Yaxis in blue) and tail fitted lifetime values (second Y axis in orange) in the STED doughnut center along the z axis of the bead on
glass substrate (circle) and I'TO surface (stars). A vertical rectangular section in the middle of the XZ image of the bead was selected as
indicated by dotted line in a, the horizontal pixels inside the rectangle were binned at each z position to increase photon counts. Here,
the extracted lifetime decays at each z position were forced to tail fit to a single exponential model in the range of 2.7 ns to 25 ns to
minimize the direct influence from STED laser. The two gaussian curves and corresponding lifetime values were aligned to the center
of the beads at the height of 215 nm. (d) Raw lifetime decay profiles at selected piezo positions shown in ¢ on the glass (top) and ITO

Lifetime (ns)

presence of STED laser caused negligible change com-
pared to 640 nm laser alone (figure 1(f)).

2.2, PSF characterization of STED imaging on the
ITO surface

Given the enhanced MIET effect on the ITO surface,
we aimed to test whether it could provide a sufficient
lifetime gradient along the z direction to introduce
axial contrast for 3D-STED imaging. For proper STED
imaging, we switched to the 100 x 1.4 Oil objective
with the STED plated inserted beneath the objective.
Images were acquired in XY and XZ plane of single 430
nm beads on both glass and the ITO coated coverslips.
As shown in the XY lifetime image of the bead in
figure 2(a) top row 2nd column, the lifetime at the

peripheral region of the bead was noticeably shorter
compared to the center on the glass substrate. This
effect become clearer when the lifetime image was not
weighted by photon number as shown in the
figure 2(a) top row 3rd column. While the fluores-
cence is normally well suppressed at the crest of the
STED doughnut, dyes that located at the inner circle
region between the central intensity zero and dough-
nut crest can escape complete depletion and emit
photons at its intrinsic emission spectrum. Those
photons are often short lived due to the influence of
STED laser. Similar concentric lifetime patterns of
bead have been reported in other STED studies
[30, 31]. When the bead was imaged on the ITO
surface, a comparable lateral lifetime pattern was
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observed but with an overall lifetime shortened
compared to the glass substrate (figure 2(b)). Impor-
tantly, different lifetime pattern was revealed when the
XZ scan of the bead was compared. Here, a rectangular
XZ plane across the center of a single bead was scanned
with pixel size of 20 nm over the depth of 2 yym. The
axial scan was done by the moving the piezo motor
attached to the objective. On the glass surface, the
lifetime profile in the XZ image was consistent to the
XY image, where the lifetime was longer in the center
and shorter at the peripheral (figure 2(a) bottom row
2nd and 3rd column) across the entire z axis. There
was little lifetime change alone the z direction. On the
ITO surface, there was an intense steep lifetime
gradient observed alone the z axis. The lifetime was
shortest close to the ITO surface and gradually
increased as the distance from the ITO surface grew
(figure 2(b) bottom row 2nd column). On close
inspection of the non-intensity weighted lifetime
image (figure 2(b) bottom row 3rd column), it showed
that the STED doughnut beam became intensified at
the ITO interface. It appeared as a blue triangular cone
shaped short lifetime pattern surrounding the central
bead. The pattern was laterally extended into the
center and covered the bottom section of the bead.
The local amplification and longitudinal traveling of
the STED laser on the ITO surface implies SPR
coupling between the STED laser and ITO coating.
Next, we assessed the axial range of the STED
induced MIET effect on the ITO surface. We analyzed
the dye lifetime on the XZ image at increasing z posi-
tion along the bead. To minimize the direct lifetime
influence from the STED beam, we selected only a nar-
row strip of pixels equivalent to 80 nm in width in the
middle of the STED doughnut that extend alone the z
axis as highlighted by yellow dotted line in figure 2(a).
The lifetime decay of the pixels at each z section were
binned to increase photon count and tail fitted to a sin-
gle exponential decay function between 2.7 ns to 25 ns.
The fitting was gated from 2.7 ns onward to minimize
the direct influence from the STED laser. The results
are plotted in figure 2(c), with the overall lifetime of
the bead being substantially reduced on the ITO sur-
face, which is consistent to the result acquired in
figure 1(d). A gradual increase in lifetime was observed
as the distance from the ITO surface increases along
the z axis. The lifetime value increased by 20 £ 3% as
the piezo moved up from —300 nm to 800 nm relative
to the ITO surface. Even at the top of the bead, the life-
time was still substantially lower than the intrinsic life-
time of the dye on glass substrate, suggesting that the
STED induced MIET effect likely extends beyond the
diameter of the bead in the z direction. In contrast, for
the same axial range and image settings, the tail fitted
lifetime on the glass substrate has only increased by
less than 2.0 £ 0.3%. A 10-folds increase in lifetime
contrast was observed on the ITO coverslip. When the
lifetime color scale was adjusted to maximize the con-
trast (2nd and 3rd columns in 2nd row in figures 2(a)
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and (b)), greater lifetime contrast along the z axis was
clearly observed on the ITO surface. A gradual
increase of lifetime was stretched over the entire dia-
meter of the bead from bottom to top. As the displayed
lifetime image was smoothed by taking average of
neighboring pixels to increase signal to noise ratio (see
methods for detail), we also examined the unaveraged
raw lifetime decay of piezo positions from 600 nm to
—200 nm relative to the coverslip as shown in
figure 2(d). The gradual decrease of lifetime was evi-
dently visible on the ITO surface, while the lifetime on
the glass substrate showed no significant change. In
summary, the PSF characterization revealed a sharp
lifetime gradient in z axis on the ITO surface with
more than 10-folds increase in dynamic range com-
pared to the glass substrate. The lifetime gradient
extended over the height of the bead in distance from
the ITO surface.

2.3,3D-STED lifetime imaging of tubulin filaments
in the cell

Given the increased lifetime contrast along the z axis
on the ITO surface, we investigated whether the
lifetime gradient can be used to produce sufficient
axial contrast for 3D-STED imaging of cellular struc-
tures inside the cells. For this purpose, we performed
STED imaging of tubulin fibers in COS-7 cells. The
cells were directly cultured on the ITO surface prior to
the experiment, fixed and immunostained for tubulin
filaments by anti-alpha tubulin primary antibody and
secondary antibody conjugated with the Abberrior
Star Red dye. The sample was imaged with the same
optical settings as the PSF characterization experi-
ment. Given that the lifetime gradient was mostly
adjacent to the ITO surface, we imaged the micro-
tubule structure close to the basolateral cell membrane
by focusing the laser at the ITO surface. When the laser
is focused at the ITO and solution interface, the
reflected excitation laser forms an airy disk at the
conjugated focal plane on the diagnostic camera of the
PicoQuant microscope. The confocal and STED life-
time image of tubulin filaments is shown in figure 3(a),
where a reproducible lifetime pattern from the cell
center to edge was observed among cells. The dyes on
the tubulin filaments generally produced shorter life-
time at the cell lamellipodia region compared to the
cell center. This suggests that as the tubulin filaments
expands from the cell center to cell edge, it started
from a higher position and gradually descend as it is
approaching the lamellipodia at cell edge. Similar
trends about cellular tubulin network have been
reported in other 3D super-resolution techniques
[34, 35]. The XZ scan across the cell shown in
figure 3(a) also confirmed this conclusion
(figure 3(b)), with fewer tubulin fibers being found at
the bottom of the cell near the center. Although both
the confocal and STED image revealed similar lifetime
trends on the ITO surface, we noticed the lifetime
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Figure 3. Lifetime based 3D-STED imaging of tubulin fibers in COS-7 cells on ITO surface. (a) a single plane XY acquisition of a
confocal (left) and gated STED (right) lifetime images of the microtubules structure in the same COS-7 cells. (b) Gated STED image
acquired by perform a single cross section of XZ scan at the yellow dotted line shown in panel a over the z depth of 7 ym. (c) Zoomed in
XY gated STED imaging of microtubule on the ITO surface. In figures (a)—(c), the lifetime values were color coded from blue to red
indicate increasing lifetime and greater distance from the ITO surface. The color is scaled independently to maximize the image
contrast. (d) From left to right, confocal, STED and gated STED images of the yellow dotted line highlighted region in panel c. Scale
bar = 10 ym, 3 um, 3 ym, and 1 pmina, b, cand d, respectively. (e) Line intensity profiles of the two tubulin fibers crossed by the
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contrast in the STED image was greater due to
enhanced MIET effect by the STED laser. The axial
contrast in the STED image not only revealed the
overall descending trend of the microtubule networks
at whole cell level, but also helped to differentiate the
axial displacement of individual single microtubule
fibers (figure 3(c)). The sharp vertical turning of the
single tubulin fiber near the lamellipodia region could
be detected, which was revealed by the lifetime color
transition alone the fibers as shown in figure 3(c).
Overall, we demonstrated that the enhanced lifetime
contrast in the axial direction on the ITO surface
allows for straightforward 3D-STED imaging, where
the fluorophores at different z positions could be
differentiated based on its lifetime values.

Lifetime gating could be applied on the ITO based
3D-STED images to further improve lateral spatial
resolution as in previous gated STED [31, 36, 37]. As
shown in the zoomed in region in figure 3(d), while the
improvement in spatial resolution from confocal to
STED image was obvious, the resolution could be fur-
ther enhanced by gating the photons arrived after the
STED pulse from 2.7 ns onward. This was confirmed
by the full width at half maximum (FWHM) analysis
of the intensity line profile across two microtubule
fibers as shown in figures 3(d), (e). The gaussian fitted
FWHM values to the first gaussian peak were 322 £ 6
nm, 140 £+ 5 nm and 83 &£ 2 nm for confocal, STED
and gated STED, respectively. Also, the image contrast
has improved from 0.075 for confocal to 0.316 and
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0.398 for the STED and gated STED, respectively. The
image contrast is defined as (Imax—Imin)/ (Imax + Imin)-
Inax and Iy, are the intensity at the peak and valley of
the two gaussian curves. As demonstrated in
figure 2(b) third column, the short-lived photons were
mostly located around the peripheral region of the
focal point at the inner circle of the STED doughnut.
Spatially, they are mixed up with the long-lived pho-
tons from the focal center that cannot be spatially fil-
tered out by the pinhole. They blur out the image and
contribute to higher background noise. Temporally,
those fast photons are mostly emitted within the dura-
tion of STED pulse, which can be directly rejected out
by lifetime gating [31, 36] or lifetime filtering using
phasor approach based on the temporal dynamic dif-
ference of the photons emitted at the center and per-
ipheral region of the PSF [38—40]. Remove of those fast
photons could directly increase the image contrast and
resolution of the STED image as previously reported.
In contrast, the decrease in lifetime by the STED
enhanced MIET phenomenon affects the dye lifetime
decay at broader time scales, that expand well beyond
the duration of STED pulse. Those photons were not
fully excluded in the gated STED image. The STED
images shown in figures 3(a), (c) were gated and the
lifetime contrast across the cell was consistent with the
MIET observed in the corresponding confocal images.
This suggests that the STED enhanced MIET effect not
only create greater axial contrast for easy 3D-STED
image, but it can also be subjected to photon filtering
to further enhance the spatial resolution.

3. General discussion and conclusion

The influence of metal and semiconductor materials
to the nearby excited dye fluorescence is a complex
subject of ongoing investigation. The optical and
electronic properties of the material, the distance of
the dye to the material interface, and the presence of
plasmonic resonance can all influence the light emit-
ting process of the dyes in proximity [12, 41, 42]. At
less than 5 nm distance, the nonradiative energy
transfer to the metal surface is the dominant process
and it substantially reduces the probability of photon
emission. At a longer distance beyond the quenching
layer, greater number of photons can be emitted for a
given time due to accelerated lifetime decay rate near
the metal surface. Spending less time in the excited
state also reduces the probability of triplet state
induced photobleaching which increases total number
of photons emitted [12, 41]. When the excitation light
becomes locally trapped near the metal surface due to
plasmonic resonance coupling, such as in nanoan-
tenna, the apparent brightness and lifetime decay rate
of the dyes could be increased substantially
[27, 43, 44]. In the current study, we focus on the
lifetime aspect of the light emission process near the
ITO surface. Namely, the MIET effect, in which
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electromagnetic waves from the oscillating dipole of
an excited fluorophores are coupled to the surface
plasmon of the semiconductor. Inside the semicon-
ductor, both the abundance and mobility of the free
charge carriers influences the efficiency and range
distance of the MIET effect [16, 45]. In the case of ITO,
Tin doping increases the abundance of the free
electron. In presence of the STED laser, the electro-
magnetic energy from the STED laser could be coupled
to the surface plasmons of ITO causing increased
mobility of the free electrons. The motion of the
resonating electrons could deviate beyond the physical
barrier of the ITO surface like in nanoantenna to
enhance resonance coupling with nearby fluorophores
[46]. In current study, both the magnitude and distant
range of the MIET effect near the ITO surface were
enhanced by the STED laser.

The STED laser enhanced MIET effect affects the
dye lifetime decay beyond the STED laser pulse, which
is distinct from the STED laser effect alone [6, 30].
Through PSF characterization, we show that the
reduction of lifetime was amplified close to the ITO
interface. Spatially, the lifetime reduction by MIET
effect extended from the surrounding STED doughnut
into the focal center, possibly due to longitudinal tra-
veling of the SPR wave along the ITO surface. Those
photons are permitted at the pinhole position that suf-
ficiently collected by the detector. Vertically, a sharp
gradient of lifetime was extended for up to 400 nm
from the ITO surface. We show that this lifetime gra-
dient is sufficient to introduce lifetime based axial con-
trast for 3D-STED imaging inside cells. It was sensitive
enough to reveal the vertical displacement of single
tubulin fibers in the cell. Based on the PSF analysis, we
suggest the STED enhanced MIET affect the fluor-
ophores located <400 nm from the ITO surface. At
increased distance from the ITO surface, the lifetime
contrast will eventually diminish. One other practical
limitation is that increase of STED laser power beyond
20 mW could cause damage to the ITO coating, we
found that ~12 mW STED laser power produced
optimal result in our setup.

On the glass substrate, a slight lifetime contrast
was observed for photons emitted from the focal plane
and above as shown in figure 2. This is due to incom-
plete fluorescence depletion at the inner circle of the
STED doughnut, and this effect is most intense at the
focal plane and weakens as it moves away from the
focal plane. However, those fast photons are spatially
located at the peripheral ring at the conjugated focal
plane at the pinhole position that are partially rejected.
In addition, those fast photons can be temporally fil-
tered out by lifetime gating. The MIET modulated
photons from ITO surface on the other hand are spa-
tially centered and long lived, which can survive the
pinhole filtering and lifetime gating. Nevertheless,
careful alignment of the STED depletion beam should
be performed to avoid asymmetrical depletion of the
STED beam in the vertical direction. The pinhole
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position should also be centralized to avoid biased
detection of those STED laser affected fast photons.

In conclusion, we showed that by performing
standard STED imaging on the ITO coated coverslip, a
vertical lifetime gradient adjacent to the ITO surface
was produced that could be used to introduce the axial
contrast for 3D-STED imaging. The range of the life-
time gradient covers up to 400 nm that is suitable for
3D imaging of cellular structures. We showed that the
axial contrast was sensitive enough to distinguish axial
displacement of single tubulin fibers. The great advan-
tage of current 3D-STED approach is its simplicity,
given that most STED microscope are capable of life-
time measurement, no additional optical modification
is required. In addition, the sample preparation proce-
dure is standard, and the ITO coverslips are commer-
cially available. Therefore, we anticipate broad
adaptation of this method by the super-resolution
imaging community.

4. Method and materials

4.1. Sample preparation

The ITO coated glass coverslip (06489-AB, SPI sup-
plies, PA, USA) were commercially manufactured by
depositing 750 nm ITO onto 170 pum thick glass
coverslip that produce 8-12 ) electric resistance
according to the manufacture. The €2 value is indica-
tive of the ITO thickness with the ITO coating
thickness inversely proportional to electric resistance.
Prior to placing samples on top, the ITO coverslip was
plasma cleaned for 3 min and washed by 70% Ethanol.
For the bead imaging experiments, the 430 nm purple
polystyrene beads (VFP-0562-5 Spherotech) used
were sonicated for a few second to reduce bead
clustering. COS-7 cells (ATCC CRL-1651) were placed
on either glass or ITO coated coverslip in 6 well plate
18 h prior to the imaging experiment. The cells were
cultured in DMEM supplemented with 10% Fetal
Bovine Serum (FBS) at 37 °C and 5% CO, incubator.
For immunofluorescence imaging, the cells were fixed
in 4% paraformaldehyde for 10 min, and permeabi-
lized by 0.02% Triton X-100 for 5min at room
temperature. The permeabilized cells were washed
and incubated in 5% bovine serum albumin BSA for
30 min to prevent non-specific antibody binding. 2 ul
of anti-alpha tubulin antibody (ab216650, Abcam)
was added to the sample at 1:1000 dilution factor and
incubated at room temperature for 1h. The sample
was washed and stained with Abberior STAR RED
conjugated goat anti rabbit secondary antibody
(STRED-1002-500UG, Abberior, Goéttingen, Ger-
many) for another 30 min prior to washing and
imaging in PBS buftfer.

4.2. Optical setup
The STED image acquisition was conducted on the
PicoQuant MicroTime 200 STED microscope
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(PicoQuant GmbH, Berlin, Germany) equipped with a
FLIM bee galvanometer scanner (PicoQuant GmbH,
Berlin, Germany). A 640 nm picosecond pulsed laser
(LDH series, PicoQuant GmbH, Berlin, Germany) was
used for the excitation. A 765 nm pulsed STED laser
(VISIR-STED, PicoQuant GmbH, Berlin, Germany)
was used for stimulated depletion. The STED pulse
was stretched to ~300 ps to avoid two-photon excita-
tion and reduce photobleaching. All lasers were set to
pulse at 40 Mhz with the STED laser pulse electro-
nically adjusted to arrive at ~200 ps delay from the
excitation laser. This laser configuration provided the
maximal depletion efficiency for the dyes used. The
two lasers were reflected to the objective by a 640/760
nm dichroic mirror (Chroma, Bellows Falls, VT).
Samples were imaged through either a 60X Water
immersion objective (NA 1.30, UplanSApo, Olympus,
Tokyo, Japan) or a 100X Oil immersion objective
(NA1.40, UPlanSApo, Olympus, Tokyo, Japan) as
specified in the text. On the PicoQuant STED system,
the easy STED approach [47] was used to generate the
doughnut STED depletion pattern. Here, a chromatic
sensitive segmented wave plate was placed in the back
of the 100X Oil objective. Due to the wavelength
sensitive nature of the birefringent material used in the
waveplate, the 640 nm laser was retarded by a whole
wavelength that forms a normal diffraction limited
spot at the focal point, while the STED laser was
retarded by a half wavelength to form a doughnut
pattern at the focal point with zero intensity in the
center [47]. The fluorescence emitted was collected by
the same objective and spatially filtered by a 100 pum
pinhole at the conjugated focal plane. The light passing
through the pinhole was guided and focused onto the
Single Photon Avalanche Diodes (SPAD) (SPCM
AQRH-14 TR, Excelitas Technologies, Waltham,
MA). A 690/70 band pass filter (Chroma, Bellows
Falls, VT) was inserted in front of a SPAD detector to
clean up the reflected excitation laser, the STED laser
and the stimulate emissions from the dyes.

To build up the lifetime histogram, the photons
arrival times were registered in Time-Correlated Sin-
gle Photon Counting TCSPC format using a Hydra-
harp 400 (PicoQuant GmbH, Berlin, Germany). The
image acquisition and data analysis were performed
using the SymPho Time 64 (PicoQuant GmbH, Berlin,
Germany). The STED images were raster-scanned in
frame-by-frame cumulative mode with total pixel
dwell time of ~1 ms. For low resolution beads lifetime
image in figure 1, an area of 80 ;m” was scanned in a
256 X 256-pixel array and pixel size of 300 nm. For
high resolution image in figures 2 and 3, pixel sizes
were set to 80 nm and 20 nm respectively for confocal
and STED acquisition. For XZ STED imaging in
figure 2, a 1200 x 2300 nm” rectangle area in XZ
plane across the center of a single bead was scanned
with pixel size of 20 nm.
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4.3. FLIM analysis

Two images were generated from the PicoQuant STED
microscope, one was the intensity image, the other was
the Fast FLIM image. The pixel value in the intensity
image was the accumulated photon number over the
pixel dwell time. The pixel value in the Fast FLIM was
the average photon arrival time of the given pixel
location. For image display, the Fast FLIM image was
often weighted by the pixel intensity values. This was
achieved by mapping the intensity weighted FLIM
image to another 1024 x 1024 colormap image.
There were two gradients across the horizontal and
vertical axis of the colormap image. The horizontal
index of the image was color coded from blue to red to
indicate the pixel lifetime value, and the vertical index
of increasing brightness from top to bottom to report
the pixel intensity value. The pixel intensity value in
the intensity image determines the column index and
the value in the Fast FLIM value determines the row
index of the reconstructed intensity weighted FLIM
image. The non-intensity weighted raw Fast FLIM
image could reveal lifetime distribution of low light
conditions. However, the Fast FLIM image contained
high noise levels from the background. To increase the
signal to noise ratio of the Fast FLIM image, we
restricted the intensity weighting of the Fast FLIM
image by 1% of the maximal intensity value of the
intensity image. In addition, a lowess smoothing was
applied to the Fast FLIM image to increase the signal to
noise ratio.

To quantify the STED enhanced MIET effect on
the ITO surface in figure 2, the dye lifetime was tail fit-
ted to single exponential decay model in the gated life-
time window of 2.7 ns to 25 ns. The single exponential
model used was
I = Amp .. exp(—t/T) + background. Amp is the
amplitude of the lifetime, and the 7 is the lifetime
modeled.
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