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Abstract: Upconversion nanoparticles (UCNPs) are becoming increasingly popular as biological
markers as they offer photo-stable imaging in the near-infrared (NIR) biological transparency
window. Imaging at NIR wavelengths benefits from low auto-fluorescence background and
minimal photo-damage. However, as the diffraction limit increases with the wavelength, the
imaging resolution deteriorates. To address this limitation, recently two independent approaches
have been proposed for imaging UCNPs with sub-diffraction resolution, namely stimulated
emission-depletion (STED) microscopy and super linear excitation-emission (uSEE) microscopy.
Both methods are very sensitive to the UCNP composition and the imaging conditions, i.e.
to the excitation and depletion power. Here, we demonstrate that the imaging conditions can
be chosen in a way that activates both super-resolution regimes simultaneously when imaging
NaYF4:Yb,Tm UCNPs. The combined uSEE-STED mode benefits from the advantages of both
techniques, allowing for imaging with lateral resolution about six times better than the diffraction
limit due to STED and simultaneous improvement of the axial resolution about twice over the
diffraction limit due to uSEE. Conveniently, at certain imaging conditions, the uSEE-STED
modality can achieve better resolution at four times lower laser power compared to STED mode,
making the method appealing for biological applications. We illustrate this by imaging UCNPs
functionalized by colominic acid in fixed neuronal phenotype cells.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Upconversion nanoparticles (UNCPs) convert long-wavelength excitation to short-wavelength
emission [1–4]. They offer high photo-stability [5,6], controllable color [7], tunable life-time
and rich multiplexing capabilities [8]. In recent years, lanthanide based UCNPs doped with
various rare-earth elements have gained popularity as luminescent markers for biology [9–11],
especially in optogenetics [12,13], photodynamic therapy [14], photo-chemical activation [15],
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and in diagnostic and theranostic applications involving targeted spatio-temporal drug release
control [16,17].
Typically, UCNPs are excited at near-infrared (NIR) wavelengths. This is beneficial for

biological applications, as it allows imaging with low auto-fluorescent background, little heating
and minimal photo-damage of the sample [18,19]. However, at NIR wavelengths the diffraction
limit (approximately λ/2 in the lateral and λ in the axial direction) is larger than for the visible.
For the commonly used excitation wavelength of 976 nm, numerical aperture of the objective
equal to 1.4, filling factor of 1.5 and a circularly polarized light, the diffraction limit is 405 nm
in lateral and 980 nm in axial direction [20]. These values are double those for imaging a
conventional fluorophore excited in the visible range. Such deterioration of the imaging resolution
limits the benefits of using UCNPs as bio-markers.

In order to overcome this limitation, non-scanning and scanning methods for imaging UCNPs
with super-resolution have been proposed. The non-scanning approaches are based on structured
illumination microscopy [21]. They achieve high-imaging speed, but so far have been realised
only for improving the lateral resolution when imaging UCNPs, require numerous illuminations
of the sample to obtain one image and are prone to reconstruction artifacts. The two main
scanning approaches are based on stimulated-emission depletion (STED) microscopy [22–24]
and upconversion super-linear excitation-emission (uSEE) microscopy [20,25,26]. Despite their
slower imaging speed, the scanning techniques do not require image reconstruction algorithms
and can improve the resolution in all three dimensions in the case of uSEE.
In STED microscopy, an emitter is excited with a Gaussian beam, while simultaneously

being depleted with a second, annular-shaped beam [27]. Effectively, fluorescence is yielded
only from the central part of the excitation beam and the resolving power squeezes below the
diffraction limit. The resolution improves with increasing the depletion laser power and when
using fluorophores with higher depletion efficiency. Thus, specific fluorophores and costly,
high-power pulsed lasers are often required. Recently, it has been demonstrated that UCNPs of
a particular composition, NaYF4 : 20% Yb, 8% Tm, can act as efficient STED labels [22–24].
Under 976 nm excitation, the unconventionally high Tm doping promotes intense cross-relaxation
between Tm3+ ions, which leads to population inversion for intermediate energy levels. For
such conditions, co-illumination by an auxiliary 808 nm laser triggers stimulated emission,
leading to efficient upconversion emission depletion. These effects have enabled STED-like
super-resolution microscopy to be performed with continuous wavelength laser sources, at 1 − 2
orders of magnitude lower laser powers, compared to conventional STED based on fluorescent
organic dyes. The UCNP STED technique yields a typical lateral resolution of 70 nm or less.
The method requires a purpose-built setup and even though, in principle, the axial resolution can
be improved by structuring the depletion as a bottle beam by a π-shifted ring mask, this has not
yet been demonstrated with UCNP labels. Thus, so far, super-resolution imaging of UCNPs via
STED has been limited to only lateral resolution improvement.
uSEE microscopy achieves 3D super-resolution in a conventional confocal microscope, by

exploiting a type of emitters, exhibiting super-linear dependence of the fluorescence on the
excitation power [20,25,26]. For excitation laser powers above the emission threshold and within
the super-linear regime, emission is generated only from the central, most intense part of the
excitation beam, which effectively improves the 3D resolution beyond the diffraction limit. The
stronger the super-linearity, the higher the resolution. It has been recently shown, that highly
doped NaYF4 : 20% Yb, 8% Tm UCNPs can exhibit strong super-linearity (∼ I6) upon 976 nm
excitation [20]. Imaging such particles in a conventional confocal setup via uSEE microscopy
improved the resolution more than twice over the diffraction limit both in lateral and axial
directions (180 nm and 450 nm, respectively). The total laser irradiance in uSEE microscopy is
2 − 3 orders of magnitude lower compared to the above mentioned UCNP STED approach. A
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unique feature of uSEE microscopy is that, conveniently for biology, the sub-diffraction resolution
improves by reducing the photon budget.

As the uSEE and STED techniques are complementary, merging them could bring combined
benefits both in terms of maximum achievable 3D resolution and reducing the required laser
irradiance. Yet, consolidating the two methods is a non-trivial task, as the possibility to
perform either of them and the achievable super-resolution are strongly dependent on the particle
composition and the excitation/depletion laser power.
In this paper, we demonstrate that highly doped NaYF4 UCNPs (20% Yb, 8% Tm) can be

imaged independently via uSEE and STED microscopy, but also in a synergistic uSEE-STED
mode. The combinedmodality benefits simultaneously from strong lateral resolution improvement
due to STED (≈ 80 nm) and spontaneous axial resolution improvement due to uSEE (≈ 500 nm).
Additionally, at certain imaging conditions, the uSEE-STED mode can reduce the total laser
irradiance on the sample by more than 4 times, compared to the STEDmode. This is advantageous
for bio-imaging, as demonstrated here for UCNPs in fixed neuron cells.

2. Photo-physics of upconversion nanoparticles

UCNPs of NaYF4 : 20% Yb, 8% Tm have been used for independent realization of STED [22,23]
and uSEE [20] microscopy. Thus, we focus on upconversion nanoparticles of this composition to
demonstrate the simultaneous implementation of the two super-resolution methods. The particles
are synthesized via a two-step synthesis method [20,23] to obtain hexagonal crystals with an
average size of 46 nm [Fig. 1(a)]. The particles have the shape of hexagonal prisms with average
diagonal of the hexagon 45 ± 2 nm and average height of the prism 47 ± 2 nm [20]. A simplified
energy diagram is shown in Fig. 1(b).

Upconversion is a process in which low-energy photons are converted to high-energy photons
through a variety of radiative and non-radiative transitions [28,29]. In theNaYF4 : 20% Yb, 8% Tm
nanoparticles, the Yb3+ ions act as sensitizers, absorbing the near-infrared excitation wavelength
at 976 nm. The Tm3+ ions have a series of almost equidistant long-lived energy levels which
can be excited in a ladder-like manner [22,23]. These levels are populated through a myriad of
transitions, the most important of which are: (i) non-radiative energy transfer from the Yb3+

ions and (ii) cross-relaxation between neighboring Tm3+ ions [30]. The balance between the
different processes depends in a complex way on the excitation laser power and on the Tm doping.
Ultimately, some of the near-infrared radiation is upconverted and emitted as a series of visible
wavelength bands from the Tm3+ ions.

The emission of interest for this paper is the 455 nm emission line, originating from a transition
between the 1D2 and 3F4 energy levels. Both STED and uSEE microscopy rely on this line
to achieve super-resolution, albeit via different mechanisms. A prerequisite common for both
methods is high Tm doping (8 − 10 %) in conjunction with specific laser power requirements.
High Tm doping leads to closer spacing of the Tm3+ ions in the host crystals which intensifies
cross-relaxation events. Subsequently, the latter trigger energy-looping and photon-avalanche-like
processes [23,26,31], which are beneficial for both imaging methods. STED and uSEE exploit
different facets of this photo-physics to achieve super-resolution.
Importantly for STED imaging, the intense cross-relaxation followed by activation of energy

looping and photon-avalanche-like processes, leads to population inversion in the Tm3+ energy
levels. In such situation, an auxiliary 808 nm laser co-irradiation, can trigger stimulated depletion.
Effectively, the 455 nm emission line is depleted via one of the two mechanisms described in
the literature [22,23]. The efficient depletion of the upconversion emission is evident in the
emission spectrum (dashed pink line in Fig. 1(c)), where the 455 nm emission intensity drops
more than 8 times under combined 976 nm and 808 nm laser irradiation (as opposed to, for
example, the 695 nm emission, which gets enhanced upon such co-irradiation). Thus, co-aligned
976 nm excitation with annular-shaped 808 nm depletion enables STED-like imaging of UCNPs.
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Fig. 1. The photo-physics of NaYF4 : 20% Yb, 8% Tm UCNPs allows both super-linear
excitation-emission and efficient emission depletion, respectively enabling uSEE and STED
super-resolution microscopy. (a) Transmission electron microscopy image of the UCNPs
shows average particle size of 46 nm. (b) The 976 nm excitation can be upconverted through
a variety of energy transfer processes to 455 nm emission. The 455 nm can be depleted
by 808 nm co-irradiation. (c) The super-linearity of the 455 nm emission, for example,
compared to the 695 nm emission and the 455 nm emission depletion can be observed
in the corresponding spectra. (d) The 455 nm excitation-emission curve shows a strong
super-linearity with slope reaching 6.4. The super-linear regime is active at peak power
density below 5.5 mW/µm2, at which point the slope flattens to linear.
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The higher the depletion efficiency, the better the STED resolution and the lower the required
depletion laser power to reach a certain resolution.

In uSEE imaging, high Tm doping yields stronger super-linear dependence of the 455 nm line
on the excitation power, which is the core principle driving resolution improvement in uSEE
microscopy [20]. The excitation-emission slope steepness is typically related (equal or smaller)
to the number of photons required to populate an emission level [32]. Under high Tm doping,
intense cross-relaxation, energy looping and photon-avalanche-like processes effectively increase
the number of photons necessary to populate the 1D2 level. Consequently, the super-linear slope
increases and reaches values up to 6.4, as illustrated in Fig. 1(d). However, we note that in this
case, the exact number of involved photons is difficult to estimate from the currently existing
models in the literature, as they do not account for the activation of cross-relaxation processes
[32]. We can also observe the super-linear behaviour of the 455 nm emission line in the emission
spectrum taken at different laser powers [Fig. 1(c)]. When increasing the peak power density
from 0.6 mW/µm2 (60 kW/cm2, light blue line) to 0.9 mW/µm2 (90 kW/cm2, dark blue line),
the intensity of the 455 nm peak increases more than 70 times, while the intensity of, for example
the 695 nm peak, increases less than 3 times.

To summarise, Tm concentration and the excitation/depletion powers have a substantial impact
on the depletion characteristics and the super-linear behaviour of the 455 nm line. These, in
turn, strongly influence both the efficiency and the achievable resolution of STED and uSEE
microscopy.

3. Experimental design and setup

To explore the parameter space which activates uSEE-STED and allows simple comparison with
solo uSEE and STED microscopy, we built a custom optical system that facilitates switching
between the different modalities (Fig. 2(a), more details in the Appendix and in Ref. [20]).
Briefly, we excite the sample by a circularly polarized beam from a single mode 976 nm

laser diode. A second arm delivers co-aligned, circularly polarised 808 nm depletion beam,
shaped to annular form by a vortex plate. The experimental point spread functions of the beams,
obtained by scanning a gold nanoparticle, are shown in Figs. 2(b)–2(d). A dichroic mirror
(DC1) combines the 976 nm and 808 nm beams in STED and uSEE-STED modalities. We
block the depletion beam during conventional confocal or uSEE imaging. The fluorescence
from the sample is separated from the laser lines by a dichroic mirror (DC2). It is then directed
either to a CCD camera for alignment and quick visualization, or passes through a pinhole to a
photon avalanche detector during the acquisition of scanned images in confocal, uSEE, STED
and uSEE-STED modalities. The pinhole is kept full open, so that it does not contribute to the
observed improvement of imaging resolution [20].
We define the different imaging modalities as follows:
(i) uSEE mode refers to confocal imaging with such excitation power that the UCNP particle

is in the super-linear part of the excitation-emission curve [20]. In our case, this condition is
satisfied for peak power density smaller than 5.5 mW/µm2, at which point the slope of the
excitation-emission curve becomes linear (slope = 1) [Fig. 1(d)]. We note that strictly speaking,
super-resolution can be achieved even above this threshold. The reason is that the resolution
depends not only on the local slope at the used excitation power but on the whole shape of the
excitation-emission curve and the excitation beam shape [20].
(ii) Confocal mode refers to confocal imaging with peak excitation power density equal to or

higher than the linear slope threshold of 5.5 mW/µm2.
(iii) STED mode refers to imaging simultaneously with 976 nm excitation beam at peak power

density equal to or higher than the linear threshold of 5.5 mW/µm2 and a co-aligned 808 nm
annular depletion beam. Current UCNP STED literature is operating in this regime [22,23].
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Fig. 2. The home-made setup allows imaging in uSEE, STED and combined uSEE-STED
mode. (a) For confocal and uSEE modes, the UCNPs are excited at the corresponding
976 nm power, while the 808 nm beam is blocked. Combining the 808 nm annular depletion
beam with the respective 976 nm excitation power allows imaging in STED and uSEE-STED
modes. The different PSF cross-sections are shown in (b) for the 976 nm excitation beam, in
(c) for the 808 nm depletion beam and in (d) for the 808 nm depletion beam with inserted
vortex plate.

(iv) uSEE-STED mode refers to STED mode with excitation peak power density lower than
the linear threshold of 5.5 mW/µm2, so that the UCNP is excited in the super-linear part of the
excitation-emission curve.
In practice, the microscope operates as a modular STED setup. Blocking the depletion

beam results in either confocal mode or uSEE mode depending on the excitation power. For
uSEE-STED mode, the sample is illuminated both by the excitation and the annular-shaped
depletion beam, with the excitation power kept within the super-linear range. The images obtained
in the corresponding modalities are discussed in the next section [see Fig. 3].
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Fig. 3. Comparison of UCNP imaging in confocal, uSEE, STED and uSEE-STED modes.
(a) The PSF and the resolution of the microscope are obtained by imaging a linear (gold)
particle. (b) UCNP imaged in confocal mode at 6.7 mW/µm2 peak excitation power
density and resolution 401 nm, close to the lateral diffraction limit. (c) UCNP imaged in
uSEE mode at peak excitation power density of 2 mW/µm2, with resolution of 248 nm
in lateral and 599 nm in axial direction (twice better than the respective diffraction limit).
(d) UCNP imaged in STED mode, at 6.7 mW/µm2 excitation and 94 mW/µm2 depletion
peak power density yields lateral improvement of the resolution down to 132 nm, while the
axial resolution shows negligible improvement. (e) UCNP imaged in uSEE-STED mode,
at 2 mW/µm2 excitation and 94 mW/µm2 depletion peak power density yields lateral
resolution improvement down to 79 nm and axial resolution improvement down to 502 nm.
The black dashed line in (c), (d), and (e) outlines the measured area. The space outside of
the dashed lines is filled with a median value of the measured background to facilitate visual
comparison of the resolution across the different panels.

4. Results

4.1. Experimental proof-of-principle for combining uSEE and STED microscopy

First, we determine the diffraction-limited resolution of the microscope by measuring and
quantifying the point spread function (PSF) of the system. We use a well-established method of
scanning a gold nanoparticle (80 nm) over the excitation beam. The gold nanoparticle interacts
linearly with the excitation beam, and the scattered light is recorded as a function of the scanning
position [Fig. 3(a)]. We determine the lateral and axial diffraction-limited resolution of the
system from the full width at half maximum (FWHM) of the PSF cross-sections - 405 nm in the
lateral and 980 nm in the axial direction. For the experiments in this section, both the gold and
the upconversion nanoparticles were dispersed in an index matching media, between a coverslip
and a microscopy slide, following the procedure described in the Appendix.
A typical confocal mode image of a single UCNP is shown in Fig. 3(b). For a non-linear

particle, the confocal imaging resolution depends on the excitation power. The image in Fig. 3(b)
is taken at peak power density of 6.7 mW/µm2 (slightly higher than the super-linear threshold
value of 5.5 mW/µm2). Under these conditions, the lateral resolution of 401 nm is close to



Research Article Vol. 28, No. 16 / 3 August 2020 / Optics Express 24315

the lateral diffraction limit of 405 nm. We note that due to the non-linearity of the UCNP and
the different profiles of the Gaussian-like excitation beam in lateral and axial directions, the
diffraction limited resolution is achieved at different laser powers for the in-plane (x,y) and
out-of-plane (z) directions [20]. Thus, while the lateral resolution of the image in Fig. 3(b) is
close to the diffraction limit, the axial resolution of 752 nm is lower than the axial diffraction
limit of 980 nm.
When the peak power density is reduced to 2 mW/µm2, we operate in uSEE mode. This

results in spontaneous improvement of the three-dimensional resolution [Fig. 3(c)]. Both the
lateral (248 nm) and the axial (599 nm) resolution are improved almost twice over the diffraction
limit for the x and z directions. For the imaging situations shown so far [Figs. 3(a)–3(c)] the
depletion beam has been blocked.

Alternatively, keeping the peak excitation power density at 6.7 mW/µm2 and switching on the
808 nm annular depletion beam results in STED mode imaging of the UCNP [Fig. 3(d)]. At
94 mW/µm2 peak depletion power density, the lateral resolution is improved to λ/7.7 (132 nm).
In principle, the annular beam does not affect the axial resolution as the depletion intensity is zero
along the z-axis. However, in practice there is a finite depletion in axial direction due to a slight
tilt of the excitation and depletion beams. As a result, the axial resolution is slightly improved
from 752 nm without the depletion beam to 683 nm with the depletion beam switched on.
To enter into uSEE-STED mode [Fig. 3(e)], we reduce the excitation power density to the

super-linear regime (2 mW/µm2), while the depletion beam is switched on (94 mW/µm2). The
excitation power is equal to the one used to obtain the uSEE mode image in Fig. 3(c), while the
depletion power is identical to the one used to deplete the UCNP in Fig. 3(d). The uSEE-STED
image benefits from both methods, as illustrated in Fig. 3(e). Both the lateral (79 nm) and the
axial (502 nm) resolutions are superior to the corresponding resolution achieved with all of
the other methods as depicted in Figs. 3(a)–3(d). Under these excitation/depletion conditions,
the total power density illuminating the sample in uSEE-STED mode (96 mW/µm2) is slightly
lower compared to STED mode (100.7 mW/µm2), but significantly higher compared to uSEE
mode (2 mW/µm2). The difference in the laser irradiance received by the sample in the different
imaging modes changes significantly across the excitation/depletion parametric space, as will be
explored in the following section.
Besides the excitation/depletion power and the achievable resolution in the different modes,

Fig. 3 provides another important imaging parameter, namely, the signal-to-noise ratio (SNR) for
each image. The SNR is calculated as per the procedure described in the Appendix. For the
imaging conditions chosen in Fig. 3, the SNR is higher for confocal and STED modes (15.9 dB
and 16.5 dB, respectively), and lower for uSEE and uSEE-STED modes (12.4 dB and 10.7 dB,
respectively). However, within the different modes, the SNR values depend on the particular
choice of excitation/depletion power, with visible trade-off between the SNR and the excitation
power (see the following section for more in-depth analysis and discussion). We note that the
colorbars in each panel in Fig. 3 are set to a different maximum count range, thus enabling
easier visual comparison of the SNR across the panels. To facilitate the visual comparison of the
achievable resolution in the different imaging modes, we have plotted all panels with a common
size, which may slightly differ from the experimentally measured area. The dashed rectangles
mark the experimentally measured areas, with the remainder of data in the panel being set to the
average background within the rectangle. We adopted this approach to minimise the acquisition
time required to accurately measure the FWHM of each PSF in the particular mode of interest.

It is important to note that activating the photo-physics necessary for one mode (uSEE or STED)
to work, does not switch off the other. On the contrary, the two modes can be efficiently combined
and NaYF4 : 20% Yb, 8% Tm UCNPs can be imaged simultaneously with uSEE and STED
modes. The choice of mode and imaging conditions (excitation and depletion power) determine
the achievable 3D resolution and total laser irradiance on the sample. The possibility of combining
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uSEE and STED modes opens up a large parameter space which can be explored to choose the
most suitable imaging method, depending on the necessary resolution, setup availability, sample
damage threshold, SNR, and, generally speaking, the experimental requirements of the end-user.

4.2. Exploring the excitation-depletion parameter space of uSEE-STED microscopy

Here, we quantitatively explore how the lateral [Fig. 4(a)] and axial [Fig. 4(b)] imaging resolution
of uSEE, STED, and uSEE-STED microscopy modes depend on the excitation and depletion
power. We will discuss how to interpret the presented graphs and how to choose the microscope
modality and the imaging conditions for several different examples of experimental requirements.
The data of Fig. 4 shows that with respect to both lateral [Fig. 4(a)] and axial [Fig. 4(b)]

resolution improvement, uSEE mode always provides higher resolution and operates at lower
laser power compared to confocal mode. Similarly,the uSEE-STED mode delivers superior
resolution to the STED mode.
For the lateral direction [Fig. 4(a)], the resolution improves with decreasing of the excitation

power (due to the activation of uSEE mode) and with increasing of the depletion power (due to
STED mode). The best lateral resolution is achieved at the lowest excitation power and at the
highest depletion power, corresponding to uSEE-STED mode (point #1). The resolution does not
improve significantly for depletion power densities of 45mW/µm2 and above. Such resolution
plateau might be reached due to the finite size of the particles which is on average 46 nm. This
finite size, when convolved with the combined excitation and depletion PSFs is close to the 79 nm
resolution that we observe.

At a given excitation power, both STED and uSEE-STEDmodes provide better lateral resolution
than confocal/uSEE mode only.

We note that in certain situations uSEE mode provides advantages over uSEE-STED or STED
mode. To illustrate such a situation, we will assume a user requirement for a lateral resolution of
250 nm (gray dashed line in Fig. 4(a)). While such resolution is trivial to achieve with diffraction
limited microscopes working at visible wavelengths, reaching it with near-infrared wavelengths
requires super-resolution imaging. From Fig. 4(a) it is evident that this resolution can be achieved
with two different experimental settings: (i) uSEE mode at 2 mW/µm2 excitation peak power
density (point #2) and (ii) STED mode at 6.7 mW/µm2 excitation and 22.7 mW/µm2 depletion
peak power density (point #3). Clearly, in such situation it is preferable to use uSEE mode, as it
provides the same resolution of 250 nm at lower laser irradiance (2 mW/µm2) than STED mode
(29.4 mW/µm2). As well, the uSEE mode simultaneously provides improved axial resolution
(points #2 and #3 in Fig. 4(b)) and can be achieved on a confocal microscope, without the added
complexity of a depletion beam. Thus, for this particular user requirement, uSEE microscopy is
the preferred mode.
Alternatively, we consider a situation in which the user requires lateral resolution down to

130 nm (plain gray line in Fig. 4(a)). Such resolution can not be achieved with the current
particles simply by using uSEE microscopy. In this case, uSEE-STED imaging with 2 mW/µm2

excitation and 22.7 mW/µm2 depletion peak power density (point #4) is the appropriate choice.
Clearly, the uSEE-STED mode provides the required resolution at considerably lower laser
irradiance compared to STED mode alone (6.7 mW/µm2 excitation and 94 mW/µm2 depletion
peak power density, point #5). Here, the desired resolution can be achieved at more than 4 times
lower total laser irradiance with uSEE-STED mode (24.7 mW/µm2) compared to STED mode
(100.7 mW/µm2).

Besides power and resolution, another important factor affecting the image quality is the
SNR. The SNR values for all measured points in Figs. 4(a) and (b) are shown in Fig. 4(c). The
SNR depends predominantly on the excitation power with the effect of depletion power only
noticeable for the lowest excitation power of 2mW/µm2. For this case, the higher depletion
power causes deterioration of the SNR. To illustrate how to take the SNR into account when
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Fig. 4. Dependence of the UCNP imaging resolution on the excitation/ depletion power for
confocal, uSEE, STED and uSEE-STED mode imaging. (a) The excitation power affects
the lateral resolution for all imaging modes. For STED and uSEE-STED modes both the
excitation and depletion power influence the lateral resolution. The highest lateral resolution
is achieved at the lowest studied excitation power and at the highest studied depletion power.
(b) For all imaging modes, the axial resolution is predominantly determined by the excitation
power. (c) The signal-to-noise ratio (SNR) deteriorates at lower excitation powers, with a
downward SNR trend observed for increasing the depletion power at a fixed, low excitation
power.
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deciding on the imaging conditions, we use the example above, where the user requires a lateral
resolution of 130 nm. While point #4 is clearly advantageous over point #5 in terms of resolution
and power, it is obvious from Fig. 4(c) that point #5 is better in terms of SNR. An interesting
compromise may be reached for uSEE-STED imaging conditions corresponding to point #6
(excitation 4.5mW/µm2, depletion 45mW/µm2), as it provides the same lateral resolution as the
STED imaging of point #5, but at twice lower laser power and with almost identical SNR. One of
the undesired effects of low SNR values is that the FWHM might not be corresponding anymore
to the actual resolving power - the tail of the PSF profile may be disappearing into the noise level,
resulting in underestimation of the FWHM. We note that for all measured modes and conditions,
the SNR values are high enough to avoid this effect and the FWHM is indeed corresponding to
the distance at which two particles can be resolved (verified for SNR = 12.1 dB in [20]).
In the axial direction [Fig. 4(b)], the most significant resolution improvement is achieved

by reducing the excitation laser power for both uSEE and uSEE-STED modes. Thus, it is
recommended to use uSEE and uSEE-STED over confocal and STED only modes. As the annular
beam has zero intensity along the z-axis, the effect of the depletion power on the axial resolution
is relatively weak and mainly due to a slight tilt of the excitation and depletion beams with respect
to each other. The data points at 120.7 mW/µm2 show deterioration of the axial resolution, an
effect we attribute to 808 nm re-excitation processes which overpowers the stimulated depletion
at such high depletion powers.

4.3. uSEE-STED in a bio-environment

To demonstrate that the uSEE-STED technique can be successfully applied in a biological
environment, we imaged NaYF4 : 20% Yb, 8% Tm UCNPs endocytosed by neuronal phenotype
cells [Fig. 5]. The UCNPs were first functionalized with colominic acid (the procedure is detailed
in the Appendix) [20]. Colominic acid is an Escherichia coli derived analogue of polysialic
acid type carbohydrates that are attached to the outer surface of mammalian cell membranes,
predominantly in association with the neural cell adhesion molecule glycoprotein [33]. The
function of polysialic acid in cells is still to be fully revealed, yet it is known that polysialic
acid is involved in regulating synaptic activity and plays an important role in cell adhesion and
plasticity properties [34,35]. In particular, for our work, the highly negative charge of colominic
acid allows for a simple ligand exchange strategy to be employed for converting hydrophobic
UCNPs into hydrophilic nanocarriers for bio-imaging [20]. Colominic acid particle coating
results in low immunogenicity and high in-vivo tolerance and circulation times with minimal
unwanted cellular effects in comparison to polymer based coatings [36]. The colominic acid
coated particles were incubated for 16 hours with live neuronal phenotype cells differentiated
from rat pheochromocytoma cell-line (PC12). The cells were washed and fixed in formaldehyde
prior to imaging in uSEE-STED mode.

Additionally, to facilitate sample navigation and confirm that the UCNPs have been successfully
endocytosed by the cells and are located within the cell boundaries, we targeted wheat germ
agglutinin (WGA)-Alexa Fluor 647 to the cell plasma membrane [Fig. 5(a)]. The overlay of
Alexa Fluor 647 and the UCNPs distribution verified that the imaged particles were located inside
the cell both in lateral [Figs. 5(a) and (b)] and axial [Figs. 5(c) and (d)] directions. Due to intense
scanning in different imaging modes, bleaching of the Alexa Fluor 647 dye has occurred at
certain locations within the cell, including the inset and the locations of the zoomed-in particles.
Nevertheless, the overall image clearly indicates that the imaged particles are within the cell
boundaries. The procedure for obtaining the stitched Alexa Fluor 647 overview image and
its overlay with the UCNPs image is detailed in the Appendix. We note that due to the high
dynamic range of the images in Figs. 5(a) and (b), the color scales in those images are presented
in log-scale.
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Fig. 5. Super-resolution uSEE-STED imaging of UCNPs endocytosed by a neuron
phenotype cell. (a) Cell overview, where the cell membrane is tagged by WGA - Alexa
Fluor 647. (b) Overlay of the Alexa Fluor 647 (yellow-purple color scale) and the particle
distribution (green-blue colorscale) images, taken in uSEE mode at 1.7mW/µm2 excitation
power density, illustrates that the imaged particles (green square) are located inside the cell.
The orange dashed line in the zoomed-in green window marks the position of the axial scan
in (c) and (d). (c) Axial scan of the Alexa Fluor 647 along the dashed orange line in (b). (d)
uSEE-STED axial scan along the dashed orange line in (b). The white dashed curves mark
the area of the cell, which was determined from the Alexa Fluor 647 distribution (c). The
image in panel (d) is taken at 2.3 mW/µm2 excitation and 87.9 mW/µm2 depletion peak
power density, yielding a lateral resolution of 84 nm (e) and an axial resolution of 543 nm
(f).
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Figure 5(d) shows an uSEE-STED image where the focal plane of the combined excitation
and depletion beams was scanned along the z-axis. As illustrated by the cross-sections through
the marked particle, the achieved lateral resolution is 84 nm [Fig. 5(e)] and the axial resolution
is 543 nm [Fig. 5(f)]. These resolution values overlap (within the experimental error) with the
respective values observed on a single UCNP in the proof-of-principle experiment described
above [Fig. 3], confirming that the method can be applied successfully in a biological environment
without significant degradation in the observed resolution.

5. Discussion and conclusions

We have demonstrated that uSEE and STED super-resolution imaging modalities can be
combined and realised simultaneously with an appropriate choice of UCNP composition (herein
NaYF4 : 20% Yb, 8% Tm) and excitation/depletion laser powers. The uSEE-STED method
combines the advantages of both modalities, allowing imaging with high lateral resolution of
approximately 80 nm (λ/12) due to STED and high axial resolution of approximately 500 nm
(λ/2) due to uSEE. Additionally, at certain imaging conditions (for example, as illustrated in
Fig. 4 for a required resolution of 130 nm), the combined uSEE-STED mode operates at 4
times lower overall laser power (24.7 mW/µm2) compared to the reported STED only mode
(100.7 mW/µm2).

We have explored the parameter space in terms of excitation and depletion power, showing
how these parameters influence the overall imaging resolution and imaging quality (i.e. SNR) in
uSEE, STED and uSEE-STED modes. These results provide UCNPs users with a practical guide
for choosing suitable super-resolution microscopy modality and operating parameters for their
particular experimental requirements, depending on the desired resolution, SNR and tolerance of
the sample to laser irradiation.

Increasing the particle brightness and slope, lowering the power threshold at which the particle
becomes super-linear, and the extension of the power interval in which the particle operates in the
super-linear regime are key areas for further improvement of the uSEE-STED method. Currently,
the relatively low UCNP brightness at low laser powers limits the minimum integration time
(typically 1 − 3ms/pxl), required to achieve sufficient SNR in uSEE-STED mode. Still, for the
lowest measured SNR values of around 10, the FWHM analysis of particles is not affected by
the noise level and yields FWHM values that match the actual resolution [20]. In the context
of a more complex biological sample deep in tissue, such SNR values might not be sufficient
to resolve the features of interest, despite the very low scattering and absorption of the NIR
excitation light. This "brightness" challenge can be potentially addressed by core-shell-shell
particle structure that has recently shown a factor of 150 improvement in particle brightness [37].
The "lower threshold/larger extend of the super-linear regime" challenge can be addressed by
changing the concentration of sensitiser and emitter ions, which has shown significant impact on
the shape and position of the super-linear region [20,38]. A reduction of the excitation power at
which the particles become super-linear would further decrease the photo-toxicity of the method,
and extending the super-linear range with stable slope would ensure resolution stability with
respect to depth and behind absorptive obstacles.

We have shown that the combined uSEE-STED mode is applicable in a biological environment
without a significant deterioration in the resolution, by imaging colominic acid functionalized
NaYF4 : 20% Yb, 8% Tm UCNPs, endocytosed by neuron cells. The combined uSEE-STED
mode enriches a very limited pool of super-resolution methods in the near-infrared range
[19], giving UCNP users much needed additional choice for convenient, bio-compatible 3D
super-resolution modality [39].
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Appendix

UCNP nanoparticle synthesis

To synthesize NaYF4 : Yb,Tm UCNPs, we employed a two-step synthesis method, involving
organometallic growth of core nanocrystals and subsequent hot-injection homoepitaxy [20,23].
The core nanocrystals were obtained by mixing 12ml oleic acid, 30ml 1-octadecene and 6ml
methanol solution of 2mmol LnCl3, where Ln = 72% Y/20% Yb/8% Tm. The mixture was
contained in a 100ml three-neck round-bottom flask and continuously stirred (500 rpm) under
argon flow (227ml/min). To remove the oxygen content in the solution, the flask was heated to
30◦C and kept at this temperature for 30 minutes. The solution was then heated to 75◦C and this
temperature was maintained for an additional 30 minutes to remove excess methanol content. In
the final heating step, the mixture was heated to 170◦C and maintained at this temperature for
30 minutes. The resulting clear, pale-yellow solution was cooled to 30◦C. During this step a
5ml methanol solution containing 4mmol NH4F and 2.5mmol NaOH was added and stirring
maintained for 30 minutes. To remove the residual water and methanol, the mixture was slowly
heated to 150◦C and kept for 20 min under argon flow (227ml/min). To trigger the growth of
the nanocrystals, we decreased the argon flow to 27ml/min and quickly heated up the solution to
300◦C. These conditions were maintained for 1.5 hours, before cooling the solution to room
temperature. To isolate the synthesized UCNPs, ethanol was added and the solution centrifuged.
Several washing steps with cyclohexane/ethanol were employed, before finally re-dispersing the
UCNPs in cyclohexane (20 mg/ml).

To prepare the precursor solution for hot-injection, the above procedure was repeated with the
exception that the 300◦C heating step, was replaced by cooling the precursor solution to room
temperature.
For the epitaxial growth step a 3 ml core nanocrystal solution was mixed with 10 ml 1-

octadecene and 10 ml oleic acid. This solution was contained in a 100 ml flask and heated to
150◦C. This temperature was maintained for 30 min under constant argon flow before heating
the solution to 300◦C. Next, 0.25 ml of the precursor solution was injected into the flask and
incubated for 4 minutes. The last (injection and incubation) step was repeated 85 times. Finally,
the solution was cooled to room temperature and the synthesized nanocrystals isolated using the
same procedure as for the first-step core nanocrystals.

Sample preparation of gold nanoparticles and UCNPs on a coverslip

First, a coverslip (Grale HDS, HD LD2222 1.01P0, 22 × 22mm, No.1, nominal thickness
0.13− 0.17mm) was washed with pure ethanol and Milli-Q water. The coverslip is dried partially
by nitrogen flow and then left to dry fully on filter paper. To promote nanoparticle adhesion, we
deposited on the glass surface a 100 µl drop of Poly-L-lysine solution (0.01% w/v in H2O). The
drop is air-dried for 35 mins. Then, the coverslip is washed three times with 1ml of Milli-Q
water.

Before each use, the original UCNPs solution in cyclohexane (20mg/ml) was sonicated for 10
mins and diluted to 0.05mg/ml. Next, a 20 µl drop was deposited on the Poly-L-lysine treated
surface of the coverslip. After an interval of 5 seconds the coverslip was washed twice with
100 µl cyclohexane. The surface was then left to air-dry.

To prepare a sample convenient for microscopy, we deposit a 8 µl drop of the index matching
medium on a microscopy slide (Thermo Scientific, S41014A, 76 × 26mm) and gently place
the above prepared coverslip on top (with the UCNP side facing towards the microscope slide).
The index matching medium is distributed evenly in the the area between the coverslip and the
microscopy slide by applying slight, localized pressure. The formed chamber is sealed with a
small quantity of nail polish, which is left to solidify for at least 48 hours.
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We prepare the index matching medium by mixing 2.4 g of Mowiol 4-88 with 6 g of glycerol.
The solutions is placed in a 50ml centrifuge tube and magnetic-stirred for 1 hour. Then, we
add 6ml of Milli-Q water and continue stirring for another 2 hours. Next, we add 12ml of
Tris-HCl buffer (0.2 M, pH 8.4) and heat the solution up to 50◦C in a water-bath. The solution is
continuously agitated until the Mowiol 4-88 dissolves fully. Finally, to remove any remains of
undissolved solids, we centrifuge the solution at 7500 g for 30 mins.

Colominic acid surface modification of the UCNPs

To functionalize the surface of the UCNPs with colominic acid, we used a ligand-exchange
method. First, we prepare a solution of 400 µl Milli-Q water (pH 7) containing 1mg/ml w:v
concentration of colominic acid. The solution is positioned on a shaker at 500 rpm. Slowly, over
a period of 12 hours we add a solution of oleic acid capped UCNPs at 1mg/ml w:v concentration
in 300 µl of chloroform. The UCNPs transfer from the chloroform phase to the water phase.
Thus, after collection and centrifugation (14000 rpm for 20 minutes) of the water phase, we
obtain colominic acid capped UCNPs. They are washed three times with Milli-Q water, after
which the pellet is re-dispersed in Milli-Q water and stored at 4◦C until further use.

Cell culture preparation and fixation

For the cell experiments, we use rat PC12 phenotype neuronal cells (ATCC, CRL - 1721).
They are grown in complete medium which contains 5% normal horse serum and Dulbecco’s
Modified Eagle’s Medium (DMEM) with high glucose, supplemented with 10% fetal bovine
serum (FBS) (Australian origin, Life Technologies), 1% antibiotic-antimycotic (10,000 IU/ml
penicillin, 10, 000 µg/ml streptomycin and 25 µg/ml of fungizone R antimycotic; 15240062 Life
Technologies). The cells are cultured in a humidified incubator at 37◦C, 95% air and a 5% CO2
atmosphere.

For uSEE-STED super-resolution microscopy the cells are sub-cultured on sterilized coverslips
(Grale HDS, HD LD2222 1.01P0, 22 × 22mm, No.1, nominal thickness 0.13 − 0.17mm) for
24-48 hours inside 6 well plates in the above described complete medium. To encourage neuron
differentiation, we substituted the complete medium with nerve growth factor (NGF) containing
media for 36 hours. The NGF containing media was prepared using DMEM with high glucose,
1% FBS, 1% antibiotic-antimycotic, 2mM L-glutamine and 100ng/ml NGF.

Finally, we added 10 µg of colominic acid capped UCNPs to each well and incubated for
further 16 hours in a complete medium. The residual media solution containing cellular debris,
serum proteins, metabolic waste and unbound UCNPs was removed from each well. Next, the
slides were washed 3 times with PBS solution - each washing step consists of introducing and
subsequently removing 1ml of PBS media with a pipette. This standard procedure helps to
thoroughly remove remaining debris and facilitate proper cross linking of proteins during fixation
of cells with formaldehyde. To fix the cells, we first washed the coverslips with 1x PBS pH 7.2
and then added 4% formaldehyde. After 10 min, we washed the cells three times with 1x PBS on
a shaker, at room temperature. Subsequently, 4 µg of Streptavidin-Alexa Fluor 647 (Molecular
Probes, S21374) was added to 1ml of 1x PBS per well for 1 h at room temperature on a shaker.
The Alexa Fluor 647 was added for sample navigation purposes and to verify that the UCNPs
are inside the cells. Finally, the cells were mounted onto microscopy slides with Prolong Gold
mounting media (Molecular Probes, P36935, refractive index of 1.47).

uSEE-STED optical system

The setup is described and depicted in details in Ref. [20]. A brief description is provided
below. We use as excitation source a 976 nm laser diode (Thorlabs, BL976-PAG900) and as
a depletion source an 808 nm laser diode (Lumics, LU0808M250, 250mW). Each beam is
collimated by an achromatic doublet lens to a waist of 6mm (Thorlabs, AC254-035-B and
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ACA254-060-B, respectively). A linear polarizer (Thorlabs, LPVIS100-MP) is used to clean
the polarization state of the 976 nm beam. Then, each beam passes through a half-wave plate
(Thorlabs, WPMH10M-980 and WPH10M-808, respectively), a polarising beam splitter (PBS)
cube (Thorlabs, CCM1-PBS252/M) and a set of neutral density filters to enable control of the
optical power passing through the system. To create annular-shaped depletion beam, we use a
vortex plate with 16 discrete phase-steps (Holo/Or, VL-209-5-Y-A).

After re-direction with silver mirrors (Thorlabs, PF10-03-P01), the two beams are combined
by a dichroic mirror DC1 (Chroma, ZT860lpxr). Next, the beams pass through a second dichroic
mirror DC2 (Chroma, T750spxrxt) which will subsequently separate the visible fluorescence from
the NIR excitation. After passing through a quarter-wave plate λ/4 (Thorlabs, AQWP10M-980),
oriented to produce a circularly polarized beam, the laser beams are focused on the sample
through a fixed microscope objective (Olympus, UPLSAPO 100XO, NA = 1.4, 100x) with a
back pupil radius of 4mm (filling factor of f0 = 1.5). The sample is scanned via piezo-electric
3-axis stage XYZ (Thorlabs, MAX311D/M with BPC203 piezo controller). The fluorescence,
reflected or scattered light is collected by the same objective and redirected towards the detection
part of the system through DC2.

In the detection path (not detailed in Fig. 2), the light can be sent through a series of removable
pellicles (Thorlabs, BP145B2) and mirrors either to two cameras for focusing and navigation
purposes or towards a photon avalanche detector (APD) (Excelitas, SPCM-AQRH-14-FC) for
PSF measurement.
When sample navigation is desired, a removable lens (Thorlabs, AC254-0400-B-ML) is

introduced in the illumination path, in such a way that it generates a partially focused spot at the
back-pupil of the microscope objective. Essentially, this results in a highly defocused beam in
the sample plane, illuminating a large field-of-view (FOV) in a simplistic dark-field-like mode.
We use this mode for sample navigation purposes. We can collect the scattered light from the
gold nanoparticle sample by imaging through a tube lens (Thorlabs, AC254-200-B-ML) onto a
CCD camera (Olympus, DP72). Alternatively, we can visualize the fluorescence from the UCNP
sample via a separate light path, including a short-pass filter (Thorlabs, FESH0750), tube lens
(Thorlabs, AC254-200-A-ML) and a second, low-noise camera (Thorlabs, DCC3260M).

To measure the PSF of the lasers and the fluorescence PSF, we use two different detection
paths, which ultimately combine just before the APD detector. The two paths are governed by a
series of interchangeable pellicles, mirrors, and filters in order to optimize the detected light in
each case. To measure the laser PSFs, the reflected light from a gold nanoparticle is directed
on the respective pathway, where it is focused through an achromatic doublet lens (Thorlabs,
AC254-100-B-ML), reflected at a dichroic mirror (Chroma, T750spxrxt) and coupled into a
multimode fibre (Thorlabs, M43L01, core diameter 105 µm). To measure the fluorescence PSF,
the fluorescence is guided to an achromatic doublet lens (Thorlabs, AC254-100-A-ML), then
passes through the dichroic mirror mentioned above (Chroma, T750spxrxt) and enters the same
multi-mode fibre. When measuring the fluorescence PSF, the laser PSF detection path is blocked
and vice versa. The distant end of the multi-mode fibre is coupled into an APD. The APD is
synchronized with the piezo-electric 3-axis stage XYZ (Thorlabs, MAX311D/M with BPC203
piezo controller) to generate the PSF image. All luminescent PSF images in Fig. 3 were acquired
with 3ms dwell time, which allows sufficient signal-to-noise ratio for all microscopy modes. In
most practical scenarios this amounts to roughly 30 s per scan in uSEE-STED mode. The dwell
time requirements can be relaxed in confocal, uSEE and STED mode to yield faster acquisition
times.
We used the 808 nm laser (vortex plate removed) to visualize the Alexa Fluor 647. While

this excitation wavelength is not optimal for exciting the dye, it provides sufficient excitation
for navigation purposes and is convenient to use, as it is already present in the setup. The
detection pathway was identical to the case of fluorescent PSF detection of the particle. We
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isolated the red emission from the Alexa Fluor 647 dye with a 660 nm centered filter (Chroma,
ET660/60M-2P). The Alexa Fluor 647 and particle fluorescence images were taken sequentially,
with corresponding filters for each case, stitched and overlaid for visual comparison.

Signal-to-noise ratio, resolution and error estimation

To calculate the signal-to-noise values in Fig. 3 and Fig. 4(c), we use the common definition of
SNR: SNR = 10 log10 (signal/noise) in dB units. We use the spline interpolation to estimate the
signal (peak of the spline), and we calculate the noise as the square root of the sum of squares
between the measured data and the spline interpolant (i.e. standard deviation of the data).
To estimate the error in the presented FWHM values, we have summed up the experimental

error, measured as the standard deviation from several FWHM measurements, and the error
introduced by the interpolation algorithm that we used previously in [20]. The interpolation
error is determined according to the considerations described below and depicted in Fig. 6.
The emission profile in uSEE-STED is in general not a pure Gaussian or Cauchy distribution.
As a result, fitting the emission profile to a Gaussian/Cauchy model might be inaccurate in
certain excitation/depletion power combinations, and fails completely close to the saturation
regime where the beam resembles a top-hat profile. In order to have a method that can estimate
resolution for any combination of excitation/depletion power, we have interpolated the measured
data [Fig. 6(a), Fig. 3(e)] (averaged over three neighboring lines) with a cubic spline (S) (green
curve in Figs. 6(b) and (c)). We found the error estimation of the FWHM from the weighted
sum of two additional splines S−σ = S − σ and S+σ = S + σ (blue curves in Figs. 6(b) and (c)),
where σ =

√∑N
i=0 r2i /N (ri is the i-th residual and N is the number of data-points). The resulting

splines Slow = wS−σ + (1 − w)S+σ and Shigh = (1 − w)S−σ + wS+σ (black curves in Figs. 6(b)
and (c)), form the lower and upper limit FWHM estimation for a given data-set. The parameter w
is in the range (0, 1) with w at the emission profile maximum equal to 0 and w at the edges equal
to 1, with linear transition in between. The described model is in good agreement with Gaussian
model both in terms of obtained FWHM and error [Figs. 6(b) and (c)].

Fig. 6. FWHM (resolution) and error determination. (a) the measured image with the
axial/lateral cross-sectional lines marked. (b,c) axial and lateral image profiles comparing
Gaussian model fit (brown curve) with the spline interpolation (green curve), with error
estimation curves S−σ , S+σ in blue and Shigh, Slow in black.
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