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Heterochromatic Nonlinear Optical Responses in
Upconversion Nanoparticles for Super-Resolution Nanoscopy

Chaohao Chen, Baolei Liu, Yongtao Liu, Jiayan Liao, Xuchen Shan, Fan Wang,*

and Dayong Jin*

Point spread function (PSF) engineering by an emitter’s response can code
higher-spatial-frequency information of an image for microscopy to achieve
super-resolution. However, complexed excitation optics or repetitive scans are
needed, which explains the issues of low speed, poor stability, and operational
complexity associated with the current laser scanning microscopy approaches.
Here, the diverse emission responses of upconversion nanoparticles (UCNPs)
are reported for super-resolution nanoscopy to improve the imaging quality and
speed. The method only needs a doughnut-shaped scanning excitation beam

at an appropriate power density. By collecting the four-photon emission of
single UCNPs, the high-frequency information of a super-resolution image can
be resolved through the doughnut-emission PSF. Meanwhile, the two-photon
state of the same nanopatrticle is oversaturated, so that the complementary
lower-frequency information of the super-resolution image can be simultane-
ously collected by the Gaussian-like emission PSF. This leads to a method of
Fourier-domain heterochromatic fusion, which allows the extended capability of
the engineered PSFs to cover both low- and high-frequency information to yield
optimized image quality. This approach achieves a spatial resolution of 40 nm,
1/24th of the excitation wavelength. This work suggests a new scope for devel-

become the essential scheme for super-
resolution imaging. Approaches based
on the point-scanning nonlinear illumi-
nation’! can obtain extraordinary high
efficacy in resolution enhancement.
Stimulated emission depletion (STED)
microscopy is a prominent example of
point spread functions (PSF) engineering
by generating doughnut-shaped beam!®
to resolve higher spatial frequencies in
the doughnut spot than a diffraction-lim-
ited Gaussian PSF.l By using exclusively
doughnut-shaped excitation spots to satu-
rate fluorescence, new modalities®® ' have
been demonstrated to extract the extraor-
dinary information at the higher spatial
frequency for resolution enhancement. In
the latest development, using upconver-
sion nanoparticles (UCNPs),[1l single scan
using two synchronized laser beams has
resulted in a fluorescence emission differ-
ence microscopy approach that uses the

oping nonlinear multi-color emitting probes in super-resolution nanoscopy.

1. Introduction

To overcome the optical diffraction limit, techniques using
patterned light excitation, such as fringes!"? and speckles!>*
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two-color PSF engineering. Explorations
of the nonlinear properties of fluorescent
probes, either inducing binary stochastic
methods,**  quantum coherent con-
trol, or under saturated conditions,'*”l have resulted in the
new approaches of stimulated emission,®?% ground state deple-
tion,’) absorption,?2l or fluorescence photoswitching.?3! Nev-
ertheless, as a prerequisite to extract the broader coverage of
spatial information to enhance the quality of super-resolution
images, these advances still require specialized optics to meet
the particular excitation conditions to produce images with
multiplexed PSF. As a consequence, the complexed optics and
efforts in maintaining the proper alignments and system sta-
bilities are the critical limiting factors for point-scanning super-
resolution microscopes to be widely used in material science
and biology labs.

UCNPs have attracted considerable attentions as a new
type of multiphoton probes doped with high-density emitters
in small volumes of optically inert nanocrystal host.??’] Each
UCNP contains thousands of co-doped lanthanide ions that
form a network of photon sensitizers (ytterbium ions, Yb*")
and activators (thulium ions, Tm?'), which underpins the
unique optical property of converting near-infrared (NIR) to
shorter wavelength NIR, visible, and ultraviolet emissions.[8-31
More interestingly, the doped lanthanide ions have multiple
intermediate energy states, and those long-lived states work
like a “ladder” to support electron transfers between different
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states. This not only leads to the multicolor emissions from a
single UCNP but also provides a diverse range of multiphoton
responses of each multiphoton emission from each interme-
diate excited state. Recent studies have indicated that UCNPs
with unique nonlinear optical response and saturation proper-
ties can be developed as novel fluorescent probes,??3l espe-
cially for the sub-diffraction imaging technologies.?*l Most
recently, the dual NIR (980 nm excitation and 800 nm emission)
working wavelength in UCNPs shows its utility in deep tissue
super-resolution imaging,'®* but the doughnut-shaped PSF
induces artifacts during the deconvolution process, as a certain
band of frequency has been lost in the Fourier domain,**
affecting the imaging quality. Ideally, simultaneously obtaining
diverse PSFs using a simple setup, maximizing spatial informa-
tion in the Fourier domain, would enhance the spatial resolu-
tion and overall imaging quality.

Here, we investigate the heterochromatic nonlinear
responses and saturated fluorescence emissions of UCNPs. By
using a single doughnut-shaped beam point-scanning illumina-
tion, we report a new strategy by exploring the opportunities
in multicolor emission PSF engineering in the image’s Fou-
rier domain. We develop a multicolor Fourier domain fusion
algorithm to enlarge the frequency shifting coverage of the
optical system, and thereby achieve the effective super-resolu-
tion PSF by fusing Fourier components from each emission
bands and processing optical transfer function (OTF) that con-
tains the optimized spatial information.

www.advmat.de

2. Results

We first mathematically and experimentally demonstrate the
concept of heterochromatic nonlinear optical responses from
a single lanthanide-doped nanoparticle. UCNPs used in this
work are based on a NaYF, nanocrystal host co-doped with the
high concentrations of 40% Yb3* sensitizer ions and 4% Tm?3*
activators ions. These particles have uniform morphologies
with a size of 47 nm (see Figure 1a for the transmission elec-
tron microscopy (TEM) image). Under 980 nm excitation, the
UCNPs show stable and bright emissions, e.g., 12 500 counts
per 50 ms with 78% standard deviations (see Figure 1b for
the confocal scanning image). Figure 1c and Figure S1 in the
Supporting Information display the typical emission spectra
of the UCNPs in NIR region and full spectrum, respectively.
Benefiting from the multiple long-lived intermediate states,
the sensitized photon energy can be stepwise transferred onto
the scaffold energy levels of Tm3" emitters, which eventually
facilitates the multiphoton upconversion emissions from the
two-photon excited state (800 nm, 3H, — *Hg) and four-photon
excited state (740 nm, 'D, — *H,). The upconversion emission
at 800 nm from the lower intermediate excited level has a lower
saturation threshold, compared with emissions from the higher
levels, as confirmed by the nonlinear fluorescence saturation
curves shown in Figure 1d.

By taking advantage of the clear contrast in satura-
tion intensity curves of upconversion emissions from the
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Figure 1. Heterochromatic emission saturation contrast in UCNPs. a) TEM image of the nanoparticles NaYF,: 40% Yb3', 4% Tm?3*. The average size
is around 47 nm. b) Confocal imaging of the UCNPs under 980 nm excitation. c) The upconversion emission spectrum of a typical single nanoparticle
upon 980 nm excitation laser at a power of 100 mW. Inset is a simplified energy level and upconversion process of Yb** and Tm*" co-doped UCNPs.
The multiphoton near-infrared (NIR) upconversion emissions mainly from the two-photon excited state (800 nm, 3H, — *Hg) and four-photon excited
state (740 nm, 'D, — *H,). d) The two distinct power-dependent saturation intensity curves of the 800 and 740 nm emissions. e) The experimental and
simulation results of the power-dependent PSF patterns of two emission bands from a single UCNP under the 980 nm doughnut-shaped beam with
excitation powers of 5, 20, 50, 100, and 150 mW. Pixel size, 10 nm. Scale bar is 100 nm in (a), T um in (b), and 500 nm in (e).
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multi-intermediate states,*”! we scan the sample of single
UCNPs using a tightly focused doughnut illumination beam
and detect their emissions from multiple emission channels,
including 800 and 740 nm, as shown in Figure le (see the
experimental setup in Figure S2, Supporting Information). We
find that under the low excitation power, both channels display
the doughnut-pattern PSFs. The difference in heterochromatic
emission PSFs becomes significant with an increased excita-
tion power. Because of the non-zero feature at the center dip of
doughnut beam (around 1.4%, see Figure S2, Supporting Infor-
mation), at an intense power, the 800 nm oversaturated emis-
sion PSF eventually becomes a “Gaussian-like PSF” with two-
photon upconversion emission at center reaching the maxima
(Figure 1le). This is because the increased excitation power
elevates the two-photon fluorescence at the center to reach the
maxima, while the fluorescence signals away from the center
keep at the same values since they have been saturated. In con-
trast, the 740 nm emission PSF remains as a doughnut shape.
Encouraged by the attractive heterochromatic nonlinear
optical responses, we propose the general concept of PSF
engineering strategies in our single-doughnut-beam scanning
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super-resolution microscopy (Figure 2). It takes advantage
of heterochromatic saturated emission PSFs from a multi-
color emitting probe. Instead of creating the contrast from
dual-beam (de-) excitation patterns, the emission in different
color bands can have distinct power-dependent responses to
a single doughnut excitation, so that to display the different
emission PSF patterns, e.g., red PSFg,, (Gaussian PSF) and
green PSFp,, (doughnut PSF), as shown in Figure 2a. Due to
the emission saturation effect,?”! the emission doughnut PSF
contains more information at high spatial frequency. This
first offers the spatial domain opportunity in PSF engineering
by simply subtracting the image of PSFp,, from the one of
PSFg,, with an appropriate normalizing coefficient, following
PSFggp = PSFq,, — r XPSFp,,, so that the sub-diffraction image
can be obtained by a single beam scanning super-resolution
microscopy (Figure 2b and Figure S3, Supporting Informa-
tion). This approach is compatible with the typical laser scan-
ning microscope by adding a vortex phase plate to generate a
doughnut excitation beam.

Nevertheless, the process of spatial domain subtraction
toward super-resolution images can introduce negative PSF
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Figure 2. Concepts of heterochromatic PSF engineering. a) One doughnut illumination beam generates two power-dependent emission PSF patterns
of Gaussian in red (1) and doughnut in green (2). b) PSF engineering by subtracting the doughnut PSF from Gaussian PSF in the spatial domain.
c) PSF engineering by fusing the two PSFs in the Fourier domain. d—f) The OTFs of Gaussian PSF, doughnut PSF, and OTF fusion result of Gaussian
and doughnut PSFs. The zero spatial frequency starts from the center of each image, and higher orders of frequencies increase radially. g) Normalized
center cross-section profile of OTFs corresponding to (f). h—j) Simulated images of a series of dots of PSFs separated by different distances and super-
resolved by Gaussian PSF (see (d)), doughnut PSF (see (e)), and synthesized PSFs (see (f)). Iterations in (h) to (j) are all 180.
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components that lead to inaccurate OTF. The direct subtrac-
tion of a set of normalized data often generates areas with
negative intensity values, which causes significant data loss and
image distortion. Therefore, we introduce the contrast factor
r to adjust the strength of the subtraction. Since the subtrac-
tion method leads to the loss in critical spatial frequencies,
researchers further employ a pixel assignment! approach to
adjust the contrast factor in each pixel, but at the expense of the
overall resolution.

Alternatively, we can transfer the heterochromatic emission
PSFs into the Fourier domain and achieve the super-resolution
imaging with frequency shifting mechanism conceptualiza-
tion. As illustrated in Figure 2c, this strategy can effectively
overcome the issues of information loss and image distortion
associated with the spatial domain subtraction approach, as
Fourier domain OTF fusion can maximize the overall coverage
of emission PSF patterns.

More specifically, by using a doughnut-shaped excitation
beam, the spatial frequency components are encoded into the
images by both the doughnut emission PSF and the Gaussian-
like emission PSF (obtained from the oversaturated doughnut
emission PSF). Benefiting from the emission saturation effect,
the saturating doughnut emission PSF (Figure 2e) contains
more information at a high spatial frequency than the Gauss-
ian-like emission PSF, so that the high spatial frequency com-
ponents can be captured in the extended range of the detec-
tion OTF to achieve super-resolution imaging. In the Fourier
domain, the doughnut PSF has a gap in the intermediate fre-
quency range (Figure 2e), resulting in a deficient content loss
of the intermediate spatial frequency information. The Gauss-
ian-like PSF (Figure 2d) can compensate the lost intermediate/
low-frequency components. Therefore, heterochromatic OTF
fusion of emission PSFs in Fourier domain takes advantage
of both the doughnut PSF resolving power in providing the
high-frequency contents and the compensation effect from
Gaussian-like PSF that covers the medium frequency range
(Figure 2f).

With more details of the fusion process described in the
Supporting Information, briefly, we first perform a 2D fast
Fourier transformation to convert the images that contain the
doughnut PSF and the Gaussian-like PSF into Fourier domain
images (Figure S4, Supporting Information). We then segment
and combine the Fourier domain images into one “segmented
Fourier image” by applying a Fourier binary mask, before
the reconstruction by the inverse fast Fourier transformation
(Figure S5, Supporting Information). Figure 2g shows the
line profiles of the Gaussian-like, doughnut and Fusion OTFs,
illustrating the segmenting process in 1D. The amplitude indi-
cates the resolving power at a certain spatial frequency. The
cut-off frequency (fz) is found at the cross-point between the
Gaussian-like OTF and the doughnut OTF. The segmented
OTF (fusion OTF) combines the Gaussian-like OTF (spatial
frequency from 0 to f,) with the doughnut OTF (spatial fre-
quency > f.,,) toward a large amplitude envelope.

To compare the image-resolving powers of the Gaussian-
like emission PSF, the doughnut emission PSF, and the fused
heterochromatic PSF, we perform a numerical simulation
to scan different type of beams over a series of patterns con-
sisting of diffraction limit dots of single emitters. As shown
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in Figure 2h—j and Figure S6 (Supporting Information), the
dots on different circles are separated with incremental dis-
tances. For the dots on the fourth ring (in green), the distance
is too close for the Gaussian-like emission PSF to resolve them
(Figure 2h), while the doughnut emission PSF provides a
higher resolution to solve each dot (Figure 2i). For the dots with
more sparse points on the third ring (in red), the doughnut
PSF fails in providing some intermediate frequency informa-
tion (see Figure 2i), which resulted in a poorly resolved dots
on the third circle. This Fourier domain fusion approach uti-
lizes all the complementary frequency contents, simultaneously
acquired from the single doughnut beam scanning, which can
optimize the image deconvolution process in super-resolution
imaging and improve the distortion effect by taking all the fre-
quency contents. As the final detected signal is the saturated
emission with enhanced contrast to the background noise, it
successfully revolves the higher frequencies information that is
otherwise covered by the noise in confocal scanning mode (see
Figure 2j in the inner ring in yellow).

Next, we apply this Fourier heterochromatic fusion approach
on imaging single UCNPs (Figure 3). We first acquire the
standard confocal images of 800 and 455 nm emission bands
by scanning a standard Gaussian excitation beam (Figure S7,
Supporting Information). We then obtain the pair of contrast
images at 800 and 740 nm by scanning a doughnut-beam
(Figure 3a,b). Neither confocal results (Figure S7, Supporting
Information) nor the oversaturated image (Figure 3a) provides
sufficient resolution to distinguish single UCNPs within the
diffraction limit area. In contrast, the 740 nm saturating emis-
sion doughnut PSF carries the high-frequency information
from the clusters of single nanoparticles (Figure 3b). Using
the approach of Fourier domain heterochromatic fusion of the
image by the Gaussian-like (over saturated doughnut) 800 nm
emission PSF (Figure 3a, inset OTF) and the image by the
saturating doughnut 740 nm emission PSF (Figure 3b, inset
OTF), as shown in Figure 3c, we demonstrate the ability in
resolving the discrete nanoparticles with a discernible distance
of 120 nm. Furthermore, the magnified comparison images
in Figure 3d—g clearly illustrate the enhanced imaging quality
achieved by our Fourier domain fusion method, compared
with the image deconvoluted by Gaussian-like PSF and the one
processed by subtraction. As a result of the obviously different
nonlinear emission responses from the multiple intermediate
excited states, the varying degrees of saturating emission PSFs
provide the key for the Fourier domain heterochromatic fusion
of the images simultaneously obtained from the multiple emis-
sion color bands.

As the low excitation density is essential for super-resolu-
tion nanoscopy to be used for biological applications, we fur-
ther demonstrate the use of 2% Tm?' and 40% Yb** UCNPs
to reduce the excitation power requirement. According to our
previous works,!®l the relatively low doping concentration of
activators will facilitate UCNPs to achieve the emission satu-
ration at low excitation power. As shown in Figure 3h,i and
Figure S8 (Supporting Information), under 50 mW excitation,
the 800 nm emission PSF turns into a Gaussian-like profile,
while the 740 nm emission PSF remains as a doughnut shaped.
Using the Fourier domain heterochromatic fusion method
(Figure 3k), we can resolve the two UCNPs with a distance of

© 2021 Wiley-VCH GmbH
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Figure 3. Resolving the signal UCNPs in sub-diffraction volume. a) The 800 nm emission band image of UCNPs under a 980 nm doughnut beam
excitation (150 mW). With UCNPs’ 800 nm emission being oversaturated, the emission PSF shows a Gaussian-like profile. Inset is the corresponding
OTF. b) The 740 nm emission band image of UCNPs under the same 980 nm doughnut beam excitation, showing the doughnut emission PSF. Inset
shows the corresponding OTF. c) The super-resolution imaging result by Fourier domain fusing the OTFs of (a) with (b). Inset is the fused OTF.
d-g) The magnified area of interest to illustrate the comparison imaging results using the various image process algorithms, including Richardson—
Lucy deconvolution with Gaussian PSF (Deconv. Gaussian) (e), subtraction of the doughnut image from the Gaussian image (Subtraction) (f), and the
Fourier domain fusion (Deconv. Fusion) (g), respectively. h,i) The 800 and 740 nm emission band image under 50 m\W doughnut beam, respectively.
j,k) The corresponding deconvolution images in (h) and (i), respectively. I) Line profiles of two nearby UCNPs from (h) to (k). Pixel dwell time: 1 ms.
Pixel size: 10 nm. Scale bars: 1.5 um in (a) and (c); 500 nm in (d) to (k).

95 nm (Figure 31). The corresponding excitation power density  of single nanoparticle, shown in Figure 31, further demonstrate
of 2.75 MW cm™ is well below the phototoxic damage threshold  the quantified result of the significantly reduced full-width at
for the living cells.?**? The line profiles of the processed image  half-maximum of 40 nm (=4/24) from 460 nm.

Adv. Mater. 2021, 33, 2008847 2008847 (5 of 9) © 2021 Wiley-VCH GmbH



ADVANCED
MATERIALS

www.advmat.de

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

Deconv. Fusion

Confocal

hed

Confocal Deconv. Fusion

SUFLe
Ll P

Confocal Deconv. Doughnut

Subtraction Deconv. Fusion

—

Resolution: 106.7 nm

ke: 0.701
0 0.5 1
Normalized spatial frequency
500
250
. Qi Her T v
Deconv. Gaussian f§§ Deconv. Doughnut Subtraction Deconv. Fusion ,,\oo""\ .\a(\" 0\,\* cf\\‘)(\ .\°<\’<
oo o oMY «®
- (ol VO S
= Gaussian+ === Doughnut+
=== Subtraction Fusion+

Intensity (a.u.)

400 800
Distance (nm)

Figure 4. The overall enhanced image quality in super-resolution. a,b) The confocal and the Fourier domain heterochromatic fusion deconvoluted
images of the “super-res” text pattern. c,d) The confocal and the Fourier domain heterochromatic fusion deconvoluted images of a panda pattern.
e—i) The image results of a sunflower pattern from five processing methods: ) confocal imaging; f) Gaussian deconvolution; g) doughnut deconvolution;
h) subtraction; i) Fourier domain heterochromatic fusion deconvolution. j) The decorrelation analysis for the image in (i). The resolution is 2 x (pixel
size) [k., where k. is expressed in normalized frequencies. k) The resolution comparison for the five methods in (e) to (i). I-o0,p—s) The magnified regions
in (i). t) Corresponding cross-line profiles in (1) to (o). The patterns were generated by using the electron beam lithography for etching 150 nm holes on
a silicon substrate. The iteration number for all the deconvolution process is 70. Pixel dwell time: T ms. Scale bars: 1 um in (a) to (i); 500 nm in (I) to (s).
The panda image in Figure 4 is used with permission from Wan Yang (Weibo, https://weibo.com/u/6021293236).

of Fourier domain fusion by comparing the image results of a
sunflower pattern from confocal imaging (Figure 4e), Gaussian

Moreover, we apply our method of Fourier domain hetero-
chromatic fusion to resolve UCNPs assembled into the var-

ious large-scale patterns. The scanning electron microscope
images of the pattern designs are shown in Figure S9 (Sup-
porting Information). While confocal microscopy (Figure 4a,c)
cannot resolve the fine details with spacing below the diffrac-
tion limit (427 for 980 nm excitation), our Fourier-domain
fusion method has successfully resolved the UCNPs image
patterns (Figure 4b,d). We further quantify the resolving power

Adv. Mater. 2021, 33, 2008847
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deconvolution (Figure 4f), doughnut deconvolution (Figure 4g),
subtraction (Figure 4h), and Fourier domain fusion deconvolu-
tion methods (Figure 4i). The Fourier domain fusion approach
clearly presents the best image quality. In our experiment, we
apply a robust decorrelation analysis*’! to measure the aver-
aged image resolution directly. Figure 4j shows the decorre-
lation analysis for the Fourier domain fusion deconvolution

© 2021 Wiley-VCH GmbH
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images (Figure 4i), where the original image is filtered by the
high-pass Gaussian filters to emphasize the specific frequency
band. These filtered images are conducted with the Pearson
cross-correlation (gray curves) to find the most correlated fre-
quencies (blue cross) between each image and its normalized
low-pass image. The largest number of the most correlated
frequency is the cut-off frequency (k), indicating the aver-
aged resolution. Moreover, Figure 4k displays the resolutions
obtained from the five methods (see decorrelation analysis in
Figure S10, Supporting Information), with the Fourier domain
fusion achieved the best quality in resolution (106.7 nm).
Notably, the resolution by decorrelation reports the image
quality, and the highest resolution is around the maximum
nonzero frequency value of the image in the Fourier domain
(see the magenta line). Figure 4l-o,p—s presents the detailed fea-
tures of the two selected areas (Figure 4i) by the five methods.
The deconvolution of confocal cannot resolve the features
below the diffraction limit. The deconvoluted doughnut image
shows many artifacts, due to its inherent drawback of frequency
loss. Although the subtraction compensates some artifacts, it
loses frequency information, e.g., the middle point cannot be
presented in Figure 4h. According to the crossline profiles in
Figure 4t, Fourier domain fusion shows the superior power in
both resolving the fine features and managing the image arti-
facts. Indeed, both subtraction and deconvoluted doughnut
cannot image out the third peak (at a distance of =650 nm).

We further simulate the imaging results for microtubules!®!
to highlight the importance of compensating the missing spa-
tial frequency regions by using the Fourier domain fusion
approach (Figure S11, Supporting Information). The high
image resolutions in both transverse directions are achievable
for the complexed samples, as the fine structures of microtu-
bules can be resolved using Fourier domain fusion method, as
shown in Figure S11f (Supporting Information). We also apply
the Fourier ring correlation*! method to measure the resolu-
tion from the processed data (Figure S1lg, Supporting Infor-
mation), which presents the advances of our Fourier domain
fusion approach to enhance overall image quality.

3. Discussion

To the best of our knowledge, this is the first work using the
multicolor nonlinear emission responses and processing
the simultaneously obtained PSFs in the Fourier domain to
enhance the spatial resolution and overall imaging quality. It
maximizes the capabilities of Fourier domain OTF fusion of
multiple emission PSFs in the spectral regime to improve the
entire imaging quality, which can recover the otherwise hidden
spatial information during the single beam scanning and con-
focal detection process. Compared with the temporal domain
modulation of excitation modality that requires switching illu-
mination pattern®! or laser model*! with dual excitations pro-
cedure, the single scan method is simple, fast, and stable, and
can avoid the use of the additional optical components and
procedures in correcting the sample drifts between multiple
sequential recordings. The single-beam scanning mode using
a simplified optics setup is compatible with the standard com-
mercial or lab-based laser scanning microscopes, and therefore
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may overcome the current bottleneck issue associated with the
system complexity and stability.

In this work, we use a vortex phase plate to generate the
doughnut excitation beam. Using a spatial light modulator
with aberration correction may further reduce the required
excitation power. This imaging modality presented in this
work is also compatible with point-scanning-based methods,
such as imaging scanning microscopy®® or rescanning,
which may also help to mitigate the frequency deficiency
issues. To remove the additional camera, we can further
develop this technique to modulate chromatic aberrations by
using multicolor phase mask.[®?l Adding fast color-selection
unit (e.g., acousto-optic tunable filter) in the emission col-
lection path allows for rapid switching to collect the mul-
tiple heterochromatic images by a single detector, which will
further simplify the system setup, but at the expense of the
imaging speed. Moreover, the image quality could be further
improved by Fourier domain fusion of the simultaneously
acquired high throughput hyperspectrum PSFs (Figure S12,
Supporting Information). By taking advantage of these non-
linear differential responses in the hyperspectrum domain
(Figure S12d, Supporting Information), we obtain a series of
emission PSFs through the parallel multicolor detection chan-
nels (Figure S12b,c, Supporting Information). Furthermore,
according to the most recent discovery of a photoavalanching
effect from UCNPs to provide a giant nonlinear optical
response,®3 our heterochromatic function method can directly
utilize such a giant nonlinear response to further improve the
imaging resolution.

4. Conclusion

We report a single-doughnut beam scanning microscopy for
super-resolution imaging. The design principle is to encode
the high-frequency spatial information by PSF engineering
into the multiple color channels of the image generated from
the multiple excited states of UCNPs, and decode the informa-
tion by engineering the Fourier domain components of the
image in each of the multicolor channels according to the max-
imum coverage of OTF components. This approach, based on
Fourier domain heterochromatic fusion method, opens a new
perspective to perform super-resolution with minimum distor-
tion and information loss, as it maximizes the coverage of all
the spatial frequency details. This strategy has a great potential
in improving the resolution and artificial noise management
for PSF engineering-based super-resolution nanoscopy, e.g.,
STED microscopy,*>! ground states depletion microscopy,!®!
structure illumination microscopy,®! and lattice light-sheet
microscopy.’®% Although UCNPs meet our requirement and
have been successfully used in our Fourier domain heterochro-
matic fusion microscopy, we call for the new developments
of other nonlinear optical responsive probes with multicolor
emitting properties, and the combined use of existing fluo-
rescent probes including both molecular format of organic
dyes and the inorganic nanoparticles,/®” where preferably, the
emission at each band should be highly dependent on the exci-
tation power and their nonlinear optical response to excitation
saturation.

© 2021 Wiley-VCH GmbH
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5. Experimental Section

The experimental details are provided in the Supporting Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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