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Plant tissue imaging with bipyramidal
upconversion nanocrystals by introducing
Tm>* ions as energy trapping centers:
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Plant cell imaging is critical for agricultural production and plant pathology study. Advanced upconversion
nanoparticles (UCNPs) are being developed as fluorescent probes for imaging cells and tissues in vivo and
in vitro. Unfortunately, the thick cellulosic walls as barriers together with hemicelluloses and pectin hinder
the entrance of macromolecules into the epidermal plant cell. Hence, realizing satisfactory temporal and
spatial resolution with UCNPs remains an arduous task. Here, bipyramidal LiErF,:1%Tm**@LiYF, core—
shell UCNPs with a super-bright red emission upon 980 nm laser excitation are explored, where the intro-
duction of Tm** ions permits alleviation of the energy loss at defective sites and a significant improve-
ment of the upconversion output. The as-obtained bipyramidal UCNPs could readily puncture plant cell
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walls and further penetrate into cell membranes, facilitating improved tissue imaging of cellular internaliz-
ation, as demonstrated with the luminescence images obtained by multiphoton laser-scanning
microscopy. Hence our work opens up a new avenue for exploring effective upconversion nanoparticles
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1. Introduction

Fluorescence bioimaging techniques that provide direct infor-
mation of biospecimens with the features of real-time
response and non-invasion have been widely developed in the
last decades, and they play an increasingly important role in
both fundamental scientific research and clinical practice.?
More recently, an increasing tendency appears to apply nano-
materials as biomarkers for fluorescence bio-imaging in vivo
and in vitro.>* Lanthanide-doped upconversion nanoparticles
(UCNPs) as fluorescent nanoprobes have evoked considerable
interest due to their superior features, such as low toxicity,
superior photostability, and the elimination of background
autofluorescence, which makes them extremely suitable as
alternatives, replacing traditional organic fluorescent dyes or
quantum dots.” "
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for achieving high resolution imaging of plant tissues.

To date, UCNPs with surface modification have been widely
reported in mammalian cell imaging, but rarely in plant cells
due to the challenging properties of plant materials."> A
typical epidermal plant cell routinely used in microscopic
imaging studies comprises a cell wall of considerable thick-
ness, a plasma membrane, a thin layer of cortical cytoplasm
with motile organelles, and a vacuole. The most characteristic
component of the plant cell wall is cellulose; together with
hemicelluloses and pectin, such thick cellulosic barriers
impede the passage of macromolecules into the cell.'**
According to the previous research, the pore diameter of the
plant cell wall ranges from 3 to 10 nm."” In fact, UCNPs with a
diameter larger than the pore size of plant cell walls hardly
penetrate into plant cells.'® Moreover, the decreased particle
size of UCNPs is adverse to the upconversion luminescence
output, contributing to the failure of the imaging with satisfac-
tory resolution as well."” Hence, the successful uptake and
application of UCNPs in plant imaging is still far from
satisfactory.

Recently, the morphology of particles has been found to
play a crucial role in their uptake in cells, and instituted as a
new important parameter for designing materials inducing a
specific biological response."® Oriented nanomaterials such as
nanowires, nanotubes or bullet-shaped nanoparticles have
been receiving attention.'®?® Their elongated shape enables
multivalent interactions with receptors through the introduc-
tion of multiple targeting units on their surface, thereby
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enhancing cell internalization.*"** For example, McCarthy and
co-workers demonstrated that the cellular uptake of magnetic-
fluorescent nanowires depends on their aspect ratio.>® Chen’s
group reported that hexagonal bipyramid quantum dots could
readily “puncture” into the lipid bilayer and break the integrity
of the cell membrane when attached on the cell surface with
the apex.>! These results inspire us to explore oriented UCNPs
that readily penetrate plant cells and possess high sensitivity
and signal-to-noise ratio to meet the requirement of fluo-
rescent probe imaging of plants and tissue.

In this work, Tm** ion doped bipyramidal LiErF,@LiYF,
core-shell UCNPs with high red upconversion luminescence
were synthesized by a co-precipitation method.”> We demon-
strated the feasibility of enhancing the red emission of the
Er*-enriched LiErF, UCNPs by coating with a bipyramidal
shell, while the introduction of Tm®" ions acting as energy
trapping centers could further optimize the upconversion per-
formance. The red light falls into the optical transmittance
window of biological tissues and provides deep tissue pene-
tration. Plant cell imaging is demonstrated by labeling onion
epidermal cells with the as-synthesized LiErF,:1%Tm’ @LiYF,
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UCNPs. Compared with the spherical counterparts, the bipyra-
midal LiErF,@LiYF, core-shell UCNPs with a higher aspect
ratio are shown to penetrate into cell walls and break cell
membranes, giving significantly improved cellular internaliz-
ation for imaging, which is captured with multiphoton laser-
scanning luminescence images. These results demonstrate
that bipyramidal UCNPs are particularly attractive for intra-
cellular labeling and imaging of plants and tissue.

2. Results and discussion

LiErF, UCNPs doped with Tm®* ions with the concentration
varying from 0 to 20 at% were synthesized by a co-precipitation
method®® (Fig. S1, ESIT). The optimal doping concentration of
Tm?>" ions for LiErF, is determined to be 1% for the maximum
upconversion luminescence intensity output (Fig. S2, ESIT).
The as-obtained LiErF,:1%Tm*" UCNPs exhibit a regular and
uniform morphology with a mean particle size of 8 nm as dis-
played in Fig. 1a and c. After coating with an inert LiYF, shell,
an identical crystal structure of the LiErF,:1%Tm>* @LiYF, is
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Fig. 1 TEM images, HRTEM images, particle size distribution, and the corresponding FFT of LiErF;:1%Tm>* (a—d) and LiErF;:1%Tm>**@LiYF, (e—h)
UCNPs, respectively. (i) Upconversion emission spectra of LiErF4:1%Tm>* and LiErF4:1%Tm>*@LiYF, UCNPs under 980 nm excitation, the left inset
shows the photographs of the corresponding samples under 980 nm excitation, and the right inset is the schematic illustration of the LiErF4:1%
Tm3*@LiYF, core—shell structure. (j) The corresponding decay curves of Er** ions (654 nm) of LIErF;:1%Tm>" and LiErF,:1%Tm>*@LiYF, UCNPs

under 980 nm excitation.
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confirmed from the XRD patterns (Fig. S3, ESIT), and no trace
of other phases or impurities is detected. The energy disper-
sive spectroscopy image (Fig. S4, ESIT) demonstrates the exist-
ence of the elements of Er, Y, and Tm in the nanocrystal.
Moreover, the image of the LiErF,:1%Tm>* @LiYF, UCNPs in
the dark field is further provided in the inset of Fig. S4,f
which confirms the as-prepared LiErF,:1%Tm’* @LiYF, UCNPs
with a bipyramidal structure. The low-resolution transmission
electron microscopy (TEM) image of LiErF,:1%Tm’ @LiYF,
core-shell UCNPs shown in Fig. 1e presents a bipyramidal
shape morphologically. Physical dimensions of the LiErF,:1%
Tm*'@LiYF, core-shell UCNPs are obtained factoring minor x
major axis of an elliptical fit for individual bipyramidal UCNPs
(Fig. 1g and Fig. S5, ESIf), and are estimated to be 10 x 15 nm.
Consistent results of the high resolution transmission electron
microscopy (HRTEM) image and the corresponding fast
Fourier transform (FFT) diffraction patterns of the LiErF,
(Fig. 1b and d) and LiErF,:1%Tm’* @LiYF, (Fig. 1f and h) are
displayed, respectively, which shows a highly crystalline tetra-
gonal phase of the as-synthesized nanocrystals. Under 980 nm
laser excitation, two primary upconversion emission peaks of
Er*" ions located at 545 (*S;;, — *I;55) and 654 nm (*Fop, —
*1,5/,) are observed (Fig. 1i), respectively. Significantly, after the
nuclear LiErF,:1%Tm>®" UCNPs are grown with an inert shell
of LiYF,, the upconversion luminescence intensity of 654 nm
increases by about 562 times as illustrated in Fig. 1i and dis-
played as the inset photographs of Fig. 1i. Moreover, the decay
curves recorded at the emission of 654 nm of LiErF,:1%Tm>"
and LiErF,:1%Tm>'@LiYF, UCNPs are well-fitted with the
double-exponential decay mode, as depicted in Fig. 1j, respect-
ively. The decay time of Er’” ions significantly increases from
9.48 to 287.10 ps after coating with an inert shell. It infers the
superiority of the core-shell structure, which suppresses the
luminescence quenching caused by the energy migration to
surface defects.?”*®

A series of LiYF4:x%Er®* UCNPs were synthesized (Fig. S6
and S7, ESIf). The visible green (*Sz, — *I15,,) and red (*Fo, —
*1;5,) emission intensity decreases with the increasing Er’*
ion concentration, while it is almost completely quenched for
100 mol% Er’*" doping (Fig. S8, ESIf). The concentration
quenching is suggested due to the cross-relaxation quenching
between Er’*" ions in close proximity, and the energy transfer
to the defects.>?° In contrast, the luminescence intensity of
the LiErF, coating with a LiYF, shell increases monotonically
with the increased Er’* ion concentration (Fig. 2a, S10 and
S11, ESIY), suggesting that the concentration quenching effect
of the red emission can be effectively minimized by coating
with an epitaxial shell. Moreover, the red/green (R/G) ratio of
these samples changes from 1.5 to 9.3, achieving the upconver-
sion output colour changes from green to red, which is con-
firmed by the inset photographs of Fig. 2a. Moreover, the time-
resolved population properties of the red emission of Er** ions
(*Fopn) of LiYFgEr'™ and LiYF,Er**@LiYF, UCNPs were
recorded upon 980 nm laser excitation, respectively (Fig. S9
and S12, ESIt). The lifetime of the “Fy), state decreases from
112.5 to 12.36 ps along with the increase of the concentration
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of Er*" ions for the LiYF,:Er’" sample, which is consistent with
the above photoluminescence results for the increased prob-
ability of energy migrating to the surface defects and the inter-
ionic distance shortens as the Er’” ion concentration
increases.>' On the contrary, LiYF:Er**@LiYF, UCNPs exhibit
much longer luminescence lifetimes changing from 584.52 to
395.23 ps when the concentration of Er’* ions increases. This
demonstrates that even under high dopant concentrations that
in principle favor rapid cross relaxation, no concentration
quenching is observed in the lifetime or the emission intensity
of LiYFg:Er**@LiYF, UCNPs. This suggests that energy
migration to surface defects is the dominant mechanism for
concentration quenching in the nanocrystals heavily doped
with Er*” ions, rather than the cross relaxation.*?

It should be pointed out that Tm** ions play a critical role in
further enhancing the red emission of the Er’'-based host
matrix (Fig. 2a). The surface coating method is scarcely miti-
gated the concentration quenching caused by the energy
migration to internal defects,?® it is strongly demonstrated that
Tm>" ions as energy trapping centers alleviate the energy loss at
internal defect sites and allow for energy return to Er** activa-
tors.** Although the doped Tm** ions favor luminescence inten-
sity, we noticed that with the increasing Tm** content over 1%,
the intense -cross-relaxation (Tm*-Tm’") effect inevitably
results in fluorescence quenching (Fig. $13 and S14, ESI{).>>?°
The mechanism of LiErF,:1%Tm>*" @LiYF, UCNPs upon 980 nm
excitation is shown in Fig. 2c. The electron “Ij;;, (Er*" ions)
state is populated from “I;5/, by direct absorption of a 980 nm
photon or through energy transfer from adjacent Er** ions. The
*H; level of Tm®" ions is slightly lower than the “I,y, level of
Er’" ions, which facilitates the energy transfer between Er** and
Tm>*" ions (“1;, (Er*") — *Hs (Tm®")). Then, a back-energy-
transfer process occurred between the *Hj state and the I3,
state (*Hs (Tm’>") — *L;5,, (Er*")), followed by energy pumping
with a second 980 nm photon to the *Fy, state of Er**, leading
to a conspicuous enhancement in red emission at 654 nm.

The laser power (P) dependent properties of the emission
intensity (I) of LiErF,:1%Tm>" UCNPs are analyzed as shown in
Fig. 2b. The relationship between I and P can be expressed as I
« P", where n is the number of pump photons required to popu-
late the excited state.>” The addition of Tm?" ions to the LiErF,
lattice leads to an obvious decrease in the number of photon
processes, especially in the two-photon process for red emission
(Fig. S15, ESI}). This is mainly attributed to the efficient energy
back transfer process from *H; (Tm>*) as the trapping centers to
the I3, state of Er’" ions. As a result, assisted by the Tm®*
(*H;) energy trapping center, more photons can be populated
into the “Fo, state of Er*" ions. Meanwhile, the decay lifetime of
Er'' ion emission at the “Fo, state decreases from 395.23
(LiErF,@LiYF, UCNPs) to 287.10 ps (LiErF,:1%Tm’* @LiYF,
UCNPs) (Fig. S11, ESI{), suggesting that the Tm>" doping causes
an increased rate of energy radiations from the “Fy, state to the
1,5/ state. It should be noted that the three-photon population
process for green emission is strongly suppressed, because the
distance between Er’*" jons shortens with increasing the Er’*
ion concentration. This can also lead to an increased rate of
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Fig. 2 (a) Upconversion spectra of the as-obtained LiYF4:Er®*/Tm3*@LiYF, nanoparticles doped with different concentrations of Er** and Tm>*.
Inset: the photographs of the colloidal dispersion of the corresponding samples under excitation with a 980 nm laser diode, and a structural model
for Tm**-mediated energy condensation between Er®* ions. (b) Power density dependence of the 545 and 654 nm emission, indicating a two-

photon population process for the red emission and a three-photon popu
crystals under 980 nm excitation. (c) Proposed upconversion mechanism
Er®* of LiYF4 Tm3*@LiYF, with different Tm®* concentrations.

energy migration as confirmed by lifetime measurements of
Er’*" emission at its *Foy, state (Fig. S12, ESIT). The time-resolved
population at the I/, state of Er** is investigated as exhibited
in Fig. 2d, which implies that the depopulation at the *I,4,, state
of Er** is accelerated by Tm?®'-mediated trapping through
energy transfer.

Herein, a model is proposed to illustrate the enhancement
of the upconversion output. Indeed, the efficiency of LiErF,
UCNPs is limited for the concentration quenching, which can
be attributed to the energy migration to surface defects or
internal quenching sites (Fig. 3a). Bipyramidal LiYF, as a
coating shell is beneficial to suppress the energy migration
loss from Er*" to surface defects, allowing a heavy dopant con-
centration in LiErF,@LiYF, UCNPs (Fig. 3b). Furthermore,
Tm?*" ions act as energy trapping centers for confining the exci-
tation energy and minimize the migration mediated energy
loss in the lattice (Fig. 3c). Hence, further optimized red
upconversion emission could be obtained in the LiYF,:
Tm* @LiYF, UCNPs.

In order to confirm the feasibility of the as-obtained UCNPs
acting as bio-probes, imaging was conducted on onion epider-

8184 | Nanoscale, 2021, 13, 8181-8187

lation process for the green emission in the LiErF4:1%Tm3+@LiYF4 nano-
for LiErF4:1%Tm>* nanoparticles. (d) The luminescence decay curves of

mal cells. After removing oleic acid from the surface of the
nanoparticles (treated with hydrochloric acid solution), an
aqueous dispersion of LiErF;:1%Tm*'@LiYF,; core-shell
UCNPs was added into a container with onion epidermal
tissues. Before analysis, onion epidermal tissue was cleaned
thoroughly with deionized water. The digital photographs of
The Onion epidermal tissue with UCNPs are shown in Fig. 4a
and b. It can be seen clearly in Fig. 4b that The Onion epider-
mal cells exhibit naked-eye red upconversion luminescence
under irradiation at 980 nm, which indicates the high biocom-
patibility of LiErFs:1%Tm* @LiYF, UCNPs.
Moreover, the fluorescence imaging of The Onion epidermal
cells with spherical NaGdF,:Yb*",Er’* UCNPs (as a reference
sample, Fig. 4f and S16-S18, ESI{) and bipyramidal LiErF,:1%
Tm@®@LiYF, UCNPs that underwent the same ligand exchange
reaction was performed. After removing oleic acid from the
surface of the nanoparticles, the two samples with the same
concentration are incubated with two onion tissues for 30 min
at 25 °C. It can be observed that the red fluorescent nano-
particles penetrate into the cytoplasm (Fig. 4c-e), while the
green fluorescent nanoparticles distribute relatively infre-

core-shell
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Fig. 3 (a) The energy migration quenching processes in a LiErF, UCNP. (b) A typical strategy to reduce the energy migration to surface quenching
sites through an inert-shell coating. (c) The approach of simultaneously preventing energy migration quenching processes through introducing
Tm>* ions as energy trapping centers.

Fig. 4 (a and b) Macroscopic images (scale bar is 5 mm) of onion tissue immersed in LiErF4:1%Tm>**@LiYF,4 core—shell UCNP solution with a con-
centration of 0.2 mg ml™* before and after irradiation with a 980 nm laser. (c) Microscope image of onion epidermal cells after incubation with
LiErF4:1%Tm>*@LiYF, core—shell UCNPs (scale bar is 10 um). (d and e) Magnified areas selected from Fig. 4c; scale bar is 5 pm. (f) TEM of NaGdF,:
Yb**,Er®* core UCNPs; the scale bar in Fig. 4f is 50 nm. (g) Microscope image of onion epidermal cells after incubation with NaGdF,:Yb**,Er** core
UCNP solution with a concentration of 0.2 mg ml™%; the scale bar in Fig. 4g is 8 pm. (h and i) The super-resolution images and the corresponding
three-dimensional representation of single a LiErF;:1%Tm>*@LiYF, core—shell UCNP; the scale bar in Fig. 4h is 1 um. (j and k) Image from Fig. 4h
and the corresponding line profiles of the image; the scale bar in Fig. 4j is 1 um. (L and m) The confocal luminescence images of onion epidermal
cells after incubation with LiErF4:1%Tm> @LiYF, core—shell UCNPs before and after irradiation with a 980 nm laser; the scale bars in Fig. 4l and m
are 10 um. All images are obtained under the same exposure conditions.

quently in the cytoplasm, mainly in cell walls (Fig. 4g and
S197).

The optical performance of a single LiErF,:1%Tm’ @LiYF,
core-shell UCNP was recorded via multiphoton scanning
microscopy, under 980 nm laser light irradiation. Fig. 4h and i
exhibit the image and the corresponding three-dimensional
representation of LiErF,:1%Tm’ @LiYF, core-shell UCNPs
under a quite low emission density (10 MW cm™?), which

This journal is © The Royal Society of Chemistry 2021

means a high signal-to-noise ratio in upconversion lumine-
scence detection. The line profile analysis for a single nano-
particle indicates that the LiErF,:1%Tm*'@LiYF, core-shell
UCNP presents a Gaussian distribution, and the maximum
pixel value for the Gaussian spot was used to represent the
brightness of these particles, as shown Fig. 4j and k. The
result shows that the individual particle in LiErF,:1%
Tm* @LiYF, core-shell UCNPs can be clearly identified from
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the particle group, which reveals a high signal-to-noise ratio of
LiErF;:1%Tm* @LiYF, UCNPs. The multiphoton scanning
luminescence images of onion epidermal cells with UCNPs are
displayed in Fig. 41 and m. The images visually reveal that the
luminescence signals of the LiErF,:1%Tm>* @LiYF, core-shell
UCNPs were mainly located in the nucleus of onion cells.

3. Conclusion

In summary, we have designed bipyramidal LiErF,:1%
Tm**@LiYF, core-shell UCNPs as fluorescent nanoprobes for
onion cell imaging. The resultant bipyramidal LiErF,:1%
Tm** @LiYF, core-shell UCNPs exhibit high morphological
uniformity and generate red emission under 980 nm exci-
tation. The as-explored bipyramidal UCNPs can readily pene-
trate the plant cell wall and puncture into the cell membrane
when attached on the cell surface with the apex. Furthermore,
the Tm**-mediated energy trapping center together with the
bipyramidal shell results in a 562-fold luminescence enhance-
ment in Er**-based host UCNPs, which ensures a high signal-
to-noise ratio for optical imaging. The measured fluorescence
images indicate that these fluorescent UCNP nanoprobes
provide clearly the cell microstructure details. The study of
bipyramidal UCNPs paves the way for the development of
plant gene labeling technology, which will be beneficial to the
monitoring and evaluation of crop species for plant ecology.
This work not only provides a convenient platform for the
investigation of morphology-dependent properties for cellular
uptake, but also offers the possibility of applying UCNPs with
specific morphologies for imaging in plant systems.

4. Methods/experimental
Materials

Analytical grade ammonium fluoride (NH,F, 98%), lithium
hydroxide (LiOH, 96%), sodium hydroxide (NaOH, 96%), oleic
acid (OA), and 1-octadecene (ODE) were purchased from
Aladdin Reagents (Shanghai, China). High purity (99.99%)
Tm,03, Y,03, Er,03, Yb,03, and Gd,0; were purchased from
Aladdin Reagents (Shanghai, China). All the chemical reagents
mentioned above were used directly without further purifi-
cation. The RECI; (RE = Y**, Er*", Tm’", and Gd**) compounds
were prepared by dissolving the corresponding RE,O; com-
pounds in a hot HCI solution.

Synthesis of LiREF,:X%Tm"" core nanocrystals (RE = Y**
and Er*")

The LiYF;:x%Er*" (x = 10, 20, 50, 80, and 100) and LiErF,:x%
Tm*" (x =0, 0.5, 1, 5, 10, and 20) UCNPs were prepared by the
co-precipitation method. In the typical synthesis, calculated
amounts of YCl;, ErCl;, and TmCl; to a total of 1 mmol were
added into added to a 100 mL three-necked flask containing
OA (8 mL) and ODE (12 mL). Then, the mixture was heated to
150 °C for 1 h with vigorous stirring to remove deionized
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water. After cooling down to room temperature, the LiOH and
NH,F dissolved in methanol (10 mL) were quickly injected into
the solution. The mixture was heated at 50 °C for 30 min and
then heated at 80 °C for 1 h to remove the methanol.
Subsequently, the solution was heated at 280 °C and kept for
90 min under an argon atmosphere. Then the reaction was
cooled to room temperature. The UCNPs were collected by cen-
trifugation, washed several times with ethanol, and dispersed
in cyclohexane.

Synthesis of LiREF,;:X%Tm>' @LiYF, core-shell UCNPs

LiYF:x%Er* " @LiYF, and LiErF,;:x%Tm’ @LiYF, core-shell
UCNPs were prepared with an identical procedure as described
above. In the typical synthesis, the pre-synthesized core nano-
particles were used as the template for epitaxial growth of the
shell layer via a two-step reaction.

Synthesis of NaGdF4:Yb** Er*" core UCNPs

NaGdF:Yb*" Er*" core UCNPs were prepared with an identical
procedure as described above.

General characterization

The power X-ray diffraction (XRD) patterns were recorded on a
D8 Focus diffractometer using Cu-Ka radiation (4 =
0.15405 nm) to identify the crystallization phase. The particle
size, shape and microstructures were studied with field trans-
mission electron microscopy (TEM) using a JEM-2100 at 200
kv and high-resolution field transmission electron microscopy
(HRTEM) using a U.S. FEI TecnaiG2F20 operating at 300 kV.
The absorption and emission spectra under 980 nm excitation
of the samples were measured using a U4100 spectrometer
and a FLAME-S-XR1-ES spectrophotometer (Shenzhen Yanyou
Instrument Ltd, Shenzhen, China), respectively. Images were
acquired digitally on a NIKON D7100 camera. The decay curves
were measured on an Edinburgh FLS980 spectrophotometer.
The effective luminescence decay time was calculated by

t t
I=4, exp(— r_) + 4, exp(— r_) (1)
1 2

where I is the luminescence intensity, 4; and A, are fitting
parameters, ¢ is the time, and 7; and 7z, are the luminescence
lifetimes. Based on (1), the average luminescence lifetime 7 of
980 nm emission can be calculated by the following equation:

= (A" + A1%) /ATy + ArTa) (2)

Plant tissue optical imaging

The onion epidermal slices were dried at a temperature of
25 °C for one day. The UCNPs were washed with 1 ml ethanol
and 1 ml hydrochloric acid solution, centrifuged, and then
rinsed with 1 ml ethanol and 1 ml aqueous solution twice, and
finally water was added for dispersion. An aqueous dispersion
of LiErF,:1%Tm>' @LiYF, core-shell UCNPs was added to a
container with onion epidermal slices, which were incubated
for 30 min at 25 °C. Imaging of the nanoparticle uptake by

This journal is © The Royal Society of Chemistry 2021
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onion epidermal cells was carried out using an Olympus
IX81 multiphoton laser-scanning microscope under excitation
with a 980 nm NIR laser. All studies were carried out at room
temperature.
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