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anthanide-doped upconversion nanoparticles (UCNPs)

have been widely applied in a variety of areas such as
optical devices, sensing, and therapeutics. Their advantages
include near-infrared (NIR) excitation, low cytotoxicity, weak
autofluorescence, high chemical stability, and low photo-
bleaching, which make them more desirable than conventional
organic dyes or quantum dots for bioimaging application.” In
particular, the UCNPs, which have both emission and
excitation wavelengths located within the “tissue optical
window” (spanning approximately from 650 to 1200 nm), are
more suitable for deep tissue imaging.’ However, the
commonly investigated lanthanide activators such as Tm?®"
and Er’* ions contain abundant metastable excited states, and
the dominant emission usually lies in the nonred region with
relatively low red emission intensity.* Hence, a strategy to
boost the red emission intensity will be useful for UC
applications, especially for deep tissue imaging.

Cross relaxation (CR) among the activators is often
perceived as deleterious,” and thus its ability to regulate the
UC red emission output is often overlooked. To the best of our
knowledge, the concentration of the activator in UCNPs is
usually constrained below 2 mol % to eliminate the energy loss
caused by CR.® A systematic investigation on UC behavior with
heavy activator doping is almost nonexistent. In this work, we
report, for the first time, evidence of approaching 100% red
emission output in the visible region through CR effect relying
solely on activator interaction (Figure 1a,b). This strategy based
on CR effect is not only successful in achieving pure red 696 or
660 nm UC emission but could also act as an alternative
approach for precise UC color tuning and provide further
insight into the UC mechanism. Among all the hosts, the
selection of sensitizer-rich NaYbF, can vastly improve 696 nm
red emission intensity for Tm** doped UCNPs compared with
low sensitizer (20% Yb*) and activator (1% Tm>") UCNDPs.
We have also shown that the same strategy can be used to
enhance the 660 nm red emission intensity for Er’* doped
UCNPs. This is attributed to the boost in red emission yield in
the visible region, resulted from a collaborative effect of CR and
the increase in sensitizer content. In addition, the surface-
modified NaYbF, UCNPs are shown to be superior compared
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to a clinical jodinated CT contrast agent (Iohexol) due to the
high X-ray absorption coefficient of Yb*" ions (e.g, Yb: 6.91
cm?/g, I: 3.51 cm?/g at 80 keV; Yb: 3.88 cm?/g, I: 1.94 cm?/g
at 100 keV).” Therefore, the activator- and sensitizer- rich
UCNPs can serve as a potential multifunctional material for
CT/fluorescence dual-modal deep tissue imaging.

In order to minimize CR energy loss, sensitizer-rich NaYbF,
host was selected and prepared by a well-established
coprecipitation method in high-boiling-point solvents.® Trans-
mission electron microscopy (TEM) shows the size and
morphology of our as-prepared UCNPs (Figure 1c) with an
average diagonal length of 100 nm (Supporting Information
Figure S1). The X-ray diffraction (XRD) pattern (Figure 1d)
confirms their hexagonal-phase structure (JCPDS No. 27-
1427). In general, efficient lanthanide UC is mainly restricted to
Tm?', Er**, and Ho® ions as activators.” The UC emission
spectra of the above activators doped in NaYbF, UCNPs with
their content varying from low to high were determined. With
the increase in activator concentration, it was observed that the
predominant emission for Tm*" doped UCNPs shifts from 475
to 696 nm, while for Er** doped NaYbF, UCNPs, it shifts from
540 to 660 nm (Figure 1b). The photographs in Figure la
depict visual evidence of the red emission dominant process.
However, for Ho** doped NaYbF, UCNPs, we only observed
an attenuation of emission intensity without any dominant
emission shift (Supporting Information Figure S2). We deduce
that the dominance in red emission and the quenching in
nonred emission are attributed to the increased CR effect
among the activators as their concentration increases.'’
Considering the effect of varying Yb*>" sensitizer concentration
on UC color tuning based on a previous study,'" we further
studied the UC spectra of NaYF,, NaGdF,, and NaLuF,
microrods with Yb** sensitizer fixed at 20 mol %. The results
(UC spectra in Supporting Information Tables S1, S2, and S3)
are consistent with that of NaYbF,. Consequently, we conclude
that the red emission dominant and nonred emission
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Figure 1. (a) Schematic illustrations of CR effect induced pure red UC emission with the increasing of activator (Tm**, Er**) concentration and the
corresponding fluorescence photographs of NaYbF,:Tm and NaYbF,:Er UCNPs with the concentration of the activator varying from low to high.
(b) UC emission spectra of 1, 5, 10, 15, and 20 mol % Tm®" ions doped NaYbF,:Tm and 1, 10, 25, 50, and 100 mol % Er** ions doped NaYbF,:Er
UCNPs. The spectra were recorded with 1 wt % UCNPs dispersed in hexane under 980 nm laser excitation at a power of 600 mW. Note: The typical
UC emission spectra of NaYbF,:Tm UCNPs from 300 to 900 nm (covering UV and NIR region) can be found in Supporting Information Figure
S11. (c) A typical TEM image of the as-synthesized NaYbF,:Tm (10%) UCNPs. Inset shows the corresponding HRTEM image. (d) XRD pattern of

the NaYbF,:Tm (10%) UCNDs.

quenching phenomenon is caused by a single factor, namely,
the CR effect among the activators at high content.

To demonstrate that heavy activator doping can realize
extremely high yield of red emission in the visible region, we
determined the percentage of red emission output in 20 mol %
Yb** doped NaYF,, NaGdF,, and NaLuF, microrods with
different activator contents. By analyzing the UC spectra in
Supporting Information Tables S1, S2, and S3, almost 100%
red emission output can be generated from the 10 mol % Tm?*
(Figure 2a) and 50% Er** (Figure 2b) doped microrods using
different host materials. Therefore, Figure 2a,b clearly shows
that CR can serve as a tool for manipulating UC color output.

Furthermore, we found that significantly more intense pure
red 696 and 660 nm emissions can be produced from
sensitizer-rich NaYbF, host. Although the 696 nm signal
could be detected from 20% Yb>*/10% Tm>* doped NaYF,
UCNPs or NaGdF,, NaLuF,, and NaYF, microrods, it could
not be visually observed. The clearly visible 696 nm emission
from NaYbF,:Tm (10%) (Figure 1) suggests that the increasing
of sensitizer Yb®" plays a crucial role in intensifying UC
emission intensity at high activator content. To demonstrate
that an appropriate increment of both sensitizer and activator is
capable of enhancing red emission, we evaluated and compared
the integral of the various red emission intensities and found
that the intensity for 696 nm from NaYbF,:Tm (10%) has
increased 9.5- and 20-fold compared with that from NaYF,:Yb/
Tm (20%/1%) and NaYF,:Yb/Tm (20%/10%) UCNPs
(Figure 2c). Similarly, NaYbF,:Er (50%) exhibits the strongest
660 nm intensity, 1.6- and 1.5-fold greater than that from
NaYF,:Yb/Er (20%/1%) and NaYF,:Yb/Er (20%/50%)
(Figure 2d). The results from Figure 2c,d indicate that the
red emission intensity can only be enhanced by increasing both
activator and sensitizer content. The following two factors
contribute to the boost in red emission intensity: (1) The CR,
albeit by an indirect route, induces the activators’ excited
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Figure 2. Percentage of red UC emission output in the visible region
from (a) NaREF,:Yb/Tm and (b) NaREF,:Yb/Er microrods
synthesized via a solvothermal method. RE represents Y>*, Gd**, and
Lu*, and the sensitizer Yb*" was fixed at conventional 20 mol %
doping for all the samples in (a) and (b). (c) 696 nm UC emission
from NaYbF,:Tm (10%), NaYF,:Tm (20%/1%), and NaYF,:Yb/Tm
(20%/10%) UCNPs and (d) 660 nm UC emission from NaYbF,:Er
(50%), NaYF,:Er (20%/1%), and NaYF,:Yb/Er (20%/50%) UCNPs
synthesized via a coprecipitation method. The spectra were recorded
with 1 wt % UCNPs dispersed in hexane under 980 nm laser excitation
at a power of 600 mW. Note: the insets of (a), (b), (c), and (d) show
the diagrammatic representation of the as-synthesized microrods (a
and b) and UCNPs (c and d), of which the same type of particles were
compared.

electrons from the nonred to the red radiative excited states
(CR mechanism discussed below). (2) The increase in
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Figure 3. (a) Fluorescence decay times of the UC emissions at 450, 475, and 696 nm as a function of Tm*" concentration in NaYbF,:Tm UCNPs.
(b) Fluorescence decay times of the UC emissions at 540 and 660 nm as a function of Er’* concentration in NaYbF,:Er UCNPs. Proposed UC
mechanisms of (c) Tm*" and (d) Er** at low and high concentration doping levels, respectively. Note that the UC mechanism involves CR effect at

high activator (Tm*" or Er**) doping level.

sensitizer content ensures enhanced absorption of excitation
photons and thus increasing the ET from sensitizer to activator.

To further understand the underlying UC mechanism of the
current CR effect induced pure red emission output, we
undertook power dependence of the UC fluorescence intensity
and fluorescence lifetime studies. The 450, 475, 649, and 696
nm emissions from Tm** doped UCNPs are determined to be
four-, three-, three- and two-photon UC processes (Supporting
Information Figure S3); both 540 and 660 nm emissions from
Er** doped UCNPs are two-photon UC processes (Supporting
Information Figure S4). By analyzing the data from Supporting
Information Figures SS and S6, their corresponding decay times
Tdecay are listed in Supporting Information Tables S4 and SS.
Subsequently, we plotted the fluorescence 74, of selected
emissions as a function of activator concentration (Figure 3a,b).
It is evident that the 74, of the selected emissions manifest a
diminishing trend with the increase of activator content. In
Figure 3a, the 7y, of 450 and 475 nm emissions arisen from
the 'D, — °F, and 'G, — *Hj transitions are absent above $
mol % Tm?" doping, and we ascribe this to the increased CR
effect among the Tm?" activator, leading to a sharp decline of
450 and 475 nm emissions z’decay.lz Therefore, their
fluorescence decay times are much shorter than that of 696
nm (approximately 200 us) originated from the °F; — *Hg
transition when Tm®* doping is above 5%,'** supporting the
quenching of 450 and 475 nm emissions. In the case of Er’*
doped UCNPs, the fluorescence lifetime of the 660 nm
emission due to the *Fy,, — *I;5/, transition is much longer
than the 540 nm emission from the *S;,, — *I;5,, transition at
low or high Er** doping (Figure 3b). The CR effect among Er**
results in a drastic 74, decrease of 540 nm emission when the
concentration of Er’" is above 25%, resulting in the
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disappearance of 540 nm and a relatively long-lived 660 nm
emission.

An energy transfer mechanism is proposed for the current
CR-induced UC pure red emission. As depicted in Figure 3c,
when Tm?* content is very low, CR has very little influence on
the UC process, and the 'G, and 'D, energy levels can be
efficiently populated. However, when Tm*" content is high, the
CRI: ['G, — *H, (8680 cm™): °F, — °F; (—8380 cm™)] and
CR2: ['D, = H, (15240 cm™): *Hy — 3F, (—14800 cm™)]
processes may readily take place due to a small energy
mismatch (about 300 cm™ for CR1 and 440 cm™ for CR2 as
determined from Supporting Information Table S6). CRI
dramatically depopulates the 'G, energy level and thus is
responsible for the quenching of 475 nm emission, while CR2
provides a reasonable explanation for the quenching of 450 nm
emission resulting from the drastic depopulation of the 'D,
energy level at high Tm* doping. This is very different from
the widely accepted CR [*F; — *Hg: °F; — 'D,],°>"® which
explains the population in the 'D, energy level. Thus, CR1 and
CR2 collectively improve the population of the °F, energy
levels, resulting in the rise of 696 nm red emission, despite
being a strong function of the excitation photon flux due to the
involvement of three- and four-photon processes. Similarly, the
system with high Er’" concentration (a two-photon process),
CR: [*F,/, = *Fy), (5190 cm™): *1;;, =*Fy); (5030 cm™)],
may readily occur given the small energy mismatch (about 160
cm™' as determined from Supporting Information Table S6)
when Er** content is high (Figure 3d).'* The above CR effect
can be employed as a tool to indirectly induce the excited
electrons from the nonred to red radiative excited states, of
which the Er’* system may be more suitable for deep tissue
imaging as it is not severely limited by photon flux. Note that
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the CR induced red emission intensification is not applicable
for Ho** doped UCNPs (Supporting Information Figure S7).

The original oleic acid coated NaYbF,:Tm (10%) UCNPs
were modified with citric acid®®'® and demonstrated in dual-
modal fluorescent/CT imaging. The cytotoxicity assessment
was performed based on the requirement of our in vitro
bioimaging experiments (10 pg/mL) as well as existing works
from other groups,”” and the results manifested minimal
cytotoxicity (Supporting Information Figure S8). Intense visible
UC red signal could be detected from the SiHa cells cultured
with the modified NaYbF,:Tm (10%) UCNPs (Supporting
Information Figure S9a). Supporting Information Figure S9b
presents the bright field image of SiHa cells, and the nuclei
(blue) of these cells were stained with DAPI (Supporting
Information Figure S9c). The merged image (Supporting
Information Figure $9d) indicates the successful internalization
of the citric acid modified NaYF,:Yb/Tm (10%) UCNPs. The
phantom CT images show clear evidence that the Yb*'-rich
NaYbF,;:Tm (10%) UCNPs offer a better CT contrast
compared to clinically used Iohexol (Supporting Information
Figure S10a) and Y**-rich NaYF,:Yb/Tm (20%/1%) UCNPs.
From the resulting Hounsfield units (HU) (Supporting
Information Figure S10b), the contrast efficiency of NaY-
F,:Yb/Tm (10%) UCNPs was approximately two times of that
of Iohexol and four times higher than that of NaYF,:Yb/Tm
(20%/1%) UCNPs. Hence, the results confirm that
NaYbF,:Tm (10%) UCNPs are a promising contrast agent
for CT imaging.

In conclusion, the current discovery of CR effect induced
intense pure red UC phenomenon provides us with new
insights into activator- and sensitizer-rich UC mechanism in
UCNPs, while allowing us to precisely manipulate the UC color
output through CR effect by tuning the activator content. By
harnessing the attributes of sensitizer-rich NaYbF, host for
yielding pure red UC emission at high activator content and
Yb* ions’ high X-ray absorption coefficient, its potential
application as a dual-modal contrast agent in CT/fluorescence
deep tissue imaging has been demonstrated.
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