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Lanthanide-doped upconversion nanoparticles (UCNPs) have been widely exploited as nanoprobes or energy
transducers in traditional as well as emerging biological applications, such as bioimaging, photodynamic ther-
apy, optogenetics, gene editing. However, the breadth and depth of their utility in the biomedical areas are still
not comparable to conventional luminescent probes, such as fluorescent dyes and semiconductor quantum dots.
Their application is largely limited by their large size, typically > 20 nm, to ensure a sufficient luminescence
brightness. In order to enhance the brightness of UCNPs without exceeding the critical size limitations for
biomedical applications, we employ here a transient energy trapping effect as a nanoprobe surface passivation
strategy to prevent deleterious distant energy migration in the host lattice, which is particularly prevalent in
ultrasmall UCNPs and leads to luminescence quenching. We demonstrate this strategy by incorporating Tm>*
ions as energy trapping centers near the surface of sub-10 nm NaYF4: Yb, Er UCNPs and obtain an emission
enhancement by almost one order of magnitude without any increment on the nanoparticle size. Our work
presents a promising strategy for the preparation of ultrasmall and bright upconversion nanoprobes that are less
vulnerable to surface quenching and that potentially minimize the interference with the object. This facilitates
their biomedical applications as here demonstrated by unprecedented high-quality cell labeling and imaging,
featured with very uniform nanoparticle distribution in the outer nuclear region.

1. Introduction lanthanide-doped upconversion nanoparticles (UCNPs) in biomedical

areas has attracted increasing attention, not only in traditional bio-

Exogenous luminophores are widely used as probes in biological
studies in the life sciences. In order to minimize the disturbance of these
probes with the target to provide more accurate intrinsic information, it
is often demanded that the size of the used probes is within the sub-10
nm range. Most extensively used luminescent probes include a variety of
emitters like organic dyes [1,2], fluorescence proteins, and semi-
conductor quantum dots [3,4], which, however, often show shortcom-
ings such as photobleaching, photoblinking, and spectral overlapping
with the autofluorescence of biological tissues [5]. The use of alternative

imaging applications [6-10], but also in emerging applications such as
optogenetics [11,12] and gene editing [13]. These applications benefit
from several remarkable advantages of UCNPs, such as high photo-
stability, high chemical stability, low toxicity, large imaging depth,
absence of autofluorescence interference, and minimum damage to the
biological specimen [14].

Although the unique optical properties of UCNPs are attractive for
numerous biomedical applications [15,16], they still remain disfavored
for many circumstances, mainly because of their large size (typically
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>20 nm), e.g., in subcellular imaging where sub-10 nm probes are
preferable. In the imaging of subcellular structures, the smaller the size
of the probes, the less interference they will cause on the objects and
their functions, and the more readily they will be transported into and
out of the organisms and cells [9]. There essentially exists a size
(correspondingly a mass or volume) limitation, beyond which the use of
luminescent probes is severely hampered. Although much effort has
been devoted to developing small-scale UCNPs [17,18], it has been
difficult to overcome the fact that they are strongly affected by surface
quenching effects that usually make their luminescence very weak.
Thus, surface passivation and sensitization effects need to be introduced
in order to enhance the luminescence. However, currently developed
strategies, based on e.g. the plasmon resonance effect [19], or use of
inert shells [20], are usually accompanied with significantly increased
particle mass (or volume, associated with the size), contrary to the
original intention. As an illustration, Fig. 1a presents how the volume of
a nanoparticle with different diameters increases after the growth of a
shell with different thicknesses. For example, the volume of a nano-
particle with a diameter of 5 nm will increase by 2.7 after coating with a
shell of merely 1 nm in thickness. This dramatic increase in the nano-
particle volume/mass with increasing the thickness of the shielding
layer for ultrasmall UCNPs has not received sufficient attention.

One possible strategy, with limited effects on the particle size, is to
use high concentration doping to maximize the proportion of optically
active ions. However, this approach tends to lead to more severe surface
quenching, because a high concentration of doping causes the excited
energy to migrate efficiently in the active ion sub-lattice until it reaches
the nanoparticle surface and dissipates (Fig. 1b) [21]. This effect is
especially evident when the concentration of sensitizer ions (excitation
light absorbers) is high. Therefore, there is an urgent need to develop
more effective sensitization/passivation strategies to improve the
luminescence performance of small-size UCNPs without exceeding the
size/volume limitations.

In this work, we explore a transient energy trapping effect, previ-
ously identified in Er®*-sensitized UCNPs [22,23], and prove that this
effect can also function in the more popular and more efficient
Yb3*-sensitized UCNPs to confine the excitation energy inside the
nanoparticles to boost upconversion luminescence. We further demon-
strate that this energy trapping effect can be the basis for a surface
passivation strategy that can produce superior sub-10 nm UCNPs, with
much enhanced upconversion luminescence (by ~10 times) and with
better resistance to environmental quenching but without increasing the
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size of the nanoparticles. The resultant bright ultrasmall UCNPs enable
high-quality cell imaging as demonstrated here.

2. Results and discussion
2.1. Transient energy-trapping effect in Yb>"-sensitized UCNPs

Recently, a transient energy trapping effect was identified in Er>*-
sensitized UCNPs [22], where Tm>" ions were found able to confine the
excitation  energy inside the nanocrystals to  combat
energy-migration-induced luminescence surface quenching. Specif-
ically, an optimal doping of Tm>" into the Er’*-based host leads to a
trapping of the excitation energy at the >Hs state of Tm>*, followed by a
back-energy transfer process from the 3H5 state of Tm®" to the 4113/2
state of Er>* [22], as depicted in Fig. 2a. The whole process effectively
disrupts the lossy energy migration in the Er>*-sublattice, preserves the
excitation energy inside the nanocrystals, and serves as a positive energy
feedback for populating the “Fq/, emitting state [22]. It was subse-
quently reported that other lanthanide ions, such as Ho>* and Eu®*, may
also act as energy trapping centers in Er’*-sensitized UCNPs to mitigate
energy-migration-induced quenching [23]. We realize that this
energy-level-mismatch-based effect may also function in Yb>'-sensi-
tized UCNPs. Yb®*-sensitized UCNPs are among the ones with highest
upconversion quantum yield and are most extensively used in various
applications, benefitting from the large absorption cross-section of Yb>*
ions and high energy-transfer efficiency to other lanthanide emitters.
However, they also suffer from severe energy-migration-drained surface
quenching.

Previous studies may provide some clues for the inhibition on energy
migration between Yb®" ions by trapping centers. For the Yb-Er homo-
geneously doped UCNPs one finds in existing literature that the optimal
doping concentration of Yb>* ions is generally about 18-20 % [21,24].
However, in the Yb-Tm system, the optimal doping concentration of
Yb3* ions can be much higher, even above 60 % [25]. The results of our
repeated experiments are also consistent with these previous reports
(Figs. S1-S8). These results clearly show that higher Yb®* doping con-
centrations in the Yb-Tm system do not infer the rapid energy dissipation
caused by energy migration as that found in the Yb-Er system. Our
in-depth mechanistic investigations disclose that the energy migration
in the Yb®" sub-lattice can be effectively disrupted by the Tm®" ions,
which inhibit the excitation-energy dissipation to the surface quenching
sites and thus enhance the upconversion emission (see details in Section
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Fig. 1. (a) Estimation of the increase in the volume/mass of core-shell nanoparticles depending on the size of the initial core and the thickness of the added shell. (b)
High-doping strategy leads to efficient energy migration and thereby strong surface quenching.
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2 in the Supporting information (SI)).

Next, we validated the inhibition effect of Tm®>" ions on the Y
energy migration in Yb-Er-Tm homogeneously doped nanoparticles and
assessed its effectiveness. NaYF4: 50 % Yb, 2 % Er UCNPs were chosen as
a model basis due to the well identified Yb®* energy migration-induced
quenching in such nanoparticles (Fig. S5b). A series of NaYF4: 50 % Yb,
2 % Er UCNPs doped with different concentrations (0.1 %, 0.5 %, 1 %)
of Tm>" ions were synthesized, and TEM images show that the addition
of Tm® ions at the studied concentrations did not cause noticeable

b3+
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changes in the nanoparticle size (25nm, Fig. S9). The measured
upconversion emission intensities of these nanoparticles under
continuous-wave 980 nm excitation proved that after the tri-doping of
Tm>" ions, the characteristic upconversion emission bands of Tm®* ions
at 450, 475, 698 and 797 nm showed up where the Tm®* 797 nm
emission for 0.5 % Tm>* doping was even stronger than the green and
red emission bands of Er>* ions (Fig. 2¢). Intriguingly, the ignition of
Tm3*+ upconversion emission was not at a price of decreased Ert
upconversion emission intensity. Instead, at low Tm>" doping
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concentrations (0.1 %, 0.5 %), the green upconversion emissions of Erdt
ions in the range of 500-570 nm were even significantly enhanced, e.g.,
by 3.2 folds for 0.5 % Tm>" doping (Fig. 2¢). These results verify that an
optimal doping of Tm*" ions can indeed improve the overall excitation-
energy utilization efficiency and generate significantly stronger upcon-
version luminescence including that of the original Er>" and the intro-
duced Tm3" emitters. Time-resolved spectroscopic characterization of
these nanoparticles reveals that after an optimal doping of Tm>* (0.5 %)
the decay time of the Yb3" excited state becomes significantly longer
than that of the reference sample (Fig. 2g).

One question may be brought up here, namely that the upconversion
emission enhancement effect found may be partially ascribed to the
earlier mentioned energy trapping effect of Tm>" ions on Er’* energy
migration (Fig. 2a) [22]. We speculated that this effect may not be the
dominant effect considering the much lower doping concentration of
Er’' ions (2 %) in our case than in previous studies [22]. In order to
investigate this, we synthesized core-shell structured NaYF4 2 %
Er@NaLuF4: 50 % Yb, x % Tm (x =0, 0.5, 1, 1.5) nanoparticles. By
separating Er®" and Tm®" in different layers, the influence of the
Er’*-Tm3" direct interaction can be largely eliminated. We found that
the Er®* upconversion emission of Tm**-tridoped nanoparticles was still
enhanced, together with the launching of strong Tm>" upconversion
emission (Fig. 2d). Considering the nanoparticle as a whole, after the
Tm>" tridoping, the integrated upconversion emission intensity from
both the original Er* ions and the additional Tm>* ions (400-850 nm)
was greatly increased by a factor of 10.1. We also performed
time-resolved spectroscopic studies on these nanoparticles and found
that after an optimal doping of Tm>* (1.5 %) the decay time of the Yb>*
excited state becomes significantly longer than that of the pristine
NaYF4: 2 % Er@NaLuF4: 50 % Yb nanoparticles (Fig. 2h). These results
confirm that Tm®* doping can disrupt the energy migration in the Yb%*
sub-lattice and preserve more excitation energy inside the nanocrystals
and so benefit the upconversion luminescence.

However, it is also notable that the optimal doping concentration of
Tm>' in NaYF4: 50 % Yb, 2 % Er, x % Tm nanoparticle is 0.5 % (Fig. 2c),
while that in NaYF4: 2 % Er@NaLuF4: 50 % Yb, x % Tm nanoparticle is
1.5 % (Fig. 2d). The significantly lower Tm>* optimal doping concen-
tration in Yb®*-Er®*-Tm®* homogeneously doped UCNPs indeed reflects
the direct interactions between Er’* and Tm>* in these nanocrystals. On
the one hand, some direct-interaction route can contribute positively to
the upconversion luminescence of Er>* (Fig. 2b); and on the other hand,
other interaction routes can compromise the gain of Ertt upconversion
luminescence, especially at elevated Tm3* concentrations.

As control experiments, we selected another tri-dopant to tailor the
nanoparticles, i.e., Pr>t, which has a highly resonant energy state with
the Yb®" excited state (Fig. S10). As proved in our very recent study [8],
the high resonance between the pret 1G, state and the Yb3* 2F5/2 state
and their mutual interaction can even lead to high-efficiency photon
avalanche effects. The addition of Pr*" ions at the studied concentra-
tions did not change the nanoparticle size either (Fig. S9). However, in
contrast to the case of Tm>* doping, the upconversion emission of Er®*
ions was severely quenched (Fig. 2e) without sufficient compensation
from the Pr®" emission. These results show that Pr>* doping does not
have the same function as Tm>* to boost the upconversion emission in
the Yb-Er nanoparticles. Some control experiments were also carried out
in Er@Yb core-shell nanoparticles with Pr®* ions as the additional
dopants confined in the Yb®*-containing shell layer, and similar Er>*
upconversion emission quenching was then observed (Fig. 2f). Here, the
spatial separation of Pr>* and Er>" ions can exclude the influence of
cross-relaxation between these two types of ions on the observed
quenching of the Er>* upconversion emission. These results point at that
Pr®* doping makes the energy migration in the Yb>*-Er®* system more
deleterious to upconversion emission due to that its energy state (*Gy) is
resonant with the Yb%* excited state.

Taken together, these experimental results prove the energy trapping
effect of Tm>" ions on disrupting the Yb>" energy migration to preserve
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excitation energy inside the nanocrystals. In Yb>*-Er>*-Tm3* homoge-
neously doped UCNPs, this transient energy trapping effect of Tm>* ions
is followed by a back-energy-transfer process from the 3Hj state of Tm>*
to the 4113 /o state of Er’" to further contribute to the upconversion
luminescence of the latter (Fig. 2b). Crucially, applications of this effect
will enable much more efficient use of the excitation energy absorbed by
Yb3* sensitizer ions without increasing the size of the nanoparticles.

2.2. Upconversion luminescence enhancement of small size UCNPs

This work was motivated by the possibility to produce bright ul-
trasmall UCNPs that can suffer less from surface quenching effect
accelerated by energy-migration. We realized that the identified energy
trapping effect can be employed as a surface passivation strategy for
small UCNPs, which can potentially greatly enhance their upconversion
luminescence but conserving the small size. As a next step we therefore
tested this strategy on UCNPs of smaller size. For this purpose, we
synthesized UCNPs with an average diameter of 5 nm. Here, NaGdF4 was
used as the matrix for such small size UCNPs due to the easier size
control in this range for NaGdF4-based nanoparticles compared to
NaYF4-based ones (referring to Section 1 in the SI for synthesis details).
NaGdF4: 30 % Yb, 2 % Er nanoparticles being Tm>*-surface-modified
are denoted as the “Doping group”, while those without surface modi-
fication as the “Blank group”. TEM characterization shows that these
two groups of nanoparticles have the same size and regular morphology,
being spherical in shape with an average diameter of about 5 nm,
(Fig. 3a, b). Upconversion emission characterization shows that
compared to the “Blank group”, the Er’* green (500-570 nm) and red
(630-680 nm) upconversion emission intensities of the “Doping group”
were increased by 9.7 and 6.2 times, respectively, together with strong
Tm>" emission at around 797 nm (Fig. 3c). We further compared the
brightness of these two groups of nanoparticles on a single particle level
using our previously established experimental protocol (subsection 1.6
in the SI). As shown in Fig. 3f-i, the “Doping group” nanoparticles
showed much stronger green and red luminescence under the same
excitation conditions using a 980 nm laser. The decay of the Yb>"
emission under short-pulse 980 nm excitation was also measured
(Fig. 3d). It was found that the “Doping group” nanoparticles exhibited
an obviously slower decay than the “Blank group”, supporting our claim
of the energy-migration-inhibition effect of the Tm>" ions.

Turning to the optimization of small size nanoparticles and their use
in biological environments, it becomes imperative to consider the
quenching effect of water molecules. We expected that the inclusion of
energy trapping ions would ameliorate the water quenching issue. In
order to examine this contention, the oleic acid (OA) capping of UCNPs
was initially removed using an acid-wash method with some modifica-
tions adopted from a previously reported protocol (see Section 1.5 in the
SI for details), after which the UCNPs were redispersed in D20 or D20/
H»0 mixtures with varying content of HO. Fig. 3e presents the changes
in intensities of different emission bands with increased water volume
ratio. As can be seen in general, the upconversion emission intensities of
both groups of nanoparticles decrease with increasing the proportion of
H,0. However, the upconversion emission of the “Doping group” is
significantly better preserved than the “Blank group” with increasing
presence of HyO molecules. In addition, it is also notable that at a lower
H0 volume ratio, the increase in the water-quenching resistance of the
“Doping group” is higher than at higher HyO volume ratios. This in-
dicates that the amount of incorporated Tm>* ions using our protocol is
not sufficient to completely suppress the quenching mechanism,
particularly in an environment with a large proportion of HyO. In the
meantime, it also indicates that there might be room for further pro-
motion of the water-quenching resistance if more Tm>* ions can be
introduced. In order to explore this possibility, we synthesized ul-
trasmall nanoparticles doped with higher Tm3* concentration (3 %),
denoted as the “High doping group”, with the same protocol and per-
formed water-quenching experiments. The results proved our
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Fig. 3. (a) TEM image of NaGdF4: 30 % Yb, 2 % Er nanoparticles (scale bar: 20 nm). (b) TEM image of NaGdF,: 30 % Yb, 2 % Er nanoparticles with Tm>* doped
(scale bar: 20 nm). (¢) Change in upconversion emission (under 980 nm excitation of 70 W cm2) of 5 nm NaGdF4: 30 % Yb, 2 % Er nanoparticles after doping with
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nanoparticles undoped and doped with Tm®* damping ions (Doping — 0.5 % Tm, High doping — 3 % Tm) under 980 nm excitation. (f) and (g) are multiphoton laser
scanning microscopic quantitative measurements of the 545 nm and 650 nm emission of a single "Blank" nanoparticle, respectively. The power density of the
excitation laser was kept at 100 kW cm 2. Pixel dwelling times: 200 ps. (h) and (i) are multiphoton laser scanning microscopic quantitative measurements of the
545 nm and 650 nm emission of a single "Doping" nanoparticle, respectively. The power density of the excitation laser was kept at 100 kW cm 2. Pixel dwelling

times: 200 ps.

speculation that increasing the concentration of Tm>* ions can further
improve the water-quenching resistance (Fig. 3e). However, we also like
to point out that the 3 % doping level of Tm>* is not optimal in terms of
upconversion luminescence intensity.

2.3. Labeling and imaging of cells using ultrasmall UCNPs

As a proof of the outstanding quality of our nanoparticles, we per-
formed labeling and imaging of HeLa cells using ultrasmall UCNPs (both

the “Blank” and the “Doping” groups), using our previous protocols (see
the SI for details) [8]. UCNPs were surface modified by polyacrylic acid
(PAA), the carboxyl group of PAA was activated, and then the nano-
particles were conjugated with Phalloidin. HeLa cells were cultured and
labeled according to commonly used culture methods and immuno-
staining techniques [8]. These immunostained HelLa cells were imaged
on a multiphoton laser-scanning microscope equipped with a 975-nm
laser. As shown in Fig. 4, when the “Blank” nanoparticles were used to
label the cells, the upconversion luminescence at 545 nm and 650 nm
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became rather dim (Fig. 4a-b). However, with the “Doping” nano-
particle labeling the cells emit much brighter upconversion lumines-
cence under the same test conditions (Fig. 4c—d). In order to quantify the
enhancement factors, we selected several areas in Fig. 4a and c, and in
Fig. 4b and d (marked with circles), and calculated the ratios of the
average photon counts. The enhancement factors for the green and red
channels were roughly estimated to be 3.1 and 2.2, respectively. In
addition, it is emphasized that our imaging results show very uniform
spatial distribution of the ultrasmall UCNPs in the outer nuclear region,
rendering a very clear cell nuclear boundary (Fig. 4c—d). The degree of
variation of the luminescence intensity (the ratio between the intensity
standard deviation and the average intensity) in the outer nuclear region
in a selected cell (marked with squares in Fig. 4c-d) was further calcu-
lated, giving only 12.5 % for the 545 nm emission and 12.9 % for the
650 nm emission (intensity histograms are shown in the insets of
Fig. 4c—d; Table S1).

In previous reports in the literatures, it has been common to use
UCNPs for cell labeling and imaging, but with the UCNP size being
mostly around 20 nm [26-38]. By observing and comparing the cell
imaging results from these reports, we found that the UCNPs around
20 nm were usually not distributed evenly in the cells and that they
apparently easily could accumulate, leading to a degradation of the
imaging quality (Fig. S11) [26-38]. We calculated the degree of varia-
tion of the luminescence intensity of cell imaging using UCNPs in two
selective Refs. [30,33], using the same surface modification and func-
tionalization methods for the UCNPs as in our work. The calculated
degrees of intensity variation (59.2 % in Ref. [30], 78.4 % in Ref. [33],
Table S1) are much larger than that in our imaging results. In addition,
due to the aggregation and uneven distribution of the nanoparticles, no
clear cell nuclear boundaries comparable to ours can be discerned in the
imaging results using ~ 20 nm UCNPs (Fig. S11) [26-38].

3. Conclusion

The present work was motivated by the fact that considerable diffi-
culties are encountered in producing upconversion nanoparticles
(UCNPs) that are sufficiently small to be effectively used as minimally
interfering luminescent probes for biological applications. This is un-
fortunate, since the use of UCNPs otherwise would bring about a number
of advantages for such applications. In order to improve the upconver-
sion emission, researchers have tried a variety of methods, but that
inevitably increased the size of the nanoparticles, which in turn leads to
limited abilities to penetrate and reach intended targets, suffering from
steric constraints and interference with the studied objects. We here
explored a previously identified transient energy trapping effect, re-
ported to be prominent in highly doped Er’*-sensitized UCNPs [22,23]
and extended it to the more popular and efficient Yb>*-sensitized
UCNPs. We proposed a concept to use the trapping effect to solve the
size-brightness dilemma of UCNPs, namely to use energy trapping ions
to suppress the energy migration between the optically active ions and
thereby to block the surface quenching that deactivates the lumines-
cence of the particles while maintaining a small nanoparticle size. We
applied this strategy to sub-10 nm UCNPs and obtained significant
luminescence enhancement and better resistance to water-induced
quenching, in fact an unprecedented high-quality cell labeling and im-
aging could be achieved. Our work thus provides an approach to solve
the problem of surface quenching affecting ~ 5 nm nanoparticles, which
will pave the way for further applications of UCNPs. This, we believe,
will have wide ramifications for sub-cellular imaging and also for other
biomedical applications where the proper biodistribution of the UCNP
labels is a major limitation.
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