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ABSTRACT Upconversion (UC) process in lanthanide-doped nanomaterials has attracted great research
interest for its extensive biological applications in vitro and in vivo, benefiting from the high tissue
penetration depth of near-infrared excitation light and low autofluorescence background. However, the
980 nm laser, typically used to trigger the Yh*"-sensitized UC process, is strongly absorbed by water in

biological structures and could cause severe overheating effect. In this article, we report the extension of

980 nm excitation

808 nm excitation

the UC excitation spectrum to shorter wavelengths, where water has lower absorption. This is realized by further introducing Nd* as the sensitizer and by

building a core/shell structure to ensure successive Nd>™—Yb*>"—activator energy transfer. The efficacy of this Nd*>"-sensitized UC process is

demonstrated in in vivo imaging, and the results confirmed that the laser-induced local overheating effect is greatly minimized.
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uring the past few years, lanthanide
D nanoparticles (NPs) with upconver-

sion (UC) emission have attracted
extensive research interests.' ™ Typically,
these NPs are simultaneously doped with sen-
sitizers (usually Yb®") and activators (Er**,
Tm3*, or Ho** in most cases).” 8 The sensi-
tizers absorb near-infrared (NIR) photons and
then transfer the energy to the activators.”'®
Successive absorption of NIR photons and/or
energy transfer (ET) will promote the acti-
vators to higher excited states and even-
tually lead to radiation of higher-energy
photons located in the ultraviolet, visible,
or NIR region."' "2 The relatively high pen-
etration depth of NIR light in biological
structures, minimized autofluorescence back-
ground, and low biotoxicity qualify UCNPs
as promising probes for a variety of biologi-
cal applications,'*'® including sensing,'®"”
imaging,'®'® and therapy.2%?'

However, the narrow band absorption
nature of the Yb*-sensitized UC process
imposes challenges to the in vivo applica-
tions.2 Yb>" has only one excited state (*Fs,,),
which results in the absorption band lo-
cated at ca. 980 nm (°F;,,—2Fs,»). This band
coincides with the strong absorption of
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water (Figure 1), the most concentrated
and significant NIR absorber in biological tis-
sues. Continuous laser irradiation at 980 nm
to trigger the UC process would lead to a
risk of local temperature rise, and substan-
tial overheating may even induce cell and
tissue damage.?* This non-negligible risk
puts a major obstacle for the in vivo applica-
tions of UCNPs, especially when long-duration
or high-power-density laser exposure is
needed. Although excitation at 900—1000 nm
for Yb*" and even longer excitation wave-
length for Er*™ at 1522 nm have been pro-
posed with the sacrifice of upconversion
efficiency,®*?* it is still far from applications
with flexibility. Dye-sensitized upconversion
emission, utilizing the Forster energy trans-
fer,?? inspired us to develop a strategy to
shift the excitation to a shorter wavelength
without compromising the excitation efficiency.

Here, to address the issue of NIR laser-
induced tissue damage, we further intro-
duce Nd*" ions as new NIR absorbers and
sensitizers in the conventional Yb*>*-doped
UCNPs. It has been reported that the
Nd*T—Yb** ET has high efficiencies in dif-
ferent types of host materials (up to 70%,
corresponding to the proportion of Nd**
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Figure 1. Absorption of water in the NIR and the integration
scheme of Nd>"—Yb3* ET process by introducing Nd*>"/Yb3"
co-doped shell. The resulting Nd*>"—Yb* —activator ET
could extend the effective excitation bands for conventional
Yb3"-sensitized UCNPs. Featuring lower water absorp-
tions, these alternative excitation bands are expected to
minimize the tissue overheating effect caused by NIR laser
exposure (blue line represents absorption spectrum of water).

undergoing ET among all excited Nd>" ions).?6~28 This
effective ET process is expected to extend the excita-
tion of the conventional Yb*"-doped UCNPs, from the
band characteristic of Yb*>" to those of Nd>™.

Notably, Nd** has multiple NIR excitation bands at
wavelengths shorter than 980 nm, such as 730, 808,
and 865 nm, corresponding to transitions from “Ig/ to
*F, “Fsn and *Fs), respectively. At all of these
wavelengths, water absorption is lower (blue arrows
in Figure 1), and the typical absorption coefficient
is 0.02 cm™' at 808 nm, in contrast to 0.48 cm™ at
980 nm (red arrow in Figure 1).26 Consequently, the
laser-induced heating effect, especially for biological
tissues, is expected to be greatly minimized.?®> Mean-
while, Nd*" has a large absorption cross section in the
NIR region (1.2 x 10~ "? cm? at 808 nm)>® compared to
that of Yb3* (1.2 x 1072° cm? at 980 nm)," which also
benefits the efficiency of the Nd*'-sensitized UC
process.

However, despite the large absorption cross section
of Nd** and the high Nd*™—Yb*" ET efficiency, the
introduction of Nd®>" as sensitizer may directly quench
the UC emission, owing to the deleterious ET between
activators and Nd**.2 To address this concern, spatially
separating the activator and Nd*" is necessary. Core/
shell structure, which could separate the activator and
Nd>* in the core and shell, respectively, is a promising
way to avoid such an ET process.®? As shown in the
scheme in Figure 1, the core is doped with Yb3* and
activators, where the Yb>*—activators UC process is
supposed to occur, and the shell is doped with Nd**
and Yb** simultaneously, where the excitation of Nd>"
and subsequent Nd*™—Yb>" ET could take place. By
adopting this core/shell structure, successive Nd**—
Yb**—activator ET would be dominant, and UC effi-
ciency comparable with that of the Yb**-sensitized UC
process could be expected.
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RESULTS AND DISCUSSION

Characterization of Core/Shell NPs. To verify the efficacy
of this designed core/shell structure, we prepared the
corresponding nanostructures using a general pyroly-
sis method.>® First, we obtained NaGdF,:Yb,Er NPs as
the core component (13.6 £+ 1.2 nm, Figure S1 in
Supporting Information (S)). Then Nd*" is introduced
by overgrowing a NaGdF4:Nd,Yb shell layer on the core
NPs. As shown in Figure 2a, the as-obtained NaGdF,:Yb,
Er@NaGdF,Nd,Yb NPs (denoted as Er@Nd NPs
hereafter) are of uniform size (22.5 + 1.1 nm), implying
a shell thickness of ca. 4 nm. The energy-dispersive
X-ray spectroscopy (EDS) line-scan profile of a single
NP3*35 (inset of Figure 2a) also revealed a higher
concentration of Nd** at both ends of the line, indicat-
ing Nd3" distribution in the shell layer.

UC Process Analysis. UC properties of the Er@Nd NPs
are examined with the excitation of 808 and 980 nm
diode lasers with the same power (1.5 W) and power
density (20 W/cm?). As shown in Figure 2b, in both
cases, the NPs gave intense green (540 nm, EF**:?Hy 5,
4S3,,—*115/2) and red (650 nm, Er*": *Fg,,—*1;5/5) emis-
sions, with the spectral profile, intensity, and red-to-
green emission ratio all quite similar. We also measured
the power-dependent emission intensities of the
green one (ZHWZ, 4S5,—15/2) under excitation at
either 808 or 980 nm. As shown in Figure S2 in S|, a
slope close to 2 in the log—log scale was obtained,
revealing a two-photon UC process. This result indi-
cates that the integration of the Nd*™—Yb*" ET pro-
cess (under 808 nm excitation) does not influence the
subsequent Yb*T™—Er*™ UC process, neither in its
photodynamic mechanism nor in the emission
intensities.

The extension of excitation bands of Yb*'-sensi-
tized UCNPs is further demonstrated in Figure 2c,
which shows the excitation spectrum of Er@Nd NPs.
Besides the intrinsic excitation of Yb®>" at 980 nm
(°F,,,—%Fs,,), three new excitation bands were found
in the NIR region, which locate at 730, 808, and 865 nm,
corresponding to the transitions of Nd*" from Iy, to
“F,/2 *Fss2 and “Fs, respectively. This result is con-
sistent with the absorption spectra of Er@Nd NPs
(Figure S3 in Sl), which showed an absorption cross
section of Nd>* in the NIR region larger than that of
Yb3*. It is reasonable to infer that the high absorption
cross section of Nd>T, together with the efficient
Nd*t—Yb** ET, results in the high excitation efficiency
for Nd>*-sensitized UC emission of Er>",

The proposed ET pathway for Nd*"-sensitized UC
emission is shown in Figure 2d. The 808 nm laser
excites Nd*" to its *Fs,, state, followed with nonradia-
tive relaxation to the “Fs/, state. The energy could
transfer to nearby Yb®>" and populate its %Fs/, state
and further transfer to nearby Yb*" ions crossing the
shell. This ET route would initiate a typical UC process in
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Figure 2. ET in Er@Nd NPs. (a) TEM image of Er@Nd NPs and (inset) EDS line-scan profile of a single particle. (b) UC emission
spectra of Er@Nd NPs under 980 and 808 nm excitation. (c) Excitation spectrum of Er@Nd NPs (1, = 540 nm). (d) ET pathway
from Nd3*- to Yb3*-activated Er*™ UC emission in core/shell structured NPs under 808 nm excitation. (e,f) Time-resolved
emission spectra of Er@Nd NPs under 808 nm excitation. Transitions from Yb>", Nd*", and Er*" are denoted in red, blue, and

green labels, respectively.

the core, with Er*" ions excited to high-energy states
like 2H11/2, S3/2, and *Foy5. This mechanism is further
verified with studies on time-resolved emission
spectra.3® As shown in Figure 2ef, under 808 nm
excitation, a short-lived intrinsic emission of Nd>" at
1064 nm (*F3,—13,2) was first observed with a delay
of 100 us. Accompanying its maximum, emission from
Yb3* at 980 nm (*Fs,,—2F;,,) could be clearly observed.
Later, emission from Yb*>" reached its maximum at
124 s, along with a decay of Nd*" emission. Eventually
after a 200 us delay, the NIR emission was similar to the
steady-state emission spectrum profile (Figure S4in SI).
Meanwhile, the rise of Er* ™ emission at 520 and 540 nm
(Hy1/20 *S35—l15/2) was detected. This observation
confirmed that Yb*" is involved in the Nd**-sensitized
UC process, and the successive rise and decay of typical
transitions of these three dopants revealed se-
quential Nd**—Yb*" and Yb*'—Er*" ET pathways
under 808 nm excitation.

It is obvious that the introduction of N is essen-
tial to realize the upconversion emission under the
excitation of 808 nm. This Nd*"-sensitized UC process
is further verified with a series of supplementary
experiments. We replaced Nd*" with lanthanide ions
X3T (X =Dy, Tm, Pr, Ho) in the core/shell structured NPs.
Under irradiation with an 808 nm laser, no detectable
UC emission was recorded for all these Er@X NPs
(Figure S5in SI). This is ascribed to the low absorption
at 808 nm and/or low X>™—Yb*" ET efficiency for
X3T ions. These results indicate that Nd*" is an

d3+

WANG ET AL.

irreplaceable sensitizer for the 808 nm laser-excited
UC process. We also found that the emission inten-
sity of Er@Nd NPs increased with the doping con-
centration of Nd*" up to 10% (Figure S6 in Sl),
although self-quenching of Nd** was observed at
this concentration.

We also investigated the necessity of Yb*>" and the
core/shell structure in Nd**-sensitized UC process.
UCNPs without Yb>* doping (namely, NaGdF4:Nd,Er)
and UCNPs without core/shell structure (namely,
NaGdF4:Nd,Yb,Er) were prepared, and their UC emis-
sion properties were examined (Figure S7 in SI).
NaGdF4:Nd,Er NPs gave no detectable UC emission
under either 808 or 980 nm laser excitation, suggesting
the importance of Yb*" for relaying the energy even-
tually to Er**. Meanwhile, only weak UC emission was
observed for NaGdF,:Nd,Yb,Er NPs, showing that Nd>"
might quench the UC emission from Er*" if they are not
spatially separated, consistent with previous reports.’
The co-doping of Yb>*' in the shell also benefits the
overall upconversion emission (Figure S8 in SI) by
connecting the ET from Nd*™—Yb®*" in the shell to
the Yb3* in the core. As a result, to achieve intense UC
emission, Yb>" is needed to bridge the successive
Nd* —Yb**—Er** ET, and the core/shell structure is
essential to realize the efficient Nd>*—Yb>" ET process
and subsequent Yb®> ™—Er*" ET process. Note that the
Nd>*/Yb*"-doped shell layer here would not prevent
quenching of UC emission by the surface quenchers,
which makes the NPs susceptible to the environment,
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Figure 3. In vivo UC imaging of a nude mouse subcuta-
neously injected with Er@Nd NPs. The images were ob-
tained with 980 nm laser (a) and 808 nm laser (b) irradiation,
both with a power density of 200 mW/cm? ROIs are
denoted in black dot circles.

especially when they are dispersed in water. Further
research should be carried out to address this effect.

In Vivo Imaging. Compared to visible and ultraviolet
light, NIR light has relatively low tissue absorption
(Figure S9 in Sl) and thus high penetration depth,
which is particularly desirable for detection and im-
aging. We used a highly scattered agar phantom to test
the penetration depth of 808 and 980 nm light, and
similar penetration depth limit for both wavelengths
was detected (Figure S10 in Sl). This observation
promises Er@Nd NPs as ideal bioprobes for in vivo
imaging under 808 nm irradiation. In vivo imaging with
Er@Nd NPs was studied by injecting NP dispersion into
a nude mouse (20 mg/mL, 50 ul). A typical image is
shown in Figure 3 with irradiation of 808 and 980 nm
laser (power density of ca. 200 mW/cm?). Numbers of
photons emitted from the same region of interest (ROI)
were found to be comparable (6.3 x 10° for 808 nm
excitation and 5.6 x 10° for 980 nm). This implies that
808 nm laser excitation is as efficient for in vivo appli-
cations of Er@Nd NPs.

Besides excitation of *lo,—Fs,, at 808 nm, another
excitation band at 730 nm (Nd>*: *l,,—*F5/,) was also
used to demonstrate the in vivo imaging using Er@Nd
NPs (Figure S11 in SI). This multiple excitation char-
acteristic could make the Er@Nd NPs more flexible in
applications. Furthermore, UC probes with different
emissions are feasible by introducing different activa-
tors. For example, NaGdF,:Yb,Tm@NaGdF4:Nd,Yb NPs
(denoted as Tm@Nd NPs hereafter) could give intense
characteristic emission at 475 nm under 808 nm ex-
citation (Figure S12in Sl). Also, Er@Nd NPs and Tm@Nd
NPs could give multicolor in vivo imaging under
808 nm laser irradiation, as demonstrated in the right
back and left back of a nude mouse, respectively
(Figure S13 in SI).

Heating Effect Evaluation. It is expected that the ex-
tension of excitation bands to shorter wavelengths
would minimize the laser-induced heating effect by
diminishing the absorption by water. Here, the NPs
were transferred into the water phase with earlier
reported methods,*” giving a hydrodynamic diameter
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Figure 4. In vitro and in vivo heating effect induced by laser
irradiation. (a,b) HEK 293T cells after 5 min irradiation of
980 nm (a) and 808 nm laser (b). Living cells and dead cells
were stained with calcein AM and propidium iodide, respec-
tively. (c,d) Infrared thermal image of a nude mouse during
continuous (c) 980 nm laser irradiation for 50 s and (d)
808 nm laser irradiation for 300 s. Irradiation spots are
denoted with the white arrows.

of 30.0 £+ 2.0 nm (Figure S14 in Sl). Under continuous
laser irradiation, laser-power-dependent temperature
rise profiles were recorded (Figure S15a in SI).
A temperature rise of ca. 10 °C was observed for
samples (5 mg UCNP per mL) under irradiation of a
980 nm laser for 10 min, in contrast to ca. 2 °C under
808 nm laser (both at a power density of 35 W/cm?).
These profiles are consistent with those of deionized
water (Figure S15b in SI).

The heating effects for 808 and 980 nm lasers were
further studied on HEK 293T cells. The cell vitality under
laser irradiation (power density of 400 mW/cm? for
both lasers) for 5 min clearly shows that almost all cells
were dead after 980 nm laser irradiation (Figure 4a),
while most of the cells survived the 808 nm laser
irradiation (Figure 4b).

The in vivo heating effect experiments were carried
out on a nude mouse. With a power density of 130 mW/
cm? for the lasers, the temperature change was mon-
itored with an infrared thermal imager. Notably, owing
to the scattering of animal tissues, the rise in tempera-
ture is much faster than that in water. A notable local
heating effect and significant rise in temperature
(ca. 7 °C, Figure 4c) were observed under irradiation
of the 980 nm laser for 50 s, and a burn wound was
discernible 1 day after irradiation. In contrast, for the
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Figure 5. In vivo NIR imaging of a nude mouse injected with
Er@Nd NPs dispersed in water. (a) White-light photograph,
(b) NIR image obtained with 808 nm excitation, and (c) over-
lapped image. Injection site is denoted with the white arrow.

808 nm laser irradiation for as long as 5 min, only a
slight rise in temperature for the whole mouse body
(ca. 1 °C, Figure 4d) was detected. It should also be
noted that, for 808 nm irradiation, a larger portion of
incident photons is absorbed by hemoglobin, instead
of water, compared to the case for 980 nm lasers. Also,
the heat dissipation is supposed to be greatly acceler-
ated by the fast blood circulation, and this is further
beneficial for minimizing the local overheating with
continuous laser exposure.

Down-Shifting Photoluminescence. Besides the UC pro-
cess, down-shifting photoluminescence (PL) of lantha-
nide-doped NPs is also of great interest for applications
as NIR-to-NIR in vivo probes.333° Here, Er@Nd NPs with
the excitation of Nd*" and emission from Yb®™, both
located in the NIR region, are promising because of the
high penetration depth and low autofluorescence
background. As shown in Figure S4, the Er@Nd NPs
under 808 nm excitation showed intense emission at
980 nm (*Fs/;,—2F5,5) from Yb**, along with emissions

MATERIALS AND METHODS

Materials. Oleic acid (OA; >90%, Sigma-Aldrich), oleylamine
(OM; >80%, Acros), 1-octadecene (ODE; >90%, Acros), trifluo-
roacetic acid (99%, Acros), trifluoroacetic acid sodium salt (99%,
Acros), ethanol (AR), and cyclohexane (AR) were used as re-
ceived without further purification. BALB/c nude mice were
bought from Vital River Co. Ltd., Beijing.

Preparation of Ln(CF3C00);. In a typical synthesis, a lanthanide
oxide was added into a solution containing slightly excessive
trifluoroacetic acid with continuous stirring, which was kept
refluxing until an optically transparent solution was formed. The
resulting solution was filtered to remove the insoluble materials
(if any), and the following solution was dried in an oven at
140 °C for 12 h to obtain Ln(CF3COO)3; powders.

Synthesis of Er@Nd NPs. Hexagonal-phased NaGdF,:Yb,Er NPs
were obtained using the method earlier reported by our
group.®® For synthesis of the core/shell structure, the as-
prepared 3-NaGdF,:Yb,Er NPs (containing 1 mmol rare earth
ions), 1.00 mmol CF3COONa, 0.80 mmol Gd(CF3C0O0)s, 0.10
mmol Nd(CF3C0OO0)3,and 0.10 mmol Yb(CF;COO); were added
to the mixture of 20 mmol OA and 20 mmol ODE in a three-
necked flask (100 mL) at room temperature. Then, the slurry
was heated to 120 °C to remove water and oxygen with
vigorous magnetic stirring under vacuum for several minutes
in a temperature-controlled electromantle to form an opti-
cally transparent solution. The solution was heated to a
temperature to 310 °C at a heating rate of 15 °C/min and
kept for 30 min under a N, atmosphere. On cooling to room
temperature, the nanocrystals were precipitated by adding
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from Nd*>" at 1064 nm (*F3,—*1;3/) and 1532 nm
(*l135—~"15/2). NIR image from mouse injected with
Er@Nd NPs shows high signal-to-noise ratio under
808 nm laser excitation (Figure 5). The above results
indicate that these NPs hold the promise to serve as
efficient dual-channel in vivo probes using a single
excitation source (808 nm laser). The three-dimensional
excitation/emission spectrum of Er@Nd NPs in the NIR
region (Figure S16 in SI) further revealed several ex-
tended excitation bands resulting from Nd*™, including
575 nm (Ylo/,—*Gs/5) and 730 nm (Ylo,—*F5,5). These
excitation bands not only enrich the down-shifting PL
studies but also possess potential in vivo applications.

CONCLUSION

In summary, we have integrated Nd*™—Yb*" ET to
conventional Yb**-sensitized UC processes as a versa-
tile strategy to extend the single NIR excitation bands
for Yb®" to shorter wavelengths. These new excitation
bands, especially the one located at 808 nm, could
achieve high UC excitation efficiency similar to that of
980 nm excitation, but with greatly minimized tissue
overheating effect. Also, the Nd*™—Yb*" ET process
qualifies Yb®" as a feasible activator in down-shifting
PL, which promises a new type of NIR-to-NIR probes for
in vivo imaging. More importantly, this strategy could
be applied in other Yb*-sensitized UCNPs, regardless
of the host materials and dopants. We believe that this
strategy offers a “cool” solution for the in vivo applica-
tions of Yb>*-sensitized nanophosphors and would be
inspiring in building novel lanthanide-doped materials.

excess absolute ethanol into the reacted solution and then
collected by centrifugation.

Instrumentation. Samples for transmission electron micros-
copy (TEM) analysis were prepared by drying a drop of
nanoparticle dispersion in cyclohexane on amorphous car-
bon-coated copper grids. TEM characterization on particle sizes
and shapes was performed with a JEOL JEM-2100 TEM operated
at 200 kV. UC emission spectra were measured by using the
Hitachi F-4500 fluorescent spectrometer. Near-infrared (NIR)
emission spectra and three-dimensional excitation/emission
spectra were measured using an infrared fluorescence spectrom-
eter (Nanolog FL3-2iHR, HORIBA JOBIN YVON), with an 830 nm
long-pass filter. Lasers for 808 nm/980 nm excitation are high-
power multimode pump lasers (Hi-tech Optoelectronic Co. Ltd.,
with a maximum power 5.0 W for both lasers). Laser power was
measured with an optical power meter. Excitation spectrum and
time-resolved emission spectra were tested with a customized
UV to mid-infrared steady-state and phosphorescence lifetime
spectrometer (FSP920-C, Edinburgh) equipped with a tunable
midband OPO pulse laser as excitation source (410—2400 nm,
10 Hz, pulse width <5 ns, Vibrant 355Il, OPOTEK). The hydro-
dynamic diameter analysis was carried out on a nanoparticle
analyzer (5Z-100, HORIBA JOBIN YVON).

In Vivo Imaging. In vivo imaging was carried out in a CALIPER
Lumina Il in vivo imaging system (IVIS). BALB/c nude mice were
anesthetized by injecting chloral hydrate (5% aqueous solution,
100 uL) and immobilized on the imaging stage of IVIS. The
white-light images and fluorescence images were captured
individually. The fluorescence images were taken with 0.1 s
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exposure time and f/8 aperture. External 808 nm/980 nm lasers
were introduced with a beam expander, with a 45 °C incident
angle. The excitation power densities for both lasers were tuned
to 200 mW/cm?. A 680/SP filter, a 720/SP filter (Semrock, Inc.),
and a GRB3 filter (Shijiazhuang Zeyuan Optical Material Co., Ltd.)
were used as emission filters for in vivo imaging under both 808
and 980 nm excitation. For in vivo imaging using 730 nm excita-
tion, an extra 720/SP filter was used. For multicolor imaging, an
extra DTB435 filter (Newport Glass Works, Ltd.) was used for
blue-light channel imaging, and extra 495/LP and 515/LP filters
were used for green-light channel imaging. For NIR in vivo
imaging, an 808 nm laser with power density of 90 mW/cm? was
used, and an 880/LP filter was employed to filter the excitation
light before the InGaAs camera. The corresponding in vivo NIR
images were taken with 20 ms exposure time. The NIR-to-NIR
photoluminescence image was obtained with an InGaAs array
detector (Inter-Diff Co., Ltd.).

In Vivo Laser Heating Effect. BALB/c nude mice were anesthe-
tized by injecting chloral hydrate (5% aqueous solution, 100 L)
and immobilized on the imaging stage of IVIS, and the tem-
perature of the stage was set to 25 °C. External 808 nm/980 nm
lasers were introduced with a beam expander, with a 45 °C
incident angle. The excitation power densities for both lasers
were tuned to 130 mW/cm? Thermal images were captured
with an infrared thermal imager every 10's.
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