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Lanthanide-doped nanocrystals that simultaneously convert near-infrared (NIR) irradiation into emission
of shorter (ultraviolet-C, UVC) and longer wavelengths (NIR) offer many exciting opportunities for appli-
cation in drug release, photodynamic therapy, deep-tissue bioimaging, and solid-state lasing. However, a
formidable challenge is the development of lanthanide-doped nanocrystals with efficient UVC and NIR
emissions simultaneously due to their low conversion efficiency. Here, we report a dye-sensitized hetero-
geneous core—multishell architecture with enhanced UVC emission and NIR emission under 793 nm exci-
tation. This nanocrystal design efficiently suppresses energy trapping induced by interior lattice defects
and promotes upconverted UVC emission from Gd**. Moreover, a significant downshifting emission from
Yb** at 980 nm was also observed owing to an efficient energy transfer from Nd** to Yb®*. Furthermore,
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by taking advantage of ICG sensitization, we realized a largely enhanced emission from the UVC to NIR
spectral region. This study provides a mechanistic understanding of the upconversion and downshifting
processes within a heterogeneous architecture while offering exciting opportunities for important bio-
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Introduction

The applications of lanthanide luminescence in bioimaging,
theranostics, displays, photovoltaics, and in the emerging field
of optogenetics have driven the growing demand for rational
control over the emission profiles of lanthanide-doped
nanocrystals.' > Over the past decade, the toolbox developed
for the generation of efficient upconversion emission includes
mechanistic strategies such as excited state absorption (ESA),
energy transfer upconversion (ETU), energy migration upcon-
version (EMU), and interfacial energy transfer (IET)."*"'® These
strategies combined with nanostructure engineering enabled a
wide range of upconversion activators with emissions ranging
from ultraviolet (UV) to near-infrared (NIR)."”*®

Despite the enriched emission profiles, their practical
implementation in various applications is hindered by the
limited emission intensity and the difficulty in shifting the
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emission wavelength to the ultraviolet-C (UVC, 100-290 nm)
region. This is because photon upconversion from high-lying
energy levels is significantly influenced by many deleterious
factors, such as cross-relaxation between lanthanide ions, con-
centration quenching, and energy consumption induced by
interior lattice defects."®' Recently, we proposed an upcon-
verted excitation lock-in (UCEL) strategy to enhance UVC emis-
sion in a Nd*'-sensitized heterogenous nanostructure. Our
study showed that efficient UVC emission and six-photon
upconversion emission at 253 nm under 808 nm excitation
are possible via embedding a NaYF, interlayer. The
NaGdF,@NaYF,@NaGdF,@NaGdF, heterogeneous core-mul-
tishell structure preserves the excitation energy within the core
domain and effectively restrains energy dissipation by interior
lattice defects.>® However, our previous nanostructural design
still suffers from the limited conversion of the excitation
irradiation to radiative UVC emission owing to the small
absorption cross-section of lanthanides.*

Concurrently, lanthanide-based NIR (700-1700 nm)
imaging probes are ideal candidates for biomedical imaging
because of minimal light absorption, reduced light scattering,
and negligible autofluorescence. These probes could monitor
the physiological processes of deep tissues with high imaging
resolution.>** Therefore, a variety of NIR nanophosphors
have been developed, such as rare earth fluorides, rare earth
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vanadiate, rare earth oxides nanophosphors, etc. However, the
vast majority of researchers have only focused on the optical
studies of downshifting nanocrystals with emission in the NIR
region.>**® Noteworthily, the simultaneous generation of
short-wavelength (UVC) and long-wavelength (NIR) light by one
nanocrystal may offer many exciting opportunities for appli-
cation in deep-tissue NIR imaging guided drug release, photo-
dynamic therapy, and more. However, little effort has been
made to develop nanocrystals that simultaneously give rise to
UVC and NIR luminescence.

Herein, we introduce a rational heterogeneous core-multi-
shell strategy that provides precise control over the upcon-
verted excitation energy flux (Scheme 1). In our design, a large
amount of Nd*" ions (90%) is selectively doped within the
second shell layer for effective harvesting of light with wave-
lengths around 793 nm. The designed nanostructure with a
Gd-based core and a Y-based shell preserves the upconverted
UVC energy within the core domain. The effective energy trans-
fer from Nd** to Yb®" ions enables NIR downshifting emission
at around 980 nm. The organic dye ICG acts as an antenna to
absorb incident light and transfer the excited energy to our
designed nanocrystals, significantly improving the emission
intensity of lanthanides from the UVC to NIR region. This
study implies that Nd**-sensitized heterogeneous core-multi-
shell nanocrystals with a new emission profile offer more
opportunities for designing efficient upconversion nanoplat-
forms in various fundamental research and technological
applications.

Results and discussion
Design of Nd**-doped nanocrystals

In our study, we designed a heterogeneous core-multishell
nanocrystal to suppress interior energy consumption and
surface quenching, achieving tunable UVC and NIR emissions.
Hexagonal phase NaGdF,:49%Yb,1%Tm was chosen as a core
nanocrystal for its ability to render the possibility of UVC emis-
sion.”” The first shell layer of NaYF,:20%Yb is optically inert to
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Scheme 1 Schematic illustration of the dye-sensitized upconversion
and downshifting mechanism for UVC and NIR generation.
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the excited states of Gd*" ions and can block the energy trans-
fer from Gd** to interior lattice defects. The second shell layer
contained a high concentration of Nd** ions (90 mol%) for
harvesting light. A 793 nm diode laser was selected as the exci-
tation source because the absorption intensity at 793 nm for
the nanocrystals is significantly higher than that at 808 nm
and 980 nm. The approximate absorption cross-section o of
Nd*" at 793 nm, 808 nm and 980 nm was calculated to be 4.3 x
107" em?, 1.3 x 107 em? and 4.3 x 1072° ¢cm? from the UV-vis
absorption spectra of the nanocrystals (Fig. $11).*”

Synthesis and characterization of Nd**-doped GYNY
nanocrystals

In a typical experiment, we synthesized NaGdF,:49%Yb,1%
Tm@NaYF,;:20%Yb@NaNdF,:10%Yb@NaYF, (GYNY) hetero-
geneous core-multishell nanocrystals via a modified literature
method (Fig. 1a).>>*® As shown in Fig. S2,t the size of
NaGdF,:49%Yb,1%Tm was found to be 8.6 nm. The trans-
mission electron microscopy (TEM) images show that each
shell layer is about 1.5-2.5 nm in thickness and the obtained
GYNY nanocrystals are about 21 nm on average. High-resolu-
tion TEM (HR-TEM) indicates a single crystalline structure of
the as-synthesized GYNY nanocrystals, and the lattice distance
of 0.52 nm corresponds to the d spacing for the (100) plane of
hexagonal NaYF, (Fig. 1b). Energy-dispersive X-ray spec-
troscopy confirms the presence of Nd**, Gd**, Yb*", Y** and
Tm®" in these GYNY nanocrystals (Fig. S31). X-ray powder diffr-
action (XRD) confirmed the hexagonal phase of the as-pre-
pared nanocrystals (JCPDS file number 16-0334, Fig. S471). We
have also conducted elemental mapping and energy dispersive
X-ray (EDX) line scan on the whole particle to demonstrate the
spatial distribution of rare-earth cations and the hetero-
geneous core-shell structure. As shown in Fig. 1b, Nd and Y
ions are concentrated in the periphery region, while Gd and
Yb show apparently higher concentrations in the central
region. The relative concentrations of Nd, Y, Gd and Yb along
the scanning path are plotted as shown in Fig. S5.7 The result
provides more signal counts of Gd and Yb from the central
region while those of Nd and Y from the periphery region. Of
note is that our nanoparticles do not show a sharp interface at
the atomic scale. This result could be ascribed to core-shell
intermixing caused by the relatively small core (8.6 nm) and
whole core-multishell nanoparticle (20.6 nm), which is con-
sistent with the previous report.>*™**

We conducted a group of experiments to compare the emis-
sion intensity of GYNY nanocrystals under 793 nm, 808 nm
and 980 nm excitation. As expected, GYNY nanocrystals under
793 nm excitation showed the strongest emission compared to
those under 808 nm and 980 nm excitation (Fig. 1c), which is
consistent with our absorption cross-section results of Nd** at
793 nm, 808 nm and 980 nm. Similarly, the comparison of the
downshifting emission intensities at 793 nm, 808 nm and
980 nm showed the same trend (Fig. S67).

We next studied the photoluminescence spectrum of the as-
synthesized GYNY nanocrystals. As shown in Fig. 1d, obvious
upconversion emissions from the °I; and °P; energy levels of
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Fig. 1 (a) Schematic illustration of a NaGdF4:49%Yb,1%Tm@NaYF4:20%Yb@NaNdF4:10%Yb@NaYF, (GYNY) nanoparticle. (b) High-resolution TEM
image and elemental mapping of the corresponding GYNY nanocrystal. (c) Corresponding upconversion luminescence spectra of GYNY nano-
particles in cyclohexane under 793, 808 and 980 nm excitation at a power density of 28.0 W cm™2. (d—f) Room-temperature luminescence spectra
in the range of 240-750 nm and 850-1200 nm of GYNY nanoparticles in cyclohexane. (g) Excitation-power-dependent upconversion emission

spectra of GYNY nanoparticles under 793 nm excitation.

Gd*" peaked at 273 nm (°I, — ®S;5), 276 nm (°[; > °S;.),
279 nm (°; — ®S;),), 306 nm (°P5;, — ®S;,,) and 311 nm (°P;,
— 8,,,) in the UV region were observed under 793 nm exci-
tation. A small peak at 253 nm from the °D; energy levels of
Gd*" demonstrated a six-photon upconversion process, which
could be attributed to the °Dy, — °S,,, optical transition.*>™*’
Meanwhile, we observed an intense downshifting emission
peaked at 980 nm (°Fs, — ’F,) from Yb®" due to the
efficient energy transfer from Nd*' to Yb’" in GYNY nano-
crystals (Fig. 1f). We further investigated the excitation-power-
dependent upconversion emission spectra of GYNY nano-
particles under 793 nm excitation (Fig. 1g). Taken together,
photoluminescence investigation revealed that a collection
of lanthanide ions including Gd*', Tm*', Nd*" and Yb*"
can work together to generate upconversion emissions
spanning the UVC and NIR spectral region from 250 to
1200 nm.

The generation of a broad emission profile spanning the
whole UV to NIR spectral region is important for expanding
the scope of lanthanide-based nanocrystals in favor of diverse
applications in bioimaging, molecular sensing, therapy, and
security printing. Therefore, on the basis of this nanocrystal
design strategy, we further broaden the spectrum of lantha-
nide-based nanocrystals by simply doping Yb and Er
in the third shell layer. We prepared NaGdF,:49%Yb,1%

This journal is © The Royal Society of Chemistry 2022

Tm@NaYF,:20%Yb@NaNdF,:10%Yb@NaYF,:20%Yb,2%Er@NaYF,
(GYNY2004vb,206erY) Nanocrystals by the same synthesis route
except for the use of the third shell stock solution of NaYF,:
Yb,Er. Significantly, the luminescence spectrum of the
samples could extend to 1600 nm (Fig. 2).
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Fig. 2 Downshifting emission spectrum of NaGdF4:49%Yb,1%

Tm@NaYF4:20%Yb@NaNdF4:10%Yb@NaYF4:20%Yb,2%Er@NaYF4 nano-
crystals.
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Optimization of dopant concentration

To achieve the required strong emission in both the UVC and
NIR regions in a nanocrystal, we synthesized a series of
NaGdF,@NaYF,@NaNdF,@NaYF, core-multishell nanocrys-
tals with varying contents of Yb>* and Nd**. The second shell
layer was doped with different concentrations of Yb**
(0-50 mol%), while it had a fixed Nd** dopant concentration
of 50 mol% (Fig. S7a and S8t). We then fixed the Yb*" dopant
concentration of 10 mol% and changed the concentration of
Nd** from 1 mol% to 90 mol% in the second shell layer
(Fig. S7b and S97). Taking into account the UVC upconversion
and downshifting emission intensity, we determined the
optimal Yb®" and Nd** concentration to be 10 and 90 mol%,
respectively (Fig. S7b and S7ct).

The role of the NaYF, interlayer in GYNY nanocrystals

To verify the role of the NaYF,-based first layer in realizing
UVC upconversion emission, we synthesized a pair of GYNY
and  NaGdF,:49%Yb,1%Tm@NaGdF,:20%Yb@NaNdF,:10%
Yb@NaYF, (GGNY) nanocrystals. After replacing the inter-
layer of NaYF, with NaGdF,, the upconversion emissions
from °Dj, °I, and °P; in the UV region were significantly
quenched either under 793 nm or 980 nm excitation (Fig. 3a
and S10t). We then compared the excited state lifetime of
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Gd*". As shown in Fig. 3b-e, a significantly prolonged Gd**
lifetime (°P,/, level, ~6 times) was observed when the NaYF,
first layer was applied. In stark contrast, the Gd** lifetimes
for emissions from the °D; and °I, energy levels and the
Tm?*" lifetimes for emissions from the Iy energy level were
essentially unaltered after the use of the NaYF, first layer.
These results indicated that the energy loss from Gd** to
interior lattice defects was mainly through the °P,, energy
level.

Of note is that real materials usually contain a high density
of lattice defects. An excited Gd** ion undergoes two different
optical processes: (i) an excited Gd*" ion transfers its energy to
a nearby defect centre and subsequently undergoes non-
radiative relaxation; (ii) a resonant energy transfer occurs
within the Gd*" sublattice, followed by radiative relaxation and
gives rise to upconversion emission. As shown in Fig. 3f, the
NaYF,-based first shell can block the energy transfer from
Gd*" to the interior lattice defects located in the shell regions
in our design, promoting the occurrence of fast energy
hopping in the Gd** sublattice at the core domain, thereby rea-
lizing intense UVC upconversion emissions. The NaYF,-based
first layer played a critical role in locking in and recycling Gd**
excitation energy. These results accord with the recently pro-
posed upconverted excitation lock-in (UCEL) mechanism by
our group.”?

— GYNY — GGNY

Q
o

Intensity

Log Intensity(arb. units)

Aas

Gd* (253): ‘D, —=*S,,
— T~ 44823 ps
— 7, ~433.16 ps

Gd* (276): I, = *S,
e T 34540 ps
—_—1,=32771 ps

n 23

Log Intensity(arb. units) o

20;]0 3000 4000 0 2000 4000 6000

200 300 400 500 600 700 0 1000 Time (us)
Wavelength (nm) Time (pus) w
793 nm .
d Tm* (290): ', — *H, 9 Gd™ (311): °P,, =75, f 1’%\“ ole : o : S
2 — T,=22512ps :—9\ — 7, ~ 183195 us ® “Nd o L ] ° G
£ t,=18833ps = —t,=297.68ps o : o* o‘\.’,";lo S ¢ : ®
= 4 2%e% %, » %%
= = . L ] . . L ] »
- r o 0...0.. ......l
g & QEOTO-0L0=-0"0 .10
B 2 o'@’x‘.o 02¢% %%
z =2 e e o_=o
z z Ol U (04 24 el B C
3 3 . _0 0 e_0_0 _»
£ £ 2 e2e% e’
po e e _o0_o_o eo_o
20 : g =0 . 0 0 0%0 0 e
i S o_e_0_0o * " ®
- s e 0 _0_0 0" (e
m Pe%e®e®e®. uc
o5 ®® i NIR
; : o
0 2000 4000 6000 0 10000 20000 30000 40000 e 5
Time (ps) Time (us) * Gd* ®Y* @ Lattic defect

Fig. 3 (a) Upconversion emission spectra of GYNY and GGNY nanocrystals under 793 nm excitation. (b and c) Upconversion luminescence decay
curves of Gd** emissions at 253 nm and 276 nm in GYNY and GGNY by pulsed 793 nm excitation. (d and e) Upconversion luminescence decay
curves of Tm** emissions at 290 nm and Gd** emission at 311 nm in GYNY and GGNY by pulsed 793 nm excitation. (f) Schematic illustration of the
energy transfer mechanism for UVC and NIR generation within the GYNY heterogeneous nanocrystal.
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The energy transfer efficiency from Nd** to Yb**

The energy transfer efficiency  from Nd** to Yb*' can be quan-
titatively estimated from eqn (1) and (2):*®*°

T,
n=1- i (1)
2
= 2 (2)
St

where 7,,, is the mean lifetime of the energy donor Nd*" in the
presence of the energy acceptor Yb**, 7yq is the intrinsic life-
time of Nd**, and « is the amplitude.

To calculate the Nd*"-to-Yb*" energy transfer efficiency, we
synthesized a pair of nanocrystals of NaGdF,;:49%Yb,1%
Tm@NaYF,:20%Yb@NaNdF:10%Yb@NaYF, (GYNY with
Yb*)  and  NaGdF,:49%Y,1%Tm@NaYF,@NaNdF,:10%
Y@NaYF, (GYNY without Yb®") as shown in Fig. S11.F Of note
is that the energy acceptor of Yb*" was replaced by optically
inert Y** ions to measure the intrinsic lifetime of Nd**. Under
793 nm pulsed excitation, the lifetime of Nd** of the pair of
nanocrystals at 893 nm was measured, and the Nd**-to-Yb**
energy transfer efficiency was calculated to be 89% (Fig. 4),
which is slightly higher than the previous reports.*®

Dye sensitization for upconversion and downshifting
luminescence enhancement

For efficient dye sensitization, the absorption wavelength of
the lanthanide-based nanocrystals should overlap with the dye
fluorescence to achieve an efficient energy transfer from the
dye to nanocrystals. Herein, indocyanine green (ICG) was
chosen for NIR dye sensitization due to its large absorption
cross-section (~6 x 107'® cm?), which is about 1500 times
higher than that of Nd** at 793 nm (~4 x 107*°). The absorp-
tion curve of ICG was recorded using a UV-vis spectrophoto-
meter. As shown in Fig. 5a, a good spectral overlap between
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Fig. 4 Luminescence decay curves of Nd** emissions measured at

893 nm for GYNY with and without Yb®* nanocrystals by pulsed 793 nm
excitation.
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the absorption band of GYNY and the fluorescence of ICG was
observed, providing an important prerequisite for efficient
non-radiative energy transfer from ICG to GYNY
nanocrystals.>!

We next investigated the optical behavior of GYNY nano-
crystals sensitized by the ICG dye of different concentrations.
To ensure close contact between nanocrystals and ICG, the
original oleic acid ligand capped on the surface of GYNY was
replaced by the ionic NOBF, ligand, and then the ICG dye was
coated onto the surface of nanocrystals.>® The removal of oleic
acid and the surface capping of ICG were confirmed by FTIR
analysis (Fig. S127). After capping ICG on the surface of GYNY,
we observed a remarkably enhanced absorption peak of GYNY,
which also confirmed the success of ICG coating (Fig. 5b).

Subsequently, we found that the enhancement factor varies
with changes in ICG concentration (Fig. S137). In the tested
ICG concentration range, the intensities of upconversion and
downshifting emissions of GYNY were all significantly
improved, reaching a maximum at the ICG concentration of
100 pL. Specifically, we observed more than 30-fold, 10-fold,
and 8-fold enhancements in the range of 200-400 nm of UVC
emission, 400-700 nm of visible emission, and 850-1200 nm
of NIR emission by dye sensitization (Fig. 5c-e). The enhance-
ment factor of the whole spectrum ranging from 240 to
1200 nm of the as-prepared ICG sensitized-GYNY compared
with that of GYNY was estimated to be 8.6-fold. Notably, a
higher concentration of ICG induced a small emission
enhancement factor, which is possibly due to the dye-dye
quenching interaction on the surface of GYNY.”> The photo-
graph of ICG sensitized-GYNY showed an obviously increased
brightness, providing direct evidence of effective ICG sensitiz-
ation for Nd**-doped nanocrystals under 793 nm excitation
(Fig. 5e, insert).

We also extended the strategy by coating the ICG dye on a
novel nanoparticle structure, NaGdF,:49%Yb,1%
Tm@NaYF,:20%Yb@NaNdF,:10%Yb@NaYF,:20%Yb,2%
Er@NaYF; (GYNYyo0yb20rrY). The results showed that the
luminescence intensity of Tm upconversion and Er downshift-
ing can be enhanced simultaneously under 793 nm excitation.
We observed about 2.4-fold and 2.1-fold enhancements in the
range of 200-700 nm and 1250-1600 nm by dye sensitization,
respectively (Fig. S147).

Notably, ICG is a tricarbocyanine and fluorescent dye,
which will undergo photodegradation and thermal degra-
dation under certain conditions.>®>* We studied the photo-
stability of GYNY®@ICG under excitation at 793 nm. The emis-
sion spectra of GYNY@ICG were obtained every 2 min at a
power density of 20 W em™>. Fig. S151 shows that the Forster
resonance energy transfer (FRET) effect between the dye and
Nd decreased with a prolonged illumination time and dis-
appeared at about 20 min.

Moreover, we conducted a quantitative study for the
quantum yields (QYs) of GYNY and GYNY@ICG nanoparticles.
We measured the QYs of upconversion emission in the range
of 200-400 nm of the as-prepared GYNY and GYNY®@ICG
nanoparticles, and the results were recorded to be approxi-
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Fig. 5 (a) Absorption spectrum of GYNY nanocrystals (black line) and the fluorescence spectrum of ICG (red line) under 730 nm excitation. (b)
Absorption spectra of GYNY, ICG and ICG-coated GYNY nanoctrystals; the concentrations of GYNY and ICG were 5 mg mL™* and 5 ug mL™2, respect-
ively. (c and d) Upconversion and downshifting emission of GYNY and ICG-coated GYNY nanocrystals at the optimized concentration. (e)
Enhancement factor of the luminescence of GYNY nanocrystals at 200—400 nm, 400-700 nm, 850-1200 nm after ICG coating. (f) Luminescence
decay curves of ICG fluorescence obtained at 830 nm for GYNY and YYYY nanocrystals with ICG coating by pulsed 270 nm excitation.

mately 0.04% and 0.14%, respectively. Besides, the QYs of
GYNY and GYNY®@ICG nanoparticles were approximately
0.45% and 0.63% from 400 to 750 nm, 0.49% and 0.87% from
200 to 750 nm, and 14.88% and 14.97% from 820 to 1400 nm,
respectively.

We then obtained the fluorescence decay curves of the ICG
emission at 830 nm under 270 nm excitation. As shown in
Fig. 5f, the decay lifetimes of the ICG dye with and without the
presence of GYNY nanocrystals were determined to be 0.3569
ns and 1.0085 ns, respectively, suggesting an energy transfer
efficiency of 64.6%. This result also demonstrated a Forster
resonance energy transfer mechanism from ICG to Nd** ions
doped in the nanocrystals.>®

In our study, the critical distance from the dye to the Nd
ions was determined by adjusting the thickness of the outer-
most NaYF, layer to 2.3 nm (GYNY), 4.8 nm (GYNYY) and
6.7 nm (GYNYYY), respectively (Fig. S16%). Then, the materials
with a concentration of 5 mg mL™" were coated with the ICG
dye (100 pL, 0.1 mg mL™"), respectively. We compared the
upconversion luminescence intensity of the nanoparticles with
different thicknesses of the NaYF, layer before and after
coating with the dye (Fig. S167). When the thickness of the
outermost NaYF, layer was 4.8 nm, the emission intensity was
almost unchanged after coating with the ICG dye in the range
of 200-700 nm, respectively. However, when the thickness of
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the outermost NaYF, layer was 6.7 nm, the emission intensity
decreased after coating with the ICG dye. These results showed
that the critical distance between the ICG dye and Nd is about
5 nm.

In addition, we also investigated whether the triplet state of
ICG is involved in the energy transfer between Gd. Herein, we
designed a new nanostructure of GYN@Y30Gd by doping 30%
Gd in the outermost NaYF, shell. After coating ICG onto the
surface of GYN@Y30Gd and GYNY, we compared their lumine-
scence intensities before and after ICG dye coating. The results
indicated that the emission intensity of GYNY and
GYN@Y30Gd from 200 to 400 nm was enhanced by about 4
and 2 times, and that from 850 to 1200 nm was enhanced by
about 2-fold and 3-fold, respectively (Fig. S17a-dt). This
enhancement effect was negligible compared with the huge
enhancement in the triplet state of ICG involved energy trans-
fer in the previous report.>® Moreover, there is no significant
difference in the lifetimes of Gd*>" (311 nm) in GYNY and
GYN@Y30Gd nanoparticles before and after ICG coating
(Fig. S17et). Therefore, we can infer that there is no energy
transfer between the triplet state of the ICG dye and Gd.

Considering its potential in in vivo and in vitro biological
applications, it is essential to achieve high-efficiency dye-sensi-
tized upconversion and downshifting luminescence in
aqueous solutions.’> We connect ICG to the surface of GYNY

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 Schematic energy diagram of the cascade energy transfer within a dye-sensitized heterogeneously doped-lanthanide nanocrystal.

nanocrystals through the amphiphilic molecule
DSPE-PEG-COOH and further optimize the amount of ICG,
thereby obtaining the most effective ICG-sensitized GYNY
nanocrystals. As shown in Fig. S18,7 the ICG-sensitized GYNY
nanocrystals showed the optimal (about 2-fold) enhancement
in the entire spectrum ranging from 240 to 1200 nm at an ICG
concentration of 3 ug mL™".

Mechanistic investigation of dye-sensitized Nd**-doped nano-
crystals with enhanced UVC and NIR emission

Fig. 6 shows a typical upconversion and downshifting process
in the ICG-sensitized heterogeneous core-multishell nanocrys-
tals upon 793 nm excitation. ICG can harvest light in a broad
range from 700-860 nm, enabling a wide spectral excitation.
Then, the harvested energy is transferred to Nd** in the *Fs,
energy state in nanocrystals non-radiatively via the FRET
mechanism. The triplet state of ICG involved in the energy
transfer mechanism is not observed under our examined
experimental conditions. After quickly relaxing to the “Fs,
energy state of Nd** ions, Yb®>" ions act as an energy migrator
to capture the energy from Nd**, inducing NIR emission
peaked at 980 nm. Meanwhile, partial energy was transferred
to Tm®*" in the °P, state via a five-photon upconversion
process. The excitation energy in the *P, state then relaxes
non-radiatively to the 'I, state and generates UV emission at
290 nm. The energy transfer from Tm>* to Gd** successfully
promotes the °P; energy state of Gd** and gives rise to UV
emission at 311 nm through the EMU mechanism."
Subsequently, with the assistance of Yb®" ions, the °D; state of
Gd*" is further populated due to the appropriate energy match-
ing of the following optical transitions of Yb** (*Fs5/, — Fy,
9750 cm™') and Gd** (°P; — °Dj, 8750 ecm™") via a six-photon
upconversion process.”>™*” Thus, UVC upconversion emission
peaked at 253, 273, 276, and 279 nm from °D; and °I; of Gd**
can be obtained. Of note is that Gd**~Gd*" energy migration
features a long travel distance, which can be terminated by the
interior lattice defects in the Gd**-based homogeneous core-

This journal is © The Royal Society of Chemistry 2022

shell structures. In our design, the NaYF,-based first shell
layer played a vital role in selectively blocking the energy trans-
fer from Gd*" to interior lattice defects, which preserves the
excitation energy within the core domain, induces increased
populations of the °Dj, °I;, and °P; energy states of Gd**, and
finally generates intense UVC emissions from Gd** ions.*

Potential in enhancing reactive oxygen species (ROS)
generation

Due to its photosensitivity, ICG can be used to produce singlet
oxygen ('0,) in photodynamic therapy (PDT) to destroy cancer
cells.”””® The ability to generate singlet oxygen (*O,) of ICG-
coated GYNY nanocrystals was evaluated using the 1,3-diphe-
nylisobenzofuran (DPBF) chemical probe under 793 nm laser
irradiation.”® The characteristic absorbance of DPBF gradually
decreased with irradiation time, indicating the successful pro-
duction of 'O, (Fig. S191). These results indicate the potential
applications of NIR light mediated photosensitizing nanocrys-
tals for ROS generation in photocatalysis and biomedical
fields.

Conclusions

In summary, we developed dye-sensitized heterogeneous core—
multishell lanthanide nanocrystals to regulate the energy
transfer pathway for UVC and NIR enhancement upon 793 nm
excitation. The heterogeneous nanostructural design with opti-
mized lanthanide doping efficiently suppresses the energy loss
trapped by interior energy traps and promotes efficient energy
transfer from Nd** to Yb*", thus promoting upconverted UVC
emission and intense downshifting NIR emission. The multi-
step cascade sensitization of NIR excitation allows for maxi-
mized energy trapping by lanthanide ions, thus permitting
enhanced upconversion and downshifting emission from the
UVC to NIR region. We believe that this study will advance the
design rationale for broadening the emission profile of lantha-
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nides and enhancing the NIR dye-sensitized UVC to NIR emis-
sion. This study will also benefit the future development of
novel lanthanide nanocrystals for applications in biomedicine,
photocatalysis, environmental science, and many other emer-
ging fields.

Experimental section

Materials, details on nanocrystal synthesis and characteriz-
ation are included in the ESL ¥
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