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Abstract: Despite the successful application of upconversion
nanoparticles (UCNPs), their low energy transfer efficiency is
still a bottleneck to further applications. Here we design
UCNPs with a multilayer structure, including an inert
NaYF4 :Gd core and an energy-concentrating zone (ECZ),
for efficient energy concentration. The ECZ is composed of an
emitting layer of NaYF4 :Yb,Er and an absorption layer of
NaYF4 :Nd,Yb with antenna IRDye 800CW to manipulate the
energy transfer. The stable and tight packing of 800CW linked
originally with a bisphosphonate ligand improves greatly the
transfer efficiency. The proximity of the emitting layer to both
surface antenna and accepter also decreases energy depletion.
Compared to classical UCNPs, the ECZ UCNPs show 3600
times higher luminescence intensity with an energy transfer
efficiency near 60%. In proof-of-concept applications, this
type of structure was employed for Hg2+ detection and for
photodynamic therapy under hypoxic conditions.

Photon upconversion indicates a process of absorbing low-
energy near-infrared (NIR) photons to emit higher energy
photons.[1] This process can be performed with upconversion
nanoparticles (UCNPs), a class of nanomaterials doped with
lanthanide ions,[2] which provides a large anti-Stokes shift with
sharp emission to act as favorable energy donors in lumines-
cence resonance energy transfer (LRET).[3] Although the
LRET of UCNPs has been extensively applied in biosensing
and biomedicine, the low energy transfer efficiency due to the
relatively low extinction coefficients of lanthanide dopants[4]

and the constraint in nanoparticle dimension[5] of UCNPs is
still a bottleneck to further applications.

Several multilayer UCNPs have been proposed to
enhance the transfer efficiency.[6–10] However, assembling
a spacer layer[7] or an inert shell[8] on UCNPs increases the
distance from the emitter to the surface LRETacceptor, while
some approaches to reduce particle size[9] increase surface
quenching and lower the quantum yield.[1b] To overcome the
distance effect, a thin shell of NaYbF4 :Tm has been con-
structed on UCNPs for confining energy in the shell to
enhance the upconversion luminescence.[10] Unfortunately the
total luminescence intensity of UCNPs is still limited due to
the low light absorption capability of rare-earth elements.
Hence, some NIR dyes with large optical cross-section have
been attached to UCNPs as antenna for improving the light
absorption.[11] The modification is generally performed with
poly(acrylic acid), polyethyleneimine (PEI), or silica coating
as the surface linker,[11e–g] which extends energy transfer
distance again, and thus causes energy depletion during
migration.[12]

To boost efficiently the energy transfer efficiency in
UCNPs, we propose herein the new concept of an energy-
concentrating zone (ECZ) and report on an energy concen-
tration mechanism in which an inert core is used to confine
energy in a thin layer close to UCNPs surface and a bisphosph-
onate ligand is used to link IRDye 800CW as the light-
absorbing antenna on the surface. The ECZ includes an
energy-emitting layer NaYF4 :Yb,Er and an energy absorption
layer NaYF4 :Nd,Yb with antenna 800CW attached to its
surface with alendronic acid (ADA) (Figure 1). The high
binding energy between lanthanide ions and bidentate
phosphate guarantees the stable and tight packing of antenna
for energy adsorption and inward transfer. The inert core

Figure 1. UCNPs structured with an energy-concentrating zone to
boost energy transfer efficiency and a simplified energy level diagram.
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blocks the energy transfer to deep interior of UCNPs and
spatially concentrates it in proximity to UCNP surface, thus
enhancing the local density of excitation energy, and boosting
the LRET efficiency by decreasing the distance of energy
transfer outward to the surface-attached acceptor. Thus, the
energy concentration efficiently enhances the LRET effi-
ciency up to 60% and produces a luminescence intensity 3600
times higher than that of classical UCNPs. By conjugating the
fluorescence dye or photosensitizer as the functional acceptor
to UCNPs, the ECZ UCNPs successfully demonstrate the
improved sensitivity for analytical applications and high yield
to produce reactive oxygen species (ROS) for photodynamic
therapy (PDT) in hypoxic environment. The proposed con-
cept and strategy provides a versatile platform for probing the
upconversion mechanism and LRET-based applications.

NaYF4 :Yb,Er@NaYF4 :Nd,Yb (UCNP1, 30.4 nm) was
synthesized by coating a NaYF4 :Nd,Yb shell on a NaY-
F4 :Yb,Er core (20.0 nm) (Figure 2 A and Figure S1A). The
shell–core structure demonstrated a characteristic absorption
peak at 800 nm that well overlapped with the emission peak
of IRDye 800CW to facilitate light harvest (Figure 2B),[13] at
which the UCNPs showed strong emission peaks at 520, 542,
and 660 nm due to the large cross section of Nd3+ (Fig-
ure S1B). UCNP-ADA showed the characteristic peak of P=

O at 1013 cm@1 (Figure 2C, spectrum 2) and increased zeta

potential and hydrodynamic diameter (Figure 2 D). The
fluorescence spectra of UCNP1-ADA-Cy3, UCNP1-AEP-
Cy3, which was prepared with o-phosphorylethanolamine
(AEP), and UCNP1-Cy3 demonstrated the surface-binding
stability of ADA. Both UCNP-ADA-Cy3 and UCNP-AEP-
Cy3 showed much higher fluorescence intensity than UCNP-
Cy3, while the intensity of UCNP-ADA-Cy3 did not change
and was more stable than UCNP-AEP-Cy3 and UCNP-Cy3
upon incubation in phosphate-buffered saline (PBS) for
60 min. Phosphate groups in PBS could replace AEP and
carboxyl-group-derived Cy3 on the UCNP surface, which led
to the fluorescence decrease of Cy3 upon incubation and
removal of released Cy3 (Figure 2E,F). The stability of
UCNP-ADA in cytoplasm was demonstrated by transfecting
human cervix carcinoma (HeLa) cells with UCNP1-ADA-
Cy3 or UCNP1-AEP-Cy3 (Figure S2A). Density functional
theory (DFT) calculations further confirmed the stability of
UCNP1-ADA (Figure S2B). ADA possesses larger binding
energies for both facets of NaYF4 than those of AEP and
CH3COO@ (Table S1), which was consistent with the trends in
binding energies for carboxylic acid and phosphate groups
reported previously.[14]

The antenna molecule 800CW possesses about 30000
times larger absorption cross section than Nd3+,[15] and its
emission from 750 to 860 nm can well overlap with the main
absorption peak of UCNP1 (Figure 2B and Figure S1C). The
tight attachment of 800CW to UCNP1-ADA was character-
ized by an aromatic ether vibration at 1315 cm@1 and a slightly
increased hydrodynamic diameter (Figure 2C,D). Compared
with UCNP-800CW, UCNP1-ADA-800CW prepared with
the same reaction ratio of 800CW to UCNPs (500:1) showed
much stronger 800CW fluorescence (Figure S1D), indicating
the higher loading capacity of 800CW on UCNP1-ADA.
Moreover, in the absorption spectrum of UCNP1-ADA-
800CW (Figure S1E) the maximum absorption peak is similar
to 800CW (Figure S1C), indicating the impressive absorption
capability of antennae-dye-modified UCNPs around 800 nm.

To demonstrate the ADA-facilitated energy transfer,
UCNP1@SiO2-NH2 and UCNP1@PEI were prepared as
controls (Figure S3A,B). For both, the amount of 800CW
bound on the nanoparticles was determined to be 330
molecules per nanoparticle (Figure S3C–E). The 800CW
wrapped in thick layer showed much lower fluorescence
intensity due to the depletion of absorption energy during the
inward migration process (Figure S4A,B). The energy trans-
fer efficiency h from 800CW to Nd3+ could be estimated
according to Equation (1).

h ¼ 1@ t2

t1
ð1Þ

Here t1 is the fluorescence lifetime of 800CW attached to
NaYF4 :Yb,Er@NaYF4 :Yb (UCNP2) (Figure S4C), and t2 is
the fluorescence lifetime of 800CW on UCNP1 with a differ-
ent modification. The lifetime of 800CW on UCNP1-ADA
was 303 ps, which was obviously shorter than that for UCNP2-
ADA-800CW (1604 ps), UCNP1@SiO2-800CW (1557 ps),
and UCNP1@PEI-800CW (1375 ps) (Figure S4D). The trans-
fer efficiency in UCNP1-ADA-800CW was 81.1 %, impres-

Figure 2. A) Transmission electron microscopic image of UCNP1.
B) Absorption spectra of NaYF4 :Yb,Er core (1) and UCNP1 (2), and
normalized emission spectrum of 800CW under 720 nm excitation (3).
C) FTIR spectra of UCNP1 (1), UCNP1-ADA (2), 800CW (3) and
UCNP1-ADA-800CW (4). D) Particle sizes and zeta potentials of bare
UCNP1 (1), UCNP1-ADA (2), and UCNP1-ADA-800CW (3). E) Fluores-
cence spectra of 1 mgmL@1 UCNP1-ADA-Cy3, UCNP1-AEP-Cy3, and
UCNP1-Cy3 after incubation in PBS for 1 h under 530 nm excitation
and removal of the released Cy3 by centrifugation. F) Fluorescence
retention percentages at 570 nm upon incubation in PBS for different
times.
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sively higher than that of 14.2% for UCNP1@PEI-800CW
and 2.9% for UCNP1@SiO2-800CW. This can be explained by
the tight packing of 800CW antenna via the ADA ligand.

The thickness of the absorption layer was an important
parameter affecting the transfer efficiency and was optimized
to be 2.7 nm (Figure S5). The energy transfer efficiency for
UCNP1-ADA-800CW increased with the increasing thickness
of the absorption layer, and trended to a stable value after
a thickness of 2.7 nm, indicating the accumulation of Nd3+ and
Yb3+ in the absorption layer benefited the inward transfer of
absorbed energy. It should be pointed out that the thicker
absorption layer did not obviously decrease the transfer
efficiency, indicating the negligible energy depletion in the
absorption layer. At an absorption layer thickness of 2.7 nm,
the size of NaYF4 :Yb,Er core was optimized to be 24 nm
(Figure S6), which led to a total size of UCNP1-ADA-800CW
of 29.4 nm. When the total size increased from 26.7 to
57.4 nm, fluorescence intensity reached a maximum value at
29.4 nm and then continuously decreased by about threefold.
This decrease could be attributed to the increased distance for
energy migration through the crystal lattice, which usually
leads to a depletion of the excitation energy for inward
transfer.[16] Therefore, decreasing energy migration distance
from emitter Er3+ to the UCNP surface could concentrate the
emission and prompt its outward transfer, and ultimately
enhance LRET efficiency.

To confine emitter Er3+ close to the UCNP surface to
shorten the distance for emission energy outward transfer,
multilayer UCNPs was synthesized with an inert core
NaYF4 :Gd and an ECZ layer. The size of NaYF4 :Gd core
was 20.6 nm, and the ECZ thickness was set at 5 nm
considering the high resonance energy transfer efficiency
for UCNPs,[5a, 17] including the 2.3 nm emitting layer and the
2.7 nm absorption layer (Figure S7A). Compared with
UCNP1-ADA-800CW (CS UCNPs), the 800CW-functional-
ized NaYF4 :Gd@NaYF4 :Yb,Er@NaYF4 :Nd,Yb (ECZ
UCNP3-ADA-800CW or ECZ UCNPs) enhanced the lumi-
nance by twofold at the same size (Figure S7B), which was
3600 times stronger than that of UCNP1-ADA (Figure 3A).
Similarly, the luminance enhancement was also observed
from the photograph of 10 mg mL@1 UCNP3-ADA and
0.01 mg mL@1 ECZ UCNPs (Figure 3A).

The upconversion quantum yields of CS UCNPs and ECZ
UCNPs under 808 nm excitation (1.5 W cm@2) were further
calculated according to a previous method[7] to be 2.48% and
3.33%, respectively, demonstrating the obvious improvement
of energy utilization efficiency. Moreover, ECZ UCNPs could
retain the brightness of 56.6% even with 808-nm irradiation
at 1.5 Wcm@2 for up to 5 h (Figure S8).

Generally, the energy transfer efficiency from donor to
acceptor is distance dependent. Thus the excitation energy
accepted by the surface accepter from different donors in the
emitting layer is spatially inhomogeneous.[5a] A kinetic Monte
Carlo model was established to indicate the energy distribu-
tion in the crystal structure of UCNPs (Figure S9A), and the
emission photon counts corresponding to the distance to the
UCNP surface (Figure 3B). All emission photons located
within a 5 nm zone close to the surface for ECZ UCNPs, while
only about 43 % of the emission photons located in this zone

for CS UCNPs. The energy transfer efficiency h in LRET
process was calculated according to Equation (2).

h ¼ R6
0

R6
0 þ r6

ð2Þ

Here R0 denotes the Fçrster distance of the donor–acceptor
pair, and r is the distance between donor Er3+ and the
acceptor on the surface. Generally, the R0 of the UCNP–dye
pair is around 4 nm.[5a, 17] Hence, the number of photons
transferred to the surface accepter could be calculated by
multiplying the energy transfer efficiency at a certain distance
(Figure 3C), which showed that less than 20% of the emission
photons were transferred to the surface receptor for the CS
UCNPs, while the ratio increased to 60% for the ECZ
UCNPs. Considering the good overlap of Cy3 at 552 nm with
the emission spectrum of the ECZ UCNPs (Figure S9B), Cy3
was covalently conjugated to the ECZ UCNPs to verify the
theoretical LRET efficiency. ECZ UCNP-Cy3 showed
a strong emission peak at 585 nm with an obvious decrease
of the emission peak from the ECZ UCNP at 542 nm
(Figure 3D), indicating the efficient LRET process, while
the same emission peak was hardly observed from CS UCNP-
Cy3 (Figure S9C). The energy transfer efficiency of 59.02%
calculated by lifetime detection for ECZ UCNPs was much
greater than those of 10.18 % for CS UCNPs and 30 % for
UCNPs with the same total size reported previously (Fig-
ure S9D),[6b, 7, 17] confirming the efficient energy migration in
the ECZ layer. We further used a thin layer of Yb to avoid
back energy transfer[7] and examined the performance of
NaYF4 :Gd@NaYF4 :Yb,Er @NaYF4 :Yb@NaYF4 :Nd,Yb
(UCNP4). In comparison with ECZ UCNPs, UCNP4-
800CW demonstrated sixfold enhancement of UCNPs lumi-

Figure 3. A) Upconversion emission spectra of 1 mgmL@1 ECZ UCNPs,
CS UCNPs, and UCNP1-ADA under 808 nm excitation (10 Wcm@2).
Inset: Luminance photographs of 10 mgmL@1 UCNP1-ADA (1) and
0.01 mg mL@1 ECZ UCNPs under the same excitation (2). B) Theoret-
ical photon count emitted at different distances to the nanoparticle
surface for ECZ UCNPs and CS UCNPs. C) Theoretical photon count
absorbed from different distances to the nanoparticle surface for ECZ
UCNPs and CS UCNPs. D) Emission spectra of 1 mgmL@1 ECZ
UCNPs before and after Cy3 conjugation under 808 nm excitation
(10 Wcm@2).

Angewandte
ChemieCommunications

12119Angew. Chem. Int. Ed. 2019, 58, 12117 –12122 T 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


nance at 540 nm, indicating the increased upconversion
efficiency, while the energy transfer efficiency from Er3+ to
surface Cy3 significantly decreased at 590 nm due to the
increased distance (Figure S10), which is unfavorable for
practical application.

With efficient concentration in energy absorption and
emission, the ECZ UCNPs could greatly benefit LRET-based
detection. Using Hg2+ as a model target, the dye N719 with
a wide absorption centered at 535 nm (Figure 4A) was
selected as the energy acceptor,[18] which obviously sup-

pressed the emission of UCNPs. The optimal amount of N719
on ECZ UCNPs was 210 molecules per nanoparticle, at which
N719 decreased the UC emission by 80.34% (Figure S11A).
In the presence of Hg2+, the maximum adsorption peak of
N719 shifted significantly to 485 nm due to the binding of
Hg2+, which blocked the energy transfer from the emitting
layer to N719, and led to the recovery of UCNPs emission
(Figure 4B). The luminescence intensity at 540 nm linearly
recovered with an increase in the Hg2+ concentration from 2
to 150 pm with a detection limit of 1.21 pm, which was 3 orders
of magnitude lower than previous Hg2+ detection based on
UCNPs (Figure 4C,D and Figure S11B).[18] The exciting
improvement in sensitivity obviously resulted from the
enhanced luminance intensity and energy transfer efficiency
of ECZ UCNPs. Moreover, this method showed good
selectivity, and other cations showed negligible response
even at 6 X 107 times concentration (Figure S11C,D).

Photodynamic therapy (PDT), which uses light irradiation
to produce ROS for cancer treatment,[19] was further per-
formed to demonstrate the application of the designed
mechanism. By conjugating a photosensitizer as the LRET
acceptor on the surface, ECZ UCNPs could boost ROS
generation (Figure 5A). Rose bengal (RB) with absorption at

470–600 nm (Figure S12A) was used as the photosensitizer.
The synthesized ECZ UCNP-RB was further conjugated with
folic acid-PEG2000-NHS to obtain ECZ UCNP-RB-FA for
cell internalization, which increased the hydrodynamic diam-
eter to 99 nm and decreased the zeta potential to + 15.3 mV
(Figure S12B). ECZ UCNP-RB-FA along with light irradi-
ation possessed low cytotoxicity (Figure S12E,F). The ROS
generation efficiency upon 808 nm irradiation was first
determined in vitro by virtue of the ROS-sensing probe 1,3-
diphenylisobenzofuran (DPBF). We observed 93.8%
decrease of its absorbance peak at 412 nm within 3 min due
to the fast consumption of DPBF by the abundant ROS
generation. This was much greater than the 35 % decrease
reported for RB-loaded UCNP1@PEG/SiO2,

[20] and the
51.3% and 68.8% decrease we recorded for UCNP3@SiO2-
RB-FA and UCNP3@PEI-RB-FA, respectively, with 25 min
irradiation at even much higher UCNP concentrations (Fig-
ure 5B,C). The intracellular ROS generation was examined
with dihydroethidium (DHR), which shows emission at
510 nm under 488 nm light excitation upon ROS oxidation.
The green emission was observed in Hela cells incubated with
50 mgmL@1 ECZ UCNPs-RB-FA after 808 nm irradiation
(1.5 W cm@2) for only 5 min (Figure 5D), indicating the high
efficiency of the intracellular ROS generation. In contrast,
much weaker green emission was observed for cells treated
with UCNP3@PEI-RB-FA or UCNP3@SiO2-RB-FA even
after 25 min irradiation (Figure S12E,F). The dramatic en-

Figure 4. A) Luminescence spectrum of 0.03 mgmL@1 ECZ UCNPs
under 808 nm excitation (10 Wcm@2) (1) and absorption spectra of
N719 before (2) and after (3) reaction with Hg2+. B) Schematic
illustration of Hg2+ detection with ECZ UCNPs. C) Upconversion
luminescence spectra of 0.03 mgmL@1 ECZ UCNP-N719 in response
to Hg2+ at concentrations from 0 to 400 pm under 808 nm excitation
(10 Wcm@2). D) Plot of emission peak intensity at 540 nm vs. Hg2+

concentration.

Figure 5. A) Schematic illustration of ROS generation with ECZ UCNP-
RB. B) Absorbance of DPBF with NIR irradiation for 3 min and of
DPBF in 50 mgmL@1 ECZ UCNP-RB-FA dispersion with NIR irradiation
for 0 to 3 min. C) Decrease in DPBF absorbance in blank, 50 mgmL@1

ECZ UCNP-RB-FA, 150 mgmL@1 UCNP3@PEI-RB-FA, and 500 mgmL@1

UCNP3@SiO2-RB-FA with NIR irradiation for different times. D) Con-
focal laser scanning microscopic images of HeLa cells after incubation
with DHR for 30 min and then 50 mg mL@1 ECZ UCNPs-RB-FA under
O2-sufficient and O2-deficient conditions for 6 h upon NIR irradiation
for 5 min. E,F) MTT assays for HeLa cells as control (1) and HeLa cells
incubated with 50 mgmL@1 ECZ UCNP-RB-FA (2), 150 mg mL@1

UCNP3@PEI-RB-FA (3), and 500 mg mL@1 UCNP3@SiO2-RB-FA (4)
under oxygen-sufficient (E) and -deficient (F) conditions.
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hancement of ROS generation efficiency guarantees suffi-
cient ROS production to overcome the limitations of PDT
under hypoxic conditions.

To mimic the hypoxic environment, Hela cells were
cultured in DMEM culture media under an O2-deficient
atmosphere[21] and transfected with ECZ UCNPs-RB-FA and
DHR under an O2-deficient atmosphere. The cells also
showed strong DHR emission after 5 min irradiation (Fig-
ure 5D), indicating the efficient ROS generation by ECZ
UCNP in a hypoxic microenvironment. The PDTefficiency of
ECZ UCNP-RB-FA in O2-sufficient and -deficient environ-
ments was verified with both an MTT assay and flow
cytometric analysis. Upon PDT treatment, the cell viability
became 20.3 %, 40.8 , and 66.7% under O2-sufficient condi-
tions and 37 %, 86.7 %, and 90.1% under O2-deficient
conditions for ECZ-UCNP-RB-FA, UCNP3@PEI-RB-FA,
and UCNP3@SiO2-RB-FA, respectively (Figure 5E,F). Flow
cytometric analysis gave analogous results: apoptosis rates of
80.5%, 52.1 %, and 33.5 % in an O2-sufficient environment
and of 60.7%, 15.6%, and 11.8% in an O2-deficient environ-
ment for ECZ-UCNP-RB-FA, UCNP3@PEI-RB-FA, and
UCNP3@SiO2-RB-FA, respectively (Figure S13). No doubt,
ECZ UCNP-RB-FA shows an outstanding capability to
overcome the key limitation of the hypoxic environment in
PDT.

In conclusion, we propose a mechanism of efficient energy
concentration with an energy-concentrating zone (ECZ) and
an inert core to overcome the bottleneck of low energy
transfer efficiency in UCNPs. The ECZ enhances light
absorption using a new antenna 800CW linked with
a bisphosphonate ligand, improves absorption energy transfer
in an optimal energy absorption layer, and decreases energy
migration distance. The ECS consists of an energy-emitting
layer coated on the inert core that concentrates the upcon-
version energy to the emitting layer. The designed ECZ
UCNPs decrease the depletion of absorption energy from the
antenna to the UCNP and the upconversion energy from the
emitting layer to the surface accepter. The energy concen-
tration helps ECZ UCNPs to achieve 3600 times amplifica-
tion in luminescence intensity and an energy transfer
efficiency near 60% for outstanding LRET-based applica-
tions. Particularly, the boosted energy transfer efficiency and
upconversion luminescence intensity provides a new avenue
to address the key problem of the hypoxic environment in
cancer PDT.
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