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Figure

S1.

XRD

patterns

of

NaErF4

(core),

NaErF4@NaYF4

(C@S1),

NaErF4@NaYF4@NaYbF4: Tm (C@S1@S2), and NaErF4@NaYF4@NaYbF4: Tm@NaYF4
(C@S1@S2@S3). All the diffraction peaks can be assigned to the standard card (JCPDS: 160334), indicating the successful formation of β-NaREF4 nanoparticles.
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Figure S2. Upconversion emission spectra of (a) NaErF4@NaYF4 and NaYF4: 20% Yb, 2%
Er@ 20%Yb@ 20%Nd nanoparticles under 800 nm excitation (b) NaErF4@NaYF4 and
NaYF4:20%Yb, 2%Er @NaYF4 nanoparticles under 980 nm excitation in cyclohexane
solution. The excitation power densities are 30 W cm−2. All the spectra are normalized by the
~ 660 nm red emission.
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Figure S3. The upconversion emission of PUCNPs with S1 (NaYF4) layer (3 nm) nm (black
line) and 4.5 nm (blue line) upon 980 nm laser excitation, respectively.

As shown in Figure S3, it is worth noting that when the S1 barrier layer is relatively
thin (e.g. 3 nm), the Tm3+ UC emission is significantly weak due to the negative interaction
(e.g. Er3+-Tm3+) caused by the non-ignored ions diffusion. The ions diffusion cuases also the
increase of the relative intensity of green emission of Er3+ (2H11/2—4I15/2 and 4S3/2—4I15/2) as
it produces in fact a Yb-Er co-doping region in the S1 layer. The ions diffusion effect is also
confirmed by a Er3+ and Nd3+-doped upconversion system in Figure S4.
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Figure S4. TEM images of (a) NaErF4@NaYF4 (3 nm) @ NaYF4:80%Nd (3 nm)
(Er@Y@80%Nd), (b) NaErF4 @NaYF4 (4.5 nm) @NaYF4:80%Nd (3 nm). The Nd3+
diffusion effect diffusion effect study by comparing the emission spectra of (c) NaErF4@
NaYF4 (3 nm) @ NaYF4: 80% Nd (3 nm) and NaErF4@ NaYF4 (6 nm), (d) NaErF4@ NaYF4
(3 nm) @ NaYF4: 80% Nd (3 nm) and NaErF4@ NaYF4:10% Nd (6 nm), (e) NaErF4@
NaYF4: (4.5 nm) @ NaYF4:80%Nd(3 nm) and NaErF4@ NaYF4 (4.5 nm)@ NaYF4 (3 nm).
All the UCNPs have the same size but different shell thickness.

As indicated in our previous work1, the UC emission of NaErF4 system is very sensitive to
Nd3+,

which

plays

the

role

of

energy

trap

to

the

Er3+.

However,

in

the

NaErF4@NaYF4@NaYF4: 80% Nd core-shell-shell structure, the NaYF4 middle layer could
play as a barrier to protect the luminescence of Er3+ in the core. Obviously, due to the Nd3+
diffusion effect during the synthesis, this protection effect will be weakened. Therefore, it
offers an opportunity to quantitatively study the Ln3+ ions diffusion effect by adjusting the
thicknesses of NaYF4 barrier layer. Firstly, taking the NaErF4@NaYF4 (6 nm) nanoparticle as
a contrast, the UC emission intensity of NaErF4@NaYF4 (3 nm) @NaYF4: 80% Nd (3 nm) is
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strongly quenched, as shown in Figure S4c. This result indicates that the 3 nm NaYF4 barrier
layer is not thick enough to eliminate the harmful effect of Nd3+ ions. In other words, it is
reasonable to believe that some Nd3+ ions have passed through the barrier layer and diffuse
into the core area. On the other side, we can assess the extent of diffusion by another
comparison. As shown in Figure S4d, the UC emission of NaErF4@NaYF4 (3 nm)
@NaYF4:80% Nd (3 nm) nanostructure is much higher than NaErF4@NaYF4: 10% Nd (6
nm) nanostructure, which implies that the diffusion effect has already been significantly
inhibited (at least one order of magnitude) by 3 nm thick NaYF4 barrier layer. Furthermore, as
shown in the Figure S4e, by compared with the NaErF4@NaYF4 nanostructure, it can be seen
that if the thickness of barrier layer increased to ~ 4.5 nm, the harmful effect of Nd3+ in the
NaErF4@NaYF4@NaYF4: 80% Nd sandwich nanostructure can be completely eliminated.
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Figure S5. SEM images of the as-synthesized NaYF4@NaYF4: x%Yb,0.5%Tm@NaYF4
core-shell-shell nanoparticles with the changing concentration of Yb3+ from 20 to 99.5%. All
the scale bars are 200 nm.
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Figure S6 Cell viabilities of A549 cells treated with PUCNPs@TiO2. Error bars indicate
standard deviations, n = 3.
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Figure S7. Chemiluminescence intensity of FCLA treated with PUCNPs@TiO2 under (a) 980
nm and (b) 800 nm laser irradiation at different time, resectivly, power density = 0.5W/cm2.
Standard curve of ROS generation with the increase of PUCNPs@TiO2 concentration
under(c) 980 nm laser and (d) 800 nm laser irradation at 0.5W/cm2 power density for 5 min.
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Figure S8. Confocal microscopy images of A549 cells. The cells were incubated with
PUCNPs@TiO2 at 37 °C for 12 h and then treated with DCFH-DA(10 µM) at 37 °C for 20
min (a) control, (b) NPs only, (c) 800 nm and (d) 980 nm laser irradiation at 0.5W/cm2 power
density for 10 min. All scale bars are 50 µm.
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Figure S9. Representative histological H&E staining of various organ tissues collected from
different groups. All the scale bars are 50 µm.
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