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Figure S1. Size distribution of ZGGO:Cr’" nanoparticles
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Figure S2. Tanabe—Sugano diagram for Cr’" ion in an octahedral site. The position of the

intermediate crystal field strength (Dq/B = ~2.3) is marked by the green dash line.
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Figure S3. TSL NIR afterglow curve of the ZGGO:Cr’" RANTH monitored at 696 nm after 5
min UV-light irradiation. The heating rate was kept constant at 5 K/min over the temperature
range from 88 to 673 K. There might exist two mechanisms for the NIR afterglow emissions
originating from the conduction band transport process and the tunneling process,
respectively. The two mechanisms might be related to the shallow and deep traps, which are

attributed to the Zng,'-Gaz,’ antisite defects and Vg,-Cr' -V defect clusters.
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Figure S4. Temperature-dependent Ry" and R;’ values of photoluminescence (a) and NIR
afterglow emissions (b) of the surface and interior Cr’" ions existing in the nanoparticles. The

red and blue lines stand for the fitting data.



3 min
6 min
60 | ?2’“;:” :tft3e1r%l<')(w emissions
>
9
2 40
‘n
=
Q2
£ 5t
0 . 1 1 1 } 1 = 1
600 650 700 750 800 850
b Wavelength (nm)
3 min
60 I 6 min
9 min Afterglow emissions
— 12 min at316 K
S
g 40
Pl
‘»
o
E 20
O 1 L 1 1 1

600 650 700 750 800 850
Wavelength (nm)

Figure S5. NIR afterglow emissions recorded at various decay times after 5-min UV

irradiation at 310 K (a) and 316 K (b), respectively.
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Figure S6. Afterglow emissions of the RANTH-HSA solution (pH=7.5) monitored at 1 min
after stopping 10-min UV-light (256 nm) irradiation at various temperatures. The upper inset
shows a typical fitting result of the spectrum at 310 K. The bottom inset shows the
temperature-dependent Ln(Ry") and Ln(R;') values. The red and blue lines stand for the fitting

data using the equations expressed in the inset.
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Figure S7. Afterglow emissions of the RANTH-HSA solution (pH=8) monitored at 1 min
after stopping 10-min UV-light (256 nm) irradiation at various temperatures. The upper inset
shows a typical fitting result of the spectrum at 310 K. The bottom inset shows the
temperature-dependent Ln(Ry") and Ln(R;') values. The red and blue lines stand for the fitting

data using the equations expressed in the inset.
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Figure S8. Temperature-dependent Ry’ and R;' values related to the surface and interior Cr**
ions in the RANTH-HSA solution (pH=7). The red and blue lines stand for the fitting data

using the equation expressed in Figure S8.
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Figure S9. Temperature-dependent thermal sensitivity of the RANTH after X-ray re-

irradiation at 298 K and 313 K.
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Figure S10. In vivo NIR afterglow image of a C57BL/6 mouse with a subcutaneous injection
of ZGGO:Cr’" RANTH (2 mg) recorded at 3 h after stopping 5-min UV-lamp (254 nm)

irradiation (exposure time: 120 s).
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Figure S11. (a) TEM image of silica-coated ZGGO:Cr’" nanoparticles. (b) High-resolution
TEM image of the marked area. (¢c) The energy dispersive spectroscopy (EDS) of silica-

coated ZGGO:Cr’ nanoparticles.
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Figure S12. (a) Cell viabilities of the control group, ZGGO:Cr’" and ZGGO:Cr** @SiO, to
L929 fibroblast cells measured by MTT assay. (b, ¢ and d) L929 cell morphologies in control
group, ZGGO:Cr’" and ZGGO:Cr’* @SiO, after 24 h treatment with the same concentration

of 12.5 pg/mL, respectively.
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Figure S13. (a, b) Temperature-dependent NIR afterglow spectra of ZGGO:Cr’* RANTH in
the cases of 1- and 5-mm tissue depth. The insets of (a) and (b) show a fitting result of the
spectrum at 310 K. (c, d) Temperature-dependent Ln(R;") and Ln(R;’) related to the surface

and interior Cr’" ions in the cases of 1- and 5-mm tissue depth.
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Figure S14. Schematic configurational coordinate diagram for the thermal equilibrium
between the “E and *T, states of Cr’*. AE, and AE; are the energy gap between the bottoms of
the T, and °E parabolas for the surface and interior Cr'”" ions, respectively. The dark spot and
red loop stand for electron and hole, respectively. The violet hollow circle marks the relevant

thermal equilibrium processes.
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Supplementary theoretical model despcription

This section provides a detailed derivation of the analytical theory using the
photoluminescenc or afterglow emission intensity ratio (R) of the 4T2(4F)—>4A2 emission to
the 2E—*A, emission of Cr’" ions in zinc gallogermanate (ZGGO) nanoparticles as a
nanothermometer. According to the temperature-dependent luminescence and afterglow
emissions of ZGGO:Cr’* RANTH, it can be found that the “T,(*F) level is slightly higher than
the “E level in the case of an intermediate crystal field strength as shown in Figure S2. For
photoluminesce, the electrons in the excited “T,(*F) state are populated by those in upper
levels through a direct multiphonon relaxation upon UV or X-ray excitation as shown in
Figure S14. For afterglow emissions, the excited electrons in upper levels are captured by the
traps and a part of them are slowly released and transfer to the excited *T,(*F) state. Therefore,
in either case, the thermal equilibrium is reached between the “E and T, states of Cr’" ions
and it should be involved in the following three processes. Firstly, the excited electrons in the
*T2(*F) level will relax to the bottom of the *T,(*F) state and reach to a thermal population
distribution. Secondly, the thermal populated electrons with energy close to that at the
crossover point transfer to the ’E state and reach to a thermal population distribution of the ’E
state through a multiphonon relaxation. Finally, the thermally populated electrons of the *E
state with energy close to that at the crossover point transfer back to the *T»(*F) state. When
the number of the transfered electrons through the crossover point are equal to those of the
back-transferred electrons, the thermal equilibrium between the E and “T,(*F) states of Cr’"

ions can be reached.

In kinetic theory, the total numbers of the populated electrons in the *T, and “E states are
N(*T,) and N(CE), respectively. According to Boltzmann’s distribution, the relation of the

populated electrons in the excited *T, and E states can be expressed as equation (1):
N(*T,)= NCE)-exp( -AE/ kgT) (1)
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where kg, T and AE are the Boltzmann constant, the absolute temperature and the energy gap
between the bottoms of the *T,(*F) and “E parabolas, respectively. On the other hand, the
integrated luminescent intensity (I) is proportional to the number of the populated electrons
(N) and their relationship can be expressed as [o<N. On the basis of the study reported by Du
et al., the intensity ratio (R) of the *T,(*F)—"*A, emission to the E—*A, emission can be

expressed as equation (2):

_I(*Ty) L _ c(v))pshva N, c(vR)ph g2 hvaA; (_ AE) — Cn - ex (_ AE) Q)
I(ZE) 11 C(Vl)pzhlel C(Vl)nglhvli‘ll kBT 0 p kBT !

where 1 and 2 refer to the “E-*A, and *T,(*F) -*A, emissions, repectively. I; and I, are the
luminescence or afterglow intensities. N; and N, are the population numbers. The values of
c(v;) and c(v;) are the responses of the detection system. A; and A, are the branching ratios.
p and p} are the spontaneous radiative rates. g; and g, are the degeneracies. hv; and hv, are
the corresponding photon energies. Here, for a small temperature-varying, Cy can be taken as

a constant.

The NIR luminescence derives from the contributions of the 2E-4A2 and 4T2(4F)-4A2

transitions of the surface and interior Cr’" ions. Thus the I, and I, are rewrited as equation (3)

and (4):
L =I+1L, 3)
L=I+L, 4)

where I§ (I3) and I} (I}) are the intensities of the E-*A, (*T»(*F)-*A,) emissions of the surface
and interior Cr’" ions, respectively. We define the theoretical intensity ratios (R, R;) of the
4T2(4F)—>4A2 emissions to the 2E—>4A2 emissions of the surface and interior Cr’" ions,

respectively, as equations (5) and (6):

[

H

Ry ==2=C,-exp (— AES), (5)

kpT
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Ii AE;
R; = é = C; - exp (— kTT)' (6)

Because the energy position of the ’E state of Cr'* ions do not vary with the crystal field
strength as shown in Tanabe—Sugano diagram (Figure S2), it is difficult to distinguish the
interior and surface contributions of the integrated intensity of sharp emission peak at 696 nm.
We only obtain their sum (I;). Thus the luminescence intensity ratios (R') of the ‘T,(*F)—"A,
transitions of the surface and interior Cr’" ions to the 2E—>4A2 emission from the total
contribution of the surface and interior Cr’" ions, R; (surface) and R; (interior), can be defined
as equations (7) and (8):

5

RI — E — Ig — I{ — Rg (7)
ST T +rs T kTP
1 I S
3 &1
1
RI - 1% — 1% — E —_ Ri 8
T T T L ®
1 171 1+ 142
15 0
where

1 .
B _a®dhwipg N _ /i v _d N

i Y I A A | i~ s [
1 ci(v)hvipt Ni /r‘ Nji 77 Ni
1

~1/C'. )

For a small temperature-varying, 1/C’ or C' is taken as a constant, thus,

=l e (1) = e (-15) "
RL{ = 1+1R/iC 2 1+1C/iC e (_ %) - Ci’ P (_%)‘ "

To establish a linear relation, the equations (10) and (11) are rewritten as equations (12) and

(13):

! 12 AES
Ln(Rs) =Cs — KpT’ (12)
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AE;

LH(R{) = Ci” - m.

(13)

Here, C;, C/, C§' and C;' are also the pre-positive constants, respectively.
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