
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Ratiometric Afterglow Nanothermometer for Simultaneous in Situ Bioimaging
and Local Tissue Temperature Sensing

Yang, J.; Liu, Y.; Zhao, Y.; Gong, Z.; Zhang, M.; Yan, D.; Zhu, H.; Liu, C.; Xu, C.; Zhang, H.
DOI
10.1021/acs.chemmater.7b01958
Publication date
2017
Document Version
Other version
Published in
Chemistry of Materials
License
Article 25fa Dutch Copyright Act (https://www.openaccess.nl/en/policies/open-access-in-
dutch-copyright-law-taverne-amendment)
Link to publication

Citation for published version (APA):
Yang, J., Liu, Y., Zhao, Y., Gong, Z., Zhang, M., Yan, D., Zhu, H., Liu, C., Xu, C., & Zhang, H.
(2017). Ratiometric Afterglow Nanothermometer for Simultaneous in Situ Bioimaging and
Local Tissue Temperature Sensing. Chemistry of Materials, 29(19), 8119-8131.
https://doi.org/10.1021/acs.chemmater.7b01958

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, P.O. Box 19185, 1000 GD Amsterdam, The Netherlands.
You will be contacted as soon as possible.

Download date:19 Aug 2026

https://doi.org/10.1021/acs.chemmater.7b01958
https://handle.uba.uva.nl/personal/pure/en/publications/ratiometric-afterglow-nanothermometer-for-simultaneous-in-situ-bioimaging-and-local-tissue-temperature-sensing(0a07112d-1a2b-4f8e-9114-109075b30fbc).html
https://doi.org/10.1021/acs.chemmater.7b01958


  

1 

 

Supporting Information  

Ratiometric afterglow nanothermometer for simultaneous in 

situ bioimaging and local tissue temperature sensing 

Jian Yang,
†
 Yuxue Liu,

†,
* Yangyang Zhao,

† 
Zheng Gong,

†
 Meng Zhang,

†
 Duanting Yan,

†
 

Hancheng Zhu,
†
  Chunguang Liu,

†
 Changshan Xu

†
 and Hong Zhang

§,
* 

†
 School of Physics, Northeast Normal University, 5268 Renmin Street, Changchun 130024, China.  

§ Van't Hoff Institute for Molecular Sciences, University of Amsterdam, P.O. Box 94157, 1090 GD Amsterdam, 

The Netherlands. 

Keywords: luminescence, sensor, nanothermometer 

* (Y. Liu). E-mail: yxliu@nenu.edu.cn 

* (H. Zhang). E-mail:  H.Zhang@uva.nl 

  



  

2 

 

 

 

Figure S1. Size distribution of ZGGO:Cr
3+

 nanoparticles 
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Figure S2. Tanabe–Sugano diagram for Cr
3+

 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
3+

 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 ZnGa′-GaZn
o
 antisite defects and VGa-Cr

3+
-VO defect clusters. 
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Figure S4. Temperature-dependent Rs′ and Ri′ values of photoluminescence (a) and NIR 

afterglow emissions (b) of the surface and interior Cr
3+

 ions existing in the nanoparticles. The 

red and blue lines stand for the fitting data. 
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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(Rs') and Ln(Ri') 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(Rs') and Ln(Ri') 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 Rs' and Ri' values related to the surface and interior Cr
3+

 

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
3+

 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
3+

 nanoparticles. (b) High-resolution 

TEM image of the marked area. (c) The energy dispersive spectroscopy (EDS) of silica-

coated ZGGO:Cr
3+

 nanoparticles. 
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Figure S12. (a) Cell viabilities of the control group, ZGGO:Cr
3+

 and ZGGO:Cr
3+

@SiO2 to 

L929 fibroblast cells measured by MTT assay. (b, c and d) L929 cell morphologies in control 

group, ZGGO:Cr
3+

 and ZGGO:Cr
3+

@SiO2 after 24 h treatment with the same concentration 

of 12.5 µg/mL, respectively. 
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Figure S13. (a, b) Temperature-dependent NIR afterglow spectra of ZGGO:Cr
3+

 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(Rs') and Ln(Ri') related to the surface 

and interior Cr
3+

 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 
2
E and 

4
T2 states of Cr

3+
. ∆Es and ∆Ei

 
are the energy gap between the bottoms of 

the 
4
T2 and 

2
E parabolas for the surface and interior Cr

3+
 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 
4
T2(

4
F)→

4
A2 emission to 

the 
2
E→

4
A2 emission of Cr

3+
 ions in zinc gallogermanate (ZGGO) nanoparticles as a 

nanothermometer. According to the temperature-dependent luminescence and afterglow 

emissions of ZGGO:Cr
3+

 RANTH, it can be found that the 
4
T2(

4
F) level is slightly higher than 

the 
2
E

 
level in the case of an intermediate crystal field strength as shown in Figure S2. For 

photoluminesce, the electrons in the excited 
4
T2(

4
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 
4
T2(

4
F) state. Therefore, 

in either case, the thermal equilibrium is reached between the 
2
E and 

4
T2 states of Cr

3+
 ions 

and it should be involved in the following three processes. Firstly, the excited electrons in the 

4
T2(

4
F) level will relax to the bottom of the 

4
T2(

4
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 
2
E state and reach to a thermal population distribution of the 

2
E 

state through a multiphonon relaxation. Finally, the thermally populated electrons of the 
2
E 

state with energy close to that at the crossover point transfer back to the 
4
T2(

4
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 
2
E and 

4
T2(

4
F) states of Cr

3+
 

ions can be reached.  

In kinetic theory, the total numbers of the populated electrons in the 
4
T2 and 

2
E states are 

N(
4
T2) and N(

2
E), respectively. According to Boltzmann’s distribution, the relation of the 

populated electrons in the excited 
4
T2 and 

2
E states can be expressed as equation (1): 

N(
4
T2)= N(

2
E)·exp( -∆E/ kBT)                                                                                                  (1) 
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where kB, T and ∆E are the Boltzmann constant, the absolute temperature and the energy gap 

between the bottoms of the 
4
T2(

4
F) and 

2
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 I∝N. On the basis of the study reported by Du 

et al., the intensity ratio (R) of the 
4
T2(

4
F)→

4
A2 emission to the 

2
E→

4
A2 emission can be 

expressed as equation (2): 

R = �( � 	�		� )
�( 
	� ) =

��
�� =

�(
2)��������
�(
1)��������

= �(��)����������
�(��)����������

exp �− ∆

���� =  ! ∙ exp �− ∆


���� ,                   (2) 

where 1 and 2 refer to the 
2
E-

4
A2 and 

4
T2(

4
F) -

4
A2 emissions, repectively. I1 and I2 are the 

luminescence or afterglow intensities. N1 and N2 are the population numbers. The values of 

c(v1) and c(v2) are the responses of the detection system. A1 and A2 are the branching ratios. 

$%&  and $'&  are the spontaneous radiative rates. g1 and g2 are the degeneracies. hv1 and hv2 are 

the corresponding photon energies. Here, for a small temperature-varying, C0 can be taken as 

a constant. 

  The NIR luminescence derives from the contributions of the 
2
E-

4
A2 and 

4
T2(

4
F)-

4
A2 

transitions of the surface and interior Cr
3+

 ions. Thus the I1 and I2 are rewrited as equation (3) 

and (4):  

(% = (%) + (%+ ,                                                                                                                               (3) 

(' = (') + ('+ ,                                                                                                                               (4) 

where (%) ((')) and (%+  (('+ ) are the intensities of the 
2
E-

4
A2 (

4
T2(

4
F)-

4
A2) emissions of the surface 

and interior Cr
3+

 ions, respectively. We define the theoretical intensity ratios (Rs, Ri) of the 

4
T2(

4
F)→

4
A2 emissions to the 

2
E→4

A2 emissions of the surface and interior Cr
3+

 ions, 

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

,) = -�.
-�.
=  ) ∙ exp �− ∆
.

����,                                                                                                       (5) 
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,+ = -�/
-�/
=  + ∙ exp �− ∆
/

����.                                                                                                        (6) 

Because the energy position of the 
2
E state of Cr

3+
 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 (I1). Thus the luminescence intensity ratios (R') of the 
4
T2(

4
F)→

4
A2 

transitions of the surface and interior Cr
3+

 ions to the 
2
E→

4
A2 emission from the total 

contribution of the surface and interior Cr
3+

 ions, ,)0  (surface) and ,+0 (interior), can be defined 

as equations (7) and (8):  

,)0 = -�.
-� =

-�.
-�/1-�.

=
2�.
2�.

%12�
/
2�.
= 34

%12�
/
2�.

,                                                                                                   (7) 

,+0 = -�/
-� =

-�/
-�/1-�.

=
2�/
2�/

%12�
.
2�/
= 3/

%12�
.
2�/

,                                                                                                   (8) 

where  

-�.
-�/
= ��(��.)���.��.

��(��.)���/��/
∙ ��.��/ =

% 5�.6
%
5�/7
∙ ��.��/ =

5�/
5�.
∙ ��.��/ ≈ 1/ ′.                                                                        (9) 

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

,)0 = 34
%1;＇ = ;.

%1;＇ ∙ exp �− ∆<.
���� =  )0 ∙ exp �− ∆<.

����,                                                           (10) 

,+0 = 3/
%1%/;＇ = ;/

%1%/;＇ ∙ exp �−
∆</
���� =  +0 ∙ exp �− ∆</

����.                                                     (11) 

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

(13): 

Ln(,)0) =  )00 − ∆<.
���,                                                                                                                (12) 



  

19 

 

Ln(,+0) =  +00 − ∆</
���.                                                                                                                (13) 

Here,	 )0,  +0,  )00 and  +00 are also the pre-positive constants, respectively. 

 


