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Nanothermometry 
 
-  What is Nanothermometry? 

Nanothermometry aims to extract 
knowledge of the local temperature of a 
given system with sub-micrometric spatial 
resolution 

-  Why is it Important? 
Such knowledge is required for the 
complete understanding of micrometric 
and nanostructured systems whose 
dynamics and performance are strongly 
determined by temperature 
 



Uses of Nanothermometry 
 
-  Micro/Nano-Electronics 

-  Integrated Photonic Devices 

-  Biomedicine 

 
 

Color coded thermal image of a multi-
branched microfluidic circuit 
D. Ross, M. Gaitan and L. E. Locascio, Anal. Chem., 
2001, 73, 4117-4123 

Cell culture during gold nanoparticle mediated heating by an NIR laser beam  
B. Han, W. L. Hanson, K. Bensalah, A. Tuncel, J. M. Stern and J. A. Cadeddu, Ann. Biomed. Eng., 2009, 37, 1230-1239 

Thermal image of an opto-fluidic device using fluorescent dyes 
N. Ishiwada, S. Fujioka, T. Ueda and T. Yokomori, Opt. Lett., 2011, 36, 760-762.  



Nanothermometry in Biomedicine 
 
-  Fundamental Interest: Temperature plays a crucial role in most 

biosystems determining their dynamics and properties 
-  Cell division rates (i.e. determines rate of tissue growth) 
-  Drastically affects mechanical, structural and optical 

properties (i.e. leads to denaturation in proteins) 

-  Disease Detection: Vital for the early detection and treatment of 
many diseases  
-  First signatures of any given illness is the appearance of 

thermal singularities.  
-  In cancer, thermal singularity associated with incipient 

tumors becomes detectable when they reach a size 
consisting of thousands of cancer cells (i.e. when the tumor 
size is well below 1 mm) 



Types of Nanothermometers 
 

-  Electrical Nanothermometry 

-  Mechanical Nanothermometry 

-  Optical Nanothermometry 
-  Interferometry 
-  Reflection 
-  Raman 
-  Pyrometric 
-  Infrared 
-  Fluorescence/Luminescence  



Different Classes of Luminescence 
Nanothermometers 
 

-  Intensity Luminescence Nanothermometry  

-  Band-Shape Luminescence Nanothermometry  

-  Spectral Luminescence Nanothermometry 

-  Polarization Luminescence Nanothermometry 

-  Bandwidth Luminescence Nanothermometry  

-  Lifetime Luminescence Nanothermometry  

D. Jaque and F. Vetrone, Nanoscale, 2012, 4, 4301-4326 



Intensity Luminescence 
Nanothermometry 

-  Thermal sensing is achieved through the 
analysis of the luminescence intensity  

-  When temperature changes, there is an 
overall change in the number of emitted 
photons per second such that the emission 
spectrum becomes less (or more) intense  

-  Generally caused by the thermal activation 
of luminescence quenching mechanisms 
and/or increases in the non-radiative decay 
probabilities 

D. Jaque and F. Vetrone, Nanoscale, 2012, 4, 4301-4326 



Band-Shape Luminescence 
Nanothermometry  
-  Refers to the relative intensity between the 

different spectral lines that make up the 
luminescence spectrum  

-  Thermally induced variations in the band-
shape usually take place when the 
electronic states from which emission is 
generated are very close in energy such 
that they are thermally coupled  

-  Often referred to as ratiometric sensing 

-  Can be also present in mixed systems, i.e. 
systems containing more than one class of 
emitting centers 

D. Jaque and F. Vetrone, Nanoscale, 2012, 4, 4301-4326 



Spectral Luminescence 
Nanothermometry 
-  Based on the analysis of the spectral 

positions of the emission lines, which are 
unequivocally determined by the energy 
separation between the two electronic levels 
involved in the emission  

-  This depends on a large variety of 
temperature dependent parameters of the 
emitting material including: 
-  Refractive index  
-  Inter-atomic distances (density) 

D. Jaque and F. Vetrone, Nanoscale, 2012, 4, 4301-4326 



Polarization Luminescence 
Nanothermometry 
-  In anisotropic media, the emitted radiation 

is generally non-isotropically polarized  

-  Consequently, the shape and intensity of 
the emitted radiation are strongly 
dependent on its polarization 

-  Exploits the ratio between the 
luminescence intensities emitted at two 
orthogonal polarization states 

D. Jaque and F. Vetrone, Nanoscale, 2012, 4, 4301-4326 



Bandwidth Luminescence 
Nanothermometry 
-  The width of the various emission lines that 

make up any luminescence spectrum is 
determined by the properties of the material: 
-  Degree of disorder 
-  Temperature 

-  As the temperature of a luminescent 
material is increased, a corresponding 
increase in the density of phonons occurs 
resulting from the spectral contribution of 
homogeneous line broadening 

-  Near RT, homogeneous line broadening 
leads to a linear relationship between 
bandwidth and temperature  

D. Jaque and F. Vetrone, Nanoscale, 2012, 4, 4301-4326 



Lifetime Luminescence 
Nanothermometry 
-  Luminescence lifetime, τf, is defined as the 

time that the emitted luminescence intensity 
decays down to 1/e of its initial value after a 
pulsed excitation  

-  Indication of the total decay probability of the 
emitted intensity (this probability is defined as 
the inverse of the luminescence lifetime) 

-  Decay probabilities from electronic levels 
depend on many factors and many of them 
are related to temperature 
-  Phonon assisted energy transfer 

processes 
-  Multiphonon decays 

D. Jaque and F. Vetrone, Nanoscale, 2012, 4, 4301-4326 



Luminescent Nanoparticles 
 
-  Nanoparticles have demonstrated their 

significant potential in applications related 
to both diagnostics and therapeutics.  

-  Semiconductor quantum dots (QDs) are 
widely used in many fields 

-  Most nanoparticles are excited with UV 
light, which has several limitations 
-  Low penetration depths 
-  High autofluorescence 
-  Potential damage to specimens under 

study 

http://www.immunology.utoronto.ca/
FlowCytometry/FlowIntro.htm 

http://nanoe.ece.drexel.edu/wiki/index.php/
Quantum_Dot_Challenge 



Multi-Photon Excited Luminescent Nanoparticles 
 
-  Multi-photon excited luminescent nanoparticles are finding 

widespread use in nanomedicine 
-  Semiconductor quantum dots (QDs), gold nanorods (GNRs) are 

being used in two-photon imaging applications 
-  Excitation with NIR light (800-1000 nm): 

-  Increases tissue penetration depths 
-  Minimizes autofluorescence 
-  Does not have negative effects on biological specimens 



The Lanthanides 



The Lanthanides and Upconversion 
 
 

http://www.dcb-server.unibe.ch/groups/guedel/research/hug_upc_movie.htm 



Upconverting Lanthanide-Doped Luminescent 
Nanoparticles 
 
-  Goal: 

-  Synthesis of new luminescent Ln3+-doped nanoparticles and 
investigate their application to biology, specifically in 
nanothermometry 

-  Requirements: 
-  Small size with narrow particle size distribution 
-  Monodispersed 
-  Water dispersible and/or dispersible in aqueous media 
-  Biocompatible 
-  Appropriate surface functionalization 



Upconversion of Lanthanide-Doped Nanoparticles 

J. C. Boyer, F. Vetrone, L. A. Cuccia, J. A. Capobianco, J. Am. Chem. Soc., 128; 7444 (2006) 

NaYF4 nanoparticles co-doped with Er3+ (or Tm3+) and Yb3+ ions 



The Fluorides, Why MLnF4 (M = Na, Li and Ln = Y, Gd)? 
 
  Fluorides possess highest upconversion efficiencies among bulk 

materials 
 
  Upconversion reported from colloidal dispersion of various fluoride 

nanoparticles 

  NaYF4 
  NaGdF4 
  LiYF4 
  BaYF5 
  KY3F10 
  CaF2 
  GdF3 
  KGdF4 



Synthesis of Fluoride-Based Upconverting Ln3+-
Doped Nanoparticles 
 
  Three main synthesis strategies: 

1.  Prepare hydrophobic nanoparticles via thermal 
decomposition synthesis 
  Modify the surface for water dispersibility 

2.  Directly prepare hydrophilic nanoparticles via 
solvothermal synthesis 

3.  Rapidly prepare upconverting nanoparticles via 
microwave-assisted synthesis 



Thermal Decomposition 
 

R. Naccache, F. Vetrone, V. Mahalingam, L. A. Cuccia, J. A. Capobianco, Chem. Mater., 21; 717 (2009) 

1.5 mL/min 

  Trifluoroacetate precursors are 
added to a reaction flask of oleic acid 
and 1-octadecene heated to 310 °C 



Various Shapes and Morphology 
 KY3F10:Er3+, Yb3+ 

LiYF4:Tm3+, Yb3+ 

NaGdF4:Er3+, Yb3+ core / NaGdF4:Yb3+ shell 

V. Mahalingam, F. Vetrone, R. Naccache, A. Speghini, J. A. 
Capobianco, J. Mater. Chem, 19; 3149 (2009) 

 

F. Vetrone, R. Naccache, V. Mahalingam, Christopher G. 
Morgan, J. A. Capobianco, Adv.Funct.Mater.,19; 2924 (2009) 

V. Mahalingam, F. Vetrone, R. Naccache, A. Speghini, J. A. 
Capobianco, Adv.Mater.,21; 4025 (2009) 
UV to NIR luminescence, Nature Photonics, Research 
Highlights, Volume 3, Page 606, November 2009 



Solvothermal Synthesis 
 

−  Synthesize upconverting nanoparticles that can 
be dispersed directly in water 

−  No additional step required 
−  Prepared starting from the metal chlorides and 

NH4F and a capping ligand in ethylene glycol 
−  Ligands (e.g.) 

Polyethylenimine (PEI) – NH2 Groups 
Poly(sodium 4-styrenesulfonate) – SH Groups 
Polyacrylic acid – COOH Groups 

 
F. Vetrone, R. Naccache, A. Juarranz de roFuente, F. Sanz-Rodríguez, A. Blazquez-Castro, E. Martin Rodriguez, D. Jaque, J. García Solé, J. A. 
Capobianco, Nanoscale, 2; 495 (2010) 



Two-Photon Optical Imaging 

L. Martinez Maestro, E. Martín Rodriguez, F.  Vetrone, R. Naccache, H. L. Ramirez, D. Jaque, J.  A. 
Capobianco and J. García Solé, Opt. Express, 18; 23544 (2010) 
 
F. Vetrone, R. Naccache, A. Juarranz de la Fuente, F. Sanz-Rodríguez, A. Blazquez-Castro, E. 
Martin Rodriguez, D. Jaque, J. García Solé, J. A. Capobianco, Nanoscale, 2; 495 (2010) 



Two-Photon Optical Imaging 

HeLa Cancer Cell 



Er3+/Yb3+ Co-Doped Nanparticles 



Nanothermometry       Thermal Imaging – Why? 
  Tumors are “warmer” because their larger metabolic activity and 

also because the more intense blood circulation in its surroundings 

  Early detection of disease 

  Several years before a mammogram 

 http://www.breastthermography.com/breast_thermography_mf.htm 



Nanothermometer 

F.  Vetrone, R. Naccache,  A. Zamarrón,  A. Juarranz de la Fuente, F. Sanz-Rodríguez, L. Martinez Maestro, E. Martín Rodriguez, D. Jaque, J. García 
Solé, J.  A. Capobianco, ACS Nano, 4; 3254 (2010) 



NIR-NIR Multi-Photon Imaging 
 
  The advantages of NIR excitation light has been 

previously discussed 

  However, an optimal system with both excitation 
and emission wavelengths that lie within the 
optimal window for tissue penetration would be a 
powerful tool for future in vivo imaging and 
nanothermometry 

  The Tm3+ ion has a strong emission at 800 nm 



NIR-to-NIR Multi-Photon Imaging with CaF2:Tm3+, 
Yb3+ Upconverting Nanoparticles 
 

N.-N. Dong, M. Pedroni et al., ACS Nano, 5; 8665 (2011) 



CaF2:Tm3+, Yb3+ Upconverting Nanoparticles: 
Towards Multi-Modality 
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N.-N. Dong, M. Pedroni et al., ACS Nano, 5; 8665 (2011) 



Quantum Dots as Nanothermometers 
 
  CdSe/CdS or CdTe 

  PbS/PbSe (Chalcolgenides) 

  Core/Shell (PbS core/CdS shell) 

 

N.-N. Dong et al., ACS Nano, (In Press)  



QD Nanothermometers (CdSe)  

488 nm
CW

800 nm
100 fs

600 650 700

  

600 650 700

 

 

 

Wavelength (nm)

30 ºC
45ºC
60ºC

Wavelength (nm)

30 ºC
45ºC
60ºC

Em
itt

ed
 In

te
ns

ity
Em

itt
ed

 In
te

ns
ity

80
0	  
nm

650	  nm
MonochromatorBeam Splitter

HeLa Cell

Micro-‐heater
QDs

600 650 700

 0 min
 3 min

 

 

Em
itt

ed
 In

te
ns

ity
 (A

rb
. U

ni
ts

)

Wavelength (nm)

Δλ = 1.7 nm 

0 1 2 3

25

30

35

40

45

50

 

 

In
tr

ac
el

lu
la

r t
em

pe
ra

tu
re

 (º
C

)

Heating time (min)

L. Martinez Maestro, E. Martín Rodriguez, F. Sanz Rodríguez, M. C. Iglesias-de la Cruz, A. Juarranz, R. Naccache, F. Vetrone, D. Jaque, J. A. 
Capobianco and J. García Solé, Nano Letters, 10; 5109-5115 (2010)   

-  The two-photon excited emission 
of CdSe QDs show a double 
dependence of temperature 

-  Red shift of the emission 

-  Decrease in intensity 



QD Nanothermometers (CdTe)  

L. M. Maestro, C. Jacinto, U. S. Rocha, F. Vetrone, J. A. Capobianco, D. Jaque and J. García Solé, Small, 7; 1774-1778 (2011)  
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NIR-to-NIR Multi-Photon Imaging with CdTe QDs 

600 800 1000 1200

6

8

10

500 600 700
6
8

10
12

0 1 2 3 4

α
ex

t. (c
m

-1
)

Water

 

 

α
ex

t. (
cm

-1
)

Wavelength (nm)

Hemoglobin

 

 

Wavelength (nm)

 
 

Em
itt

ed
 In

te
ns

ity
 (A

rb
. U

ni
ts

)

Phantom Tissue Thickness (mm)

800 nm

900 nm

PT
QDs

(a)

(b)

1	  mm

U	  A	  M

Phantom	  Tissue

CdTe-‐QDs

Scanning	  objective

Two-‐photon	  luminescence
(800	  nm	  )

100	  fs,	  900	  nm

L. M. Maestro, J. E. Ramírez-Hernández, N. Bogdan, J. A. Capobianco, F. Vetrone, J. García Solé and D. Jaque,, Nanoscale, (In Press)  



Conclusions 

-  Multiphoton excited nanoparticles, (i) lanthanide-doped 
nanoparticles and (ii) semiconductor quantum dots are capable of 
(up)converting near-infrared light to higher energies. 

-  Can be synthesized by various techniques 
-  Thermal decomposition (requires subsequent surface 

modification) 
-  One-step solvothermal synthesis 

-  Microwave-assisted synthesis 

-  Can be used in various biological applications 
-  Biosensing 
-  Two-photon optical imaging 
-  Nanothermometry 
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