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C
ellular events are marked by
changes in temperature.1,2 There-
fore, the ability to glean the tem-

perature of a single living cell, especially

that of a cancer cell, could have valuable re-

percussions leading to novel insight about

its pathology and physiology, in turn, con-

tributing to novel treatment and diagnoses.

A suitable biocompatible temperature

probe having minimal interactions with the

cellular constituents would ascertain the ef-

fects of temperature-related processes/

events including metabolic activity or ther-

mal stress due to exogenous irradiation.

Here, we report the first use of lanthanide

(Ln3�)-doped fluorescent nanoparticles as

versatile optical nanothermometers, and we

show the applications of these nanoparti-

cles in biological systems such as HeLa can-

cer cells.

Nanotechnology has provided new tools

to sense temperature, such as nanolithogra-

phy3 or using diverse nanomaterials includ-

ing carbon nanotubes (CNTs),4,5 silver nano-

spheres,6 and quantum dots (QDs).7,8 An

alternative method to sensing temperature

is to use fluorescent nanomaterials or nano-

particles whose emission band shape, peak

position, intensity, or lifetimes are affected

by temperature.9�12 In this context, fluores-

cent probes are ideal for use as cellular

nanothermometers since they provide high

spatial resolution at a time scale compa-

rable to that of many cellular processes. For

example, the fluorophores NBD (7-

nitrobenz-2-oxa-1,3-diazol-4-yl) and Laur-

dan (6-dodecanoyl-2-dimethylaminonaph-

thalene) have been reported to accurately

determine the temperature of single living

cells,13 and recently, a fluorescent hydro-

philic nanogel was reported, which could

determine intracellular temperatures within

0.5 °C.14 An alternative approach is to use

Ln3�-doped fluorescent materials, which

have shown the ability to act as thermal

probes.15�19 However, no studies of these

Ln3�-based probes have been performed

on liquids or on biological systems. The bio-

logical uses of Ln3�-doped nanoparticles

(NPs) including FRET-based biosensors, in

and ex vivo fluorescent imaging, as well as

therapeutic applications such as photody-

namic therapy have recently been

demonstrated.20�25 These NPs have at-

tracted considerable attention since they

possess the ability to emit light at higher

energies than the excitation wavelengths

(typically near-infrared). This multiphoton

process, known as upconversion, is the re-

sult of doping with Ln3� ions, which have

“real” electronic energy states with suffi-

ciently long lifetimes that can act as inter-

mediaries in this process.26 In comparison

to other two-photon absorption (TPA) na-

nomaterials, which require cumbersome

and expensive ultrafast lasers, Ln3�-doped

NPs can be stimulated using low power and

inexpensive near-infrared (NIR) lasers. More-

over, in comparison with other types of lu-
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ABSTRACT Acquiring the temperature of a single living cell is not a trivial task. In this paper, we devise a

novel nanothermometer, capable of accurately determining the temperature of solutions as well as biological

systems such as HeLa cancer cells. The nanothermometer is based on the temperature-sensitive fluorescence of

NaYF4:Er3�,Yb3� nanoparticles, where the intensity ratio of the green fluorescence bands of the Er3� dopant ions

(2H11/2 ¡ 4I15/2 and 4S3/2 ¡ 4I15/2) changes with temperature. The nanothermometers were first used to obtain

thermal profiles created when heating a colloidal solution of NaYF4:Er3�,Yb3� nanoparticles in water using a

pump�probe experiment. Following incubation of the nanoparticles with HeLa cervical cancer cells and their

subsequent uptake, the fluorescent nanothermometers measured the internal temperature of the living cell from

25 °C to its thermally induced death at 45 °C.
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nanoparticles · thermal sensing
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minescent nanoparticles, there is no effect on the ab-
sorption/emission maxima upon varying the particle
size. The upconverting nanoparticles are excited with
wavelengths in the tissue penetration window
(700�1000 nm), which is a necessity in the biological
milieu. Unlike other types of biologically inspired NPs
that are excited with high energy wavelengths, the use
of NIR is advantageous on several fronts. NIR light of
the appropriate wavelength is capable of deep tissue
penetration, will not induce fluorescence from any fluo-
rophore in the vicinity leading to increased resolution,
and is unlikely to damage the specimen under study.27

In particular, fluoride-based nanoparticle matrices
are receiving the most attention since the low-energy
vibrations of these hosts will not deactivate the lumi-
nescence and generally results in higher luminescence
efficiencies. Thus, in this paper, we demonstrate for the
first time that the temperature-sensitive green emis-
sion of fluorescent NaYF4:Er3�,Yb3� NPs could be used
as thermal nanoprobes for temperature sensing in liq-
uids and HeLa cervical cancer cells.

RESULTS AND DISCUSSION
The water-dispersible PEI-capped NaYF4:Er3�,Yb3�

NPs crystallize in the �-phase (cubic) with a mean par-
ticle size of ca. 18 nm.23 The NPs are capable of (up)con-
verting long-wavelength NIR light (920�980 nm) to
shorter wavelengths such as green and red (Figure
1A,B). This two-photon process occurs via energy trans-
fer from Yb3� ions to the fluorescent Er3� ions. The
Yb3� ions are efficient sensitizers since they possess
only one excited state (2F5/2) that is resonant in energy
with the 4I11/2 state of Er3�, the intermediate state in the
process (see Figure 1A). Furthermore, it has an extinc-
tion coefficient 10-fold larger than that of Er3�, although
it is still orders of magnitude smaller than organic dyes
and fluorophores.28 Thus, the Er3� ion is excited to its
4F7/2 state via two successive transfers of energy from
Yb3� ions in close proximity, promoting it from its
ground state (4I15/2) to the intermediate state (4I11/2)
and subsequently to the excited state (4F7/2).29 Figure
1B presents the emission spectrum of the erbium ion
(Er3�) in the green region at two different temperatures,
26 and 63 °C (�exc � 920 nm). The green emission con-
sists of distinct bands between 515 and 535 nm (cen-
tered at 525 nm) and 535 and 570 nm (centered at 545
nm) emanating from transitions from two excited states
(2H11/2 and 4S3/2, respectively) to the ground state. These
two states are in close proximity, essentially separated
by only several hundred wavenumbers, leading to a
thermal equilibrium governed by the Boltzmann
factor:30

where I525 and I545 are the integrated intensities of the
2H11/2 ¡ 4I15/2 and 2S3/2 ¡ 4I15/2 transitions, respectively,

C is a constant that depends on the degeneracy, spon-

taneous emission rate, and photon energies of the

emitting states in the host materials, �E is the energy

gap separating the two excited states, k is the Boltz-

mann constant, and T is the absolute temperature. This

leads to changes in the emission intensities of these

bands as a function of temperature. Thus, we can ob-

tain a thermometric scale for the temperature-sensitive

water-dispersible NPs (nanothermometers). We have

systematically investigated their emission spectra at

various temperatures. For this purpose, the solution was

placed on a heating mount attached to a fiber-coupled

confocal microscope (Olympus BX-41) connected to a

high-resolution spectrometer (iHR520). The solution

was optically excited at 920 nm by focusing a mode-

locked Ti:sapphire laser beam (Tsunami Spectra Phys-

ics) with a low numerical aperture objective. The excita-

tion intensity was well below 0.5 kW/cm2 to avoid any

pump-induced heating. Figure 1C shows the depen-

dence ln(I525/I545) on the inverse temperature, 1/T. In ac-

cordance with expression 1, a linear behavior is ob-

tained; the best fit being ln I525/I545 � 1.74 � 1028(1/T)

(T given in K). This clearly demonstrates that the tem-

perature can be accurately measured from the ratio of

the 525 and 545 nm fluorescent intensities in the tem-

perature range relevant for most biological systems.

In solution, the NaYF4:Er3�,Yb3� NPs can be used to

obtain “thermal images”. The thermal gradient created

through the absorption of a NIR laser beam by the sol-

vent (water) was investigated by means of a

pump�probe and confocal fluorescence microscopy

experiment (Figure 2A). The same confocal system as

described above was used. However, in this case, the

solution was mounted on a 100 nm resolution

motorized stage. It was laterally excited with a CW di-

Figure 1. (A) Simplified energy level diagram showing the relevant
states of the Yb3� and Er3� ions and the two-step upconversion excita-
tion mechanism. The temperature sensitivity of the NaYF4:Er3�,Yb3�

NPs occurs as a result of the closely spaced 2H11/2 and 4S3/2 energy
states. (B) Upconversion emission spectra obtained at two different cu-
vette temperatures (�exc � 920 nm) and (C) a plot of ln(I525/I545) vs 1/T
to calibrate the thermometric scale for the water-dispersible NaYF4:
Er3�,Yb3� NPs.

I525

I545
) C exp(-∆E/kT) (1)

A
RTIC

LE

www.acsnano.org VOL. 4 ▪ NO. 6 ▪ 3254–3258 ▪ 2010 3255



ode laser beam at 980 nm (a wavelength absorbed by

water) in order to produce a temperature increase in

the illuminated area as a result of water absorption. The

980 nm beam was focused into the solution by using a
single lens with a numerical aperture as low as 0.2, so
that optical trapping of the NPs can be neglected. This
beam was also absorbed by the NPs so that the emitted
upconverted visible fluorescence intensity (integrated
over all the different bands) was used to reveal the
pump shape profile (see Figure 2B, left panel). Simulta-
neously, a probe beam (Ar� laser beam at 488 nm, not
absorbed by water) was focused into the solution or-
thogonally to the 980 nm pump beam. This probe
beam was focused with the 10� microscope objective
of the confocal system. In this way, the same objective
collected the 488 nm excited luminescence generated
by the NPs. The collected fluorescence was analyzed by
the fiber-coupled spectrometer in order to ascertain
the temperature distribution along the pumped area
by monitoring the fluorescence I525/I545 intensity ratio
(Figure 2B, right panel). It can be clearly seen that the
highest temperatures, approximately 30 °C, occur
around the central area of illumination (focal point),
where the 980 nm absorption (upconverted lumines-
cence) is highest. At the same time, a temperature gra-
dient was observed from the non-illuminated area
(around 22 °C) to the central area of illumination (close
to 30 °C). Thus, the ability of the NaYF4:Er3�,Yb3� fluores-
cent NPs to record thermal gradient images of liquids
is clearly manifested.

The NaYF4:Er3�,Yb3� NPs were subsequently incor-
porated in a biological system in order to investigate
their thermometric ability. In previous work, we have
shown that the NaYF4:Er3�,Yb3� NPs can be internalized
quite efficiently by cervical cancer cells (HeLa).23 It is
therefore feasible to exploit the thermal sensitivity of
the 2H11/2 and 4S3/2 bands to create a nanothermome-
ter capable of measuring the internal temperature of a
living cancer cell. Thus, immortalized human carcinoma
cells were incubated for 1.5 h with the nanothermome-
ters, and the room temperature optical transmission im-
age of an individual HeLa cell was obtained. The cells
were placed in the confocal microscope described
above. In this case, the excitation beam (920 nm) was
focused with a 50� microscope objective into the point
marked in the transmission image of Figure 3 (in yel-
low) so that the upconverted (Er3�) fluorescence of the
NPs permitted the measurement of the inner HeLa cell
temperature (25 °C). The temperature of the cell was
varied by means of a metallic platform connected to a
resistor such that the cell temperature could be varied
by changing the applied voltage. The I525/I545 intensity
ratio of the nanothermometers changed with the ap-
plied voltage and permitted measurement of the inter-
nal temperature of the illuminated HeLa cell at each
corresponding voltage (Figure 3). The observed qua-
dratic dependence is reasonable since the Joule dissi-
pated energy varies with the square of the applied
voltage. Therefore, we are able to investigate the cellu-
lar changes occurring as a result of the external heating

Figure 2. (A) Schematic of the pump�probe setup used to measure
the temperature profile created by heating a colloidal solution of
NaYF4:Er3�,Yb3� NPs in water with a 980 nm diode laser (pump beam)
and subsequently scanned with a 488 nm Ar� laser (probe beam). (B)
Left: Confocal image of the 980 nm excited upconverted luminescence
(pump absorbed profile). Right: Thermal image of the spot created
by the 980 nm pump beam.

Figure 3. (Top) Optical transmission images of an individual HeLa cell
at three inner temperatures. Cell death is observed at 45 °C. (Bottom)
Temperature of the HeLa cell determined by the Er3� ion fluorescence
in the NaYF4:Er3�,Yb3� NPs as a function of the applied voltage.
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by means of transmission optical images of the illumi-
nated cells at different temperatures (Figure 3). At room
temperature (25 °C), the cancer cells show an irregular
shape, typical of such cells (green dotted outline). A
subsequent temperature increase to 35 °C does not pro-
duce any relevant changes in its morphology. How-
ever, increasing the temperature to 45 °C, a small mem-
brane fragment was observed, which is indicative of
cell death.

It is important to point out that these fluorescent
NPs could be used as dual-mode probes by providing
a means to not only measure the cellular temperature
but also impart the ability to image the cell. Effectively,

this points toward the versatility of such a multimodal
system, which possesses several advantages over other
fluorophores.

In summary, we have shown that fluorescent NaYF4:
Er3�,Yb3� NPs can be successfully used as nanother-
mometers. The ratio between the 2H11/2 ¡ 4I15/2 and 2S3/2

¡ 4I15/2 emissions of the Er3� ion provides an optical
method to measure temperature distributions (temper-
ature gradients) in liquids by means of confocal fluores-
cence. We have also shown the biological usefulness
of these nanothermometers by measuring temperature
changes of an individual cancer cell up to its thermally
induced death.

METHODS
Synthesis of NaYF4:Er3�,Yb3� Nanoparticles. The NaYF4:Er3�,Yb3�

NPs (2 mol % of Er3�, 18 mol % of Yb3�, respectively) were syn-
thesized via a solvothermal process.23 In a typical experiment, 3.6
mmol of NaCl (99.99%, Aldrich), 1.44 mmol of YCl3 · 6H2O
(99.99%, Aldrich), 0.036 mmol of ErCl3 · 6H2O (99.995%, Aldrich),
and 0.324 mmol of YbCl3 · 6H2O (99.998%, Aldrich) were dis-
solved in a 27 mL solution of ethylene glycol (99�%, Aldrich)
containing 0.45 g of branched polyethylenimine (Mw �25 000,
Aldrich) and stirred for approximately 60 min. Subsequently, a
solution of 17 mL of ethylene glycol with 7.2 mmol of NH4F
(99.99�%, Aldrich) was added to the initial solution containing
the chlorides and stirred for another 30 min. The resulting clear
solution was then placed in a 250 mL Teflon-lined autoclave
(Berghof/America) and heated with stirring for 24 h at 200 °C.
The resulting NPs were isolated via centrifugation and washed
twice with distilled water and ethanol. The NPs were then dried
under vacuum for 24 h. A 1 wt % colloidal dispersion in water
was prepared for all spectroscopic measurements.

X-ray Powder Diffraction (XRPD) Analysis. XRPD patterns were mea-
sured using a Scintag XDS-2000 diffractometer equipped with a
Si(Li) Peltier-cooled solid-state detector, Cu K� source at a gen-
erator power of 45 kV and 40 mA, divergent beam (2 and 4 mm),
and receiving beam slits (0.5 and 0.2 mm). Scan range was set
from 20 to 80° 2	 with a step size of 0.02° and a count time of
2 s. The sample was measured using a quartz “zero background”
disk.

Transmission Electron Microscopy (TEM) and Selected Area Electron
Diffraction (SAED). TEM measurements of the colloidal dispersion
of NPs were performed with a Philips CM200 microscope operat-
ing at 200 kV equipped with a charge-coupled device (CCD) cam-
era (Gatan). A minute amount of sample was dispersed in an ap-
propriate amount of water to yield an approximate 0.1 wt %
solution. A drop of the resulting solution was evaporated on a
Formvar/carbon film supported on a 300 mesh copper grid (3
mm in diameter).

Spectroscopy and Fluorescence Microscopy. Visible emission from
the NaYF4:Er3�,Yb3� NPs was obtained upon excitation with
three different lasers, a 980 nm CW diode laser, a Spectra Phys-
ics Tsunami fs Ti-sapphire pulsed laser (100 fs, 920 nm, and 80
MHz repetition rate), and a CW Ar� ion laser at 488 nm. Images
were obtained with a confocal fluorescence microscope (Olym-
pus BX-41) using a 50� objective with a numerical aperture of
0.75. The microscope was also used to record optical transmis-
sion images in order to allow for precise location of the excita-
tion spot on the sample (cell or cuvette). For spectral analysis, the
collected emitted light was focused into a fiber connected to a
high-resolution spectrometer (iHR520). Temperature variation of
the samples (cell or cuvette) was carried out by controlling the
electric power dissipated by a resistor attached to the sample.
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C.; Mortier, M. Scanning Thermal Imaging by Near-Field
Fluorescence Spectroscopy. Nanotechnology 2009, 20,
115703/1–115703/8.

A
RT

IC
LE

VOL. 4 ▪ NO. 6 ▪ VETRONE ET AL. www.acsnano.org3258


