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M
yriads of biochemical reactions

take place in the complex, com-

partmentalized cellular environ-

ment, creating and maintaining concen-

tration gradients and releasing free en-

ergy to drive a variety of cellular activities.

Unutilized energy is discharged as heat,

which in principle will result in elevated

local temperature. Cells can also generate

heat purposely; in this regard, mitochon-

dria have long been recognized as the

chief intracellular organelle for thermo-

genesis.1,2 Mitochondria also play a cen-

tral role in orchestrating diverse cellular

processes including energy metabolism3

and programmed cell death (apoptosis).4

Raising the local temperature not only

accelerates kinetic rates and shifts chemi-

cal equilibria, but also alters the physical

state of DNA and proteins,5 as well of other

biomaterials. Considering the complexity

of the intracellular environment, the

local temperature progression is likely to

be heterogeneous. This picture, however,

has hitherto not been experimentally

established.

Several approaches have been pro-

posed to detect cellular temperature re-

sponse using the emission intensity or

lifetime of organic dyes6,7 and transition-

metal ions.8,9 These pioneering works

were able to provide the average tem-

perature for individual cells. Compared

to organic dyes, quantum dots exhibit

superior brightness for detection, a broad-

er excitation profile for multiplexing,

and better photostability for long-term

studies.10�12 Furthermore, quantum dots

as temperature sensors are resistant to

pH and other environmental variations

that are expected to be prevalent inside

a cell. The spectroscopic characteristics of

quantum dots have been shown to be a

strong function of temperature both at

the bulk13 and at the single-particle14

levels. At elevated temperatures, for CdSe

nanocrystals, the lattice becomes dilated,

which in turn alters the electron�lattice

interaction to result in a red-shifted emis-

sion spectrum.15 The nanometer size of a

quantum dot ensures a rapid thermal

equilibrium with its environment;an im-

portant characteristic for time-dependent

studies. Since our preliminary disclosure

of the use of quantum dots for intracellu-

lar trmperature sensing,16 Maestro et al.

have reported the characterization of

quantum dot spectral shifts in cells under

two-photon excitation,17 whereas Vitrone

et al. have used Er/Yb-doped nanocrystals

to look at intracellular temperature in

HeLa cells with the pump�probe up-con-

version technique.18 In this work, we pre-

sent the complete experiment and ana-

lysis for the time-dependent response

of localized intracellular temperature for

prolonged periods following the chemical

calcium stress and the physical cold shock,

reporting the first experimental evidence
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ABSTRACT The local temperature response inside single living cells upon external

chemical and physical stimuli was characterized using quantum dots as nano thermometers.

The photoluminescence spectral shifts from endocytosed quantum dots were used to map

intracellular heat generation in NIH/3T3 cells following Ca2þ stress and cold shock. The direct

observation of inhomogeneous intracellular temperature progression raises interesting new

possibilities, including further innovations in nanomaterials for sensing local responses,

as well as the concept of subcellular temperature gradient for signaling and regulation

in cells.
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for the inhomogeneous local temperature progression

in cells.

RESULTS AND DISCUSSION

Quantumdotswith a central emissionwavelength at

∼655 nm were delivered into NIH/3T3 murine fibro-

blast cells using a commercially available QTracker

cell labeling kit. Since the internalized quantum dots

took up negligible volume fraction of a cell, their

contribution to the heat transfer process could be

omitted. The sample was mounted on an inverted

microscope (Figure 1a). The experimental setup re-

ported here used a 20� objective lens to give a

spatial resolution of ∼700 nm per pixel, constrained

by the far-field optics diffraction. It should be noted

that our approach in principle could attain a resolu-

tion beyond optical diffraction using off-line cen-

troid fitting19 with proper antibunching photon

statistics taken into account,20 limited only by the

size of a single quantum dot (∼20 nm).21 A typical

fluorescence image overlaid with a bright-field optical

transmissionmicrograph is displayed in Figure 1b, where

the width of the observation window was controlled by

the entrance slit opening of the spectrometer (set to 100

μm). The relatively wide slit width permitted a prolonged

study before the quantum dots moved out of observa-

tion window.

We first investigated chemically induced thermo-

genesis in single living cells. Ca2þ shock was used to

boost heat production,9 possibly by promoting the

activities of ion pumps and accelerating the respiration

rates.22,23 NIH/3T3 cells were incubated in standard

culture media with a Ca2þ concentration of ∼10�100

nM. Two minutes into each single-cell experiment,

ionomycin calcium complex (∼1 μM) was added to

elevate the intracellular concentration of Ca2þ.

Figure 2a displays a representative position-spectral

image snapshot, where the red dots represent auto-

matically detected and localized quantum dots. Similar

analyses were performed for subsequent frames, and

the quantum dots spots in a sequence of frames were

correlated using a software-based tracking algorithm

(Supporting Information). The spectrum from each

quantum dots spot along a correlated time trace was

analyzed and compared with the spectrum of the first

time points to extract the temperature shifts using the

previously published calibration parameter,14Δλ/ΔT =

0.105 nm/�C. The position-dependent temperature

changes for the data set shown in Figure 2a are

displayed in Figure 2b. It is apparent that the tempera-

ture inside the cell rose following the addition of Ca2þ

and that different regions of the cell exhibit different

temperature progressions (cf. Figure 2d). Figure 2b also

indicates that while most of the quantum dots did not

move significantly during the experiment, some

did travel over an appreciable distance especially

following the Ca2þ shock. The quantum dot move-

ments were attributed to the diffusion and innate

cellular activities, where the latter is expected to

amplify significantly upon addition of calcium ions.

To ensure that the observed spectral red-shift was

indeed due to an increase in temperature rather than

chemical modifications of the CdSe core by the Ca2þ

shock, controls were carried out to repeat the same

procedure but on fixed cells (see Supporting Informa-

tion for other controls, including pH and illumination

power). The results from four fixed cells are displayed in

the inset of Figure 2d, which shows clearly that the

intracellular temperature of fixed cells remained un-

changed upon addition of Ca2þ. Taken together, these

data suggest that the observed nonuniform tempera-

ture rise upon Ca2þ shock is correlated with the

physiological responses of a living cell.

A population-level analysis of the temperature

change was carried out. Figure 2c shows the ΔT

distributions before (green) and after (red) Ca2þ shock

combining all 31 cells examined with ΔTCa2þshock
before =

�0.14 ( 0.15 �C and ΔTCa2þshock
after = þ1.84 ( 0.27 �C,

respectively. Importantly, the apparent temperature

distribution after Ca2þ shock, σ̂(ΔTCa2þshock
after ) = 2.9 �C,

was found to be much broader compared to the

distribution before Ca2þ addition σ̂(ΔTCa2þshock
before) = 1.6

(p-value = 10�15). One notices on the distribution that

some of the measurements extended to negative

temperature change. Of the total 31 live cells exam-

ined, seven (23%) showed a decrease of average

cellular temperature, seven (23%) showed no signifi-

cant temperature change, and 17 (54%) showed a

temperature rise. The apparent negative temperature

response could be attributed to spectral readout errors

resulting fromextensive translocation of quantumdots

Figure 1. Experimental outline. (a) Schematic of the ex-
perimental setup, illustrating the essential optical pathways
in an inverted microscope. (b) A bright-field optical trans-
mission micrograph of cells overlaid with quantum dots
emission image, shown in red. The dashed vertical lines
indicate experimental observation window as determined
by the slit width (∼100 μm) of the monochromator. With a
20� objective lens, the observable region of the sample is
∼5 μm. The scale bar at the bottom left is ∼20 μm.
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(δ(ΔT)QDmovement ≈ 2 �C), which were not sufficiently

compensated for by image-based tracking (see Sup-

porting Information for error analysis). While the abso-

lute temperature readout, including the magnitude of

single-spot temperature shift measurements, could

not yet be ascertained with high confidence using

the current level of technology, these results provide

direct evidence for inhomogeneous temperature re-

sponse to Ca2þ-shock-induced thermogenesis inside

individual live cells.

To further illustrate the quantum-dots nano thermo-

meter capability, we developed a cold-shock assay to

investigate subcellular temperature responses to abio-

tic stress. The ambient temperature of the cells

was precipitously lowered from 37 to 15 �C using a

home-built Peltier thermoelectric cooling device (cf.

Figure 1a), and the intracellular temperature changes

were recorded for 15min, duringwhich time the Peltier

temperature was kept at 15 �C. The transient and

position-dependent temperature progression trajec-

tories in a typical cell are displayed in Figure 3a, in

which temperature changes are coded in color. As

observed in Figure 3a, the extent of quantum dot

movements in cold-shock experiments was far less

Figure 2. Chemical perturbation: Ca2þ shock experiments. (a) Representative snapshot of the raw position-spectrum
maps for the sample shown in Figure 1b. The ordinate is the quantumdot position index in units of camera pixels, and the
abscissa is the spectral index in units of pixels (0.144 nm/pixel). The positions of quantum dots were automatically
detected and marked by red dots enclosed by yellow circles. The position and wavelength of each quantum dot spot
were then determined by fitting the spectrum to a two-dimensional Gaussian profile. (b) Location-dependent
intracellular temperature progression as a function of time of the same cell shown in (a). The time point at which
ionomycin calcium complex was added, ∼120 s, is marked by an arrow. The uncertainties of position localization as
estimated from the Gaussian fitting are represented as shades of the temperature color; the more intense and the
narrower the vertical distribution, the more accurately the location is. Note the nonlinear spacing in the color code for
temperature shift. The same color code and scaling will be used for the remainder of this report for consistency.
(c) Statistics of temperature shift for the 31 cells examined, showing significant broadening of the temperature shift
distribution. Here, temperature shifts acquired between 30 and 100 s were categorized as “before Ca2þ addition”,
whereas those acquired between 350 and 450 s were categorized as “after Ca2þ addition”. Inset: Cell-by-cell variations in
temperature response to Ca2þ shock, showing that the majority of the cells exhibited increased temperature. (d) Local
temperature shift as a function of time for the cell shown in (a) and (b), showing heterogeneous temperature response
following Ca2þ shock. The uncertainties of the temperature measurement as estimated from the Gaussian fitting are
represented as shades of the temperature color; the more intense and the narrower the vertical distribution, the more
accurately the measurement is. Inset: Time-dependent local temperature shift of fixed cells, showing that no detectable
temperature response upon addition of Ca2þ.
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significant compared to that observed in Ca2þ-shock

studies (Supporting Information). Using the same col-

or-coding scheme, the local temperature progressions

following cold shock for 13 cells are displayed in

Figure 3b (live) and Figure 3c (fixed). In both cases,

the intracellular temperature decreased, as expected,

and reached a steady-state temperature after∼400 s. A

visual inspection of these two plots suggests that,

compared to fixed cells, live cells follow a shallower

cooling curve and reach a slightly higher steady-state

temperature with ΔTcold shock
live cell = �14.8 ( 0.51 �C and

ΔTcold shock
fixed cell = �15.3 ( 0.41 �C. Akin to Le Châtelier's

principle in chemical equilibrium, the live cells in the

cold-shock experiments exhibited a predisposition to

resist an abrupt shift to a colder environment, possibly

by activating uncoupling pathways that promote heat

generation.24�26 Additionally, the apparent tempera-

ture progression in live cells was more broadly distrib-

uted (p-value = 2.5� 10�10) with σ̂(ΔTcold shock
live cell ) = 4.48

�C compared to fixed cells with σ̂(ΔTcold shock
fixed cell ) = 3.09

�C. In this set of cold-shock experiments, as a control,

the cell on which the cold-shock studies were per-

formed was killed and fixed in situ. Then additional

series of cold-shock experiments were repeated on

the same cell. Hence, it is not likely that the observed

broader temperature distribution in live cells was a

result of different locations of quantum dot sensors in

different cells. These results, summarized in Figure 3d,

therefore further reinforce the concept of transient

inhomogeneous intracellular temperature response,

but in the context of a cold-shock physical per-

turbation.

CONCLUSION

There is no known mechanism for a cell to actively

dissipate excessive thermal energy; diffusion and

possibly convection27 are the primary means to pas-

sively remove the heat generated inside the cell. As

such, highly localized heat sources are expected to

create a subcellular temperature gradient. The direct

observation of local heterogeneous temperature pro-

gression presented here substantiates such a con-

cept. While micrometer- and nanoscale temperature

gradients have been shown to influence the devel-

opment of drosophila embryos28 and locally activate

temperature-sensitive ion channels in Caenorhabditis

elegans,29 respectively, it is now possible to put for-

ward the hypothesis that individual cells may also

utilize a transient thermal gradient for signaling with

the demonstrated technique of quantum-dots nano

thermometers.

METHODS

The details of the experimental approach and discussion are
described in the Supporting Information. Briefly, streptavidin-
coated quantum dots (QD655) were purchased from QDots/
Invitrogen and used as received. The NIH/3T3 murine fibro-
blast cells were purchased from the American Type Culture

Collection, CRL-1658, and cultured in a glass-bottom Petri dish

with high-glucose Dulbecco's modified Eagle medium (DMEM)

containing 10%bovine serumwith antibioticmixture. The Ca2þ-

shock and cold-shock experiments were conducted when cells
were at about 40% confluence. The time-lapsed digital images
were analyzed using a set of scripts written in MATLAB, making

Figure 3. Physical perturbation: cold-shock experiments.
(a) Position-dependent intracellular temperature progres-
sion as a function of time. Cold shock was turned on at t = 0.
The uncertainties of position localization as estimated from
the Gaussian fitting are represented as shades of the
temperature color; the more intense and the narrower the
vertical distribution, themore accurately the location is, and
vice versa. (b) Local temperature shift after cold shock as a
functionof time accumulatedover a total of 13 live cells. The
uncertainties of temperature measurement as estimated
from the Gaussian fitting are represented as shades of the
temperature color; the more intense and the narrower the
vertical distribution, the more accurately the measurement
is, and vice versa. The thick solid and the dashed lines in red
mark the mean and the standard deviation of the tem-
perature progression distribution, respectively, and serve
as an eye guide. (c) Analogous to (b) but with exactly the
same 13 cells fixed in situ. The thick solid and the dashed
lines in black are themean and the standarddeviationof the
temperature shift spread at each time point and serve as an
eye guide. To assist in visual comparison with (b), the mean
temperature progression from (b) is reproduced here as the
thick solid red line. The comparison suggests that on
average the live cells exhibit a shallower cooling curve upon
cold shock compared to fixed cells. (d) Statistics of cold-
shock response for the live and fixed cells, showing sig-
nificant broadening of the temperature shift distribution in
live cells. Here, temperature shifts acquired between 600
and 900 s were included in the statistical analysis.
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use of the standard library such as wavelet denoising and
automated spot finding. To take into account movements of
the image spots, we have also developed new model-free
tracking algorithms based on ideas in applied statistics and
information theory. The results of the model-free tracking
algorithm were refined by cross validation. The uncertainties,
accumulated from the raw data according to the usual error
propagation rules, were used to assess the confidence level of
the cellular thermogensis analysis, quantified by the p-value
statistics. Only statistically significant observations were re-
ported and discussed.
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