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1. Introduction

Heating single cells in culture has attracted an increasing interest 
these last years due to several seminal studies pioneering nano-
surgery,[1,2] cell poration,[3] cell fusion,[4] gene expression,[5] con-
trol of cell migration,[6] and neuronal spikes generation,[7,8] at the 
single cell level. All these studies contribute to the rise of two 
branches of research that could be named single-cell thermal 

Laser heating of individual cells in culture recently led to seminal studies in 
cell poration, fusion, migration, or nanosurgery, although measuring the local 
temperature increase in such experiments remains a challenge. Here, the 
laser-induced dynamical control of the heat-shock response is demonstrated at 
the single cell level, enabled by the use of light-absorbing gold nanoparticles as 
nanosources of heat and a temperature mapping technique based on quadri-
wave lateral shearing interferometry (QLSI) measurements. As it is label-free, 
this approach does not suffer from artifacts inherent to previously reported 
fluorescence-based temperature-mapping techniques and enables the use of 
any standard fluorescent labels to monitor in parallel the cell’s response.

Single Cell Analysis

biology and thermogenetics. Some of 
these studies were inducing a temperature 
increase at the (sub)cellular level using a 
laser illumination under a microscope, 
where light absorption was due to the cul-
ture medium itself, or to nanoabsorbers, 
such as plasmonic (usually gold) nanopar-
ticles dispersed at the vicinity of the cell, or 
on the inside.[3,4,6,9–15]

The main problem encountered by this 
branch of research is the difficulty to reli-
ably measure a temperature increase in a 
medium as complex as the cytoplasm. A 
dozen of high spatial resolution tempera-

ture microscopy techniques were developed this last decade, 
suited for cellular imaging.[11,12,15–23] Most of them are optical 
techniques, and especially based on fluorescence imaging. Flu-
orescence is indeed a physical quantity that is highly tempera-
ture dependent. However, using fluorescence for this purpose 
has two drawbacks: i) it already takes a fluorescence spectral 
window for cell imaging, which makes any other fluorescence 
imaging of the cell more complicated and, ii) more importantly, 
it was recently evidenced that using fluorescence as a means 
to measure temperature in living cells was bound to create 
artefacts,[24,25] mostly because fluorescence properties (inten-
sity, spectrum, life time, anisotropy) are not only temperature 
dependent. Many other factors affecting fluorescence can vary 
in the cytoplasm (pH, ionicity, viscosity, refractive index, etc.). 
For instance, some groups have reported endogenous (without 
any external heating) temperature variations inside single living 
cells by a few Kelvins, which were thought to be real, but which 
can be shown to be fully impossible by simple thermodynamic 
calculations.[17,26] Today, reliable and simple techniques are still 
lacking to enable these fields of research to blossom.

In this article, we demonstrate the ability of quadriwave lat-
eral shearing interferometry, a label-free microscopy technique, 
to dynamically monitor the photothermal-induced expression 
of proteins at the single cell level. We also highlight the inter-
ests of using gold nanoparticles as nanosources of heat in these 
kinds of study. As an illustration, we studied the textbook case 
of the heat-shock response of living cells.

2. Results

2.1. Heat-Shock Proteins and Transcription Factors

In response to heat stress, triggered by a temperature increase 
of just a few degrees, cells activate a highly conserved, powerful 
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adaptation mechanism called the heat shock response (HSR). 
Cells rapidly alter their gene expression programs that results 
in the repression of protein biosynthesis and the induction 
of several cytoprotective genes encoding heat shock proteins 
(HSPs), thereby conferring resistance to heat shock and rees-
tablishing protein homeostasis. Many HSPs function as molec-
ular chaperones to protect thermally damaged proteins from 
misfolding and aggregating, and to refold and repair misfolded 
proteins or target them for degradation. Regulation of the HSR 
is mediated by heat shock transcription factors (HSFs), where 
HSF1 plays a primary role in the transcriptional regulation of 
HSP expression.[27]

Stress-dependent activation and transcriptional regula-
tion mediated by HSF1 is a multistep process. Under normal 
conditions, inactive, monomeric HSF1, stabilized by interac-
tions with molecular chaperones is predominantly located 
in the nucleus, but shuttling between the nucleus and cyto-
plasm has been reported.[28] Under stress conditions, active 
HSF1 forms trimers, binds to DNA with its activity regulated 
by extensive post-translational modifications. HSF1 binds 
to the promoters of HSF1 target genes, termed heat shock 
transcription elements (HSEs), which contain three to six 
inverted nucleotide repeats of the sequence nGAAn, where 
n can be any nucleotide. A characteristic feature of the HSR 
is the binding of active HSF1 to linear satellite III repeats in 
chromosome 9 resulting in the formation of so-called nuclear 
stress granules.[29] The role of these stress granules is still 
unclear, but they correlate positively with the inducible tran-
scriptional activity of HSF1 in the cell. By fluorescent labeling 
of HSF1, the formation of these granules within the nucleus 
can be easily visualized using confocal fluorescence micro
scopy and serve as an effective reporter of the cells response 
to heat-shock.[30,31]

2.2. System under Study

The system under study consisted of retinal pigmented epi-
thelial (RPE) cells seeded on a dense array of gold nano
particles (as sketched in Figure 1a) that can deliver heat upon 
laser illumination and locally increase the temperature. In 
RPE cells, HSF1 were fluorescently labelled by cell transfec-
tion (see Experimental Section, cell fluorescent labeling). 
Gold nanorods were synthesized in house and were subse-
quently immobilized onto a glass coverslip (see Figure   1b 
and Experimental Section, gold nanoparticle synthesis). This 
gold-nanoparticle functionalized coverslips were subsequently 
glued onto a perforated dish, and the RPE cells were cultured 
in it. Note that despite the nanometric nature of the sources 
of heat, the temperature does not consist on nanometric hot 
spots. The temperature is rather smooth and continuous over 
the illuminated area due to thermal homogenization effects, as 
if the heat source was a continuous micrometric hot plate.[32] 
Due to this effect, the extension of the temperature distribu-
tion is Gaussian-like and its typical size matches the size of  
the laser beam. In our experiments, the laser beam could range 
from 500 nm (focused mode) to a few tens of microns (in the 
unfocused configuration, see section Experimental Setup in 
the Experimental Section).

2.3. Temperature and Fluorescence Measurements

Quadriwave lateral shearing interferometry (QLSI) is an optical 
imaging technique based on the use of a wavefront sensing 
camera capable of mapping the spatial profile of an optical wave-
front.[33–35] The camera consists of a regular CCD camera asso-
ciated with a modified Hartmann diffraction grating attached to 
the camera at a millimetric distance from the CCD sensor. This 
configuration creates an interferogram that is further processed 
to retrieve the shape of the incoming wavefront on the camera. 
QLSI was used for two purposes in this work: i) as a quanti-
tative phase imaging technique to image the cell morphology 
with high contrast,[36] as illustrated by Figure 2a (the wavefront 
distortion arises from the refractive index of the cell, different 
from the surroundings), ii) as a temperature microscopy tech-
nique as shown in Figure   2b. In this second configuration, 
the wavefront distortion comes from the temperature-induced 
variation of the refractive index of the heated medium. In a 
previous publication, we have shown how QLSI can be used to 
measure temperature profiles on the microscale.[37] We called 
this technique TIQSI for temperature imaging using QLSI. 
However, we have never used it before in a medium as com-
plex as the interior of a living cell. The algorithm we used to 
retrieve the temperature profile from the wavefront distortion 
is described in a previous publication.[37] In any QLSI measure-
ment, a first reference image has to be taken and subtracted 
to any image of interest to get rid of light beam imperfections.  
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Figure 1.  Description of the experimental approach. a) Schematic of the 
system under study: RPE cells adhered to a layer of gold nanoparticles 
(not to scale), which turn into heat sources under laser illumination. 
b) Scanning electronic microscopy (SEM) image of a gold nanoparticle 
substrate. Scale bar: 300 nm. c) Extinction spectrum of the coverslip func-
tionalized with gold nanoparticles.
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For cell imaging, this reference image is taken on a clear area 
(no cell over the field of view).[36] For temperature imaging, the 
reference image is taken exactly at the same location as the 
image of interest, i.e., with the cell of interest under the field 
of view, but with the heating laser off. This way, the wavefront 
distortion due to the presence of the cell goes in the reference 
image, and only the contribution of the temperature increase 
is measured. Since this technique is label-free, it offered us 
the possibility to conduct in parallel fluorescence measure-
ments without any restriction on the fluorophore properties, as 
shown in Figure  2c. This way, three images can be acquired in 

parallel: the cell morphology, the temperature distribution, and 
the distribution of HSF1 (see Figure  2).

The fact that the sources of heat are localized under-
neath the cells may result in a temperature gradient in the z 
direction throughout the cell. This effect can be reduced by 
increasing the laser beam diameter (see ref. [38], equation (7) 
for a detailed description). Note that attempt to achieve more 
uniform temperature profiles in the z direction by internalizing 
gold nanoparticles within the cell is not recommended, as it 
may create random, unknown, nonuniform nanoparticle distri-
butions within the cell, different from one cell to another, or 
even uncontrolled aggregations. Moreover, internalizing nano-
particles is invasive and may disturb the cellular response of 
interest.

2.4. Stress Activation in Single Cells

At 37 °C, the nuclei of RPE cells emit a rather uniform fluores-
cence, revealing a uniform nuclear distribution of HSF1 (see 
Figure 3a). Similarly to cells cultured 30 min in an incubator at 
42–43 °C,[30,39] fluorescent granules appeared in the illuminated 
cells under resistive heating, as observed in Figure  3b.

The most important benefit of heating single cells using 
laser illumination is the possibility to achieve fast dynamics 
on the subsecond time-scale. Figure 4 displays a series of suc-
cessive images of RPE cells undergoing heating and cooling 
phases. In all these examples, a constant laser power was used 
to maintain a temperature of 43 °C. In less than a minute, gran-
ules appear and their contrast keeps on increasing during a few 
minutes. Figure  4a shows two cells where only the heated cell 
(in the middle of the image) displays granules, while the cell 
that is not heated, a few tens of µm away, does not undergo 
any stress response (no granule appears). These trindoductory 
results evidence the possibility to activate the stress response 
in single cells upon laser heating, reproducing the observa-
tion conducted on large populations of cells with marcroscopic 
resistive heating.

Figure 5 plots the evolution of the granules’ fluorescence as 
a function of time for a single cell, as a means to monitor the 
heat-shock response of the cell. Three different laser intensities 
have been applied for 2 min (4, 8, and 12 mW) corresponding 
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Figure 2.  Presentation of the different imaging modalities of the exper-
imental setup. a) QLSI image of two living RPE cells. b) Temperature 
distribution measured using QLSI when a laser, 50 µm in diameter, is 
illuminating the cell. c) Fluorescence of the cell measured using con-
focal fluorescence microscopy, acquired in parallel with the temperature 
image. Scale bar for all images is shown in (a).

Figure 3.  Fluorescence measurements in RPE cells as a function of the 
temperature. a) Fluorescence image of RPE cells at 37  °C. The fluo-
rescence arises mainly from the nuclei and is rather uniform. b) Fluo-
rescence image of RPE cells, resistively heated at 43  °C inducing the 
formation of fluorescent granules within the nucleus, a sign of cellular 
heat-shock response.
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to temperatures of 39, 42, and 44 °C. The successive heatings 
were spaced by 1 min intervals. Each time, granules appeared 
at the same position within the nucleus. Interestingly, the rise-
time of the heat-shock response does not seem to depend on 
the laser power, i.e., on the magnitude of the stress. During the 
laser heating phase, in Figure  5b, the three line shapes overlap. 
Such an observation is consistent with a dynamics governed by 
the ribosome transcription speed, which is weakly temperature 
dependent. However, the heat-shock response neither stop nor 
even decrease when the heat stress is stopped. It may keep on 
progressing over a much longer time scale than the heating 
duration, especially for large temperature increase (case 42 °C). 
This observation shows that the transcription factor does not 
stop its activity when the stimulus disappears, but later, pre-
sumably when all the unfolded proteins have been repaired. 
This hypothesis will be further tested in a future study, where 
statistics will be carried out over a large amount of cells. Note 
that the dynamics of the granule disappearance also seem con-
stant over the investigated range of temperature. This overall 
time scale of the heat-shock response of a few minutes is 
consistent with previous studies.[40]

3. Discussion

The experimental approach introduced in this article cumulates 
four main advantages compared to other reported approaches, 
as listed hereinafter.

First, TIQSI does not suffer from the inherent artifacts of 
fluorescence-based techniques[24,25] and offers full flexibility on 
the use of fluorescence staining to observe other parameters of 
interest in the cells. This is what we illustrated with the HSF 

monitoring. Moreover, QLSI is fast (a few seconds per image in 
our case or even less depending of the camera).

Then, laser heating is the most natural and advantageous 
approach when microscale heating is desired in a transparent 
sample. It enables the remote heating over any area of the 
sample down to around 500 nm. This would not be possible 
using resistive heating of microwires for instance. Then, using 
gold nanoparticles as the absorbing medium offers three ben-
efits: i) when illuminating a single nanoparticle (not a dense 
carpet of nanoparticles), the size of the heated area can be 
reduced to the size of the nanoparticle. This benefit has been 
widely used in photothermal microscopy.[41] ii) The gold-nano
particle samples we used can be fabricated using a simple 
chemical approach. On the contrary, depositing an absorbing 
metal layer requires bulky, expensive apparatus. iii) The only 
interaction that exists between gold nanoparticles and light 
is absorption. Scattering is negligible if the nanoparticles are 
small enough[9] and reflection does not exist, unlike with a 
metal layer. Using a metal layer would thus yield a less effi-
cient heating and would even strongly damp the collected fluo-
rescence. This drawback is reduced using gold nanoparticles 
because they can be made resonantly absorbent only in the IR 
region and not in the visible region. This way, they will effi-
ciently absorb the infrared laser, but not the emitted fluores-
cence (see Figure  1d).

Moreover, compared to overall resistive sample heating, 
heating a reduced volume yields a reduced thermal inertia that 
enables faster temperature variations. When heating a single 
cell, say 10 µm big, the variations of the temperature can be as  
fast as ≈1 ms.[42] This is much faster than any cell response to 
temperature variations. Thus, temperature variations can be 
considered as instantaneous for the cell and the reference time 
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Figure 4.  Monitoring of the heat-shock response of three living cells a–c) heated at 44 °C. After around 1 min of heating, a couple of stress granules 
appear in the nuclei. In case (a), only the upper cell was illuminated. Scale bars: 40 µm.
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t = 0 is perfectly defined. This way, rapid processes can be quan-
titatively monitored, as illustrated in Figure  5. This also offers 
the ability to precisely study the couple of physical quantities 
time–temperature. Indeed, not only the temperature increase 
but also its duration are important when dealing with a heat-
induced cell damage for instance.[43]

Finally, when heating individual cells, one can simply either 
stress the cell in a physiological range of temperature values 
or injure it above 43  °C. This enables the investigation of the 
response of one cell or more cells to hazardous temperature–
time conditions, without taking the risk to affect or even kill 
the whole population of the sample. Thus, this approach can 

be time-saving regarding the number of samples that have 
to be prepared, with a higher throughput for a serial experi-
ments. More importantly, this approach enables the heating 
of subcellular compartments, by focusing the laser instead of 
expanding it over the whole cell area. Investigating the heat-
shock response of single cells when focusing the laser at the 
submicrometric scale will be the purpose of a next study.

4. Conclusion

To summarize, in this work, we monitored for the first time the 
photothermal-induced heat-shock response of cells in culture 
at the single cell level, and demonstrate how this task can be 
efficiently achieved using a synergetic approach based on  
i) temperature imaging using wavefront sensing and ii) gold 
nanoparticles as nanosources of heat.

Compared to a global resistive heating of the sample, our 
approach presents numerous benefits: i) It enables the study of 
subsecond time scales. ii) It is label-free and thus noninvasive 
(no need to tag the cells with temperature-sensitive fluorescent 
molecules). iii) It is not fluorescence-based, which implies that 
no constraint limits the choice of fluorescent labels to monitor 
the cell’s response. iv) Subcellular compartments can be heated, 
offering the possibility to address new biological relevant ques-
tions related to cellular stress mechanisms.

We hope this study could favor the development of a nascent 
field of research called thermal biology at the single cell level.

5. Experimental Section
Experimental Setup: The experimental setup used to perform laser 

heating on the microscale and acquire the fluorescence and temperature 
images of living cells is sketched in Figure 6. A Köhler illumination 
(KI) was positioned on top of the sample, illuminating the sample 
with a light emitting diode at 625 ± 9 nm (Thorlabs M625L3). The 
sample was composed of a glass bottom dish containing the cells and 
inserted in a Chalmide microscope stage incubator (TS) that regulates 
sample temperature (at 37 °C) and CO2 partial pressure. Two Olympus 
immersion-oil microscope objective lenses (MO) were used (100×, 
1.35NA and 40×, 1.3NA). A standard confocal microscopy configuration 
was implemented to construct fluorescence images. It was composed 
of a 488 nm laser, two fast galvanometric scanning mirrors (fSM) and 
an avalanche photodiode (APD). Confocal images were acquired using 
an original Labview program developed by Patrick Ferrand[44] and further 
adapted following the needs. Heating was performed using a Ti:Sapph 
laser (Millenia-Tsunami, Spectraphysics). The laser wavelength could 
be shifted from 710 to 880 nm to match the plasmonic resonance 
frequency of the gold nanoparticles. In the presented results, it was set 
at 785 nm. A manual rotative mirror was used to adjust the position of 
the laser spot on the sample, in the case of focalized heating. To heat 
over an extended area, much larger than the diffraction limit, the flip 
lens (FL) was removed so that the laser was focused in the entrance 
pupil of the objective lens (MO). This configuration produced a uniform 
laser illumination, the diameter of which could be adjusted up to a few 
tens of micrometers using the diaphragm (D). In the results presented 
in the manuscript, only the uniform illumination was used and the beam 
diameter was set to 50 µm.

Temperature Image Processing Using QLSI: Temperature images were 
processed using the linear version of the algorithm described in the 
previous work.[37] A Tikhonov parameter α  = 10−3 was used in order 
to remove the noise stemming from the deconvolution algorithm, and 
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Figure 5.  Dynamics of the heat-shock response of a single cell at dif-
ferent temperatures. a) Fluorescence imaging showing two nuclear stress 
granules upon heating at 44 °C. The image has been smoothed using a 
Gaussian convolution for the sake of clarity. b) Evolution of the mean 
fluorescence of the two granules as a function of time for three successive 
and different 1 min heating conditions: 44, 42, and 39 °C (heating laser 
diameter: 40 µm). One fluorescence image was taken every 6 s.
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to reduce the imperfections of the image due to the presence of the  
cell. The temperature maps and temperature values were measured  
z  = 3 µm, to better reflect the temperature inside the cell, and not at 
the glass/water interface. When global cell temperatures are specified 
in the manuscript (like 39, 41 and 44 °C), they consist of a temperature 
averaged over a square area of 30 × 30 µm2.

Gold Nanoparticle Sample Fabrication: Nanorods Synthesis Protocol: 
Material: Tetrachloroauric acid (HAuCl4, 3H2O), sodium borohydride, 
silver nitrate, HCl, NH4OH (32%), poly-(styrenesulfonate) (PSS, Mw 
70  000, 20 wt%) and poly(diallyldimethylammonium chloride) (PDDA, 
Mw  < 100  000), were purchased from Aldrich. Poly(vinylpyrrolidone) 
(PVP, Mw 40  000) was supplied by Fluka. Ascorbic acid, sodium 
chloride (NaCl), cetyltrimethyl ammonium bromide (CTAB), PDDA)  
(Mw 100  000, 20 wt%) were procured from Sigma. All chemicals were 
used as received. 96% pure isopropanol and Milli-Q grade water were 
used to prepare all solutions.

Gold Nanoparticle Sample Fabrication: Preparation of Gold Nanorods 
Solutions: The gold nanorods synthesis is adapted from the protocols 
developed by Nikoobakht et al.[45] and Liu et al.[46]

All the glassware were first cleaned with an aqua regia solution 
(HCl/HNO3—70/30) for 5 min, then washed with Mili-Q water and 
isopropanol and dried.

The gold seeds were synthesized by borohydride reduction of  
0.28 × 10−3 m HAuCl4 in an aqueous 0.1 m CTAB solution. 76 µL of the 
seed solution was added to the following growth solution (8 mL): 0.1 m 
CTAB, 0.5 × 10−3 m HAuCl4, 0.8 × 10−3 m ascorbic acid, and silver nitrate 
(0.08 × 10−3 m). The solution was then stored at 30 °C overnight.

Then, the as-prepared gold nanorods were functionalized with PVP. 
The excess of CTAB was discarded by centrifugation (8000 rpm, 20 min) 
and the gold nanorods were resuspended in Milli-Q water. The solution 
of the gold nanorods was added dropwise to a solution of PVP (10 g L−1)  

under vigorous stirring and leave overnight under gentle stirring. The 
PVP-functionalized gold nanorods were washed by centrifugation at 
4000, 5000, and 7000 rpm for 10 min. The supernatant was discarded 
and the particles were redispersed in isopropanol under sonication.

Gold Nanoparticle Sample Fabrication: Coverslip Functionalization: 
Before the deposition of the PVP-functionalized gold nanorods onto 
the surface of the coverslip, the latter has been recovered by 3 layers of 
polyelectrolytes as described in the work of Vial et  al.[47] 170 µm thick 
glass coverslips were first cleaned using base piranha solutions. Each 
coverslip was immersed for 20 min in a solution of PDDA (1 g L−1,  
0.5 m of NaCl), then 10 min in a solution of PSS (1 g L−1, 0.5 m of NaCl) 
and finally 10 min in a solution of PDDA (1 g L−1, 0.5 m of NaCl). Between 
each layer, the coverslip was rinsed with water and dried under N2 stream.

Gold Nanoparticle Sample Fabrication: Nanorods Deposit: The 
functionalized coverslips were immersed in a solution of PVP-gold 
nanorods for 3 h. The deposition was promoted via electrostatic 
interactions between the positively charged coverslip and the negatively 
charged gold nanorods. The slides were then rinsed with Milli-Q water and 
dried. In order to have only one side of the slide covered with nanoparticles, 
the other side was cleaned with a tissue soaked with ethanol.

Cell Culture: Transient transfection of cells was done using Lipofectamine 
2000 reagent (Invitrogen) according to the manufacturer’s protocol. We 
used 2 µg DNA of HSF-1-enhanced green fluorescence protein (EGFP) 
construct for transfection in 6-well format. Human HSF-1 was cloned 
into the vector pEGFP-N2, with the EGFP at the C-terminal. HSF-1 was 
cloned into the vector using the restriction enzymes Bgl II and Kpn I.[48] 
The transfection reagent and DNA were diluted in Opti-MEM medium 
and were added to DMEM:F12 medium (without penicillin-streptomycin 
solution). After an incubation of 4–6 h in presence of cells, the medium 
was replaced by fresh DMEM medium (without penicillin–streptomycin).

RPE1 cells were maintained in Dulbecco’s modified Eagle’s medium 
(DMEM:F12; Gibco) supplemented with 10% fetal bovine serum 
(FBS), 1% penicillin–streptomycin (Gibco) and 1% l-glutamine (Gibco) 
at 37  °C in an atmosphere of 5% CO2. To take cells in suspension 
they were washed with PBS and incubated with 2 mL of a trypsin/
ethylenediaminetetraacetic solution for 2 min at 37  °C until cells 
detached from the substrate. After being collected, the cells were 
centrifuged (5 min, 600 × g). The cell-pellet was resuspended in growth 
medium, counted and seeded onto gold nanoparticle-based substrates.

Prior to the optical experiments, cells are rinsed, immersed in a 
Leibovitz’s L-15 (Gibco) medium, without phenol red and a buffer 
solution. To favor cell adhesion, a poly-l-lysin coating was done on the 
gold nanoparticle substrate.
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Figure 6.  Microscopy setup used to perform laser heating on the micro-
scale and acquire the fluorescence and temperature images of living cells. 
KI: Köhler illumination; TS: thermal stage; MO: microscope objective lens; 
HPxxx, LPxxx: High-pass, low-pass filters centered at xxx nm; RM: Manual 
rotative mirror; D: diaphragm; FL: flipping lens; fSM: fast-scanning mirrors; 
QSI-WA: QLSI wavefront sensing camera; APD: avalanche photodiode.
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