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A cell is a complex material whose mechanical properties are essential for its

normal functions. Heating can have a dramatic effect on these mechanical prop-

erties, similar to its impact on the dynamics of artificial polymer networks.

We investigated such mechanical changes by the use of a microfluidic optical

stretcher, which allowed us to probe cell mechanics when the cells were sub-

jected to different heating conditions at different time scales. We find that

HL60/S4 myeloid precursor cells become mechanically more compliant and

fluid-like when subjected to either a sudden laser-induced temperature increase

or prolonged exposure to higher ambient temperature. Above a critical temp-

erature of 52+18C, we observed active cell contraction, which was strongly

correlated with calcium influx through temperature-sensitive transient receptor

potential vanilloid 2 (TRPV2) ion channels, followed by a subsequent expan-

sion in cell volume. The change from passive to active cellular response can

be effectively described by a mechanical model incorporating both active

stress and viscoelastic components. Our work highlights the role of TRPV2 in

regulating the thermomechanical response of cells. It also offers insights into

how cortical tension and osmotic pressure govern cell mechanics and regulate

cell-shape changes in response to heat and mechanical stress.
1. Introduction
Cells exhibit a rich dynamic behaviour when subjected to mechanical stress. Over

the years, several theoretical approaches have been developed to describe cell

mechanical properties, although there is no unambiguously accepted theoretical

description as of yet. These approaches range from phenomenological models

that picture cells as a suitable combination of spring and dashpot elements [1,2]

to the scale-free power-law models that well characterize the physical stress

response of a large class of living cells [3,4]. To this end, a vast array of experimen-

tal techniques have been developed to study cellular mechanics. For example,

magnetic twisting cytometry and atomic force microscopy [5–7] have been used

extensively to probe local stress response of adherent cells, while micropipette

aspiration and microplate manipulation have been developed to assess global

mechanical properties of cells [8–10]. Comprehensive reviews of the different tech-

niques can be found in recent publications [11–13]. Among these techniques, the

microfluidic optical stretcher has emerged as a standard tool to probe whole-cell

mechanics in a non-invasive way [14], hence offering powerful insights into the

dynamics of non-adherent cells, for example during amoeboid migration [15,16].

Despite a great deal of research on cell mechanics, little is known about the

impact of heating on cells. Previous studies [17–19] showed that both adherent

and suspended cells, such as fibroblasts and leucocytes, soften with increased

temperature. By contrast, other studies [20] suggested that adherent cells become

stiffer and more solid-like with increased temperature, possibly owing to increased

contractile activity of molecular motors. The exact mechanisms for such
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2
temperature-induced cell stiffening or softening remain elusive.

In a similar vein, the impact of heating in cell deformation

studies with an optical stretcher has been given little attention.

Recent studies using fluorescence ratio thermometry [21]

showed that at a wavelength of 1064 nm, which is most often

used for optical trapping, 1 W of laser power will induce a heat-

ing of about 138C within a fraction of a second. Higher

wavelengths will be absorbed even stronger and lead to more

heating, roughly linearly proportional to the change in absorp-

tion coefficient of water. Further work quantified the impact of

laser heating on cell viability and calcium influx in an optical

stretcher [22,23]. A recent study [24] provided further insights

into how different time scales of heating may elicit different

cell mechanical responses in an optical stretcher.

This paper therefore attempts to shed new light on the topic

of temperature-induced changes of cell mechanical properties

by measuring suspended cells in an optical stretcher when sub-

jected to heating at various temperatures and time scales.

Integrating the microfluidic optical stretcher with a 1480 nm

heating laser and a heating chamber equipped with an adjusta-

ble heat source, we observed and characterized the degree of

thermal softening of cells in the passive viscoelastic regime.

Interestingly, we report striking evidence of active cell contrac-

tion whenever the overall temperature, independent of the

combination of chamber temperature or laser-induced tempera-

ture increase, rose above 528C. Such behaviour is correlated

with a calcium influx regulated by temperature-sensitive transi-

ent receptor potential vanilloid 2 (TRPV2) ion channels. We

showed that such a rheological transition from thermal soften-

ing to active cell contraction could be effectively modelled with

a mechanically equivalent circuit. Our findings highlight the

interesting role of TRPV2 ion channels in regulating cell mech-

anical properties and cell-shape changes in response to external

heat and mechanical stress.
Figure 1. Experimental set-up of a microfluidic optical stretcher. (a) Sche-
matic diagram of a microfluidic flow chamber ( phase-contrast image)
housed in a heating chamber, with optical fibres (left and right) arranged
perpendicular to the walls of a square glass capillary (top to bottom),
which contains cell suspension. Scale bar is 40 mm. (b) The momentum
transfer of light to the surface of the cell results in (mainly axial) optically
induced surface stresses, leading to the deformation of the cell along the
optical axis. In addition to the two counterpropagating trapping and stretch-
ing laser beams (1064 nm, blue), an additional 1480 nm laser beam (red)
was coupled into one of the optical fibres and co-propagated to irradiate
and heat the cell with minimal additional power. (c) Left: an HL60 cell
with radius r0 was trapped with a total power of 0.40 W in the optical
stretcher. Right (top): an increase in the 1064 nm laser powers to 1.00 W
led to a stretching of the cell along the laser axis, resulting in an increased
radius r0 þ Dr: The strain g(t) is then given by Dr/r0: Right (bottom):
applying 40 mW of 1480 nm heating laser led to a further axial strain
r0 þ Dr0: Scale bar is 5 mm.
2. Experimental methods
2.1. Optical stretcher set-up
The principle and set-up of the microfluidic optical stretcher

have been described extensively elsewhere [25,26]. Essentially,

the device is a dual beam laser trap capable of trapping and

deforming the cells through optically induced stress acting

on the cell surface. The microfluidic flow chamber, as shown

with a phase-contrast image in figure 1a, consists of two co-axial

optical fibres aligned perpendicular to a square glass capillary,

which delivers the cells in suspension. The chamber is then

mounted on an inverted phase-contrast microscope, which is

attached to a CCD camera for image acquisition. The flow of

cell suspension was adjusted through the relative difference in

heights of inlet and outlet reservoirs connected to the capillary.

The entire set-up was then enclosed in a heating chamber with

the chamber temperature controlled by the use of an infrared

lamp and heater. This allowed the cells to have sufficient time

(about 30 min) to adapt to the new chamber temperature

before being optically trapped and deformed.

In addition, the output of a laser diode operating at

l0 ¼ 1480 nm was spliced into one of the 1064 nm optical

fibres using a wavelength multiplexer, so that it can be operated

simultaneously with the 1064 nm fibre laser. The coupling of

1480 nm single beam to one of the 1064 nm dual beams pro-

vides almost instantaneous (within milliseconds) heating in

addition to cell deformation (figure 1b). As the temperature
increase scales linearly with absorption coefficient at a parti-

cular wavelength, the about 180 times higher absorption at

1480 nm compared with 1064 nm [27] means that the

1480 nm laser could be used to introduce significant heating

at minimal additional laser power, and consequently a negli-

gible amount of optically induced stress on the cells. In this

way, heating and stretching can be effectively decoupled.

In contrast to adjustments of the chamber temperatures,

this approach allowed us to probe temperature-dependent cell

rheology when the cells were heated over a much shorter

time scale. As shown in figure 1c, a cell can be effectively
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trapped and stretched with the 1064 nm stretch laser, with the

axial strain readily obtained for further analysis as discussed

in §2.2. Further application of the 1480 nm heating laser led to

a further change in cellular strain, which demonstrates the

working principle of the 1480 nm heating laser.

The laser-induced temperature increase inside the glass

capillary was measured using fluorescence ratio thermometry,

as described previously [21]. The method is based on measuring

the laser-induced fluorescence of a highly temperature-sensitive

dye (Rhodamine B) and a reference dye (Rhodamine 110) with

temperature-independent fluorescence. The ratio of the intensi-

ties of the two dyes scales linearly with temperature. By varying

the chamber temperature between 25 and 558C, the intensity

ratio was measured and converted into temperature values

using the established calibration. This allowed us to obtain a

precise measurement of the peak temperatures in the optical

trap when the 1064 nm and the 1480 nm lasers were operated

(see electronic supplementary material, figure S1). The increase

in temperature for 1064 nm stretch laser and 1480 nm heating

laser was measured to be 10.58C W21 and 2.28C dBmW21,

respectively, where the power PdBmW, measured in decibels of

power and the power PW, measured in W, are related by the

equation: PdBmW ¼ 10log10(PW)þ30.

2.2. Imaging and data analysis
A custom written LABVIEW software was used to track the tem-

poral evolution of the cell edge (figure 1c). Data for major axis

deformation r(t) were stored for every time-frame, while r0 was

evaluated as the mean length of major axis during the initial

trapping period. The time-varying axial strain gðtÞ ¼ Dr/r0,

as depicted in figure 1c, was then evaluated accordingly. The

optically induced stress was computed based on the general-

ized Lorenz–Mie model [28]. Once the peak stress s0 along

the laser axis was evaluated, the time-dependent creep

compliance J(t) could be readily obtained

JðtÞ ¼ gðtÞ
s0Fg

; ð2:1Þ

where Fg is a geometric factor that takes into account the cell

size and stress distribution [29].

Recent studies have shown that one can employ either the

power-law or the mechanical models to extract cell visco-

elastic parameters in the optical stretcher experiments

[4,16,30]. The equation for the power-law model is as follows:

JðtÞ ¼ J0
t
t0

� �b

: ð2:2Þ

Here, a value of b ¼ 0 gives Hooke’s law while b ¼ 1 corre-

sponds to complete viscous behaviour. t0 ¼ 1 s and J0 is

defined as the characteristic inverse Young’s modulus. b is,

therefore, a measure of the cell fluidity while J0 is a measure

of cell compliance. On the other hand, a simple mechanical

model, for example the standard linear liquid (SLL) model,

has been recently shown to characterize cell deformation for

blood precursor cells [16]. The model employs the following

equation for the creep compliance:

JðtÞ ¼ 1

h0

tþ 1

E1
(1� e�ðE1=h1Þt); ð2:3Þ

where h0 describes the steady-state viscosity of the model, h1

and E1 the transient viscous and elastic response, respectively.

In estimating changes in cell volume, we note that the

tracking of relative cell edge movement can be performed
with less than 40 nm precision. The percentage change in

cell volume was computed from the relative deformations

(cellular strains) along the cell major and minor axis, assum-

ing the rotational symmetry of a prolate spheroid, that is,

V ¼ ð4/3Þpa2b, where b and a represent the lengths of cells

along major and minor axis, respectively. For each optical

stretcher experiment, the number of collected cells was n � 30.

The cellular strain and compliance data are presented as

mean+ s.e.m. Representative strain and compliance data were

chosen from two or more independent experiments. In order

to correct for different cellular response owing to slight vari-

ations in cell cycle or nutrient concentration in a particular

batch of medium (e.g. HL60 cells have been reported to show

decreased strain with increased culture density [14]), data for

each power were taken over a number of days. To minimize

additional systematic errors, for example changes in cell

deformability with post-incubation period [30], cells were

stretched with a random sequence of powers for each exper-

iment. During stretching, a range of cell sizes were measured

to ensure the results were representative of the entire popu-

lation. Care was taken to exclude any irregular-shaped cells,

as they introduce unwanted rotations during stretching,

giving rise to ‘false’ deformations. The flow was adjusted and

always made to stop before trapping to minimize rotations

and wobbling before the start of a stretch. To avoid non-uni-

form pressure gradient that disturbs the flow, care was taken

to remove any air bubbles in the capillary and cell debris in sus-

pension. The latter was minimized by using rapidly growing

cells (logarithmic phase) for experiments or centrifuging cells

before experiment.

2.3. Cell preparation
HL60/S4 myeloid precursor cells were chosen as the model

cells for this study, because they naturally grow in suspension,

which means they are measured in their physiological environ-

ment in a microfluidic optical stretcher. The cells were

incubated at 37.58C with 5% carbon dioxide level. Cells were

chosen to be stretched when they were at their logarithmic

phase of growth, which occurred typically 36–48 h after resus-

pension. Trypan blue exclusion method was employed to check

for cell viability prior to every experiment. Cells were kept incu-

bated in vials and allowed to equilibrate at a specific chamber

temperature for 20 min prior to optical stretching experiments.

All optical stretching experiments were performed within 2 h

after the cells were taken out of the incubator. For calcium ima-

ging experiments, HL60 cells were loaded with 1 mM Fluo-4,

AM (Invitrogen, F14201) and incubated for 20 min at 258C.

Subsequently, the AM ester solutions were removed by cen-

trifugation and cells were resuspended in RPMI 1640 medium

or phosphate buffered saline (PBS) medium without calcium,

unless otherwise stated. For experiments on inhibiting TRPV2

ion channels, cells were measured in 10 mM ruthenium red

(Sigma-Aldrich, 84071) solution.
3. Results
3.1. Cells are more compliant at higher temperatures
To investigate the effect on cell deformation as it experiences

a sudden temperature jump, we conducted optical stretching

experiments using the 1480 nm laser set-up, where an instan-

taneous temperature jump within milliseconds was applied
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Figure 2. Passive viscoelastic cell deformation in response to heating. (a) Cellular strain as a function of time when the cells were stretched at 0.80 Pa by the
1064 nm laser and heated instantaneously to higher temperatures by the 1480 nm heating laser with chamber temperature kept at 258C. The red arrow indicates
increasing temperature owing to laser heating. (b) Cellular strain as a function of time when the cells were stretched at 0.64 and 1.00 Pa but subjected to an
increase in the chamber temperature. The blue arrows indicate increasing temperature owing to chamber heating. (c) Cellular strain along the major and minor axes
as a function of time when the cells were stretched at 1.00 Pa and 358C. (d ) Change in cell volume after 6 s of stretching. Data represent cells stretched at Toverall ,

528C. Mean change in cell volume ¼ 0.21% with s.e.m. ¼ 0.23%. (e) Cell compliance at 4 s into the stretch, J(t ¼ 4 s), plotted as a function of overall temp-
erature (Toverall ¼ Tchamber þ DTlaser): The line represents a linear fit to the data points, with R2 ¼ 0.95. ( f ) Cell fluidity, b, plotted as a function of Toverall.
Legends in (a,b) indicate Toverall. Grey bars along the time axis in (a – c) indicate the period of stretch.
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in addition to the deformation by the 1064 nm stretch laser, as

described in §2.1. Using the calibrated temperature increase

for heating by the 1480 nm laser, we observed an increase

in peak cellular strain along the cell’s major axis (parallel to

the laser axis) with increased laser heating ðDTlaserÞ, as indi-

cated by the red arrow in figure 2a. To investigate whether

a similar thermal softening behaviour is observed for cells

under prolonged exposure to heat, we stretched cells with

the same optical stress but subjected to higher chamber temp-

eratures. Figure 2b compares the strain curves for cells

stretched at 0.64 and 1.00 Pa, each subjected to an increase

in chamber temperature from 29 to 358C. Clearly, the peak

strain increased with increased chamber temperatures at

both stresses. Further experiments at higher stresses with

increased chamber temperatures revealed the same thermal

softening behaviour (not shown).

The temporal evolution of cellular strain along the minor

axis was also characterized (figure 2c, open circles). The cells

showed a negative strain in this direction, with the calculated
Poisson ratios very close to 0.5. This suggests that the cell

volume was conserved, assuming that the cells remained

rotationally symmetric in the form of a prolate spheroid

during the stretch. Indeed, no significant change in cell

volume was observed (figure 2d ) as long as the overall temp-

erature stayed below 528C. To compare changes to cell

material properties at different overall temperatures, we com-

puted the cell compliance at 4 s into the stretch J(t ¼ 4 s)

using equation (2.1), and the results are plotted in figure 2e.

Clearly, the cell compliance increased linearly with the over-

all temperature, suggesting that the cell compliance is only a

function of the absolute overall temperature, independent of

the time scales involved in the heat treatments. The thermal

softening effect is significant, with the cells experiencing a

marked fourfold increase in creep compliance as the tempera-

ture increased from 27 to 478C. The cell fluidity, b, can also

be obtained by fitting the creep compliance curves to the

power-law model from equation (2.2), and the results are

summarized in figure 2f. Here, we observed a low value of b
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hovering below 0.45, when the overall temperatures were

below 378C. Above the physiological temperatures, there

appears to be an onset of a nonlinear increase in the cell fluid-

ity, suggesting some form of a multiphasic response. To

conclude, in the presence of higher temperatures induced by

a sudden temperature jump or prolonged exposure to heat,

the cells were able to adapt and remodel themselves to

become more mechanically compliant and fluid-like.
3.2. Cells actively contract above a critical temperature
Interestingly, we observed a strange, unexpected cellular

response at much higher overall temperatures, independent

of the time scales of heat treatments. In the first set of exper-

iments, we heated up the cells with various powers of

1480 nm heating laser for 4 s, before stretching them at a con-

stant stress of 0.80 Pa. The results of cellular deformation

(along cell major axis) against time at various overall
temperatures are shown in figure 3a. The initial increase in cel-

lular strain at higher temperature (yellow to gold) was

indicative of thermal softening behaviour, as discussed in the

previous section, but at even higher temperatures the cells

began to exhibit contractile behaviour along the major axis

(orange and red). The transition temperature was observed to

occur at around 52+18C. To further investigate whether the

observed contraction was indeed induced by heat and occurred

only at this particular temperature, we carried out optical

stretching experiments where the temperature increase was

adjusted through raising the chamber temperature. As shown

in figure 3b, cells showed normal viscoelastic deformation

(light blue) when first stretched at 1.80 Pa at a chamber temp-

erature of 238C. When the cells were stretched at the same

stress but at higher chamber temperatures of 29 and 358C
(medium and dark blue), we observed an initial deformation

followed by a contraction along the cell major axis. The same

transition to contraction at elevated chamber temperatures
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was also observed for other stretch powers. Using the predeter-

mined calibrated temperature increase (10.5+18C W21 for

1064 nm stretch laser), we arrived at the same observation

that cell contraction occurred only when the overall tempera-

ture rose above 52+18C. We note that the results were

striking given that the same active contraction was observed

independent of how the cells were heated, specifically the

time scales involved.

The temporal evolution of cellular strain along the minor

axis (figure 3c, open circles) showed that the negative strain

rate did not extend throughout the stretch. Instead, it reached

a peak negative strain before assuming a positive rate of

strain. The peak strains along both the major and minor

axis occurred at around the same time (approx. 3–4 s). Inter-

estingly, despite its contraction along the major axis, the cell

expanded in volume. The change in cell volume throughout

the stretch was significant (4.39+ 0.31%), as shown in

figure 3d, which is in contrast to the non-contracting cells

which underwent normal viscoelastic deformation at lower

overall temperatures (figure 2d ).

We followed up with a series of experiments to systemati-

cally investigate the cellular response over a range of overall

temperatures achieved through various combinations of

laser-induced heating and adjustment of chamber tempera-

tures. The results are depicted in a schematic phase diagram

(figure 3e) with the space spanned by two parameters DTlaser

and Tchamber denoting laser-induced temperature increase

and the chamber temperature, respectively. Notably, we

observed active cell contraction (orange symbols, blue region)

whenever the overall temperature, independent of

the combination of chamber temperature or laser-induced

temperature increase, rose above 528C. On the other hand,

when the overall temperature was below 52+18C (green sym-

bols, white region), we observed only passive, thermal

softening behaviour characterized by an increase in cell compli-

ance and fluidity with increased overall temperature. We

therefore termed this region as active cell contraction to distin-

guish this behaviour from the passive viscoelastic softening

behaviour at lower overall temperatures.

To determine whether mechanical stress plays a role in dic-

tating the peculiar response of cells at elevated temperatures,

we mapped the cellular response in another schematic phase

diagram spanned by the overall temperature Toverall and the

optically induced stress s0Fg. As shown in figure 3f, the tran-

sition from passive viscoelastic deformation to active cell

contraction at 528C depends only on the overall temperature

but not the magnitude of optically induced stress exerted by

the 1064 nm stretch laser. This suggests that the observed

active contraction was triggered by a heat-sensitive mechanism

instead of a specific response to a large mechanical stress.

More specifically, this implies that the cell actively contracts

regardless of the amount of axial strain it experiences, as

shown in figure 3a where contraction was seen to occur at

very small peak strain (4%).

3.3. Temperature-sensitive TRPV2 ion channels regulate
cell mechanical response

Motivated by a recent paper on the role of calcium in regulating

cell mechanics at elevated temperatures [23], we hypothesized

that calcium influx could perhaps lead to enhanced myosin

activity and the observed cell contraction above 528C. To test

this hypothesis, separate experiments were performed in
different media, namely PBS with or without free calcium ions

and in RPMI 1640 medium enriched with 0.42 mM of free cal-

cium ions. The results of the experiments are shown in figure

4a. When the cells were stretched with 2.00 Pa at 258C, which

corresponds to an overall temperature of 528C, cell contraction

was only observed in the presence of extracellular calcium

ions, indicating a crucial role of calcium in cell contraction.

The difference in refractive index between PBS and RPMI is

small (nPBS¼ 1.334, nRPMI¼ 1.338), so the difference in optically

induced stress on the cells in both media is negligible. Further-

more, the measured osmolalities for PBS with calcium

(282 mOsm kg21 H2O) and without calcium (300 mOsm kg21

H2O) are comparable, so the change in cellular response is not

likely to be a result of a change in osmotic condition.

We speculated that the observed cellular contraction must

be attributed to calcium signalling. As such, we performed

calcium imaging experiments on cells loaded with the Ca2þ

dye Fluo-4. Images of the fluorescent cells can be found in

the electronic supplementary material, figure S2. When we

stretched the cells with 2.00 Pa at 258C, which corresponds

to an overall temperature of 528C, we observed a pronounced

increase in fluorescence intensity in the cell (figure 4b, blue),

though no significant change in fluorescence intensity was

observed for cells stretched below this critical temperature.

This indicates that cell contraction may be caused by calcium

influx triggered by heat. A plausible mechanism may be

owing to the activation of temperature-sensitive TRPV2 ion

channels which have been reported to have the highest opening

probability at approximately 528C [31,32]. Expression of such

proteins in HL60 cells has also been positively confirmed in

the past [33,34]. To this end, we added 10 mM of ruthenium

red to the cells prior to stretching. Ruthenium red has been

reported to be an effective blocker of TRPV2 channels [35].

When stretched with an overall temperature of 528C, we

observed only a low baseline fluorescence in the cell (figure

4b, magenta), indicating that no measurable amount of Ca2þ

entered the cell. Simultaneous imaging of cell deformation

also showed normal deformation without contraction. This

suggests that TRPV2 channel activation is the primary pathway

for calcium influx and regulates the thermomechanical

response of HL60 cells. When we performed the same optical

stretching experiments under the same experimental conditions

but in calcium-free PBS medium, cells again displayed only low

baseline fluorescence throughout the stretch (similar to figure

4b, magenta), indicating that the observed increase in fluor-

escence intensity was very likely owing to the influx of

extracellular calcium ions and not through intracellular release

via internal stores.

Apart from driving cell contraction, the influx of calcium

ions could generate an osmotic potential that drives the inflow

of water, leading to the subsequent expansion of cell volume,

as shown for a representative contracting cell in figure 4c
(blue). Specifically, there was a time lag between the onset of

calcium influx which occurred immediately after the stretch at

t ¼ 2 s and the onset of volume expansion (t ¼ 4 s). Interest-

ingly, cells treated with ruthenium red showed no contraction

along the major and minor axes and no significant change

in cell volume (magenta) throughout the stretch period. Further

analysis for a sample population of cells for both cases is

depicted in figure 4d. The contracting cells expanded signifi-

cantly (4.85+0.60%) after the stretch, while no significant

volume change was observed for cells treated with ruthenium

red or immersed in calcium-free medium (0.56+0.48%). The
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Figure 4. Mechanism of thermomechanical response. (a) Cellular strain as a function of time when the cells were stretched with 2.00 Pa at 258C, in PBS (with and
without calcium) and RPMI. (b) Relative fluorescence intensity (F/F0) for representative control cells (blue) and cells treated with ruthenium red (magenta), as a function
time, when loaded with Ca2þ dye Fluo-4 and stretched in calcium-rich PBS at Toverall � 528C. (c) Change in cell volume for a representative control cell (blue) and a cell
treated with ruthenium red (magenta), when stretched at Toverall � 528C. (d ) Box plots showing the change in cell volume for control cells (blue) and cells treated with
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picture emerging from our results is schematically summarized

in figure 4e. Our data suggest a strong correlation between the

three variables. While the calcium influx, through the activation

of TRPV2 ion channels, may directly impact cell contraction

along the cell major axis, it also correlates with overall cell

expansion in its volume, albeit a delayed response. To conclude,

we have identified TRPV2 ion channels as a crucial player in reg-

ulating cell mechanics and cell-shape changes in response to

external heat in the presence of extracellular calcium ions.

3.4. Theoretical modelling of thermorheological
behaviour

The rheological transition from thermal softening to active

cell contraction can be described by a mechanically equival-

ent model (figure 5a), which essentially consists of a SLL
component in parallel with an elastic element EM(t) originat-

ing from the effective cell elasticity generated by the cell

cortical tension T. Indeed, the deformation of the cell from

its initial spherical shape leads to an expansion of the cell sur-

face resisted by its surface tension. Assuming that the optical

stretcher applied a pressure profile s(u) ¼ s0cos2u, where u is

the meridional angle in a polar coordinate where the polar

axis is aligned with the laser optical axis, and furthermore

assuming cell volume conservation, one finds an effective

elastic modulus EM ¼ ð24/pÞðT/RÞ resisting cell deformation,

with R the cell radius. In addition,h0 represents the effective cel-

lular long time-scale viscosity, possibly originating from

molecular slip between the transient cross-linkers in the cytos-

keleton, h1 represents the transient viscous effect possibly

arising from the poroelastic effect [36], while E1 represents

the elastic response within the cytoskeleton. Because EM is
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associated with the cell cortical tension generated mainly by

the myosin II activity, it is expected to be significant at a

long time scale compared to cytoskeletal turnover events [37].

We numerically solved the equations of the mechanical

system under constant external force at temperatures below

and above the critical temperatures (see the electronic

supplementary material).

We assumed that at low temperatures when the cells

experienced no calcium influx during the short period of

stretch (4 s), the effective elastic modulus EM remained

approximately constant during the stretch. In this case, the pre-

dicted creep response consisted of three regimes: a very fast

elastic response, a slowing down of the deformation followed

by a viscous flow, in line with the experimental observation.

A numerical fit to the strain curves at 36 and 498C, as shown

in figure 5b (blue and red lines), allowed us to extract the var-

ious viscoelastic parameters as tabulated in figure 5c. Our

results predicted two changes to cell material properties at

higher temperatures. First, there is a drop in the steady-state

viscosity h0, indicative of a more latent fluid-like behaviour

at long time scales at higher temperatures. Second, there is a

concomitant decrease in EM, suggesting that at a higher temp-

erature, the drop in cell compliance is also associated with a

reduction in cell cortical tension.

Above the critical temperature when the TRPV2 ion chan-

nels get activated, we assume that the dominant effect of

calcium influx is the formation of calcium–camodulin com-

plexes which triggers extensive myosin phosphorylation and

generates large cell cortical tension [38,39]. We assume that

this leads to a time-dependent, effective elastic modulus

EM(t) with a temporal profile that is linearly proportional to

the calcium influx indicated by the average fluorescence inten-

sity I(t) (representative curves are depicted in figure 4b).

Specifically, this leads to EM(t) ¼ aI(t) ¼ Emo þ Emt(t/t0)g,

where t0 is assumed to be 1 s and Emo and Emt represent the
static and dynamic terms, respectively. The exponent g follows

from I(t), which was found to scale with a power-law form,

I(t) � tg with g ¼ 1.298+0.062. Incorporating this final form

of EM(t), the numerical solutions predict a transition from an

initial viscoelastic deformation to a subsequent contraction

within a few seconds (figure 5b, black), in agreement with

our experimental observations of a delayed response between

the initial calcium influx and the effect of phosphorylation. Fur-

thermore, by performing a good fit to the strain curve at 538C,

as shown in figure 5b (black line), we are able to extract all the

five viscoelastic parameters, as shown in figure 5c.
4. Discussion
Our results demonstrate clearly that an increase in ambient

temperatures in and around a suspended cell can significantly

impact its material properties, making it more mechanically

compliant and fluid-like. Previous studies [17,19,40,41]

observed similar thermal softening behaviour using a

number of techniques on both adherent and suspended cells,

such as fibroblasts and leucocytes. Interestingly, other studies

indicated the opposite effect of thermal stiffening with adher-

ent cells grown on culture dishes [20,42], possibly owing to

increased contractile activity of molecular motors leading to

enhanced cellular prestress and stiffness. This was not the

case in our measurements, where cells assumed a round geo-

metry in their naturally suspended state in the absence of

stress fibres. The increase in cell compliance with higher

temperatures has also been confirmed with another recent

independent study using the optical stretcher [24], where the

authors explained the qualitative change in the thermorheol-

ogy of cells by invoking the concept of time–temperature

superposition widely used in polymer physics. Despite the

similarity of our work, we further characterized the changes
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to suspended cell fluidity with temperature variations, which

is, to our knowledge, the first systematic study in this area.

The observed creep compliance of cells appeared to scale

linearly with the overall temperatures (figure 2e). Previous

studies observed an increased dissociation rate of protein

cross-linkers, for example a-actinin, with temperature [43].

In vitro studies have shown that such thermal unbinding of

transient cross-links results in stress relaxation which

decreases the static network elasticity and increases the vis-

cous dissipation [44,45]. Based on the affine stretching

model [46], such mechanism predicts an inverse temperature

dependence of network elasticity G0 � k2
0/kBTj2l3c, where k0 is

the actin filament bending stiffness, j is the network mesh

size and lc is the average cross-linker distance. This translates

to a linear temperature dependence of creep compliance, in

good agreement with our observation. The increase in viscous

dissipation owing to thermal unbinding of transient cross-

linkers may also explain the observed changes to the visco-

elastic parameters in both models at higher temperatures:

the increase in cell fluidity b (figure 2f ) within the power-

law model, and the decrease in both the steady-state viscosity

h0 and the effective elastic modulus EM, which origina-

ted from the cell cortical tension, within the mechanical

model (figure 5c). At 368C, our theoretical model predicted

EM � 22 Pa, which is equivalent to a cortical tension

of 25 pN mm21, close to that of blood granulocytes

(30 pN mm21) as measured with the micropipette aspiration

technique [47,48]. Furthermore, our theoretical model pre-

dicted a drop in cell cortical tension at higher temperatures,

consistent with recent experimental studies [40,41,49]. Our

results therefore highlight the fundamental role that cell corti-

cal tension plays in resisting cell deformation, the reduction

of which leads to a significant increase in the cell compliance.

At significantly higher temperatures, our results revealed

a dramatic change from passive deformation to an active cell

response regulated by the TRPV2, which provides an ion

channel gating mechanism for cellular entry of calcium

ions. TRPV2 ion channels have recently been shown to play

a crucial role in early steps of phagocytosis [35] and regulat-

ory volume decrease [50]. Our work further suggests that

these temperature-sensitive ion channels help to regulate

the cell contractility through coupled dynamics of calcium

influx and increased myosin activity. Myosin II, an important

molecular motor, is known to play a crucial role in cell con-

tractility and shape control [37]. One previous study [51]

observed reversible motor activity without denaturation

upon raising the temperature instantaneously to above

608C. On a similar note, Wetzel et al. [22] showed that

when the cells were exposed to less than 3 s of laser heating

in an optical stretcher with overall temperature above 508C,

more than 70% of the stretched cells remained viable. We

note that the observed cell contraction was rapid, typically

2 s following the onset of calcium influx (figure 4b,c). This

suggests that the signalling mechanism was possibly a first-

order event, for example an increase in myosin phosphoryl-

ation via the calmodulin-myosin light chain kinase (MLCK)

pathway, which regulates the assembly of myosin motors

into contractile filaments, leading to subsequent cell con-

tractility [38,39,52,53]. The pathway involves the binding of

calmodulin to four calcium ions and the MLCK and the typical

time scales of this reaction are less than a second. We simulated

this process with a mechanical model which includes a dyna-

mical elastic term EM(t), which grows in time in response to
the transient calcium influx, and successfully predicted a tran-

sition from passive deformation to active cellular contraction.

Our results also suggested that in the active regime, the cellular

response is dominated by the increased myosin activity

owing to calcium influx, rather than the thermal unbinding

mechanism of transient cross-linkers, which accounts for cell

softening in the passive regime. Further experiments on cells

treated with myosin inhibitors, for example blebbistatin, in

the active regime showed a partial abolishment of the active

contraction to the point where the strain rate of the major

axis never became negative (see electronic supplementary

material, figure S3), indicating that Ca2þ-activated myosin

activity is indeed involved in active cell contraction, though

other mechanism(s) may be involved as well. Our results are

consistent with some of the latest findings by Gyger et al. [54]

where they observed similar active contractions in suspended

epithelial cells transfected with TRPV channels. Nevertheless,

contrary to their report, we observed no negative cellular

strain during active cellular contractions within the time scale

of 6 s. More importantly, while Gyger et al. adopted a phenom-

enological mathematical model to account for active cellular

contractions, our mechanical model offers a simpler, more

intuitive approach, which sheds light on how active remodel-

ling of cell cortical tension can regulate cell-shape changes in

response to heat and biochemical signals.

The observed time scale for an osmotic response is in agree-

ment with previous reports on diffusion dynamics of water

across cell membranes (diffusion time approx. 0.2 s) [55,56].

Assuming that the cell volume changes only by the permeation

of water through the cell membrane, the water flux is given by

the classical permeation law j ¼ LprpðDP� DPÞ, where Lp

is the permeation constant of one pore, rp is the pore density

in the membrane, DP ¼ Pin � Pout is the hydrostatic pressure

difference between inside and outside of the cell and DP is

the osmotic pressure difference between inside and outside

of the cell. At quasi-static equilibrium, the relative change in

cell volume is proportional to the relative change in intracellu-

lar osmolyte concentration [57]. Assuming that the calcium

influx contributes only passively to the cell osmotic pressure,

the observed increase in cell volume (approx. 5%) suggests

that the amount of calcium entering through calcium channels

represents roughly 5% of the total number of osmolytes in

the cell.

We rule out other potential mechanisms for cell con-

traction. Firstly, it is likely that an increase in intracellular

water content may lead to a potential drop in cell refractive

index, and consequently the optically induced stress, as the

latter is proportional to the difference in refractive index

between the cell and the medium [14]. This reduction in opti-

cal stress could lead to a drop in cell deformation, and hence

the observed ‘contraction’, which would then be understood

as a reduction in the stretching force. We argue that this

increase in cell volume was too small to initiate any signifi-

cant change in overall cell refractive index, as supported by

Kemper’s study [58] on human pancreas and liver tumour

cells, which showed an approximate 0.36% drop in cell refrac-

tive index with a 4% increase in cell volume. A similar drop

in cell refractive index with increase in cell volume has also

been reported recently in macrophages [59]. Secondly, we

exclude the role of stretch-activated ion channels in regulat-

ing cell contraction, as contraction was only dependent on

the overall temperature but not the magnitude of optically

induced stress and the resultant peak strain (figure 3f ).
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Specifically, active cell contraction can occur at very low peak

strain (4%) when heated by 1480 nm laser (figure 3a). Finally,

it is plausible that below 52+18C contraction was already

taking place but was suppressed by dominant passive defor-

mation, and one could argue that cells may contract given

sufficient time of observation. We ruled out such a possi-

bility, as we observed no active contraction below 528C,

even when the cells were stretched for 30 s (data not

shown). Nevertheless, these mechanisms could still contrib-

ute or modify the actually observed cell behaviour, but the

dominant effect is likely to be the increase in myosin activity

in response to the calcium influx through TRPV2 ion

channels above 52+ 18C.
e
Focus

4:20130069
5. Conclusion
In this work, we introduced a modified version of a micro-

fluidic optical stretcher with integrated heating components,

which allowed us to probe cell mechanics when the cells

were subjected to an extended period of heating or to a

sudden increase in temperature. We find that the cell compli-

ance of HL60 cells scales linearly with the temperature,

independent of the time scales of thermal treatments, and
exhibits more fluid-like behaviour at higher temperatures.

Our results suggest that in the passive viscoelastic regime

below a critical temperature, the rheology of HL60 cells can

be effectively described by the thermal unbinding mechan-

ism of transient cross-links in the actin cortex. Beyond a

critical temperature of 52+ 18C, the cells exhibit active con-

traction along the direction of maximal stress owing to the

activation of TRPV2 ion channels, leading to an eventual

expansion in overall cell volume. Our work points to an

important role of TRPV2 ion channels and calcium signalling

in the active regulation of cell cortex stiffness and cell-shape

changes at elevated temperatures.
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22. Wetzel F, Rönicke S, Müller K, Gyger M, Rose D, Zink
M, Käs J. 2011 Single cell viability and impact of
heating by laser absorption. Eur. Biophys. J. 40,
1109 – 1114. (doi:10.1007/s00249-011-0723-2)

23. Gyger M, Rose D, Stange R, Kiessling T, Zink M,
Fabry B, Käs J. 2011 Calcium imaging in the optical
stretcher. Opt. Expr. 19, 19 212 – 19 222. (doi:10.
1364/OE.19.019212)

24. Kießling TR, Stange R, Käs JA, Fritsch AW. 2013
Thermorheology of living cells: impact of
temperature variations on cell mechanics. New
J. Phys. 15, 045026. (doi:10.1088/1367-2630/15/4/
045026)

25. Guck J, Ananthakrishnan R, Mahmood H, Moon TJ,
Cunningham CC, Käs J. 2001 The optical stretcher: a
novel laser tool to micromanipulate cells. Biophys. J.

http://dx.doi.org/10.1103/PhysRevLett.94.098103
http://dx.doi.org/10.1103/PhysRevLett.94.098103
http://dx.doi.org/10.1146/annurev-matsci-062910-100351
http://dx.doi.org/10.1146/annurev-matsci-062910-100351
http://dx.doi.org/10.1038/nature05824
http://dx.doi.org/10.1038/nature05824
http://dx.doi.org/10.1016/j.bpj.2013.08.040
http://dx.doi.org/10.1103/PhysRevLett.87.148102
http://dx.doi.org/10.1103/PhysRevLett.87.148102
http://dx.doi.org/10.1016/S0006-3495(03)75014-0
http://dx.doi.org/10.1016/S0006-3495(03)75014-0
http://dx.doi.org/10.1016/S0006-3495(04)74245-9
http://dx.doi.org/10.1016/S0006-3495(04)74245-9
http://dx.doi.org/10.1126/science.7973655
http://dx.doi.org/10.1016/S0165-022X(98)00052-9
http://dx.doi.org/10.1016/S0165-022X(98)00052-9
http://dx.doi.org/10.1529/biophysj.104.050278
http://dx.doi.org/10.1073/pnas.0506130103
http://dx.doi.org/10.1016/j.physrep.2007.03.002
http://dx.doi.org/10.1016/j.physrep.2007.03.002
http://dx.doi.org/10.1039/c0ib00050g
http://dx.doi.org/10.1039/c0ib00050g
http://dx.doi.org/10.1371/journal.pone.0045237
http://dx.doi.org/10.1371/journal.pone.0045237
http://dx.doi.org/10.1073/pnas.79.17.5327
http://dx.doi.org/10.1172/JCI107191
http://dx.doi.org/10.1172/JCI107191
http://dx.doi.org/10.1088/1478-3975/6/2/025009
http://dx.doi.org/10.1364/OE.15.015493
http://dx.doi.org/10.1007/s00249-011-0723-2
http://dx.doi.org/10.1364/OE.19.019212
http://dx.doi.org/10.1364/OE.19.019212
http://dx.doi.org/10.1088/1367-2630/15/4/045026
http://dx.doi.org/10.1088/1367-2630/15/4/045026


rsfs.royalsocietypublishing.org
Interface

Focus
4:20130069

11
81, 767 – 784. (doi:10.1016/S0006-3495(01)
75740-2)
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