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Fast microfluidic temperature control for high resolution live cell imaging†
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One major advantage of using genetically tractable model organisms such as the fission yeast

Schizosaccharomyces pombe is the ability to construct temperature-sensitive mutations in a gene. The

resulting gene product or protein behaves as wildtype at permissive temperatures. At non-permissive or

restrictive temperatures the protein becomes unstable and some or all of its functions are abrogated.

The protein regains its function when returning to a permissive temperature. In principle, temperature-

sensitive mutation enables precise temporal control of protein activity when coupled to a fast

temperature controller. Current commercial temperature control devices do not have fast switching

capability over a wide range of temperatures, making repeated temperature changes impossible or

impractical at the cellular timescale of seconds or minutes. Microfabrication using soft-lithography is

emerging as a powerful tool for cell biological research. We present here a simple disposable

polydimethylsiloxane (PDMS) based microfluidic device capable of reversibly switching between 5 �C

and 45 �C in less than 10 s. This device allows high-resolution live cell imaging with an oil immersion

objective lens. We demonstrate the utility of this device for studying microtubule dynamics throughout

the cell cycle.
Introduction

Live cell imaging using green fluorescent protein (GFP) or other

genetically-encoded variants has served as a powerful tool for

biologists to monitor protein dynamics in studying protein

functions.1–3 In addition, genetic model organisms have enabled

the creation of temperature-sensitive mutations in genes which

allow partial or complete inactivation of the function of those

gene products at non-permissive temperatures, leading to new

discoveries of gene functions.4,5 Temperature sensitivity is based

on the reversible temperature-dependent conformational insta-

bility of a protein of interest.6 Temperature-sensitive mutants can

be a powerful tool for precise temporal control of protein activity

when coupled to live cell imaging, provided that there is

a temperature control device capable of fast switching on the

cellular timescales of seconds or minutes.

The most common method to perform temperature-controlled

biological experiments on the microscope is to use an incubation

box (e.g. glove box), which encase the whole microscope inside

a temperature-controlled box. The box provides a uniform

temperature field, but requires tens of minutes to stabilize its

temperature. For faster temperature control one can also use

a temperature-controlled microscope stage coupled with an

objective lens heater/cooler which enables temperature changes
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on the timescale of minutes (e.g., Bioptechs Objective Heater

System), but which generates a strong thermal gradient across

the cell sample (>3 �C). These types of devices cannot deliver

temperatures below ambient. For temperature changes on the

timescale of seconds, the most common solution involves

a micro-perfusion system, but this method generates shear flow

on the cell, and therefore is not adaptable to non-adherent cells,

like yeast. Another solution, based on funneling large-scale

liquid flow from a water bath to the objective lens and micro-

scope stage, can reach temperatures below ambient.7 However,

this relatively large device can be cumbersome and difficult to

implement and requires structural modifications to the objective

lens and the microscope stage. It also takes on the timescale of

minutes to shift the temperature.

The use of micro-technology offers a faster alternative to

controlling temperature during biological experiments. Micro-

fabrication using soft-lithography and molding of the elastomer

polydimethylsiloxane (PDMS) is providing powerful tools for

biologists to precisely control the cellular microenvironment,

such as cell geometry, chemical gradient and temperature.8–10 To

date, there exist many microfabricated devices capable of rapidly

changing from ambient temperature (�25 �C) to much higher

and non-physiological temperatures (>100 �C).11–18 The most

common approaches involve the integration of metallic or ITO

thin films.19,20 These technologies use the Joule effect produced

by the passage of an electric current through a resistive thin film.

However, these devices can not shift to temperatures lower than

ambient and involve costly technology, prohibitive for daily

biological experimentation. Finally, a cell chemostat made of

bilayer PDMS has been introduced for cell culturing and

imaging.21 This microfluidic device was designed to maintain

cells at the desired temperature, but it was not optimized to

perform fast temperature shifts. To date, no microfabricated

devices have been reported to operate in the range of useful
Lab Chip
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biological temperatures, at cellular timescales, while simulta-

neously allowing high-resolution imaging of cells.

We propose here a method which takes advantage of fast

temperature changes inherent on the small characteristic length

of microfluidic devices and the transparency and ease of micro-

fabrication offered by soft-lithography of PDMS. We present

a simple disposable PDMS-based microfluidic device which can

be used to confine cells for high resolution imaging under oil

immersion objective lenses, while simultaneously enabling

temperature switching between 5 �C and 45 �C within 10 s. We

demonstrate the utility of the device at the two extremities of the

biological temperature spectrum: by reversibly depolymerizing

and repolymerizing fission yeast Schizosaccharomyces pombe

microtubules during interphase by cooling, and reversibly inac-

tivating and reactivating the temperature-sensitive mutant Cut7-

25ts during mitosis by heating. This simple and easy to implement

device is anticipated to aid the general cell biological community

in studying temperature-sensitive mutations or cells at a wide

range of temperatures and at high spatiotemporal resolution.

Results

Device design

The device is composed of two layers of microchannels (Fig. 1A

and Fig. S1†). The bottom layer contains the yeast cells and the

top layer allows circulation of temperature-controlled water,

without direct contact between the yeast and the flowing cold/hot

water. To control the temperature of the fluid injected into the

top channel, we use two external Peltier devices set at two

different temperatures and plugged into a syringe pump. By

changing the flow direction, the device is filled with water coming

from either the cold Peltier or the hot Peltier. This makes it

possible to quickly change the temperature of the water flowing

into the top temperature channels and therefore the temperature

of the bottom yeast channels.

Thermal characterization

We first characterized the thermal response of the cell channels.

Temperature changes were strongly dependent on the liquid flow

rate. At flow rates between 20 mL s�1 to 50 mL s�1 we achieved

a plateau of temperature stability, with standard deviations less

than 0.3 �C (Fig. 1B and 1C). Since the presence of a plateau

indicates the robustness of our device to fluid flow variations, in

subsequent experiments we will operate only with a flow rate

situated on this plateau (>20 mL s�1).

For typical biological experiments, we often used temperature

shifts that started at ambient (�25 �C) and went to either colder

or warmer. Temperature shifting from ambient 25 �C to 5 �C

(Fig. 1D) or 25 �C to 5 �C takes less than 10 s. Our Peltier devices

have a practical temperature range between 1 �C to 50 �C.

Therefore, we can reliably temperature shift the full dynamic

range between 5 �C to 45 �C in less than 10 s (Fig. 1H).

When the temperature control chamber is coupled to an oil

immersion objective lens for live cell imaging, the heavy metal

casing of the lens acted as a heat sink to dissipate the temperature

of the chamber. We measured a modest temperature lost of less

than 3 �C when the chamber was in contact with the objective

lens via immersion oil (Fig. 1E). The relatively small amount of
Lab Chip
heat lost due to the oil immersion objective lens suggests that

temperature loss is easily compensated by extending the Peltier

setting by a couple of degrees. We next correlated the Peltier

temperature with the device temperature, using both dry and oil-

immersion objective lenses. Our temperature device responded

linearly with the Peltier settings (Fig. 1F).

Finally, we generated sinusoidal temperature shifts from 5 �C

to 45 �C with a frequency of 1 shift/min, demonstrating the

robustness of the device (Fig. 1G), and its ability to shift from

5 �C to 45 �C in less than 10 s (Fig. 1H). Thus this PDMS-based

disposable microfluidic temperature-control device can give

reliable and reproducible temperature shifts ranging from any

temperature in the 5 �C to 45 �C range in less than 10 s. This

device is anticipated to be useful for biological experiments

requiring a high degree of spatiotemporal control of the cellular

temperature.
Biological validation

We first tested the device by depolymerizing the fission yeast

microtubule cytoskeleton. Microtubules are composed of ab-

tubulin heterodimers. The polymerization kinetics of tubulin

respond to temperature.22 Phase diagrams showed that micro-

tubules depolymerize completely at 10 �C at any tubulin

concentration in vitro.22 It is generally known that cells incubated

on ice for 30 min will also depolymerize their microtubules. To

precisely quantify cold-induced microtubule behavior, we

examined tubulin polymerization kinetics in living yeast cells

expressing GFP-Atb2p (tubulin) (Fig. 2A). The microtubule

cytoskeleton began to depolymerize at temperatures below 16 �C

(Fig. 2B), and was completely depolymerized at 6 �C (Fig. 2B).

Time to complete depolymerization was dependent on cell size

(Fig. 2C), and was achieved between 3–6 min (Fig. 2A and 2C).

This process was reversible and microtubule re-polymerization

was observed by reversing the temperature from 6 �C back to the

ambient 22 �C (Fig. 2A). The total cell fluorescence of GFP-

Atb2p is contributed by free tubulin in the cytoplasm (60%) and

tubulin in the microtubule polymer (40%). These fluorescence

signals and ratios changed with the cooling temperature

(Fig. 2D), but returned to their initial ambient levels after

reheating. Our results on cold-dependent depolymerization of

microtubules in living cells are consistent with previous in vitro

studies using purified tubulin.22

A second test of the device was to examine the fission yeast

temperature-sensitive mutant Cut7-25ts. Cut7p is the essential

fission yeast kinesin-5 motor involved in spindle formation

during mitosis.23,24 The Cut7-25ts mutant, at the non-permissive

or restrictive temperature of 35 �C, fails to make a bipolar spindle

and the cell dies with a monopolar spindle phenotype.23,24 While

the Cut7-25ts mutant is reversible, the timescale of protein inac-

tivity and reversibility are not known. We used the microfluidic

temperature control device to shift prophase mitotic Cut7-25ts

mutant cells expressing GFP-Atb2p (Fig. 3A). Within 2 min after

shifting from the permissive 22 �C to the restrictive 35 �C, the

prophase spindle exhibited a collapsed aster-like pattern of

microtubules, consistent with a monopolar spindle phenotype

(Fig. 3B). In contrast, wildtype cells did not exhibit prophase

spindle collapse at the elevated temperature, but instead

continued to elongate their spindles. Within 3 min after reversing
This journal is ª The Royal Society of Chemistry 2010
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Fig. 1 Microfluidic temperature control device and its setup and validation. A. Schematic of the microfluidic temperature control device and setup. The

Peltier controls the temperature of the liquid. The blue Peltier is set at the cold temperature and the red Peltier is set at the hot temperature. The cold–hot

setting establishes the extremes or the temperature range. Changing the direction of the liquid flow through either cold or hot Peltier by the syringe pump

changes the temperature experienced by the cells. B. Plot of cooling temperature versus flow rate. Peltier cold–hot setting was 1 �C and 26 �C. At a flow

rate of 20 mL s�1 or higher, a temperature stability plateau is achieved at approximately 3 � 0.3 �C (N ¼ 5). C. Plot of heating temperature versus flow

rate. Peltier cold and hot settings were 25 �C and 39 �C. At a flow rate of 20 mL s�1 or higher, a temperature stability is achieved at approximately 38 �
0.3 �C (N ¼ 5). D. Outside, plot of time versus flow rate to reach stable temperature. It takes less than 10 s at a flow rate of 20 mL s�1 or higher to shift to

any desired temperature. Inside, plot of time versus temperature shifting at 20 mL s�1 flow rate and Peltier cold–hot setting was 1 �C and 23 �C. Shifting

from 22 �C to 4 �C takes less than 10 s. E. Plot of temperature versus flow rate for oil immersion objective lens (red) and dry objective lens (blue). There is

an approximate 3 �C loss due to oil immersion at all flow rates. F. Plot of correspondence temperature between Peltier and temperature device. Device

temperature is given by the following equation: Tdevice ¼ Tpeltier + A(Tambient � Tpeltier); where A ¼ 0.071 when the objective is in contact with the device

cover slip; and A¼ 0.187 when objective is not in contact with the device cover slip. G. Plot of temperature versus time. Sinusoidal shifting between 5 �C

and 45 �C is reversible and robust at 1 shift/min. H. Zoom-in of temperature versus time plot from Fig. 1G, showing the ability to shift from 5 �C to 45 �C

in less than 10 s.

This journal is ª The Royal Society of Chemistry 2010 Lab Chip
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Fig. 2 Device validation by cooling cells. A. Interphase Cdc25-22 cells expressing GFP-Atb2p (tubulin). Cells were first imaged at ambient 22 �C, then

shifted to 6 �C, then returned to 22 �C. Complete microtubule depolymerization occurs at 6 �C after several minutes, followed by microtubule repo-

lymerization at 22 �C. Bar, 5 mm. B. Plot of normalized microtubule polymer mass versus temperature. Microtubule depolymerization starts at

temperature below 16 �C. Complete microtubule depolymerization occurs at 6 �C (N¼ 23 cells). C. Plot of complete microtubule depolymerization time

versus cell length. Longer cells have longer microtubules and take longer to depolymerize microtubules completely (N¼ 117 cells). D. Plot of normalized

GFP-Atb2p (tubulin) fluorescence in microtubules (red), cytoplasm (green), and whole cell (black) during depolymerization and repolymerization

temperature shifts (N ¼ 3 cells). The ratio of tubulin in polymer form or cytoplasmic form changes with temperature.
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back to the permissive ambient temperature, the Cut7-25ts

monopolar spindle reorganized into a proper bipolar spindle

which continued to elongate through mitosis at the normal

wildtype rate of 0.2 mm min�1 (Fig. 3B and 3C).25 We conclude

that the Cut7-25ts mutant is a relatively fast-acting and reversible

mutant, which can be precisely inactivated or reactivated within

2–3 min.
Discussion

We presented a simple, disposable, and fast PDMS-based

microfluidic device capable of shifting cellular temperature in

any range between 5 �C and 45 �C in less than 10 s. Due to the

high precision and reproducibility of PDMS molding and spin

coating technology it is not necessary to perform subsequent

temperature characterization in replicate devices. For daily bio-

logical experimentation, our method enables the fabrication of

a full glass/PDMS temperature control device without an inte-

grated thin metallic film.
Lab Chip
The temperature range of the device presented here (5–45 �C),

which is suitable for many biological experiments, is mainly

limited by the temperature range of the Peltier modules we used

(0–50 �C). One can in principle use Peltier modules with higher

temperature ranges, and replace water by the appropriate

temperature conducting fluid, to reach temperatures below 0 �C

or above 100 �C.

The current device can switch between two temperature points

in less than 10 s. The main limitation for switching speed comes

from the ability of the Peltier to maintain their internal temper-

ature and from the fluid time constant of the system, e.g., tubing

length and insulation between the syringe pump and the Peltier

module, and tubing length and insulation between the Peltier

module and the microchannel. This limitation can be overcome

with a more powerful Peltier and shorter tubing lengths.

The current device has temperature channels which are 100 mm

thick and cell channels which are 5 mm thick. In practice, the

system temperature calibration is applicable to all cell channel

thicknesses when the thickness of the cell channel is small

compared to the thickness of the temperature channel. For this
This journal is ª The Royal Society of Chemistry 2010
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Fig. 3 Device validation by heating cells. A. Prophase mitotic Cut7-24ts

cell expressing GFP-Atb2p (tubulin). Yellow dotted line shows outline of

a cell. A bipolar mitotic spindle at prophase is shown (inside yellow box).

Bar, 1 mm. B. Time lapse images of the cell from A. The cell was first

imaged at ambient 22 �C, where Cut7p is active. After shifting to the non-

permissive temperature of 35 �C, the spindle quickly collapses into an

aster pattern within 3 min, suggesting inactivation of Cut7p. Returning to

22 �C, the monopolar spindle aster quickly re-establishes bipolarity

This journal is ª The Royal Society of Chemistry 2010
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reason, our device and its temperature calibration would be

relevant for cell channel thicknesses anywhere between 1 mm and

20 mm. Samples larger than 20 mm will require larger temperature

channels and new calibration.
Conclusion

We anticipate that the ability to control the complete cellular

microenvironment will be central to future cell biological studies.

The emerging convergence of technologies from micro-

fabrication, microscopy, and genetic model organisms has begun

to revolutionize how cell biologists pose questions and has

enabled cell biologists to be more quantitative in their analyses of

biological processes.26–28

We presented here a disposable microfluidic device that

enables fast temperature changes practical for biological exper-

iments involving temperature-sensitive mutants and high

spatiotemporal resolution imaging. The device is easy to fabri-

cate and use in conventional cell biology laboratories and

requires no modification to the current microscope setup. In

addition, our device with two separate layers allows the cell layer

to be adaptive, easily modifying cell shape or medium chemistry

with new cell channel designs.27 This device is anticipated to be of

general utility to most cell biologists due to its ease of fabrication

and use.
Methods

Device fabrication

The two layer chamber was fabricated using soft lithography and

PDMS casting (Fig. S1†).29–32 The master mold for the cell

channels was created from a 5 mm thin SU8-2005 photoresist

(www.microchem.com) patterned on a silicon wafer (www.sili-

con-wafers.com). The master mold for the temperature channels

was created from a 100 mm thick SU8-2100 photoresist patterned

on a silicon wafer. A mixture of 1 : 10 curing agent and PDMS

was spin coated using the spin coater model CZ-650

(www.laurell.com) onto the cell mold at 6000 rpm to get a 10 mm

thin PDMS replica. This step creates a 5–10 mm thin membrane

on top of the cell channels. A mixture of 1 : 10 curing agent and

PDMS was poured on the temperature mold, then released to get

a 4 mm thick replica. Both temperature and cell PDMS replica

were bonded together after 30 s plasma treatment using the

Harrick Plasma Cleaner (www.harrickplasma.com). Inlets and

outlets were drilled onto the PDMS block for fluidic connections.

The block was finally bonded onto a glass cover slip after a 30 s

plasma treatment.
Device setup

A computer controlled syringe pump model neMESYS

(www.centoni.de), with a 30 mL plastic syringe was hooked in
within 3 min and continues to elongate, suggesting Cut7p is active again.

Bar, 1 mm. C. Plot of spindle length versus time during the temperature

shift from the cell in B. The spindle elongation rate of 0.2 mm min�1 after

reactivation of Cut7p is the same as wildtype,25 suggesting full reac-

tivation.

Lab Chip
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series with inlet and outlet Peltier devices (Fig. 1A). The Peltier

model was Warner SC-20 Peltier (www.warneronline.com), with

controller model CL-100 (www.harvardapparatus.com). The

connections between the Peltier and the PDMS chamber were

done using 6 cm long Tygon tubing (ID, 0.51 mm). The 6 mm

length tubing was calibrated for our specific setup. Longer tubing

will require higher flow rate to compensate for the heat loss

between Peltier and PDMS chamber.
Cells and microscopy

Two fission yeast strains were used for device validations: Cdc25-

22/GFP-Atb2, and Cut7-24ts/GFP-Atb2. Cell imaging was done

as previously described.33 Briefly, we used a Yokogawa CSU-10

spinning disc scan head coupled to a Nikon TE2000e inverted

microscope (www.nikon.com). Cells were imaged in 3D with the

100�/1.45 NA objective lens and 488 nm laser illumination from

a 25 mW Ag/Kr ion laser (www.mellesgriot.com). MetaMorph

7.5 (www.moleculardevices.com) controls the microscope and

the Hamamatsu ORCA-AG CCD camera (www.hamamatsu.-

com). All values are stated as mean � standard deviation, with

indicated N.
Thermal characterization

To characterize the temperature response of the chamber, we

bonded the microchannel block to a ‘‘thermometer’’, which was

made of 50 nm thin platinum resistance. This thermometer was

made by photolithography and metal deposition directly onto

the glass cover slip (Fig. S2†). The electrical resistance of plat-

inum changes nearly linearly with temperature. We therefore

measured the platinum electrical resistance to get the tempera-

ture of the platinum strip and thus deduce the temperature inside

the cell channels.

The measurement was done using the 4-wires measurement

method which enables the measurement of electrical resistance of

a given portion of an electric resistor without the influence of the

wire contact and the undesired area of the resistor34 (Fig. S3A†).

The shape of the platinum sensor was designed to measure the

temperature only in the area containing the cell (Fig. S3B†).

Three independents devices with embedded platinum resistance

have been used for our characterization. All of them gave

a similar result. All values are stated as mean � standard devi-

ation, with indicated N ¼ 10 independent temperature switches.
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