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The use of dielectrophoretic forces is crucially tied to the
knowledge of Joule heating within a fluid, since the use
of planar microelectrodes creates a temperature gradient
within which the particle of interest is manipulated.
Mapping temperature with sufficient spatial resolution
within a dielectrophoretic trap is recognized to be of high
importance. Herein, we demonstrate local temperature
measurements in the vicinity of a trapped micrometer-
size particle using confocal fluorescence spectroscopy.
Such measurements are shown to provide a novel calibra-
tion tool for screening temperature-mediated processes
with high resolution.

Spatial and temporal temperature variations are a primary
concern in many applications making use of electric fields such
as electrophoresis,1,2 electro-osmosis,3 electrochemotherapy,4

and dielectrophoresis5 (DEP). Indeed, even small currents
flowing through buffers of high conductivity generate signifi-
cant Joule heating. For commonly used buffers such as
phosphate buffered saline (PBS) of conductivity 1.6S/m or
Dulbecco’s Modified Eagle medium (DMEM) of conductivity
1.4S/m, Joule heating sets constraints on the operational range
of the analytical device.

Dielectrophoresis (DEP) relies on the manipulation of micro-
or nano-objects using high-frequency nonuniform electric fields.
DEP trapping for biological applications normally involves keeping
particles or cells within electric fields for extended periods of time,
and knowledge of the temperature at or around the cell within a
microfabricated DEP trap significantly impacts interpretation of
experimental results. For instance, cell growth has been demon-
strated within RF fields,6,7 but the consequences of temperature
rise on DEP experiments relying on proteins, DNA, and cells
must also be considered. In certain cases, temperatures above

40-45 °C will lead to a reduction in biological activity or
denaturation and cell death.

Joule heating may be circumvented using low-conductivity
media such as isotonic sucrose buffers.8,9 However, in this case,
DEP forces turn positive for mammalian cells making them
migrate toward high electric field regions where they experience
risks of charging and other electrochemical damage unless
insulated from electrodes (e.g., by a permeation layer). Quantifying
theoretical temperature rises is limited by uncontrollable changes
to experimental conditions such as material properties, buffers,
etc.

Mapping temperature with high spatial resolution cannot
be achieved using integrated thermocouple probes10 whose size
and fabrication restrict their use to indirect measurement of
average temperature. Seger et al.5 have described the heat
dissipation of a negative DEP barrier and the temperature
gradient at the vicinity of electrodes using fluorescence detec-
tion but with limited spatial resolution. Noninvasive fluorescent
techniques, such as intensity-based measurements, have been
found to give good estimates of average temperature within a
microchannel but are very sensitive to well-known artifacts
including a dependency on the dye concentration and detection
efficiency.11 On the other hand, the use of fluorescence lifetime
imaging allows artifact-free measurements of excited state
decay times which conveys information on the local fluorophore
environment.12,13

Herein, we apply confocal fluorescence spectroscopy to the
accurate probing of temperature close to a defined surface where
DEP traps are patterned. We achieve local mapping of temperature
around a particle of interest using both lifetime and intensity
imaging, with submicrometer spatial resolution.

EXPERIMENTAL SECTION
Microfluidic Design and Fabrication. A schematic of the

fluidic chamber and trap array used is shown in Figure 1a. The
PDMS chamber with a 1 mm wide and 30 µm deep channel was
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fabricated using standard lithographic techniques.14 The square
electrode geometry used has been previously published,15 the only
difference being a 15 µm gap between electrodes and larger line
electrodes. Figure 1b is a bright field image of a single electrode
trap using an Olympus BX51 upright microscope equipped with
a 20× objective.

Gold electrodes were patterned following a lift-off process. AZ
1512HS (MicroChemicals) photoresist was first patterned on thin
glass (borosilicate glass, thickness #1) and used as a sacrificial
layer. Exposure to UV light through a lithographic mask and
development revealed the electrode pattern. An estimated 60 nm
gold layer was deposited using a sputter coater (Emitech, K550).
The photoresist was then stripped off with acetone. The devices
were further cleaned in isopropanol and deionized water, dried
with nitrogen gas, and stored at room temperature. Finally, the
PDMS chamber was plasma bonded, and the electrodes were
connected as described previously.16

Materials. Rhodamine B was obtained from Sigma-Aldrich and
dissolved in a phosphate buffer solution to a final concentration
of 100 µM. The 1× PBS buffer was made of 2.6 mM KCl, 1.4 mM
KH2PO4, 136 mM NaCl, and 8.1 mM Na2HPO4 (Sigma Aldrich).
A polystyrene bead stock solution with a mean diameter of 10
µm, 2.5% solids (w/v) in water (Polybead Microspheres,
PolySciences), was pelleted down and resuspended in the same
phosphate buffer. This was added to the rhodamine B-loaded
PBS solution with a final dilution factor of 1000. Conductivities
were measured using a Dist 5 conductivity meter (VWR). The
conductivity of the PBS buffer was found to be 1.67 S/m. The
thermal conductivity was 0.58W/mK.

Time Correlated Single Photon Counting Setup. The
excitation source for all measurements was a spectrally filtered
supercontinuum laser (SC450, Fianum) producing 5 ps pulses at
a rate of 20 MHz. The 488 nm laser line was selected via an
Acousto-Optic Tunable Filter (AOTF) system directly coupled to
the laser output. The bandpass was approximately 3 nm. The beam
was directed toward the laser-scanning unit of an inverted laser
scanning confocal microscope (FV300, Olympus) using a second
optical fiber, deflected by a 488 nm dichroic filter (FV3 DM470-2,
FV3 DM488-2, Olympus) to the back aperture of a 20× objective
and finally into the device. Fluorescence emission was collected

with a custom-built detection path. Briefly, the emitted photons
were collected through the same objective and same dichroic
mirror. A high quality long pass filter (LP02-488RU-25, RazorEdge,
Semrock, Laser 2000) was used to further separate excitation from
emission light where the former was focused by a lens onto a
100 µm confocal pinhole (P100S, Thorlabs). The Gaussian confocal
volume was estimated to be 470 nm in width and 3 µm in depth.
This was calculated by measuring the diffusion time of fluorescein
using fluorescence correlation spectroscopy. Fluorescence was
subsequently directed toward an avalanche photodiode (SPCM-
AQRH-13, PerkinElmer Optoelectronics) operating in single
photon counting mode. Upon photon arrival, the TCSPC electron-
ics (TimeHarp 200, Picoquant GmbH) were activated, and the time
delay between laser pulse and photon arrival were collected in
data files. The scanning window allowed 512 × 512 pixels to be
scanned in 1.12 s with 4 × 4 binning. The instrument response
function (IRF) was recorded using a Rose Bengal solution in water
having a fluorescence lifetime lower than 100 ps.17 Lifetime data
was analyzed using SymphoTime software (PicoQuant). A built-
in least-squares fitting algorithm was applied in order to extract
fluorescence lifetimes and construct two-dimensional fluorescence
lifetime maps. Specifically, the program uses a least-squares
algorithm to fit a model decay to the data and works to iteratively
reduce the measure of the difference between them. The �2 value
in eq 1 is used to minimize this difference

�2 ) ∑
n

(I(tn) - Ifit(tn))2

I(tn)
(1)

where I(tn) is the measured intensity and Ifit(tn) is the fitted
decay. The decay which has the minimum �2 is then chosen.

Heating with Planar Microelectrodes. Negative dielectro-
phoretic traps rely on repulsion of cells, particles, or molecules
away from high electric field regions and make use of nonuniform
AC electric fields in the range of 100 kHz to several MHz. The
temperature balance describing power generation and dissipation
can be written as follows:18

Fmcp∇T + Fmcpv
∂T
∂t

) k∇2T + σE2 (2)
(14) Duffy, D. C.; McDonald, J. C.; Schueller, O. J. A.; Whitesides, G. M. Anal.

Chem. 1998, 70, 4974–4984.
(15) Rosenthal, A.; Voldman, J. Biophys. J. 2005, 88, 2193–2205.
(16) Gielen, F.; deMello, A. J.; Cass, T.; Edel, J. B. J. Phys. Chem. B 2009, 113,

1493–1500.

(17) Khajehpour, M.; Troxler, T.; Vanderkool, J. M. Photochem. Photobiol. 2004,
80, 359–365.

(18) Landau, L. D. a. L. E. M. Fluid Mechanics; Pergamon: Oxford, 1959.

Figure 1. (a) Schematic of the microfluidic device including gold electrodes patterned on glass and the fluidic chamber; (b) bright field picture
of a single nDEP trap.
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Here, cp is the specific heat at constant pressure, k the thermal
conductivity, v the velocity, Fm is the density. σ and σ0 is the
electrical conductivity of the medium at temperatures T and
T0, respectively. As the electrical conductivity of the buffer
increases with temperature, additional coupling of eqs 2 and 3
must be taken into account. This can be expressed as

σ ) σ0[1 + R(T - T0)] (3)

Here, R is the temperature compensation factor of the buffer. For
water, this value is 1.8%/°C.19

As has been shown by Ramos et al., the temperature rise can
be estimated using dimensional analysis of eq 2:

∆T ≈
σVrms

2

k
(4)

Here, Vrms is the potential difference across the electrodes.
There are several limitations to validating this estimate,
especially the omission of geometry-related parameters. Indeed,
the complexity of geometries inherent to DEP traps implies
actual electric fields differ from the analytical voltage-to-distance
ratio. Poor control over boundary conditions has also been
recognized.20

Factors that contribute to misestimating temperature include
variations in electrical resistance (also varying through the
temperature coefficient of resistance) and roughness of the
metal electrodes. Heat diffusion in the electrodes is also
neglected in eq 4.4 All these factors add up to conductivity and
permittivity gradients due to temperature rise as well as edge
effects where heating is much higher than average temperature
rises.

In general, eq 4 typically gives an upper limit estimate of the
temperature rise within the microfluidic chip. There are many
parameters contributing to heat sinking that can be modeled but
are hard to theoretically estimate. Stuart et al. introduced a
correction factor for the voltage in order to simulate field losses.21

Furthermore, this correction factor increases with buffer conduc-
tivity. In practice, Vrms has to be replaced by an effective voltage
making up the physical treatment of the system.

RESULTS AND DISCUSSION
In order to use rhodamine B as a temperature probe, the

variation of its fluorescence properties with temperature must be
calibrated. The use of this dye has been reported in numerous
studies due to its large fluorescence quantum yield variation.12

Although local temperature values can be accurately determined
in certain temperature ranges using polymers,22 the wide dynamic
range exhibited by rhodamine B makes it especially useful for
detecting large temperature changes.

Furthermore, the extraction of the values of absolute temper-
ature from intensity measurements remains limited by photo-
physical effects induced by heating. In particular, the fluorescence

intensity might not fully recover after a thermal cycle.23 That is
why relative measurements, recording either intensity changes,
are more accurate. Although lifetime measurements require more
data for statistical treatment, they produce more accurate data
sets allowing for measurements close to interfaces.

Calibration was done using a Peltier element having an active
cooling fan. A microfluidic chamber made up of two thin glass
slides separated by a spacer was built and fixed on top of the
Peltier. A first thermocouple probe was linked to the surface of
the Peltier while a second one was placed within the built chamber
and recorded the actual fluid temperature. A few tens of microliters
of a solution of 100 µM rhodamine B in PBS 1× was pipetted from
one side of the chamber, immersing the inner thermocouple. A
photograph of the actual calibration setup is shown in the
Supporting Information. The chamber was placed on top of a 20×
air objective to avoid heat transfer to the objective. The Peltier
was subsequently ramped from room temperature up to 50
degrees, and the intensity and fluorescence lifetime of a 100 µM
rhodamine B solution was monitored in real time. Figure 2 is a
calibration plot for rhodamine B in terms of its fluorescence
lifetime and normalized intensity.

Linear fits of the intensity and lifetime calibration data yield a
decrease of 1.12%/°C and 1.07%/°C, respectively. The fast tem-
perature ramp applied to the rhodamine B solution is believed to
minimize photophysical damage to the dye and may explain the
difference from exponential decay data published previously.24

Furthermore, these decay rates correspond well to previously
published values.5

The concentration of rhodamine B in PBS used throughout
this study was high (100 µM). Temperature mapping using a
similar concentration has already been published.12,13 The prac-
ticality of the use of high concentrations is that laser powers can
be reduced significantly and pile-up effects avoided. The fluctua-
tion of dyes in the confocal volume can also be minimized using
high concentrations. However, under such concentrations, un-

(19) Hayashi, M. Environ. Monit. Assess. 2004, 96, 119–128.
(20) Mittal, N.; Rosenthal, A.; Voldman, J. Lab Chip 2007, 7, 1146–1153.
(21) Williams, S. J.; Chamarthy, P.; Wereley, S. T. J. Fluids Eng.-Trans. ASME

2010, 132, 7.
(22) Chee, C. K.; Rimmer, S.; Soutar, I.; Swanson, L. Polymer 2001, 42, 5079–

5087.
(23) Low, P.; Kim, B.; Takama, N.; Bergaud, C. Small 2008, 4, 908–914.
(24) Shah, J. J.; Gaitan, M.; Geist, J. Anal. Chem. 2009, 81, 8260–8263.

Figure 2. Calibration plot for measuring temperature with rhodamine
B: intensity and fluorescence lifetime decay with temperature at a
rate of 1.12%/°C and 1.07%/°C, respectively.
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wanted photophysical effects can at times lead to nonlinear
behavior of intensity versus temperature or concentration. On the
other hand, lifetime imaging is insensitive to these artifacts. We
found that 100 µM gives a good linear dynamic range for
lifetime-temperature calibration which is essential for accurate
temperature imaging.

Transient Temperature Rise and Cooling of the Micro-
system. Here, we study the transient temperature change after
the application of a voltage step and on switching off the electric
field. Specifically, fluorescence intensity pictures of the DEP trap
were acquired at a focal plane of 5 µm above the glass surface
before the application of electric fields and well after it had been
turned off. The variations in average intensity were recorded on
a frame-by-frame basis and can be plotted as a temperature
variation over time. The electric fields were switched off 28 s after
application of the fields. Exponential fits in Figure 3 are displayed
simply as visual aids.

The steady-state temperature rises within the system were
found to be 6.5 and 13.5 °C, and the characteristic heating time
constant τh was 3.5 and 3.3 s for applied voltages of 5 Vpp and
7 Vpp, respectively, at a fixed frequency of 1 MHz. It can be
seen that steady state was reached within approximately 10 s.
This is much larger than the theoretical value of 1 ms25 and is
due to capacitive effects possibly arising from the gold
nonuniform thickness.

Cooling of the area surrounding the electrodes has been
studied in the same way. The characteristic cooling time constant
τc of the system was 4.8 and 3.7 s for applied voltages of 5 Vpp

and 7 Vpp, respectively. Dissipation mainly happens via conduc-
tion to the substrate and that is why heat dissipation can be
improved using a substrate of higher thermal conductivity. As
shown by Ramos et al.,25 these types of microelectrode
structures cannot be easily cooled down by fluid injection: even
at high flow rates, the temperature profile is preserved. This
has been tested experimentally at average in-channel velocities

of up to 0.5 mm/s. Flow cooling is ultimately limited by the
Poiseuille flow profile within a microchannel where surface flow
velocities are very low.

Temperature Mapping within an nDEP Trap. For microf-
luidic devices that incorporate electrodes, the presence of metal
complicates fluorescence-based experiments. For instance, the
fluorescence of gold under UV-vis wavelengths limits its use with
competitive fluorescence studies although it has many direct
applications.26 In particular, although the fluorescence decay can
be composed of several independent components, it is preferable
to have a single radiative route to decay (i.e., a monoexponential
decay law). Scattering effects as well as the adsorption of
molecules on a surface at high concentrations also restrict the
use of nonconfocal fluorescence setups.27

Here, temperature mapping of a DEP trap with a captured
polystyrene sphere was performed at steady state. Focusing was
performed by finding the maximum autofluorescence level of the
gold electrodes and moving the objective 5 µm above that level.
The polystyrene beads absorb the excitation radiation and,
therefore, appear as low count regions in the intensity map.
Because of rejection of light from the surface via the confocal
pinhole, the contribution of the electrodes was also negligible,
and after excluding the gold and polystyrene contribution from
the lifetime calculation analysis, the data could be well fitted with
a single-exponential decay law.

Figure 4a shows intensity and lifetime maps for the same
DEP trap. Because of the repulsion of the bead from high-
electric fields regions, the analysis of fluorescence intensity is
limited to areas where the bead does not interact. The
temperature map from intensity measurements is plotted as a
relative decrease in intensity but does not reflect real temper-
ature variation in the vicinity of the bead. On the other hand,
the FLIM picture can be used as absolute values for extracting
temperature rise when the electric field is turned on. The
second line electrode was located at the bottom of the trap.
Here, we used 7 Vpp and a frequency of 1 MHz. Ten frames
were accumulated to collect sufficient photons and reduce
statistical noise. A median filter of size 5 × 5 was further
applied to the raw data in order to reduce the remaining
noise. The full data processing approach is given in the
Supporting Information. In the case of Figure 4a, the number
of workable pixels is 25% more in the lifetime map than in the
intensity map. For the analysis of 2 or more particles within a
single trap, and as the number of workable pixels decreases,
lifetime imaging can provide much more accurate data than
intensity measurements. In particular, the bead appears bigger
in the intensity map because of a refractive index mismatch
between polystyrene (1.55) and water (1.3). Accordingly,
temperature can be accurately described at the interface
between the fluid and particle using fluorescence lifetime
imaging alone.

The lifetime histogram for each analyzed pixel (after applying
the intensity threshold as described in the Supporting Information)
shows the shift toward lower lifetimes after switching on the
electric field. The lifetime distribution was fitted to a Gaussian

(25) Ramos, A.; Morgan, H.; Green, N. G.; Castellanos, A. J. Phys. D: Appl. Phys.
1998, 31, 2338–2353.

(26) He, H.; Xie, C.; Ren, J. Anal. Chem. 2008, 80, 5951–5957.
(27) Glawdel, T.; Almutairi, Z.; Wang, S.; Ren, C. Lab Chip 2009, 9, 171–174.

Figure 3. Transient increase in temperature upon a voltage step.
The focal plane is adjusted to be 5 µm above the surface of the
device.
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model f(t) ) A × exp(-((t - µ)2/2v2)). In this equation, µ is the
mean of the Gaussian distribution and v is the variance. The
coefficients are summarized in Table 1.

In this case, the lifetime shows a reduction of the mean value
from 1.67 ns (field off) down to 1.46 ns (field on). This corresponds
to a 13.5 °C temperature rise. The fwhm of the distributions are
0.36 and 0.6 ns when the electric field is turned off and on,
respectively. The broadening of the fwhm implies the creation of
a temperature gradient in the imaging plane which is directly
reflected by the FLIM map.

The temperature change within each of the traps in the array
was found to be fairly similar in the voltage range tested (within
10%) while interdevice testing showed higher discrepancy levels
(up to 30%). This is thought to be due to the electrode deposition
process and nonreproducible thicknesses of the electrodes.
Furthermore, no significant frequency dependence was observed
in the range of 100 kHz to 20 MHz.

By measuring the decrease in average lifetime over the
image trap for different voltages, after steady state is estab-
lished, the variation of temperature rise as a function of applied
voltage can be plotted (Figure 5). The comparison with eq 4
shows a clear discrepancy indicating that the effective voltage

is lower than the applied one as discussed previously. Effective
voltages were found to be approximately 90% of the applied
values which translates into a difference of several degrees
centigrade at high voltages.

CONCLUSIONS
Temperature imaging of DEP traps has been performed using

both intensity and lifetime data. Results demonstrate that the local
temperature in the vicinity of a trapped particle can differ

Figure 4. (a) Fluorescence intensity (i) and fluorescence lifetime image after switching on the AC electric field (ii). (b) Fluorescence lifetime
distributions before (in blue) and after (in red) switching on the electric field.

Table 1. Fitting Parameters for the Gaussian Curves
Obtained from the Lifetime Probability Distribution

electric field off electric field on

A 0.156 0.077
µ [ns] 1.67 1.46
v [ns] 0.15 0.25

Figure 5. Relationship between temperature rise and applied
voltage: the blue curve corresponds to experimental data while the
red one is based on eq 4.
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significantly from mathematical approximations. In particular, for
large temperature changes (over 10 °C), this difference raises local
temperature over a given threshold (e.g., 37 °C for cells). These
types of measurements can be made prior to other studies by
patterning “experimental” and calibration electrodes on a single
substrate. Further applications, using such traps, can include
temperature-dependent cell viability and expression studies, as-
saying membrane leakage, and controlled particle synthesis.

SUPPORTING INFORMATION AVAILABLE
Additional information as noted in text. This material is

available free of charge via the Internet at http://pubs.acs.org.
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