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Research Article

Metabolic viability of Escherichia coli
trapped by dielectrophoresis in microfluidics

The spatial and temporal control of biological species is essential in complex microfluidic
biosystems. In addition, if the biological species is a cell, microfluidic handling must ensure
that the cell’s metabolic viability is maintained. The use of DEP for cell manipulation in
microfluidics has many advantages because it is remote and fast, and the voltages required
for cell trapping scale well with miniaturization. In this paper, the conditions for bacterial
cell (Escherichia coli) trapping using a quadrupole electrode configuration in a PDMS
microfluidic channel were developed both for stagnant and for in-flow fluidic situations.
The effect of the electrical conductivity of the fluid, the applied electric field and frequency,
and the fluid-flow velocity were studied. A dynamic exchange between captured and free-
flowing cells during DEP trapping was demonstrated. The metabolic activity of trapped
cells was confirmed by using E. coli cells genetically engineered to express green fluorescent
protein under the control of an inducible promoter. Noninduced cells trapped by negative
DEP and positive DEP were able to express green fluorescent protein minutes after the
inducer was inserted in the microchannel system immediately after DEP trapping. Longer
times of trapping prior to exposure to the inducer indicated first a degradation of the cell
metabolic activity and finally cell death.
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1 Introduction

Microorganisms such as bacteria are present in our everyday
life requiring careful control of their presence and concentra-
tion. More recently, the concept of using microorganisms and
their biomolecular machinery as live sensors to monitor en-
vironmental conditions has been proposed [1, 2]. Traditional
microbiology techniques are generally time-consuming and
labor-intensive, and thus cannot provide immediate results
or be used for continuous monitoring. Analyses performed in
micro-environments such as lab-on-a-chip devices, in which
the small characteristic dimensions decrease mass and ther-
mal diffusion times, have become an important alternative
[3–6]. Microfluidic devices have had an impact in fields such
as food and water control [7], biological and medical studies
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[8,9], DNA and protein manipulation [10], and environmental
monitoring [11]. The ability to accurately control and manip-
ulate bacteria cells in a microfluidic environment is thus es-
sential to enable a high-throughput, faster, and more accurate
analysis using live bacterial sensors [12]. The great majority of
the biological tests to be performed in a microfluidic environ-
ment would require processes such as placing and patterning
the biological entities with micrometric precision into desired
locations on the chip, as well as detecting and sorting these
entities according to their different characteristics. DEP has
been reported as presenting potential applications for biopar-
ticle separation [13–15] and patterning [16].

DEP was first described by Pohl [17] as the motion of a
dielectric particle in the presence of a nonuniform electric
field. The effect is based on the differences of electrical
polarizability between the particles and the surrounding
medium. The theory of DEP is described in a wide range
of publications [16–18]. DEP forces, acting on a spherical
particle, can be described by Eq. (1):

FDEP (r ) = 2��m�0 R3 [FCM (�)] ∇E 2 (r ) (1)
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In Eq. (1), the Clausius–Mossotti factor, FCM, defined in
Eq. (2), denotes the real part of the Maxwell–Wagner relax-
ation, the complex permittivity, �∗, is defined as �∗ = � − �

�
j ,

where � is the relative permittivity, � is the electric conduc-
tivity, the subscripts p and m refer to particle and medium,
respectively, � is the angular frequency of the electric field
E, ∇is the gradient operator, and j = √−1. The FCM de-
scribes the frequency dependence of the effective polarizabil-
ity. The DEP force depends upon the magnitude and sign
of the FCM as well as the cubic cell radius, R3. It is pos-
sible to distinguish between two different dielectrophoretic
regimes—positive (pDEP) and negative DEP (nDEP). pDEP
occurs when the FCM is greater than zero (which is a con-
sequence of �∗

p > �∗
m) and particles are attracted to electric

field intensity maxima and repelled from minima. Negative
DEP occurs when the FCM is less than zero (which implies
the condition, �∗

p < �∗
m) and particles are attracted to electric

field intensity minima and repelled from maxima. In pDEP,
the force will be directed in the direction of the field gradient
whereas in nDEP the force will be directed against the field
gradient [16, 17].

Since the use of DEP to manipulate cells in microflu-
idics may involve the use of high local AC electric fields, it
is important to the study whether these fields can have ad-
verse effects on the cells [19]. At the frequencies used for
electrical manipulation (1–25 MHz), the dominant interac-
tion between the electrical field and the cell is via its internal
cellular components [20]. A number of studies have shown
that the exposure to the electrical fields applied to perform
DEP can reach the levels required for electroporation and
fusion of bacterial cells [21]. Furthermore, it has also been
reported that DEP can allow the accurate manipulation of
proteins forming the mitotic spindle in dividing mammalian
cells without damaging them [22]. Research has been reported
on genetic profiling analysis after DEP that suggests that DEP
does not stress mammalian cells to the point that their viabil-
ity is compromised [23]. Studies on yeast cell viability during
the exposure to DEP have been reported [24]. Therefore, the
current knowledge is that the DEP forces operate close to the
limit of cell viability and it is a matter of debate whether the
conditions used in DEP experiments might induce alteration
in cell membrane potentials and structures, as well as in their
internal metabolic machinery.

For microfluidic applications, it is important to evaluate
the limiting conditions that can be used in terms of applied
potential and flow rate in the microchannels that allow cell
manipulation and assess their biocompatibility. In this work,
pDEP and nDEP forces resulting from electric field gradients
generated with a quadrupole design with no insulation layer
are used to immobilize Escherichia coli cells in a PDMS mi-
crofluidic channel. The impact of DEP immobilization on cell
viability is further studied using genetically modified E. coli
cells to express green fluorescence protein (GFP) under the
induction of IPTG. By monitoring the expression of the GFP

Figure 1. Microfluidic structure. (A) Integrated configuration,
with a 7 �m high single PDMS microchannel (B) sealed to
a glass substrate with patterned quadruple electrodes (D). (C)
Double cross-shaped microchannel with the same dimension as
of (B).

reporter, we were thus able to confirm cell viability under
flow conditions in a microfluidic environment by means of a
metabolic outcome.

2 Materials and methods

2.1 Overall description

A PDMS microfluidic channel was sealed to a glass sub-
strate with patterned titanium-tungsten electrodes (Fig. 1A).
The PDMS channel (Fig. 1B and C) was fabricated by soft
lithography using an SU-8 mould. A sinusoidal wave with
frequency between 1 MHz to 25 MHz and peak-to-peak volt-
ages in the range of 1–10 Vpp were applied to the electrodes
using a signal generator (Agilent 3325, Agilent, OA, USA).
The solutions were injected into the microchannels with a sy-
ringe pump (New Era Pump Systems) varying the fluid-flow
velocity between 10 × 10−3 and 26 × 10−3 m/s. A fluores-
cence microscope (Leica DMLM) and a digital camera (Leica
DFC300FX) were used for fluorescence and visible image ac-
quisition and image analysis was performed using ImageJ
(NIH) and Tracker (Video and Analysis Tool).

2.2 Electrodes fabrication

The electrodes were patterned on a glass substrate using
a lift-off process. A positive photoresist (PFR 7790G27cP,
JSR Electronics) was spin coated on the substrate and pat-
terned by optical lithography (DWLii, HIMT, Heidelberg,
Germany). After the photoresist was developed, 1500 Å of
titanium-tungsten was deposited by reactive magnetron sput-
tering (Nordiko 7000). The sample was immersed in warm
(65�C) photoresist solvent (Microstrip 2001, Arch Chemicals)
to complete the lift-off process.
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2.3 Microchannel fabrication and structure sealing

The following two designs of microchannels were used: a sin-
gle microchannel (width, W = 100 �m, height, H = 8 �m,
and length, L = 1.5 cm) (Fig. 1B); and a double microchannel
composed of two crossed channels with the same dimen-
sions (Fig. 1C). The channels were fabricated in PDMS using
soft lithography. A negative mould of the PDMS microchan-
nels was fabricated in 7 �m thick SU-8 2005 (Microchem
Corp, MA, USA) photoresist on a crystalline silicon substrate.
The SU-8 was patterned by exposure to UV light through an
aluminum mask on a quartz substrate and developed with
propylene-glycol-methyl-ether-acetate solution to remove the
nonexposed SU-8. A 1:10 w/w mixture of curing agent and
base PDMS (Sylgard 184) was dispensed on the mould and
allowed to cure for 2 h at 70�C. The PDMS microchannel
structure was manually peeled off from the SU-8 mould. The
surfaces of the PDMS microchannels and the glass with pat-
terned electrodes were exposed to 15 min of UV-ozone treat-
ment (UVO cleaner 144AX, Jelight Company) for surface ox-
idation and cleaning. Finally, the channel and the electrodes
were aligned under the microscope. The structure was left
overnight to complete the irreversible sealing process.

2.4 Cell suspension and solution preparation

E. coli cells, approximately 1 �m of diameter, JM109 trans-
formed with a pET28a + plasmid containing the GFP gene
under an inducible lac promoter and the kanamycin resis-
tance gene were used. IPTG (Fisher Scientific) was used to
induce the expression of GFP. Cells were grown overnight at
37�C and 250 rpm in an orbital agitator using 5 mL of Tryptic
Soy Broth (TSB, BD) medium (20 g/L TSB, no salt addition),
5 �L kanamycin, and 50 �L of E. coli stock. Cells were then
harvested by centrifugation (4200 rpm for 10 min), washed,
and resuspended in MilliQ water prior to insertion in the
microfluidic system with a 5 × 106 cell m/L concentration.

Electrical conductivity measurements (conductivity tester
OAKTON instruments) were performed for a range of di-
lutions of TSB and LB (Lysogeny broth, Sigma) mediums.
Cell viability tests were performed with the Backlight kit
(LIVE/DEAD R©BacLight Bacterial Viability Kits, L7012) and
trypan blue stain. All the dilutions mentioned in this work
were made using MilliQ water (Merck, Millipore).

2.5 Modeling and simulation

Electric fields, DEP force, and fluid velocities were calculated
using finite element analysis software (Comsol Multiphysics
3.5, Comsol). The module “AC/DC-electric quasistatics” and
the “MEMS” module for microfluidics (using the incompress-
ible Navier–Stokes approximation) were used for the physics
subdomain settings in a 3D model. The electrical field was
taken assuming only the maximum of the AC field over time,
and the frequency dependence of the medium conductivity
was used to obtain the FCM. The FCM was computed using

Figure 2. Image analysis of an nDEP experiment. A sinusoidal
wave with 5 Vpp at 1 MHz was applied at t = 0 s and switched
off at t = 0.07 s. (A) Eight-bit image from the sequential time
stack. (B) Light intensity variation in the fixed area highlighted
by a white rectangle in (A) during the experiment time 0–0.12 s.
(C) Dependence of the intensity with distance at a fixed time, t =
0.05 s, highlighted in (A) by a light gray rectangle. (D) Depen-
dence of the intensity with time for the fixed distance of 98 �m,
highlighted in (A) by a dark gray rectangle.

MATLAB, assuming a rod-shape multishell model for a range
of frequencies and media conductivities. Details of the mod-
els and numerical simulations can be found in Supporting
Information Section 1 and Fig. 1.

2.6 Data acquisition and treatment

Visible and fluorescence microscopies were used to monitor
cell trapping and GFP expression. In both cases, the image
data were obtained in video format that was then converted
into a stack of 8-bit images within a defined area around the
trap (Fig. 2A). In visible microscopy, the quantification was
made in terms of intensity, evaluated within the 8-bit gray
scale, while in fluorescence microscopy the quantification
was made assuming only the 8-bit image resultant from the
RGB green component.

Each stack was analyzed for the area chosen and the
data obtained were represented in 3D plot as shown in Fig.
2B. All values were normalized to the maximum of inten-
sity achieved. The 3D plot is composed of the variation of
intensity along the length of the defined area for a fixed time
(Fig. 2C) and the time-dependent variation of intensity for a
fixed location in the defined area (Fig. 2D). All intensity val-
ues, ranging from 0 to 255, were converted into percentage
of black or white for the visible and fluorescence images, re-
spectively. Details of the data treatment and acquisition can
be found in Supporting Information Section 2.

3 Results and discussion

The conditions for DEP trapping of E. coli cells in a mi-
crofluidic channel were first estimated using a theoretical
model and then experimentally studied as functions of the
amplitude and frequency of the applied voltage, as well as
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of the conductivity of the medium, in the absence of flow in
the microchannel. The effect of the fluid-flow velocity on the
DEP trapping efficiency was also studied. For an optimized
set of DEP trapping conditions, in-flow metabolic viability
tests were performed on E. coli cells during DEP force actua-
tion in the microchannel.

3.1 Calculation of the effects of medium

conductivity and frequency

The electrical conductivity of the growth media, TSB and
LB, was studied for a range of dilutions (Supporting In-
formation Fig. 2) in order to find the optimal dilution for
pDEP or nDEP cell trapping. Figure 3A shows the real
part of the FCM calculated with the multishell cell model
for a rod-shape live cell [18, 25], for different electrical
conductivity values of the media (details of the model pa-
rameters are found in Supporting Information Section 1 and
Table 1). Figure 3A shows that for lower conductivities
(0.03 S/m), there is a transition between pDEP (FCM >0)
and nDEP (FCM <0) at approximately 100 MHz. As the con-
ductivity is increased to 0.35 S/m, the range of frequencies
where pDEP can be achieved shrink, while for solutions with
conductivities of 0.92 S/m only nDEP can be achieved.

Figure 3A shows that nDEP can be observed with a high
value of FCM approximately −0.5 (Table 1) using media with
electrical conductivities of 0.92 S/m. However, these higher
media conductivities cause electrode corrosion during field
application. At a frequency of 1 MHz and using a medium
with a lower electrical conductivity of 0.35 S/m, nDEP cell
trapping with a FCM of −0.3 is expected. This was the cell trap
condition chosen for nDEP in this study as a compromise be-
tween the value of the generated DEP force and the electrode
stability. For pDEP, a cell trap was chosen with a frequency
of 15 MHz and a medium conductivity of 0.03 S/m, resulting
in a FCM of 0.6. This medium conductivity was chosen as it
is low enough to allow a strong pDEP trap, but high enough
to avoid ionic losses by the cells. The DEP force, calculated
at the surface of the quadrupole electrodes, was simulated
using Comsol Multiphysics 3.5 for the approximate values of
FCM of −0.3 for nDEP and 0.6 for pDEP (results shown in
Supporting Information Fig. 3A–D). For pDEP, a maximum
force is observed with absolute value of approximately 50 pN,
while for nDEP, a maximum force of approximately 20 pN
is calculated. For nDEP traps, the tendency is to trap cells
in the minimum of the electric field gradient and, thus, the
force is directed toward the center of the quadrupole elec-
trodes. pDEP is characterized by cell attraction toward the
areas where the electrical field gradient is maximum, thus,
cells will be trapped between the arms of opposing electrodes.

3.2 Effect of the electric field and flow on DEP

trapping

The sinusoidal voltage applied was varied from 1 to 10 Vpp

using the nDEP (1 MHz, medium conductivity of 0.35 S/m)

and pDEP (15 MHz, medium conductivity of 0.03 S/m) trap-
ping conditions described above to concentrate E. coli cells in
the microchannel with no flow. An increase in the trap inten-
sity with electric field, followed by saturation, was observed
for both nDEP and pDEP trapping conditions as shown in
Fig. 3. An increase of the diameter of the trapped cell area
with increasing electric field was observed for nDEP, while
a poorer cell confinement with increasing values of Vpp was
observed for pDEP. For nDEP conditions, no trapping was
observed for Vpp <3 V (corresponding to an electric field
of ∼3 × 105 V/m). Furthermore, the observed dependence
of trapping on electric field was weaker than in the case
of pDEP. Previous observations reported in the literature
that suggested that nDEP traps did not show an increase
of intensity and confinement with voltage increase [16] were
thus not confirmed. Supporting Information Fig. 5 shows
the dependence of the DEP force with the applied voltage
at different heights in the microchannel, indicating a sharp
decrease in force with increasing vertical distance from the
electrodes.

For a cell suspension concentration of 5 × 106 cells m/L
and in the absence of an electric potential, the trapped cells in-
tensity is approximately 3 as indicated in Fig. 3A. Under nDEP
conditions of 13 × 105 V/m, the intensity value increases to
approximately 27 within the trap area. This intensity increase
can be taken as corresponding to a fivefold increase in cell
concentration due to DEP force. This is still an underestima-
tion because the cell accumulation is expected to have a 3D
configuration. Using the nDEP force calculated for a position
3 �m above the substrate, an E. coli cell that is approximately
30 �m from the center of the trap will experience a DEP
force of approximately 6 × 10−12 N. This corresponds to a
pulling movement toward the trap floor with a velocity of
3.18 × 10−4 m/s, as estimated using the Stokes drag force
approximation. One can estimate that such a cell will take ap-
proximately 94 ms to reach the trap center. Assuming that the
nDEP trapped cells collectively aggregate as a half sphere with
a diameter of 4 �m (see Fig. 3B), and assuming an average
volume of 2 �m3 per cell, this corresponds to approximately
8–9 E. coli cells/trap.

The effect of combining DEP trapping and fluid flow in
a microfluidic structure was also studied. The effect of the
flow in the microchannel for different electric field values is
shown for nDEP and pDEP traps in Supporting Information
Fig. 4A and B, respectively. Cells under nDEP trapping condi-
tions were confined to the trap until a maximum flow velocity
of approximately 2.5 × 10−4 m/s. No significant intensity
changes were observed for different fluid-flow velocities up to
a critical value beyond which no trapping could be observed.
As in the case of the no flow experiment shown in Supporting
Information Fig. 4C, only very small changes in trapping
efficiency were observed for different values of electric field
under flow. For pDEP, cell trapping can be observed at higher
flow rates up to 24 × 10−3 m/s (Supporting Information Fig.
4B). The absence of cell trapping for high fluid-flow velocities
results from the fluid drag force overcoming the DEP force.
The time taken for the nDEP intensity to saturate does not
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Figure 3. Effect of electric field on the number of live E. coli cells trapped, by nDEP and pDEP, in the microchannel in the absence of flow.
(A) Real part of Clausius–Mossotti factor, for a rod-shape multishell cell model, calculated for media of different electrical conductivities.
The positive region corresponds to pDEP and the negative region to nDEP conditions. (B) Intensity of trapped cells (bold circle) and
diameter of the cell confinement area (bold triangle) for nDEP in TSB medium. Visible micrographs, (a)–(c), show the effect of the applied
voltage on cell trapping at the center of the quadrupole and an example of the measurement of the diameter of the area of cell confinement
(c). (C) The intensity of Escherichia. coli trapped for pDEP. Fluorescence micrographs, (d)–(g), show the confinement of GFP-expressing
E. coli cells in the arms of the quadrupole with the area considered for the intensity measurements highlighted in red (d). Measurements
were performed under conditions of no flow in the microchannel.

vary significantly with the fluid-flow velocity (Supporting
Information Fig. 4C). The intensity of cells trapped by
nDEP at 0.5 × 10−4 m/s is higher when compared with
the values obtained for the conditions of zero flow or for
higher fluid-flow velocities, whichever the applied voltages
(Supporting Information Fig. 4C). This observation matches
those made with single bead traps [26], and is not observed
for pDEP cell trapping. In the experimental conditions
discussed above, pDEP trapping forces are higher when
compared with nDEP forces (in agreement with the infor-
mation given in Fig. 3 and Supporting Information Fig, 3).
This observation matches the observation that cells can be
trapped by pDEP using significantly higher flow velocities
in the microfluidic channel (of the order of 22 × 10−3 m/s,

Supporting Information Fig. 4B). Supporting Information
Fig. 6 equates the DEP force at different distances from the
electrodes with the drag force that an E. coli cell is subject as
calculated using the Stokes equation.

3.3 Dynamic exchange between trapped and

flowing cells

During the in-flow cell trapping experiments described in
Section 3.2 and Supporting Information Fig. 4, one ques-
tion that arose was if there is a dynamic exchange regime
between the DEP trapped cells and the cells flowing in the
channel. To investigate this possibility, a trapping experiment
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Table 1. Clausius–Mossoti factor, FCM, for different media types
and electrical conductivity used for different applied
voltage frequencies

Media FCM

Dilution factor � (S/m) 1 MHz 10 MHz 15 MHz

TSB 50× 0.03 0.538 0.732 0.662
TSB 6× 0.35 –0.280 0.127 0.155
LB 2× 0.92 –0.447 –0.269 –0.243

TSB, soybean casein digest medium; LB, lysogeny broth
medium.

was designed using two distinct E. coli cell solutions: (i) in
the first population no IPTG was added and so the cells
did not produce GFP and, consequently, were not visible
using fluorescence microscopy; (ii) in the second population
IPTG was added during cell growth and the cells expressed
GFP before being inserted in the microchannel. The experi-
ment started by trapping cells of population (i) using nDEP
(Vpp = 10 V at 1 MHz, 13 × 105 V/m). When the nDEP
trap was filled, the flow of cells of population (i) was stopped,
the channel was flushed, and cells of population (ii) were
inserted at a velocity of approximately 6.3 × 10−5 m/s with
a medium with an electrical conductivity of 0.35 S/m. This
moment in time was taken as t = 0 s. Figure 4 shows that the
fluorescence intensity in the trap region, which is zero at the
start of the experiment, increases with time until reaching
saturation at approximately 30 min indicating the trapping
of cells of population (ii). Optical microscopy shows an ap-
proximately constant cell concentration in the trap indicating
that the exchange of nonfluorescent cells of population (i)
with fluorescent cells of population (ii) occurred within this

Figure 4. Dynamic exchange between trapped cells and cells
flowing in the microchannel. nDEP-trapped cell intensity as mon-
itored by fluorescence: the nDEP trap started with a trapped E.
coli lineage that is not producing GFP (shown in (a) using op-
tical microscopy) and then starting to flow, at time t = 0 min,
a second E. coli lineage of cells that were expressing GFP. (b),
(c), and (d) are fluorescence micrographs of the trap after 7, 19,
and 33 min, of flow of GFP expressing cells, respectively. The
total intensity of the trapped cells as monitored in the visible re-
mained constant. Two independent repeats of the experiment are
shown.

time scale. The absolute value of the fluorescence indicates
that only 50% of the original, nonfluorescent cells from pop-
ulation (i) were replaced by fluorescent cells from population
(ii). Since the nDEP force decreases with the distance from
the trap center (Supporting Information Figs. 3 and 5), it
is hypothesized that the cell exchange occurred most likely
between the loosely bound outer layers of the trapped cell
agglomeration.

3.4 Trapped cell viability

The metabolic viability of cells during DEP trapping was stud-
ied by first performing a negative viability control with an E.
coli population previously submitted to an ethanol shock for
30 min at 65 �C. These conditions effectively kill the cells,
as confirmed using the trypan blue stain test. This group of
dead cells was then inserted into the microchannel and sub-
jected to the nDEP and pDEP conditions described in section
2.1. No trapping was observed in either case, since dead cells
have different permittivities from their live counterparts. A
second, positive test was performed by trapping cells under
flow conditions using pDEP and testing for viability using
the BacLight Bacterial Viability Kit. This kit makes use of
two dyes to discriminate cells on the basis of the state of
their membranes – cells with compromised membrane are
stained red with ethidium bromide, whereas cells with intact
membranes are stained green with Syto9. We observed (not
shown) that trapped cells were green, suggesting that cells
trapped by DEP were alive.

While the previous test indicates whether cells have their
membrane intact or not, it gives no indication on their via-
bility and activity in terms of metabolism. One way to study
if cells are active in terms of their metabolism would be to
induce GFP expression while the cells are trapped. To per-
form this test, noninduced E. coli cells were first trapped
using nDEP in a single microchannel device (Fig. 1B). This
cell culture (named population (i) in Section 3.3) was inserted
without prior IPTG incubation. After successful trapping was
confirmed using optical microscopy, an IPTG solution was
immediately inserted in the microchannel (at time t = 0 in-
dicated in Fig. 5). After approximately 14 min, fluorescence
became detectable as shown in Fig. 5 (indicated by the open
stars), demonstrating that the cells were expressing GFP and
confirming the metabolic activity of the cells. A similar exper-
iment was performed after trapping E. coli cells under pDEP
conditions. The results were consistent with those obtained
for nDEP, and an increase of fluorescence intensity was
observed due to GFP expression after approximately 10 min
of IPTG flow. In the above-described experiments, the same
channel is used for cell and IPTG insertion and there is a
possibility that the cells could be induced before reaching the
trap area. To clarify this issue and in long nDEP experiments,
the electrodes often become compromised, another pDEP
experiment was performed in which a more complex two in-
let microfluidic devices was used, one inlet for cell insertion
and the other for the insertion of the IPTG solution. After
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Electrophoresis 2013, 34, 575–582 Microfluidics and Miniaturization 581

Figure 5. IPTG-induced GFP expression after nDEP and pDEP cell trapping. E. coli cells not producing GFP were trapped. In a first
experiment, at t = 0 IPTG solution was inserted at 6.3 × 10−5 m/s for nDEP (open star) and 4.2 × 10−3 m/s/min for pDEP (bold circle).
In a second experiment, IPTG was inserted at 0.2 �L/min after 10 min (bold triangle) and 15 min (asterisk) of pDEP trapping. (A) and
(B) are optical and fluorescence micrographs, respectively, at the end of the first pDEP experiment. In the oval white selection there is a
group of dead cells that do not express GFP upon IPTG induction. Electric field lines for 13 × 105 V/m (C). (D) Micrograph for viability test
performed the second pDEP experiment (15 min of pDEP trapping prior to IPTG flow).

approximately 10 min, fluorescence became detectable as
shown in Fig. 5 (indicated by the bold circles). In the case
of this pDEP experiment, although Fig. 5A indicates that the
trap is filled with cells, Fig. 5B shows that only the cells in the
periphery of the trap, where the electric field gradient is lower,
are expressing GFP. The electric field lines are schematically
represented in Fig. 5C. The density of the lines is propor-
tional to the field magnitude. This result suggests that the
areas with higher forces due to the electric field gradient are
not compatible with cell viability in this case (corresponding
to regions where the electric field is higher than approxi-
mately 7 × 105 V/m, according to the simulations results).
The shift between the onset of GFP expression, and thus of
detection of fluorescence, between the nDEP and pDEP cell
trapping conditions that can be observed in Fig. 5, could indi-
cate an effect in nDEP of higher cellular stress induced by the
heating of the solution due to the higher conductivity media
employed, which delays GFP expression.

Additional experiments were performed to assess the
metabolic viability of the cells subjected during different
lengths of time to electric fields under pDEP and nDEP trap-
ping conditions. Experiments analogous to those described
above were performed, with the difference that the trapped E.
coli cells were exposed to pDEP trapping fields for a further 10
and 15 min before initiating the flow of IPTG, and to nDEP
trapping conditions for a further 5 min before IPTG. After
this period, and keeping the applied fields on and the cells
trapped, IPTG was introduced (6.3 × 10−5 m/s for nDEP and
4.2 × 10 −3 m/s for pDEP). This set of experiments was per-
formed using the cross-channel configuration. After 5 min of
nDEP trapping, no fluorescence increase was observed upon
IPTG induction. In the case of pDEP, an increase of induced
fluorescence was observed for cells exposed for 10 min to
the trapping fields. The induced fluorescence was observable

after approximately 13 min of exposure to IPTG as shown
in Fig. 5 (bold triangles). For cells exposed for 15 min to the
trapping fields, no IPTG-induced fluorescence was detected
up to 30 min of IPTG flow, as shown in Fig. 5 (asterisks).
To evaluate if the cells were dead after 15 min of exposure
to fields corresponding to the pDEP trapping conditions, a
BacLight Bacterial Viability test was performed and red color
was observed in the electrode area as depicted in Fig. 5D
indicating cell death. Comparing the cells exposed to pDEP
conditions for 10 min to those for which IPTG was intro-
duced immediately after trapping, Fig. 5 shows that the onset
of GFP expression is earlier, and higher expression slope and
expression levels are observed for the cells exposed to the
DEP electric fields for shorter times. From these results, one
can conclude that the cell metabolism is affected by the DEP
trapping fields after 10 min of exposure, while after 15 min of
exposure the cells no longer produce GFP, the majority being
dead. pDEP is suitable to manipulate cells for a short period
of time without compromising their metabolic viability, but
long exposures to the DEP electric fields can be harmful.

4 Concluding remarks

This work demonstrated that E. coli cells trapped in a
microchannel either using either pDEP or nDEP under
conditions of fluid flow remain viable and able to use
their biomolecular machinery to produce proteins (GFP).
To achieve this result, the DEP forces resulting from an
integrated quadrupole electrode were simulated and the ex-
perimental predictions were confirmed both in the absence
and in the presence of flow in microchannels. Beyond a cer-
tain electrical field magnitude (∼13 × 105 V/m) and 15 min
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of pDEP-exposure time, the viability of the cells was shown
to be compromised. Meanwhile, after 10 min of pDEP ex-
posure time in the same conditions, the cell viability was
confirmed.

These results provide important guidance for the devel-
opment of a number of lab-on-chip applications: (i) the ob-
served effect of cell concentration can potentially be used
to increase the sensitivity of integrated biosensors and the
speed of miniaturized bioanalysis; (ii) the metabolic viability
of trapped cells suggests that genetically modified trapped
cells can be used as live biosensors in which the timing and
amplitude of the expression of a marker protein can be corre-
lated with a complex fluidic stimulation; and (iii) the robust
definition of trapping conditions, in particular, the time of
exposure to the electric field, and the observation that dead
cells are not trapped indicates that complex spatial and chem-
ical manipulation of cells can be performed in microfluidic
devices without compromising cell viability.
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