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In this contribution, we present a system for efficient preconcentration of pathogens

without affecting their viability. Development of miniaturized molecular diagnostic

kits requires concentration of the sample, molecule extraction, amplification, and

detection. In consequence of low analyte concentrations in real-world samples,

preconcentration is a critical step within this workflow. Bacteria and viruses exhibit

a negative surface charge and thus can be electrophoretically captured from a

continuous flow. The concept of phaseguides was applied to define gel membranes,

which enable effective and reversible collection of the target species. E. coli of the

strains XL1-blue and K12 were used to evaluate the performance of the device. By

suppression of the electroosmotic flow both strains were captured with efficiencies

of up to 99%. At a continuous flow of 15 ll/min concentration factors of

50.17 6 2.23 and 47.36 6 1.72 were achieved in less than 27 min for XL1-blue and

K12, respectively. These results indicate that free flow electrophoresis enables

efficient concentration of bacteria and the presented device can contribute to rapid

analyses of swab-derived samples. VC 2011 American Institute of Physics.

[doi:10.1063/1.3664691]

I. INTRODUCTION

Miniaturized diagnostic systems for analysis of infectious pathogens have been widely inves-

tigated over the last two decades.1,2 Amplification-based systems such as real-time Polymerase

chain reaction (PCR) have been in the focus of this research. For applications at point of care or

resource poor environments automated and easy to handle sample preparation techniques have to

be developed. Sample preparation for nucleic acid testing includes concentration of the pathogens

and extraction of nucleic acids. Commonly applied procedures for nucleic acid extraction require

a large number of reagents and preparation steps, limiting applications in rapid pathogen testing.3

Recently, our group presented a microfluidic chip for lysis of target species and isolation of

RNA.4 Due to the small volumes of such devices and the low analyte concentration of real-world

samples, a preconcentration step is required. Conventional concentration techniques are based on

centrifugation, membrane filtering, or capturing by functionalized magnetic beads.5 For the suc-

cess of microfluidic diagnositic platforms automated, easy to handle and readily combinable func-

tional units have to be developed.6 The three main concepts for chip-based pathogen concentra-

tion are physical trapping, functionalized particles, and electrokinetic techniques.2 Physical traps

for bacteria are fabricated by shallow channels or arrays of microbeads.7,8 Although these devices

are simple, clogging, and capturing of small pathogens such as viruses are major difficulties.

Antibody-coated particles have been used to selectively bind to the target species. These particles

a)Electronic mail: gerald.urban@imtek.de. Tel.: þ49 761 203 7260. Fax: þ49 761 203 7262.
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are trapped in microchannels by physical barrieres9 or magnetic fields.10–12 The capture efficiency

strongly depends on the quality of the coatings and proper mixing of particles and analytes. For

a successful integration and an increased capture efficiency, further advances in bead modifica-

tion and controllability of the magnetic field have to be made.13,14

The electrokinetic principles, dielectrophoresis (DEP) and electrophoresis have the advant-

age to be electrically controllable and easy to integrate.6 Both methods depend on the conduc-

tivity of the liquid medium. Hence, analysis of swab-derived pathogens, transferred to the

medium is a preferable application to direct use of physiological samples. Swabs are the most

common method for identification of wound infections in clinical diagnostics.15 Other applica-

tions of swabs are the detection of respiratory infections,16 and contaminated food and environ-

mental surfaces.17

Dielectrophoresis has widely been used for preconcentration and separation of cells and

bacteria.18 Many of them direct cells to certain positions within a prefilled chip19–23 rather than

reducing the volume. A number of DEP traps and separators have been optimized for continu-

ous operation by careful scaling of the device and electrode dimensions to the analyte, as the

dielectrophoretic force depends on the volume of the biological particles.24–30 As analyzed by

Kuczenski et al.26 the high field strengths required to manipulate bacteria can strongly affect

their viability. In addition, high fields induce disturbing effects such as electrothermal flow and

AC electroosmosis.22,31,32 Bacteria and viruses exhibit a negative charge at physiological pH

values. Therefore, electrophoretic concentration has the advantage to be universally applicable

for a wide range of pathogens. Free flow electrophoresis (FFE) including isoelectric focusing

(IEF) and zone electrophoresis (ZE) has been used to separate biological particles33–36 but has

received considerably less attention for the concentration of bacteria or viruses. To date, only

two groups have reported on devices for electrophoretic concentration: Yager et al.37,38

presented microfluidic devices for continuous concentration and capture of bacteria. Balasubra-

manian et al.39 demonstrated the on-chip capture of bacteria and viruses from water.

Previously, our group developed a device for the concentration of bacteria. A factor of 17.76

for gram positive bacteria was achieved within 30 min. Besides the throughput also the capture

efficiency was still unsatisfyingly at around 80%.40 In this contribution, we analyze the influenc-

ing factors and present an optimized device and method for concentration of bacteria by means

of FFE. A highly efficient but gentle concentration of gram negative bacteria, which are far more

sensitive to lysis is demonstrated. Together with the earlier developed chip for lysis and nucleic

acid isolation4 the presented method can lead to rapid analysis of swab-derived pathogens.

II. THEORY

Bacterial cells exhibit a negative surface charge due to ionized carboxylate and phosphoryl

groups and therefore experience a force in an electric field. The resulting migration velocity is

proportional to the electric field,

~v ¼ l~E; (1)

where l is defined as the electrophoretic mobility (EM). Electrophoretic mobilities of bacteria

are typically in the range of �1 to �4� 10�8 m2/Vs and are highest at low ionic strength of

the medium.41–43 The pH has a minor influence above a value of 6 where mobilities are

almost constant.44

The major side-effect, influencing the motion of bacteria is due to electroosmotic flow

(EOF). The electroosmotic flow is caused by the interaction of an electric field and the double

layer formed at the liquid/glass interface. The high surface-to-volume ratio in microfluidic chan-

nels causes EOF to have a major influence on micro-electrophoretic techniques. The electric

field moves the liquid boundary layer towards the cathode and drags the bulk fluid along. Since

the channel is closed in the direction of the electric field a circular flow develops that interferes

the electrophoretic migration of bacteria. Cationic surfactants have been used to suppress EOF.37

As these surfactants are known biocides they have to be avoided to ensure high bacterial yield.
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Polymeric additives, such as hydroxypropylmethylcellulose (HPMC) can be used to

suppress electroosmotic flow. HPMC acts as a dynamic coating, increasing the viscosity within

the double layer and reducing the surface charge density at the channel wall. By addition of

0.1% w/w methylcellulose Cui et al. have shown a reduction of EOF by a factor of 10.45

III. DESIGN

Formation of bubbles at the electrodes due to electrolysis, and as a consequence the unstable

performance, is one of the main limiting factors of lFFE. To overcome this problem a variety

of strategies have been developed, including different buffer additives, membrane barriers, or

multiple depths designs.46,47 In the present device, the concept of phaseguides is used to prevent

bubbles from blocking the current paths and to enable controlled filling of the chip. Phaseguides

are stripes of resist within the channel to control an advancing liquid-air meniscus.48 Differences

in geometry or material cause a change in capillary pressure. A liquid meniscus reaching a pha-

seguide is pinned on the phaseguide and tends to advance along the boundary.49 A controlled

overflow can be achieved by introducing angles smaller than the critical angle according to the

Concus-Finn condition, acrit¼p� 2h, where h is the contact angle of the advancing liquid.50

The phaseguides at the electrodes act as a pressure barrier, preventing gas bubbles to cross

(Fig. 1). Furthermore, for a bubble that develops between two triangles, the pressure drop

across the larger liquid/gas interface is lower than across the smaller surface. Thus, the bubble

tends to grow towards the open end of the triangles and leaves the channel through the venting

hole.

Polyacrylamide gel is introduced via phaseguides to define the concentration channel. The

nanoporous gel polymerizes without shrinking. It is used to collect the target species but allow

electrical current to flow.

IV. MATERIAL AND METHODS

A. Finite element simulations

To optimize the parameters of the concentration method, bacterial trajectories were calcu-

lated by finite element simulations in COMSOL Multiphysics and MATLAB. The stationary

FIG. 1. Photograph of the microfluidic chip: Phaseguides are used to ensure controlled filling of polyarcylamide gel. Triangu-

lar structures are placed on top of the electrodes to expulse bubbles to the venting outlet. Device dimensions are

14 mm� 22 mm with 120lm channel height. The concentration channel, defined by gel barriers measures 3.5 mm� 15 mm.
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velocity of the pressure driven flow was evaluated by a 3-dimensional model of the microfluidic

channel. For the calculation of the electric field distribution and the corresponding electroos-

motic flow a 2D model was sufficient because the field is uniform along the channel. The simu-

lation results were used in a MATLAB script to calculate the resulting bacteria motion by summing

up the pressure driven flow, EOF and the electrophoretic migration at discrete time steps. Simu-

lation parameters were matched to the experimental settings. The zeta potential of glass with

1 mM sodium borate, f¼�75 mV was taken from Lee et al.51

B. Chip fabrication

Two 4-in., 500 lm thick glass wafers were used as the base material of the devices. Plati-

num electrodes were structured on the bottom substrate by a standard lift-off process. Holes for

fluidic access were drilled through the top substrate. The microfluidic structures of the device

were formed within a dry film resist layer (Ordyl SY330). The resist with a thickness of 30 lm

was laminated onto one substrate in multiple layers at 95 �C and photolithographically

patterned. Two layers were laminated and exposed to obtain phaseguides of 60 lm height.

Another two layers were added to form the channels and the bubble expulsion structures of a

total height of 120 lm (Fig. 1). After resist development, the top substrate was bonded at a

pressure of 60 N/cm2 and a temperature of 95 �C without the need of further adhesives. For

details of dry film resist chip fabrication refer to Vulto et al.52 Finally, the bonded wafers were

diced into single devices of 14 mm� 22 mm dimensions.

After fabrication, a 16% polyacrylamide gel (40% Acrylamide/Bisacrylamide 19:1, sodium

borate) was filled into the chips. The gel was crosslinked in a nitrogen-flooded chamber and the

devices were filled with sodium borate (SB) medium to avoid dehydration of the gel until use.

C. Sample preparation

Two different strains of E.coli, namely, K12 and XL1-blue were used as model organisms.

K12 cultures were grown overnight for 14 h to 16 h in lysogeny browth (LB) medium at 37 �C
in a shaking incubator. To receive log-phase bacteria, 5 ll of the culture were transferred to

5 ml of fresh LB medium and incubated for 2.5 h. For better insight into the concentration and

resuspension process green fluorescent bacteria were utilized. XL1-blue cells were transformed

with pBAD vector harbouring genes for expression of green fluorescent protein (GFP) and

ampicillin resistance. Since GFP expression induced by arabinose takes between 8 and 24 h, it

is not possible to receive log-phase fluorescent bacteria. Therefore, the XL1-blue cells were

grown on LB agar with 0.5% w/w arabinose and 50 lg/ml ampicillin.

The samples were suspended in SB, which is proposed by Brody and Kern53 to be a supe-

rior electrophoresis medium. Gram-negative bacteria exposed to Ethylenediaminetetraacetic

acid (EDTA) shows an enhanced membrane leakage giving rise to bacterial death rate.54

Therefore, SB medium appears to be more suitable for bacterial concentration experiments.

The solution consisted of 1 mM sodium tetraborate. The pH was adjusted to 8.5 by addition

of boric acid. The final conductivity was adjusted to rSB¼ 250 lS/cm. In addition, hydroxy-

propyl methylcellulose was added in a concentration of 0.1% w/w to effectively suppress

electroosmotic flow. Prior the experiments, the bacteria were washed in SB and diluted to a

final concentration of about 5� 104 CFU/ml. This concentration was the minimum to have

sufficient bacteria in the waste for enumeration.

D. Experimental setup

For fluidic and electrical access, the chip was placed into an acrylic holder. The setup was

placed on a microscope table to follow the experiments (Fig. 2). As part of the planned

construction of a portable system a miniaturized electroosmotic pump (Nano Fusion Technologies)

was used in this study. Since the working liquid of the pump had to be de-ionized water, the

sample was introduced into a tube and pumped indirectly through the chip. The concentration

experiments were conducted at the maximum flow rate of the electroosmotic pump of 15 ll/min.

044111-4 Puchberger-Enengl et al. Biomicrofluidics 5, 044111 (2011)
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To avoid electrolyte exhaustion, the electrode chambers were rinsed with fresh buffer.

A constant current was applied to the electrodes to maintain a stable electric field and a con-

stant migration velocity throughout the experiments. The maximum concentration factor of

61.54 was determined by the used sample volume of 400 ll and the chip volume of 6.5 ll.

With the flow rate of 15 ll/min, the experiments lasted approximately 27 min. The drop plate

method was used for enumeration because of less time and material needed compared with the

spread plate method.55 The sample reference was plated prior the experiments to avoid overesti-

mation of the concentration factor due to lysis during the experiments. 100 ll of the sample

(¼Volref) were 10-fold serially diluted in LB medium and 16 drops of 10 ll of each dilution

step were plated for enumeration. After collecting the bacteria at the gel, a negative current

was applied to resuspend them to the medium. The chip volume was emptied with a pipette,

transferred to 993.5ll LB, serially diluted and plated. The waste was plated without dilution to

receive sufficient colony forming units (CFU). After incubating the agar plates overnight, the

CFU were counted and the capture efficiency C, concentration factor fc, and recovery rate R
were calculated as follows:

C ¼ 1� CFUwaste

CFUref
� Volref

Volwaste
; (2a)

fc ¼
CFUchip

CFUref
� Volref

Volchip
; (2b)

R ¼ fc �
Volchip

Volsample
: (2c)

V. RESULTS AND DISCUSSION

Results of the finite element simulations of the concentration process are shown in Figs. 3

and 4. The surface plot in Fig. 3 shows the electric field distribution at the anodic gel/channel

interface. From a distance of the interface, the electric field takes a constant value of 5111 V/m.

The arrows indicate direction and velocity of the electroosmotic flow. As it induces a circular

bulk flow, it is independent of the phaseguide. The performance limiting influence of EOF is

illustrated by the trajectories in Fig. 4. Bacteria enter the channel from the left at different verti-

cal starting points. Close to the top and bottom glass surface the electroosmotic velocity

outweighs the oppositely directed electrophoretic migration and bacteria are moved towards the

cathode. Due to the circular flow, they turn around at the gel barrier and migrate towards the

anode. However, before being captured at the anode by the electric field these bacteria are

FIG. 2. Experimental Setup: Chip in acrylic holder, sealed by two knurled screws. An electroosmotic pump (Nano Fusion

Technologies) drives the sample into the chip. The electrode chambers are hydrostatically flushed with medium.
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swept out of the channel (h¼ 5 lm, 10 lm, 15 lm). As EOF is reversed towards the vertical

center (Fig. 3) both the electrophoretic force and EOF are directed towards the anode and

bacteria are collected at the gel as desired (h¼ 40 lm, 60 lm, 95 lm). When EOF is suppressed

by addition of HPMC all trajectories end at the gel, independent of the height of the phase-

guide. These results verify that that the electric field of 230 V/m is sufficient to capture bacteria

at the given flow rate of 15ll/min. Upon variation of the flow rate, the electric field has to be

set accordingly. With the drag force of the flow and the perpendicular electrophoretic force, the

capture efficiency follows a linear relationship.

Bacterial viability in the electrophoresis medium was tested by suspending E. coli XL1-blue
in SB and TBE (Tris/Borate/EDTA), respectively. The bacteria were plated immediately after

suspending as a reference and after 30 min and 60 min at room temperature. Compared with pre-

viously used gram positive bacteria, E. coli are far more sensitive to lysis.40 Furthermore, Fig. 5

shows a significant decrease of viable cells in TBE between 30 min and 60 min, whereas the cell

number in SB medium almost remains constant within this time frame. Thus, SB turned out to

be the better choice for electrophoresis experiments with gram negative bacteria.

As shown by the simulation in Fig. 4, the influence of electroosmosis decreases the capture

efficiency of the device. During experiments without HPMC a part of the bacteria visibly followed

the simulated trajectories and were swept out of the channel. Thus, the capture efficiency C
according to Eq. (2a) considerably decreased without the addition of HPMC as a dynamic coating.

The influence of EOF depends on the flow rate and the strength of the electric field. There-

fore, in addition to previous results,40 three concentration experiments of E.coli XL1-blue at

FIG. 3. Finite element simulations of the concentration process: Cross section at the anodic side of the channel. Surface

plot: Electic field distribution. Arrows: Electroosmotic flow. Lines: Trajectories corresponding to Fig. 4. Simulation param-

eters: Electric current I¼ 230 lA, zeta potential f¼�75 mV, medium conductivity rSB¼ 250 lS/cm.

FIG. 4. Trajectory simulations of bacteria under the influence of EOF at different heights: Close to the glass surface EOF

dominates over the electrophoretic force and bacteria are swept out instead of being captured at the gel. Simulation parame-

ters: Flow rate 15 ll/min, electrophoretic mobility l¼�2� 10�8 m2/Vs.
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15 ll/min without HPMC were performed and showed an capture efficiency of 87.29 6 6.95%.

In contrast, in experiments with 0.1% HPMC and the same species the efficiency was

98.39 6 1.02% as summarized in Table I. By suppressing EOF, the earlier found non-linear

variations of the capture efficiency40 cannot be observed anymore.

Five independent experiments were conducted with E.coli XL1-blue and K12, respectively.

The details of the concentration experiments are presented in Table I. Capture efficiencies for

both strains were around 99% with small deviations. Variation of parameters, such as the

medium conductivity and the flow rate of the lEO pump gave rise to these deviations. The

mean value of recovery R was 81.53 6 3.63% for XL1-blue with a corresponding concentration

factor fc of 50.17 6 2.23. Experiments with the K12 strain showed a mean recovery rate of

FIG. 5. Comparison of E.coli XL1-blue viability in SB and TBE. The faster decrease of viable, culturable bacteria in TBE

confirms that SB is the favorable medium for electrophoretic experiments. The bars represent mean values of three inde-

pendent time series.

TABLE I. Results of five independent concentration experiments for E. coli XL-1 blue and E. coli K12, respectively.

Capture efficiency C (%) Recovery rate R (%) Concentration factor fc

E. coli XL-1 blue

98.94 77.32 47.58

99.32 81.14 49.93

97.46 82.43 50.73

99.10 87.06 53.57

97.12 79.70 49.05

98.39 6 1.02 81.53 6 3.63 50.17 6 2.23

E. coli K12

99.55 72.19 44.42

99.79 79.07 48.66

99.94 77.23 47.53

99.43 78.85 48.53

98.64 77.45 47.66

99.47 6 0.51 76.96 6 2.79 47.36 6 1.72
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76.96 6 2.79% and a 47.36 6 1.72-fold concentration. All experiments were conducted at a

flow rate of 15 ll/min for a time of 26 min 40 s.

The resuspension process is depicted in Fig. 6 for the fluorescent XL1-blue. Accumulation

of bacteria at the gel barrier at the end of the experiment is shown in Fig. 6(a). The recovery

rates depended on the number of viable and culturable bacteria in the chip and their adherence

to the gel. Excellent visibility of the fluorescent bacteria enabled to optimize the resuspension

process. A small current of �50 lA to �100 lA applied for 1 min was found to yield optimal

resuspension results. Bacterial viability of the initial sample was checked at the end of the

experiments. For E.coli K12, the mean viability after experiments was 88.97 6 5.65%. The

viability of Xl1-blue showed more variation (90.78 6 10.69%) because growth on agar plates

was not as reproducible as growth of log-phase K12 in LB medium.

Comparison of the viability and recovery rates reveals a mean loss of 12.01% for K12 and

9.25% for XL1-blue. After inversion of the electric field, the bacteria were resuspended to the

medium. As seen from Fig. 6(b), the loss can be addressed to irreversible adherence of bacteria

to the gel. Thus, it can be concluded that the method itself does not affect bacterial viability,

which is important to prevent nucleic acids from enzymatic degradation.

For comparison, Halle et al.38 reported concentration factors of 1.8 for vegetative bacteria

and 4.5 for bacterial spores in 9 min 30 s. Balasubramanian et al.39 showed the concentration of

bacteria with an efficiency up to 99.9% and a maximum concentration factor of 14.2 in 1 h. In

contrast to other groups, we have captured bacteria at the implemented gel barrier. Keeping

bacteria away from the electrodes prevents electrode fouling and decreasing capture perform-

ance over time. Besides the concentration, subsequent access to the sample is of main

importance but often neglected. The controlled release of bacteria from the gel barrier delivers

a concentrated sample for further use. Growth based enumeration has proven that the presented

method keeps bacteria viable and culturable. After recovering the sample, target molecules can

be cleared in the previously developed RNA extraction chip. Neither the used gel nor hydroxy-

propylmethylcellulose inhibit subsequent PCR amplification.4,56

VI. CONCLUSION

We have presented a system for on-chip electrophoretic concentration of pathogens to a

small volume, required for microfluidic, PCR-based detection systems. E. coli were continu-

ously collected at an embedded polyacrylamide gel, separating the concentration channel from

the electrodes. Thus, bacteria were prevented from exposure to high field strengths and electrol-

ysis products at the electrodes. In comparison to previous works,37–40 several advances were

obtained: The small chip volume of 6.5 ll and the flow rate of 15 ll/min enabled high concen-

tration factors in less than 27 min while maintaining capture efficiencies up to 99% by suppres-

sion of EOF. Recovering viable and culturable bacteria from the chip yielded factors of

50.17 6 2.23 for E. coli XL1-blue and 47.36 6 1.72 for E. coli K12. Phaseguides of half the

FIG. 6. Resuspension of fluorescent E.coli XL1-blue. (a) Accumulation at the end of the experiment. (b) Application of

�50 lA for 1 min to detach bacteria (enhanced online) [URL: http://dx.doi.org/10.1063/1.3664691.1].
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channel height effectively prevented bubbles from blocking current paths and do away with the

elaborate deposition of platinum black. Sodium borate was shown to be the superior medium

for the concentration experiments.

The experimental results show the great potential of free flow electrophoresis for the

concentration of pathogens. In future work, the performance will be evaluated with inactivated

viruses. Furthermore, the presented chip will be combined with the nucleic acid extraction

device of Vulto et al.4 to a single device. Avoiding resuspension and transfer of the analyte will

further increase the concentration factor, and save time and material. Integration of preconcen-

tration, cell lysis, and nucleic acid isolation and analysis on a single device is a promising step

towards rapid detection of pathogens.
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