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This chapter describes the handling of different biological particles using flow-indu-
ced electrokinetic trapping (FIET) as trapping mechanism. The results represent the

first steps towards on-chip handling of biological particles using FIET for biological

and medical applications. Three very different types of biological particles could be

trapped, namely yeast cells (Saccharomyces Cerevisiae), diluted whole rat blood and

DNA strands. The preliminary experiments performed with yeast cells revealed that

cells could be trapped and indicated that size separation should be possible. In the

proof-of-principle study with diluted whole rat blood, it was observed that blood cells

could be trapped and recirculate using FIET. The third type of biological particles

tested were DNA strands with two different lengths, namely 48 kilobase pairs (kbp)

λ-DNA and 168 kbp T4 GT7-DNA. In this case, the study focused on the effect of

DNA concentration and applied electric field on the trapping and clustering behavior

of DNA in the recirculating flow.
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5.1 Introduction

In bioanalytical, medical and clinical research, complex fluids containing particles

like cells (e.g. blood) and molecules are generally the subject of investigation. The

procedures involved include sampling, sample pretreatment and separation as com-

plete analysis, or as processing prior to further handling of the sample. The quest to

integrate all analytical procedures, like sampling, separation and detection, into one

small device began with the introduction of the concept “miniaturized total analysis

systems” (μTAS) in 1990.1, 2 Shortly after the introduction of μTAS, Wilding and

Kricka were among the first to demonstrate that microfluidic devices are appropriate

tools for the analysis of biological samples. They reported devices for testing sperm

motility3 and separating blood cells from nanoliter-sized fluid samples4 in micro-

channels. Since then, new separation and particle handling strategies have been de-

veloped, capable of processing nanoliter-sized samples of complex fluids containing

just a few cells.5 However, the extraction of biological particles like cells, blood and

DNA from the matrices in which they are suspended remains a challenge. There are

a number of approaches to solve this issue, as has already been discussed in Chap-

ter 2. One of the most successful has been presented by the Laurell group, who de-

veloped a method using acoustic forces to perform a variety of quite different particle

separations, including the separation of plasma from whole blood.6 The capability to

work with biological particles in microchannels is no mean feat, as these “real parti-

cles” tend often not to behave as predictably as the polymer microspheres that are

generally chosen to demonstrate proof-of-concept. Cells are often deformable, capa-

ble of changing shape especially when driven into small gaps. DNA exists in diffe-

rent forms, either as a coil or stretched out.9, 10 Though many particle handling

approaches work well with well-defined polymer spheres, this is no guarantee that

they will be appropriate for working with cells or macromolecules like DNA.

Lettieri et al. demonstrated that opposed pressure-driven and electro-osmotic flows

co-existing in narrow channels that expand at both ends could be used to trap parti-

cles. This technique, later termed flow-induced electrokinetic trapping (FIET), was

used in experiments where freely moving, streptavidin-coated polymer particles were

trapped and perfused with labeled biotin to perform a model immunoassay.11 Lettieri

et al. also demonstrated the trapping and preconcentration of 48 kbp λ-DNA using

FIET.12 We have more recently used the FIET technique to perform charge-13 and
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size-based14 particle separations, with the advantage of trapping one particle type wit-

hout the need for physical barriers, while others were flushed away. The small di-

mensions of the trapping or separation channel (minimum 20 µm depth and 50 µm

width) and the use of low electric fields would also make FIET  applicable to small

cells and bacteria.13 The next step towards a μTAS based on FIET involves the trap-

ping different biological particles. The next paragraphs give an explanation as to the

selection of yeast, blood and DNA for these proof-of-principle studies.

Yeast

Affinity-based assays are one of several analytical methods used in food and drug

development studies. These assays can be performed with isolated receptors which in-

teract with drugs and their metabolites, as shown in a study for morphine by de Jong

et al.15 Recent developments in cell biology and biotechnology has led to the possi-

bility of introducing specific properties and reporter genes into cells and bacteria,

making them capable of detecting compounds. These techniques are useful when de-

veloping assays based on cells. Yeast cells are often used for affinity-based assay18, 19

due to their low cost, ease of use, robustness, and the lack of known endogenous re-

ceptors that may interfere with the assay.17, 20 For example, Bovee et al. developed a

yeast-based bioassay in which the human androgen receptor is introduced into yeast

cells. In response to androgens green fluorescent protein is expressed by the yeast

cells  as a measurable reporter protein.16, 17 It has also been demonstrated that yeast

cells can be cultured for 6 hours in 600-µm-wide and 61-µm-deep microfluidic chan-

nels using acoustic forces.21 The technique of FIET could thus be used to trap freely

moving yeast cells with low electric fields and perfuse them with reagents. We pro-

pose that FIET could serve as a platform to transfer the yeast bioassay of Bovee, as

well as many other assays, into handheld chip devices.

Blood

One of the most analyzed and well-understood fluids containing particles is blood. It

recirculates through the body to deliver oxygen and nutrients, and contains different

kind of cells, like erythrocytes, leukocytes and platelets. Analysis of blood is impor-

tant in clinical and medical research for diagnostics or treatment. A well-known exam-

ple of blood analysis is that of diabetic patients measuring blood-glucose levels to

prevent hypo- and hyperglycemia. Another recent example is given by Vrouwe et al.,
who have developed a point-of-care system for the analysis of lithium in whole blood
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based on microchip capillary electrophoresis. Monitoring of lithium is important for

the treatment of manic-depressive disorders.22 As mentioned above, one of the first

examples of biologically relevant particles being processed in microfluidic devices

was the separation of blood cells from fluid.4 Toner and Irimia reviewed the different

techniques used for blood cell separation in microdevices.23 Therefore, being able to

work with blood in the FIET system would open a whole new range of possible ap-

plications. For example, it might be possible to preconcentrate and separate cells from

the sample to obtain samples enriched or depleted of different blood cell for (further)

analysis. 

D�A

Another biological particle of great interest, of course, is DNA, which is a long strand

that is coiled when relaxed. Separation of long DNA molecules can be performed

with conventional pulsed field gel electrophoresis.24-26 DNA separation in applied

electric fields has been amply demonstrated in gel-filled microchannels. A more unu-

sual approach is that of Han and Craighead, who separated DNA by DC electropho-

resis in gel-free microfluidic devices with entropic trap arrays.27, 28 DNA molecules

of different lengths were transported through a channel with alternating deep (1.5 –

3 μm) and shallow (75-100 nm) regions, so-called entropic traps. The depth of the

shallow regions was smaller than DNA in its coiled form, and so these regions ser-

ved as obstacles, trapping DNA strands in the deep regions. While all DNA strands

eventually entered the 30-μm-wide, 75-to-100-nm-deep slit to the shallow region,

they were forced to change conformation and stretch into elongated strands upon en-

tering, which costs energy. When transported through the alternating deep and shal-

low regions, the DNA molecules repeatedly change conformation. It was reported

that a DNA molecule’s contact area with the entrance of the shallow region played an

important role in triggering elongation. Therefore, larger DNA molecules had a hig-

her probability of entering the shallow regions than smaller ones, resulting in a DNA

length-dependent mobility. Furthermore, it was reported that at high electric fields, the

separation resolution decreased as the strands did not have time to recoil before arri-

ving at the next shallow region.28

Lettieri et al. already demonstrated the trapping and preconcentration of 48 kbp λ-

DNA using FIET,12 though the experiments were somewhat preliminary in nature. It

is of interest in this study to better characterize the behaviour of long-stranded DNA
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in the recirculating flows, with an eye to the possible future development of other

gel-free DNA separation mechanisms based on FIET.

5.2 Materials and Methods

Device fabrication

Microfluidic devices were fabricated in-house using photolithography, wet etching

and fusion bonding techniques as described previously for charge-based separations

using flow-induced electrokinetic trapping.13 Channel structures were etched in 4-

inch photoresist- and chromium-coated borofloat glass wafers obtained from Telic

Co (Valencia CA, USA), using an HF (50%):HNO3 (70%):H2O solution, in a

100:28:72 ratio. D-shaped channels with diverging and converging elements were

typically 3 cm long, 20 µm deep and had opening angles of 90o, resulting in segments

that varied in width from 55 µm to 315 µm, as depicted in Fig. 1. The narrow trap-

ping channel, located between the 1st converging and 2nd diverging elements, is 55 µm

wide. Each segment of uniform width between the 1st diverging and 2nd converging

geometry is 3 mm long. Plastic 1000-µL pipette tips (Sarstedt, Nümbrecht, Germany)

7 mm in diameter, about 50 mm long, and with the narrow ends cut off, were fixed

with glue (Kombi snel, Bison International, Goes, The Netherlands) over the in- and

outlet holes to serve as reservoirs. The pressure-driven flow was generated using a co-

lumn of fluid (0-5 mbar, equivalent to 0-5 cm of fluid column height or 0-500 Pa) in

the reservoir at the inlet. To apply electric fields, electrodes made from 0.5-mm-

diameter platinum wire (Sigma-Aldrich Chemie B.V., Zwijndrecht, The Netherlands)

were inserted through the tip walls approximately 2 mm above the chip and fixed

with glue. The cathode (negative pole) of the high-voltage power supply (Labsmith,

Livermore, CA, USA), was connected to the electrode in the inlet, making the elec-

trode at the outlet the anode; EOF thus ran from the outlet to the inlet. The chip was

placed on the X-Y translational stage of an inverted microscope (DM-IL Leica,
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Figure 1. Schematic representation of the channel geometry with the according names of the
various elements (“Diverging” (div) and “converging” (con) are defined in terms of the di-
rection of pressure-driven flow.) The dotted square indicates the area where the images from
Fig. 3 through 5 were made. The region between the 1st converging and 2nd diverging geome-
try is called the trapping channel.

1st div 2nd div 2nd con1st con

inlet outlet
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Wetzlar, Germany) with a digital camera (Leica DFC300 FX, Wetzlar, Germany) for

visual inspection. The microscope was equipped with objectives with long working

distances and correction mounts in order to be able to image flows in substrates up

to 2 mm thick. Furthermore, the objective had phase-contrast options and the mi-

croscope was equipped with a Hg lamp and a FITC filter block (excitation, 488nm;

emission, 520nm) for fluorescence. During experiments, magnifications of 20 and

40 times were used.

Experimental conditions for yeast handling

Prior to experiments, the channel walls were conditioned with 100 mM sodium hy-

droxide solution for 10 minutes to obtain a homogeneous EOF, and rinsed for 10 mi-

nutes with the same borate buffer (10 mM, pH 9.2) used in the FIET experiments.

Boric acid p.a. and di-sodiumtetraborate-decahydrate p.a., for preparation of the bo-

rate buffer, were obtained from Merck (Darmstadt, Germany). Cell suspensions con-

taining yeast, Saccharomyces Cerevisiae (Type II, Sigma-Aldrich Chemie B.V.,

Zwijndrecht, The Netherlands), were prepared by adding 20 mg of yeast to 40 mL of

buffer solution. Prior to the experiment, the zeta potential of the yeast cells, ζp, was

measured using a Lazer Zee meter (PenKem, Bedford Hills, NY, USA), based on mi-

croelectrophoresis.29 Suspensions were loaded at the in- or outlet at the beginning of

each experiment, after the channel had been filled with buffer. When suspensions

were loaded at the inlet, cells entered the channel automatically with the PF, whereas

they could be brought into the channel using a high applied potential (large EOF)

when loaded at the outlet to counter the PF. Trapping was tuned to the electrokinetic

mobility of the cells by adjusting the EOF (varying the applied potential) with respect

to the PF. Microscopic inspection could be used to track yeast cells during experi-

ments.

Experimental conditions for blood cell handling

In short, the channel walls were conditioned with 100 mM sodium hydroxide solu-

tion for 10 minutes to obtain a homogeneous EOF, and rinsed for 10 minutes with the

same borate buffer (10 mM, pH 9.2) used in the FIET experiments. Whole blood from

a male Wistar rat was heparinised directly after sacrificing the rat and stored on ice.

Prior to experiments, the blood was diluted 50 times using 10 mM borate buffer.

Blood cells entered the channel with the PF as the sample was loaded at the inlet.

Trapping was tuned to the electrokinetic mobility of the cells by adjusting the EOF
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(varying the applied potential) with respect to the PF. Microscopic inspection could

be used to track blood cells during experiments. However, to make the cells visible

the phase-contrast option of the 20- and 40-times magnification objectives had to be

used.

Experimental conditions for D�A handling

The diverging and converging channels were conditioned with 100 mM sodium hy-

droxide solution for 10 minutes to obtain a homogeneous EOF during the experi-

ments. Afterwards, the channels were flushed with the same buffer used in

experiments. Tris-EDTA buffer solution for molecular biology, 10 mM and pH 8.0,

was obtained from Sigma-Aaldrich Chemie B.V. (Zwijndrecht, The Netherlands).

Double-stranded 48 kilo base pair (kbp) λ-DNA (Fermentas GmbH, St. Leon-Rot,

Germany) and 165.6 kbp T4 GT7-DNA (Wako Chemicals GmbH, Neuss, Germany)

were diluted with Tris-EDTA buffer and stained with the intercalating dye YOYO-1

Iodide (Invitrogen, Breda, The Netherlands) using a 10:1 base pair-to-dye ratio. The

original 0.3 µg/µL λ-DNA and 0.45 µg/µL T4 GT7-DNA solutions were diluted to 3

ng/µL or 0.3 ng/µL and used during experiments.  The samples were loaded at the

inlet reservoir; the DNA entered the channel with the applied PF. Tracking DNA

strands was performed with fluorescence microscopy. In addition to the previously

described microscope, a second fluorescence microscope (TILL iMIC, TILL photo-

nics GmbH, Graefelfing, Germany) was used for some experiments. This micros-

cope was equipped with a 20x/0.75 N.A. objective (Carl Zeiss B.V. Sliedrecht, the

Netherlands), GFP Ex: 480/20, Dc: 505, Em: 520/20 filter set and iXon DV885 EM

CCD high-speed camera (Andor Technology). The microscope was located at the Bi-

oimaging Center Groningen, University of Groningen, The Netherlands.

5.3 Results and Discussion

Yeast cell handling

Yeast cell trapping was studied in a channel with diverging and converging geome-

tries as shown in Fig. 1. The suspension containing yeast cells (ζp = -29 +/- 3 mV)

was brought into the inlet reservoir and cells entered the channel with the pressure-

driven flow (PF) generated by a 40 mm liquid column. When the first cells arrived at

the 2nd converging geometry, the potential was increased to obtain trapping conditi-

ons (between 150 and 250 volts applied potential), and cells were trapped and pre-

132



Application of Flow-Induced Electrokinetic Trapping to Biological Particles

concentrated in the trapping channel, as shown in Fig 2. From this moment on, no new

cells entered the channel, as in the 1st diverging geometry the cells were redirected to-

wards the inlet by the FIET mechanism. It was observed that the trapped yeast cells

had different sizes, estimated between 2 and 8 µm in diameter. When the potential was

turned off, the cells were transported with the PF towards the outlet reservoir; reap-

plying the potential resulted in the cells being trapped again. When in the trapping

channel, the cells obtained a net flux in the direction of PF and were directed towards

the low-pressure side of the channel, the 2nd diverging geometry.13, 14 This resulted

in the formation of a gradient of trapped cells in the trapping channel, with more cells

located towards the diverging geometry, similar to the gradient seen in experiments

with polymer microspheres. Preliminary results also showed that the smaller yeast

cells formed a more diffuse gradient, with more small cells located towards the con-

verging geometry (end of the trapping channel) than large yeast cells (Fig. 2). Inc-

reasing the potential to 250 volts resulted in the escape of the first and smallest cells

from the trapping channel in the direction of EOF. Based on these results, and the

knowledge that FIET can be used to separate particles according to their size,14 it

should be possible to perform size-based separation of yeast cells in this device. In

future work, then, FIET could be used to synchronize cells by exploiting the relati-

onship between cell size and phase in the cell cycle, as Choi et al. demonstrated using

another microfluidic approach, hydrophoresis.30

When working in microfluidic devices, it is important to prevent clogging of the chan-

nel. It was observed in these experiments that yeast cells formed clusters, due most

likely to the preconcentration effect of FIET. This result is in keeping with another
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PF

Figure 2. Frames taken from the video of yeast cells trapped under 4 mbar of applied pres-
sure and 200 volts applied potential. �ote the increasing cell concentration from converging
towards diverging geometry (left to right) with small cells located more towards the conver-
gin end of the trapping channel than large cells.  

EOF
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study by Hawkes et al., who reported that yeast cell clustering was more pronounced

at higher concentrations.31 Furthermore, it has been reported that bacteria form ag-

gregates when present in a capillary electrophoresis system. The formation of clus-

ters depended on electric field, ionic strength, and composition of the buffer used,

and resulted in changed migration velocities.32 Clusters in this work did not block the

channel or stick to the walls, but were flushed out of the channel with the EOF when

their sizes increased beyond a critical dimension. However, when flushed with the

EOF the clusters pushed forward other freely moving cells in their way, hence forcing

them to escape from the trapping channel at the converging geometry. 

Blood cell trapping

Trapping of cells in diluted whole blood from a Wistar rat was also performed in a mi-

crochannel with diverging and converging geometry. The local electric fields, E, va-

ries along the different segments of the channel, due to the change in geometry. To

be able to calculate the local E, given in Table 1, as described previously,13 the cur-

rent was recorded during experiments. The total resistance was calculated to be

7.5x107 Ω. 

Application of a 40-mm-high fluid column (4 mbar) at the inlet (cathode) caused a

PF, and blood cells were automatically introduced into the channel. It should be noted

that, because the blood cells were not stained, they could only be seen in the channel

when phase-contrast microscopy was used with a 40-times magnification. When the

first cells had passed the 2nd converging geometry, blood cells were trapped by the
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Bioparticle 

type 

Applied potential  

/V 

Current  

/µA 

E narrow channel 

/V cm-1 

E wide channel 

/V cm-1 

Yeast 150 2* 50* 9.5* 

Whole Blood 450 6 150 28.6 

Whole Blood 1500 20 500 95.3 

DNA 300 2.2 99.9 19.1 

DNA 800 6.0 266 50.9 

DNA 1500 11.2 499 95.4 

Table 1. Applied potentials and the corresponding electric field in narrow and wide
channel segments used during experiments with bioparticles using a 40-mm-high
fluid column. * Estimated values, calculated with data from blood experiments using
the same type of buffer. 
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application of 450 volts along the channel. The cells responded immediately to the ap-

plication of potential, and reversed their pathes back towards the trapping channel,

where they were trapped and preconcentrated (Fig. 3A). Under trapping conditions,

it was observed that a gradient of blood cells in the trapping channel was rapidly for-

med, with more blood cells located towards the diverging geometry of the channel.

When the potential was switched off, the blood cells were transported as a sample

plug by the PF towards the outlet. This is in contrast to the situation prior to trapping,

when blood cells were transported as a continuous flow. Reapplying the potential be-

fore the blood sample plug passed the 2nd converging geometry resulted in trapping

and preconcentration of the blood cells in the trapping channel again, as shown in

Fig. 4A-C.

135

Figure 3 (A) Trapping of blood cells under 4 mbar of applied pressure and 450 volts applied
potential. Images were made with phase-contrast microscopy. (B) Schematic representation
of the alignment of red blood cells when recirculating in the FIET system.

PF EOF

25 µm

PF EOF

A B

PF= 4 mbar PF= 4 mbar PF= 4 mbar, U= 450 V

PF

50 µmA; t=0 s

PF

50 µmB; t= 1 s

PF EOF

50 µmC; t=34 s

Figure 4. Phase-contrast images taken from experiment illustrating that (A) blood cells can
be trapped. (B) When the potential is switched off, the cells are transported with the PF. (C)
By reapplying the potential the blood cells are directed towards the trapping channel and are
trapped again.
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It was observed that different blood cell types were trapped simultaneously with the

FIET system. Besides spherical cells, the biconcave-discoid shape of the erythrocy-

tes (red blood cells) could clearly be distinguished when gently changing the focal

point of the phase-contrast microscope. According to the literature, rat blood should

contain approximately 8.7 * 109 erythrocytes mL-1, 801 * 106 platelets mL-1 and 5.8

* 106 leukocytes mL-1.33 With a total channel volume of 48 nL and a 50-fold dilution

of the blood sample, our experiment would involve approximately 8365 erythrocy-

tes, 783 platelets and 6 leukocytes. This yields a 1488-times-higher probability to see

erythrocytes than leukocytes, and a 139-times-higher probability to see platelets than

leukocytes. Besides cell shape, cell size could also be used to distinguish between

cells, as leukocytes are larger than erythrocytes, and erythrocytes are larger than pla-

telets. It was assumed that most of the cells being observed were erythrocytes.

In these preliminary experiments with blood cells, it was observed that the red blood

cells tended to change orientation when being redirected towards the trapping chan-

nel by the recirculating flow. When entering the diverging geometry in the center of

the channel in the PF direction, the cells were transported with their discoid-shape pa-

rallel to the top and bottom of the channel. When transported back towards the side-

walls in the diverging geometry, the cells are rotated 90 degrees over their longest axis

parallel to the walls. The cells return into the trapping channel aligned vertically to-

wards the wall, as shown in Fig. 3B. Red blood cell alignment towards channel walls

was also reported by the Seki group when handling cells using the techniques of pin-

ched flow fractionation34 and hydrodynamic filtration.35 Unfortunately, the images

near the channel walls were blurry, due to the combination of the D-shape channels

and use of phase-contrast microscopy, as observed in Fig. 3 and Fig. 4. Therefore, it

was difficult to follow the exact trajectories of the cells very near the walls. 

It should also be noted that after approximately five hours, trapping could not be per-

formed anymore, and all blood cells followed the PF. Dodge et al. reported on the dec-

reased electro-osmotic mobility after modification of glass channel walls with Protein

A for heterogeneous bioassays.36 This was caused by a decreased availability of char-

ged-silanol groups on the surface for the generation of EOF as a result of the protein

coating. The decay of the EOF in this case most likely has a similar cause, namely ad-

sorption of peptides and proteins, present in whole blood, onto the glass channel wall.
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When high potentials were applied (1.5 kV) to flush all blood cells towards the inlet

with the EOF, it was observed that the cells lost their spherical or biconcave-discoid

shapes. In the field of molecular therapeutics, electric fields are used to briefly and

reversibly change membrane permeability to deliver genetic material into cells, a pro-

cess called electroporation.37 However, when extreme conditions are used, the mem-

brane can be permanently damaged and the cell content released.38 In fact,

high-voltage pulses have been used on-chip for cell lysis with subsequent analysis of

the cell content.38-42 For example, McClain et al. used a dc-field of ~900 V cm-1 or a

combination of ac-field (450 V cm-1 peak-to-peak) with a dc-field offset (650 V cm-

1) to lyse cells prior to capillary electrophoretic separation on-chip.39 Furthermore, it

was reported that different cell types needed different conditions to be lysed,42 and that

the duration and electric field strength play an important role in the lysis process.43

While flushing the channel, blood cells were exposed to high electric fields (500 V

cm-1) for a long time (>60 s), which could cause them to lyse. Lee et al. reported that

red blood cells lysed when passing an orifice in a continuous EOF-driven device. At

the orifice, 10 ± 5% of the cells lysed when 720 V cm-1 was applied. Above 1200 V

cm-1, all red blood cells were lysed. The lysis of erythrocytes thus may well have

been a contributing factor to the decay seen in EOF, since the cell content released

would include proteins which could adsorb to microchannel walls.

D�A handling using FIET

Trapping and handling of 48 kilo-basepair λ-D�A

Solution containing 3 ng µL-1 of 48 kbp λ-DNA was loaded into the inlet reservoir

to a height of 40 mm (4 mbar applied pressure), causing a PF and resulting in λ-DNA

entering the channel automatically. Under the fluorescence microscope, λ-DNA was

visible as tiny fluorescing dots which were transported in the direction of PF. To be

able to calculate the local E at various locations as described previously,13 the poten-

tial and current were recorded during experiments; results are given in Table 1. When

the potential was increased to a trapping condition of 300 volts, the λ-DNA that had

passed through the trapping channel with the PF was transported back towards this

channel and trapped in the recirculating flow. Based on the volumes of the narrow

trapping channel and the wide channel segment further downstream towards the out-

let, and the assumption that the λ−DNA concentration in the channel was equal to that

in the inlet reservoir, it was calculated that the concentration increased 14-fold to ap-

proximately 42 ng µL-1. In the trapping channel, the λ-DNA concentration gradient
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was observed to increase from the converging towards the diverging geometry, si-

milar to the effect seen with polymer microspheres.14 The preconcentration effect of

FIET could be qualitatively observed, as the amount of fluorescence in the trapping

channel increased with time. As λ-DNA concentration increased, the molecules ten-

ded to form two clusters at the corners of the 2nd diverging geometry, as shown in

Fig. 5A-C. These two clusters rapidly increased in size over a matter of seconds, until

they merged ( Fig. 5D) at the centre and were transported by the EOF back towards

the inlet (Fig. 5E-F). Directly after the cluster was flushed away with the EOF, freely

moving λ-DNA was again observed at the diverging geometry and the process of

cluster formation was repeated. The source of this DNA was DNA remaining in the

wide segment beyond the 2nd diverging geometry, transported there during the initial

DNA loading step. 

The cluster which was flushed away exited the trapping channel at the 1st converging

geometry, only to have the cluster fall apart into single fluorescing λ-DNA dots as it

experienced a dramatic reduction in local E. These dots were transported towards the
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Figure 5. Trapping of 3 ng µL-1 λ-D�A  using FIET under 4 mbar of applied pressure and
300 volts applied potential. White lines indicate the channel walls. (A-C) Formation of two
clusters at the diverging geometry over time. (D) The two clusters merge. (E-F) The merged
cluster is flushed away with EOF. Images were made with a high-speed camera (10fps) at
the Bio-imaging Center, University of Groningen 

A; t= 0 s B; t= 2.2 s C; t= 3.8 s

D; t= 5.4 s E; t= 5.6 s F; t= 6.0 s

PF EOF PF EOF PF EOF

PF EOF PF EOF PF EOF
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1st diverging geometry, to be recaptured in the recirculating flow at this point and

again form clusters as observed downstream in the trapping channel. Generally spe-

aking, if the potential was switched off, the λ-DNA would be transported with the PF,

and the clusters would also fall apart in the absence of an applied E. Reapplying the

potential resulted in trapping and preconcentration of the λ-DNA again. 

Lettieri et al. performed DNA trapping experiments under 30 mm (0.3 kPa) or 50

mm (0.5 kPa) column height, similar to the PF condition in this study, but observed

trapping at higher applied potentials due in part to the use of a borate-EDTA buffer

instead of the TRIS-EDTA buffer used in this work.12 Despite this, however, the ef-

fects of trapping and cluster formation at the corners of the diverging geometry and

the cluster merging that Lettieri observed is very similar to the results obtained in

this study. 

The trapping of λ-DNA could also be studied with the λ-DNA (3 ng µL-1) loaded at

the outlet instead of at the inlet. To counter the PF and introduce λ-DNA into the

channel, a high potential had to be applied. When λ-DNA was present in the channel

the potential was reset to trapping conditions, a value of 300 volts. λ-DNA was trap-

ped and preconcentrated, and the formation of clusters which were transported with

the EOF after merging together was again observed. However, the 2nd converging

geometry and outlet channel also acted as a trapping channel in this experimental

configuration, and the formation of clusters that followed the EOF also occurred at

this point as the sample was loaded from the outlet. New λ-DNA was thus continu-

ously introduced into the channel from the outlet reservoir. This newly introduced λ-

DNA was also trapped in the trapping channel and it is possible that the concentration
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Figure 6. Trapping of 0.3 ng µL-1 λ-D�A  using FIET under 4 mbar of applied pressure and
300 volts applied potential. White lines indicate the channel walls. The image was made
with an exposure time of 60 s. 
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in the trapping channel exceeded the 42 ng µL-1 seen in the previous experiment. This

experiment, in which DNA was introduced continuously into the device is quite dif-

ferent from previous experiments, where DNA was introduced during a defined time,

and FIET was thus performed as a batch process.

At a potential above 450 volts, all λ-DNA molecules were transported with the EOF

and a continuous flow of molecules was generated from the outlet towards the inlet.

It was observed that the molecules were transported at higher velocity in the trap-

ping channel than in the wide segments, a result of the higher local E in the narrow

trapping channel. When the molecules passed through the trapping channel, clusters

analogous to those formed under trapping conditions were formed. These immedia-

tely disintegrated again when entering the wide segment again. Above a potential of

1500 volts, cluster formation was also observed in the wide channel segments. Inte-

restingly, the onset of cluster formation in both the narrow and wide segments oc-

curred at very similar E values (99.9 V cm-1 in the narrow channel at 300 V applied

versus E= 95.4 V cm-1 in the wide channel at 1500 V applied; see also data in Table

1). This indicates the influence of E on the formation of DNA clusters.

When using a concentration of 0.3 ng µL-1, λ-DNA trapping occurred under the same

conditions of applied potential (300 V) with respect to the applied pressure (4 mbar).

An increasing concentration gradient from the converging towards the diverging geo-

metry was again visible, as shown in Fig. 6. It can clearly be seen that two areas with

high concentrations of λ-DNA were formed at the edge of the narrow channel and the

diverging geometry. It should be mentioned that the image in Fig. 6 was made with

a 60 s exposure time. As a result, the imaged DNA molecules were not seen as dots

but as streaks because of their movement. However, in the trapping channel the for-

mation of clusters and the transport with EOF of big clusters after merging was not

observed. Calculations revealed that the concentration in the trapping channel inc-

reased to approximately 4 ng µL-1, much lower than in the previous case. Increasing

the potential resulted in the transport of λ-DNA with the EOF. Exceeding 450 volts

caused all λ-DNA to be transported with the EOF.

Changing the direction of the electric field, and thus directing EOF and PF both from

the inlet to the outlet resulted in change of the transport direction of the λ-DNA to-

wards the outlet. However, at high applied E (>100 V cm-1) the formation of clusters
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in the trapping channel was still observed. This supports the hypothesis that the elec-

tric field strength plays a significant role in cluster formation.

Trapping and handling of 168 kilo-basepair T4 GT7-D�A

Longer T4 GT7 DNA strands (168 kbp) were loaded at a concentration of 3 ng µL-1

at the inlet and introduced with the PF (4 mbar) into the channel. When the T4 GT7

DNA passes the 2nd converging geometry 300 volts were applied and the T4 GT7

DNA was trapped in the trapping channel. Not unexpectedly, a concentration gra-

dient with the highest concentration at the diverging geometry was observed along the

trapping channel. Due to the preconcentration effect, the local concentration at the di-

verging geometry increased with time until all the DNA that had passed the trapping

channel was collected. As the concentration increased, clusters were formed at both

sides of the diverging geometry. After these clusters merged into one cluster, shown

in Fig. 7, it was flushed with the EOF and felt apart when leaving the trapping chan-

nel at the converging geometry. When working with a 0.3 ng µL-1 concentration, T4

GT7 DNA was trapped under the same conditions as before and the formation of

clusters was still observed. This result differs markedly from the results for 0.3 ng µL-

1 λ-DNA, where clusters were not formed under trapping conditions at this low con-

centration. One should also keep in mind that in terms of concentration, the T4 GT7

DNA probably clusters at lower concentrations than λ-DNA, as it is 3.4 times longer.

The molecular weight of T4 GT7 DNA is also 3.4 larger than λ-DNA, namely 107.6

MDa compared to 31.5 MDa, respectively. However, the formation and merging of

clusters is similar to the experiments with λ-DNA described in an earlier section and

by Lettieri et al.12
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PF EOF

Figure 7. Trapping and formation of clusters when using 3 ng µL-1 T4-D�A under 4 mbar
of applied pressure and 300 volts applied potential. White lines indicate the channel walls.
The D�A was labeled with the fluorescent dye, YOYO-1.
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Relaxed DNA-strands in solution are present in coiled form, which can deform into

elongated strands. Zheng and Yeung concluded that DNA can be treated not as rigid

but as deformable particles. Furthermore, they demonstrated that DNA molecules are

deformed by shear flow in a hydrodynamic flow.44 Our work is somewhat related to

the work of Zheng and Yeung, as they demonstrated that DNA molecules migrated ra-

dially towards the walls or towards the center of the capillary when hydrodynamic

flow was opposed or added to electrophoretic migration, respectively.44, 45 In Fig. 6.,

two long bands of DNA located close to the channel walls are visible, an effect which

is similar to that described by Zheng and Yeung under conditions of opposed PF and

EOF in a fused-silica capillary. However, further investigation of this phenomenon is

required.

Velocity gradients in the direction of flow can stretch DNA-strands due to the shear

on the molecule.46-50 Different studies have reported on the stretching of DNA using

shear and elongational flows,51, 52 also performed in microchannels.9, 53 Stretching of

long DNA strands (>48 kbp) was studied with electric fields up to 40 V cm-1. 54-56 In

Table 1 can be seen that this value is comparable to or lower than the field strength

used during FIET experiments. However, in these references, the DNA was attached

to a surface at one end while electric fields were applied to stretch it. In FIET expe-

riments, DNA is in free solution. While working with FIET, hydrodynamic effects and

an electric field are both present, inducing velocity gradients in the direction of flow

due to the converging and diverging channel geometries. Reese and Zimm studied the

stretching and breaking of DNA when passing a 130-µm-wide converging orifice.57

Thus, elongation and breaking of DNA might occur while handling DNA with FIET.

The 168 kbp T4 GT7 DNA yields a longer strand than the 48 kbp λ-DNA and there-

fore possesses a larger contact area. The larger contact area may well be the reason

that T4 GT7 DNA in elongated form starts to form clusters at lower concentrations

compared to the shorter λ-DNA in elongated form.

Influence of solely the electric field on D�A 

In an extra experiment the influence of solely the electric field on λ-DNA and T4

GT7-DNA was tested. As no PF was present, DNA obtained its velocity due to the

combination of electrophoresis and EOF, the apparent velocity as described previou-

sly.13 The DNA molecules were observed as small fluorescing dots transported in the

EOF direction after applying a potential. When increasing the potential, and thus the
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electric field, the DNA velocity increased as expected. When exceeding 800 volts the

first formation of clusters was observed. This occurs at a higher potential compared

to the situation where PF was also present. The EOF and electrophoresis are oppo-

site in direction and generate shear on the DNA which might cause them to stretch and

cluster. When PF is present, it also generates a shear on the DNA and therefore might

actively lower the E required to stretch the DNA and induce clustering. Increasing the

potential resulted in an increased formation of clusters. Directly after removing the

potential the formation and transport of clusters stopped and formed clusters felt

slowly apart into small dots. Electrophoresis and EOF work in opposing directions on

the DNA and might at high electric fields also stretch the strand to cause clustering. 

5.4 Conclusion

In this chapter, it has been shown that FIET can be used to trap different biological

particle types, namely yeast cells, blood cells and two different lengths of DNA. The

knowledge that cells, like yeast, can be trapped can be used to develop assays on-

chip using FIET. For example, the yeast cells from Bovee et al. could be trapped and

perfused with medium to develop handheld applications.16, 17 These results demon-

strate the possibilities of on-chip biological particle handling using FIET. 

First results from the performed experiments, indicate that FIET can also be used to

separate yeast according to size, which can be used to synchronize cells. Preliminary

results with blood showed that red blood cells tend to align themselves with their lon-

gest axis paralel to the flow against the walls when redirected into the trapping chan-

nel in the diverging geometry. However, more research is needed to confirm the exact

rotation and behavour of the cells. DNA strands can be trapped using opposed PF

and EOF in a diverging and converging geometry. However, clusters were formed,

which is related to the concentration of the sample and the local electric field.

It can be concluded that yeast, red blood cells and DNA strands behave differently

than well-defined solid microspheres. This is clear from Table 1, which shows that the

electric fields required for trapping differ substantially from one particle type to the

next, although the applied column height is the same. This indicates that FIET can be

used to separate these different particles from each other. In fact, the results in Table

1 suggest that it could be possible to develop a multi-FIET system to combine cell
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trapping, lyses and DNA extraction into a single device.
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