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Abstract A major problem when analyzing bionanopar-

ticles such as influenza viruses (approximately 100 nm in

size) is the low sample concentrations. We developed a

method for manipulating a single virus that employs optical

tweezers in conjunction with dielectrophoretic (DEP)

concentration of viruses on a microfluidic chip. A poly-

dimethylsiloxane microfluidic chip can be used to stably

manipulate a virus. The chip has separate sample and

analysis chambers to enable quantitative analysis of the

virus functions before and after it has infected a target cell.

The DEP force in the sample chamber concentrates the

virus and prevents it from adhering to the glass substrate.

The concentrated virus is transported to the sample selec-

tion section where it is trapped by optical tweezers. The

trapped virus is transported to the analysis chamber and it

is brought into contact with the target cell to infect it. This

paper describes the DEP virus concentration for single

virus infection of a specific cell. We concentrated the

influenza virus using the DEP force, transported a single

virus, and made it contact a specific H292 cell.
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1 Introduction

Nanobiomanipulation for virus and DNA analysis has

become one of the most important topics in nanobiotech-

nology in recent years (Amato 2005). The ability to

manipulate a single virus is necessary to analyze the

functions of influenza virus such as cell infection and

incubation in a cell. Cultured cells have conventionally

been used to analyze viral functions (Parvin et al. 1989).

Although this method can acquire average information

from many cells, the properties of individual infected cells

vary depending on their physiological states and cell cycle.

The efficiency of viral infection also varies between cells.

Moreover, viral proliferation depends on the function of the

nucleus of the infected cell. To perform quantitative anal-

ysis of a virus, single virus infection of a specific cell is

required. However, there are some problems such as

manipulation and preparation of nanobiomaterials for

experiment. Low sample concentration is one of the most

important problems because biomaterials such as viruses

are scarce.

Methods for manipulating biomaterials on an optical

microscope, an atomic force microscope, and a scanning

electron microscope have been developed (Castillo et al.

2009). It is desirable to manipulate biomaterials in a wet
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condition to maintain their activity. Moreover, manipula-

tion in a closed space such as a microfluidic chip is also

desirable to prevent environmental disturbances. In recent

years, microfluidic chips have been used to manipulate

biomaterials (Arai et al. 2001). Some form of non-contact

manipulation is required for on-chip manipulation because

it is quite difficult to insert mechanical manipulators in

chips.

Various forms of non-contact manipulation including

fluidic force, magnetic force, electrical force, and optical

tweezers have been developed for on-chip manipulation in

microfluidic chips. Hydrodynamic force has several

advantages including low cost, low power consumption,

and the potential for parallel operation (Kim et al. 2008).

However, it is difficult to use hydrodynamic force to per-

form selective manipulation of a single target. Magnetic

force is considered to be safe for biomaterials (Kuhara

et al. 2004). However, to manipulate a single target it is

necessary to modify it by incorporating a magnetic material

because most biomaterials are nonmagnetic. Although it is

possible to concentrate biomaterials, concentrated samples

can be modified by magnetic materials. Electrophoresis and

dielectrophoresis are important means for performing bi-

omanipulation (Schnelle et al. 2000). They are suitable for

manipulating many samples, but it is difficult to use them

to manipulate a single sample. Optical tweezers have been

used in biology and they have been employed to manipu-

late biomaterials such as cell, virus, and DNA (Arthur et al.

1986). They are capable of manipulating single targets, but

they have low throughputs. Thus, to concentrate and per-

form stable manipulation of biomaterials, a combination of

some of the above methods is required.

We have proposed ‘‘on-chip robotics’’ for integrating

micro and nanomanipulation and performing measurements

on a microfluidic chip (Arai et al. 2003; Ichikawa et al. 2005;

Maruyama et al. 2005, 2008). A Robochip is a microfluidic

chip in which micro/nano robots are installed and which can

perform single-cell measurements and analysis, dispense

droplets, cloning, and anatomical manipulation for on-chip

micromanipulation such as cell sorting (Yamanishi et al. 2008;

Shinya et al. 2009). Robochips have many advantages such

as being rapid, highly accurate, and disposable, enabling

local environmental control, and being robust against dis-

turbances (Ichikawa et al. 2007).

In a previous study, we manipulated a single virus and

used it to infect a specific cell in a microfluidic chip

(Ichikawa et al. 2007). The chip has a virus chamber and a

cell culture chamber. An influenza virus was transported

from the virus chamber to the cell culture chamber by

optical tweezers on a gel microbead made of poly(N-iso-

propylacrylamide) (Ishikawa et al. 1993). Although single

virus infection could be performed, it was quite difficult

and time consuming. The chip has no flow control since the

cell culture chamber is not isolated from the virus chamber,

making it possible for other viruses beside the intended

virus to infect the target cell. We subsequently developed a

chip with high-speed flow control (Arai et al. 2009) and in

which the virus chamber was isolated from the cell

chamber. However, it was still difficult to use this chip

because of the low virus concentration in the chip.

In the present study, we infected a specific cell with a

single virus by manipulating the virus using optical twee-

zers in conjunction with dielectrophoretic (DEP) concen-

tration of the virus in a microfluidic chip. The microfluidic

chip has a sample chamber and an analysis chamber.

Viruses were injected into the sample chamber and were

concentrated by DEP force. For DEP concentration, the

conductivity of the solution was adjusted to 10 mS/m to

prevent thermal damage. The virus selected from the

concentrated group was trapped and transported to the

analysis chamber by optical tweezers. The virus was

brought into contact with the selected cell to infect it. We

demonstrate DEP concentration of influenza viruses and

contact with a specific cell in the chip.

2 Materials and methods

2.1 Microfluidic chip for infecting a specific cell

with a single virus using DEP concentration

Figure 1 shows a schematic of on-chip infection of a spe-

cific cell with a single virus. The microfluidic chip consists

of a sample chamber, electrodes for concentrating viruses,

an analysis chamber, and microchannels for buffer flow

(Fig. 1a). Viruses were stained with a fluorescent dye to

enable them to be observed. The surfaces of the micro-

channels and chambers were pretreated with bovine serum

albumin (BSA) to prevent viruses adhering to the chip.

Each inlet port was connected to the syringe pump through

the solution reservoir. The top of the analysis chamber

was sealed by a self-adhesive material such as poly-

dimethylsiloxane (PDMS). After single virus infection had

been performed, the cell could be extracted by opening the

analysis chamber.

Figure 1b–e depicts the process of single virus infection

using DEP concentration and optical tweezers. The virus

solution was first loaded into the sample chamber and the

buffer was simultaneously injected as sheath flow. The

viruses were concentrated on the electrodes by DEP force.

Viruses were concentrated by generating a negative DEP

force through adjusting the conductivity of the solution and

the frequency of the voltage. The DEP force also prevents

the viruses from adhering to the chip. A single virus was

selected from the concentrated group and it was trapped

and transported to the analysis chamber using optical
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tweezers. This virus loading method reduces the con-

sumption of the scarce sample because it is difficult to

detect viruses at low concentrations. The transported virus

was brought into contact with the target cell to infect it.

After infection by the required number of viruses, these

chambers can be isolated by stacking using a photo-cros-

slinkable resin to prevent other viruses from entering the

analysis chamber (Müller et al. 1996). Viruses outside the

analysis chamber cannot enter the chamber due to physical

blocking by the polymerized resin.

2.2 DEP concentration of viruses in microfluidic chip

We used DEP force for virus concentration because the

virus was present in a low concentration. Figure 2 shows a

schematic diagram of the electrodes. The electrodes are

10 lm wide and the gap between them is 30 lm. The

concentration of the virus in the solution was 1 9 106

viruses/ll; this low-virus concentration made it difficult to

observe the virus in the sample chamber since on average,

there were less than 0.1 viruses in the field of view. A high-

frequency voltage was applied to the electrodes to generate

Inlet

Inlet

Inlet
Electrode

ElectrodeDrainDrain
Drain

Drain

Analysis 
chamber

Sample 
chamber

(a) 

Sample

Flow

Concentration by 
dielectrophoretic
force

Flow

Optical tweezers

(b) (c) 

(d) (e) 

Cell 

Viruses 

Fig. 1 Schematic of single-cell

infection of a specific cell using

DEP concentration and optical

tweezers in a chip. a Schematic

of microfluidic chip. b Virus

injection into sample chamber.

c Virus concentration by DEP

force. d Flow of concentrated

viruses to selection region.

e Transport of single virus to

analysis region and contact with

a specific cell for infection

Microchannel

Flat electrode

PDMS chip

Flat electrode

Fig. 2 Analytical model
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the DEP force. The effect of the DEP force on the viruses

depends on the electric field gradient between the elec-

trodes. The DEP force is given by the following equations:

FDEP ¼ 2pemr3Re
e0p � e0m
e0p þ 2e0m

" #
r Ej j2 ð1Þ

e0p ¼ ep � j
rp

x
ð2Þ

e0m ¼ em � j
rm

x
ð3Þ

where E is the electric field strength, r is the particle radius,

e0p and e0m are, respectively, the complex permittivities of

the particle and the solution, ep and em are, respectively, the

permittivities of the particle and the solution, rp and rm

are, respectively, the conductivities of the particle and the

solution, and x is the angular frequency of the voltage. If e0p

is smaller (larger) than e0m, the negative (positive) DEP

force causes the particles to move in the direction of

decreasing (increasing) gradient. e0p and e0m depend on the

frequency x.

We analyzed the electric field distribution by the finite

element method (FEM) using commercial software

(Comsol Multiphysics, Comsol AB). In this analysis, the

electric field distribution in water was analyzed. Figure 2

shows the model used for the FEM analysis. The micro-

channel was 200 lm wide and 15 lm high. The electrodes

were 10 lm wide and 600 lm long and there was a 30 lm

gap between them. The permittivities of PDMS and water

were 2.67 and 81.0, respectively. Figure 3a shows the FEM

results for the electric field distribution and Fig. 3b shows

the electric field distributions along the center of the mi-

crochannel (i.e., line AA0) at two different heights. For both

heights, the electric field gradient was high at the edge of

Fig. 3 FEM results for the

electric field distribution.

Electric field distributions at

a 3 lm and b 14 lm from

electrodes. c Comparison of

electric field distributions at two

different heights
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the electrode. In contrast, it was low between the electrodes

and at the center of the electrodes. A positive DEP force

may cause thermal damage to the sample due to the heat

generated by the electrode. To prevent this, we adjusted the

frequency to generate a negative DEP force so as to con-

centrate the viruses between the electrodes.

A high frequency (3 MHz) was employed for DEP

manipulation of a virus according to the previous study

(Müller et al. 1996). We assumed that the virus was

spherical with a diameter of 100 nm (Stanley 1944). The

permittivity of the virus was taken to be 2 and its con-

ductivity was taken to be the same as that of the solution.

The solution conductivity was adjusted to 10 mS/m to

prevent thermal damage to the sample and electrodes.

Under these conditions, the virus experienced a negative

DEP force because Refðe0p � e0mÞ=ðe0p þ 2e0mÞg was nega-

tive (-0.47).

A negative DEP force also prevents the viruses adhering

to the glass surfaces since it operates upward from the glass

substrate. The virus moves by Brownian motion. The virus

will not adhere to the glass surface if the DEP force exceeds

the Brownian force. The Brownian force is given by:

FB ¼ mv � h _xi ¼
4

3
qvpa3 �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
RT

3pgaNA

s
ð4Þ

where FB is the Brownian force, qv is the virus density, a is

the virus radius, R is the molar gas constant

(8.31447 J K-1 mol-1), T is the temperature, g is the vis-

cosity of the solution (1.004 9 10-6 m2/s), and NA is the

Avogadro constant. We compared the two forces at a height

of 50 nm above the glass substrate. We assumed that the

virus density was 1 g/cm3. From Eq. 2, the minimum FDEP

is 6.69 9 10-6 N. From Eq. 3, FB was 1.53 9 10-24 N.

Therefore, we concluded that the virus will not adhere to the

glass surface since the negative DEP force exceeds the

Brownian force.

2.3 Fabrication of microfluidic chip

Figure 4 depicts the process used to fabricate the micro-

fluidic chip. A PDMS chip was fabricated by photoli-

thography and replica molding. Chip molds were fabricated

by multiexposures to fabricate chips that have areas with

different heights. A Cr/Au layer was sputtered on a Si

wafer. A positive photoresist (OFPR, Tokyo Ohka Kogyo

Co. Ltd) was spin coated and patterned to fabricate an

alignment pattern for multiexposure of a negative resist

(SU-8, Kayaku Microchem). After removing the developed

OFPR, the Cr/Au layer was etched. The SU-8 sheet was

then coated and patterned. This mold has two areas with

different heights: one area was 15 lm thick and it was for

the sample chamber, while the other area was 115 lm thick

and it was for microchannels and the analysis chamber.

The sample chamber was 200 lm wide. The microchannels

were 100 lm wide. The analysis chamber was 5 mm in

diameter. The top of the analysis chamber was sealed with

a PDMS membrane to allow the sample chamber to be

opened for inserting and removing cells.

Figure 4b shows the fabrication process for the elec-

trodes. A Cr/Au layer was sputtered on the Si wafer. A

positive photoresist OFPR was then spin coated and pat-

terned to fabricate the pattern for the electrodes. The

photoresist was removed after the Cr/Au layer had been

etched by FeCl3 solution.

1.Cr/Au sputter

2.OFPR patterning

3.Cr/Au etching

Cr/Au 

OFPR 

4.Remove OFPR

Si wafer 

SU-8

5.SU-8 patterning
(1st layer-15 µm)

7.Developing

8.Molding

6.SU-8 patterning
(2nd layer-100 µm)

PDMS

Glass

1.Using ITO glass

2.OFPR patterning

3.ITO etching

ITO 

OFPR 

4.Remove OFPR

Glass 

(a) (b)

Fig. 4 Fabrication process of

microfluidic chip. Fabrication

processes of a microchannel and

b glass substrate with electrodes
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Figure 5 shows photographs of the sample chamber; it

has a sample concentration region and a sample selection

region. We could culture H292 cells in the analysis chamber.

2.4 Experimental setup

We used an inverted microscope (IX71, Olympus) equip-

ped with an epifluorescence system. Fluorescent polysty-

rene (PS) beads (excitation wavelength: 491 nm; emission

wavelength: 515 nm) were injected into the sample

chamber using a syringe pump (KDS120, KDScientific Co.

Ltd.) to confirm DEP concentration. The flow rate was

0.10 ll/h. A high-frequency voltage was applied to the

electrodes by a function generator (WF1974, NF Corpo-

ration). The fluorescence intensity of the PS beads was

monitored using a color CCD camera (WAT-221, Watec

Co. Ltd.) and recorded using a computer. We used a laser

confocal microscope (A1R, Nikon Corporation) equipped

with a laser manipulation system (maximum power: 1 W;

output wavelength: 1064 nm) to perform DEP virus con-

centration and single virus infection of a specific cell.

Influenza viruses stained with a fluorescent dye (DiI;

excitation wavelength: 549 nm; emission wavelength

565 nm) were used. DiI stains the virus membrane. 1 ml of

DiI was mixed with 500 ml PBS(-). PBS(-) consists of

137 mmol/l NaCl, 2.68 mmol/l KCl, 8.1 mmol/l Na2HPO4,

and 1.47 mmol/l KH2PO4. It has a pH of 7.4. The mixture

is mixed with the virus suspension (DiI solution:virus

suspension = 1:1). The viruses were incubated in the dark

for 30 min. Finally, the virus solution was diluted by

adding distilled water to adjust its conductivity to 10 mS/m.

The virus concentration was 1 9 106 viruses/ll.

We used a photo-crosslinkable resin, polyethylene gly-

col methacrylate (PEGMA), to isolate the sample chamber

from the analysis chamber after viral infection had occur-

red. PEGMA is polymerized by ultraviolet light; ultraviolet

light was generated by a mercury lamp in the microscope

and controlled using a mechanical shutter.

3 Experimental results

3.1 Nanoparticle concentration by dielectrophoresis

We performed DEP concentration of fluorescent PS beads

to confirm DEP virus concentration. The PS beads were

100 nm in diameter and had a permittivity of 2. Figure 6

shows the results of DEP concentration of fluorescent PS

Fig. 5 Photographs of microfluidic chip. a Microfluidic chip (chan-

nels are stained by blue solution). b Sample collection region.

c Sample chamber and analysis chamber

(a) (b) 

(c) (d) 

100 µm 

Concentrated beads Flow 

Fig. 6 Results of DEP sample

concentration in microfluidic

chip. a Sample injection to

concentration part.

b Fluorescence observation.

c Particle concentration after

0.3 s. d Flow of concentrated

particles
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beads. The initial PS bead concentration was 1.9 9

104 particles/ml. A square-wave voltage was applied with

an amplitude of 20 Vp–p. Frequencies in the range from 500

to 2000 Hz were used. We observed PS bead concentration

between the electrodes by the negative DEP force. At a

frequency of 2000 Hz, the fluorescence intensity was 1.26

times higher than that prior to concentration. After PS bead

concentration had been performed for 10 s, the concen-

trated PS beads were transported to the sample selection

region.

Figure 7a shows the results of calibrating the bead

concentration with the fluorescence intensity. Based on this

calibration, the PS bead concentration was increased from

1.9 9 104 particles/ml to 1.9 9 105 particles/ml by the

negative DEP force. Figure 7b shows the relationship

between the applied frequency (500, 800, and 2000 Hz)

and the PS bead concentration. It shows that a frequency of

2000 Hz is suitable for concentrating PS beads.

3.2 Manipulation of single influenza virus on a chip

Figure 8 shows the experimental results for DEP concen-

tration of influenza viruses using the microfluidic chip. The

viruses were injected into the chip by a syringe pump.

The flow rate was 0.10 ll/h. A square wave was applied to

the electrodes with amplitude of 20 Vp-p and a frequency of

3 MHz. Figure 8b shows that the viruses were concentrated

from 1 9 106 to 1 9 109 viruses/ll. After 5 min of DEP

concentration, we released the viruses by turning of the

voltage. We then confirmed that no viruses had adhered to

the glass substrate in the concentration area. Virus adhered

to the glass surface when no DEP force was generated. This

result demonstrates that DEP force is effective for con-

centrating viruses. After releasing the viruses, we trans-

ported them to the sample selection region.

Figure 9 shows the experimental results for the manip-

ulation of a single virus by direct laser manipulation in the

sample chamber using a laser micromanipulator (Sigma

Koki). The laser power was set to 0.5 W to avoid photo-

bleaching. Flow was stopped inside the chip. We succeeded

in manipulating a single virus using optical tweezers.

The maximum transport speed was approximately 10 lm/s.

Fig. 7 Relationship between PS bead concentration and DEP

frequency (based on 104 particles/ml). a Calibration results. b Con-

centration of PS beads depends on the frequency of applied voltage

(a) (b) 

10 µm 

Viruses

Viruses 

Fig. 8 Concentration of influenza viruses by DEP force. a Before and

b after concentration (20 Vp-p, 3 MHz, square wave, 5 min)

(a) (b) 

(c) (d) 

10 µm 

Virus 

H292 cell 

Virus 

Fig. 9 Manipulation of single influenza virus and contact with an

H292 cell using optical tweezers. a Manipulation of single influenza

virus by optical tweezers (10 lm/s). b Transport in microchannel.

c Transport to analysis chamber. d Contact with a specific H292 cell
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We transported the virus to the analysis chamber and caused

it to make contact with a selected H292 cell to infect it.

From this result, we estimated the force for transporting

the virus by optical tweezers using Stokes’ law:

Fv ¼ 6plrvVv ð5Þ

where Fv is driving force of the virus, l (= 1.002 mPa s) is

the viscosity at 20�C, is rv is the radius of the virus, and Vv

is the speed of the virus. The size of influenza viruses is

considered to be in the range 80–120 nm (Stanley 1944);

based on this, we estimated the size of the virus to be about

100 nm. For these conditions, Fv was calculated to be

9.4 fN. The angle between the virus transport direction and

the flow direction in the microfluidic chip was 90�. The

trapping force of the optical tweezers is isotropic. Thus, the

flow rate must be kept below 10 lm/s to be able to

manipulate the virus when the laser power is 0.5 W.

Finally, the analysis chamber was isolated from the

virus chamber by local photopolymerization of PEGMA to

prevent other viruses from entering the cell chamber (see

Fig. 10). These results demonstrate the effectiveness of our

proposed system for biomedical analysis.

4 Conclusions

We have developed a system for on-chip single virus

manipulation in conjunction with DEP concentration that

can be used to infect a specific cell with a single virus. We

concentrated viruses from 106 to 109 viruses/ll. The neg-

ative DEP force also prevents viruses from adhering to the

glass walls as well as being effective for on-chip virus

manipulation. In the future, we intend to increase the

throughput of biomaterial manipulation by automating the

sample concentration. The concentrated viruses were

manipulated by optical tweezers.

We succeeded in infecting a specific H292 cell with a

single virus. The transport speed of the virus was about

10 lm/s by direct laser manipulation. This indicates that

automation of single virus infection of a specific cell is

possible by system integration on the microfluidic chip.

Single virus infection is an essential technique for quanti-

tative analysis of the functions of influenza viruses before

and after infection of a cell. This on-chip single virus

manipulation technique has the potential to make a great

contribution to biomedical applications.
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