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Abstract We demonstrate on-chip manipulation and trap-

ping of individual microorganisms at designated positions on a

silicon surface within a microfluidic channel. Superparamag-

netic beads acted as microorganism carriers. Cyanobacterium

Synechocystis sp. PCC 6803 microorganisms were immobi-

lized on amine-functionalized magnetic beads (Dynabead�

M-270 Amine) by 1-ethyl-3-(3-dimethylaminopropyl)carbo-

diimide (EDC)–N-hydroxysulfosuccinimide coupling chem-

istry. The magnetic pathway was patterned lithographically

such that half-disk Ni80Fe20 (permalloy) 5 lm elements

were arranged sequentially for a length of 400 microme-

ters. An external rotating magnetic field of 10 mT was used

to drive a translational force (maximum 70 pN) on the

magnetic bead carriers proportional to the product of the

field strength and its gradient along the patterned edge.

Individual microorganisms immobilized on the magnetic

beads (transporting objects) were directionally manipulated

using a magnetic rail track, which was able to manipulate

particles as a result of asymmetric forces from the curved

and flat edges of the pattern on the disk. Transporting

objects were then successfully trapped in a magnetic

trapping station pathway. The transporting object moves

two half-disk lengths in one field rotation, resulting in

movement at *24 lm s-1 for 1 Hz rotational frequency

with 5 lm pattern elements spaced with a 1 lm gap

between elements.

Keywords Synechocystis sp. PCC 6803 � Magnetic

beads � Magnetic rail track � Magnetic trapping station �
Rotating magnetic field

1 Introduction

The ability to analyze the cellular contents of individual

microorganisms would significantly benefit our under-

standing of many mechanisms in the minute world of

microorganism biology (Pawel et al. 2011). Several tech-

nologies are currently available for direct intrinsic studies

leading to single cell analysis, including capillary electro-

phoresis and flow cytometry (Krylov and Dovichi 2000).

Recent, rapid developments in lab-on-a-chip technology

offer significant advantages over standard techniques for

the analysis of individual microorganisms. Integrating the

trapping concept to current available technologies will

provide the opportunity to analyze microorganisms at the

micro levels.

Different kinds of techniques have been developed to

trap the individual cells such as optical, hydrodynamic,

dielectrophoretic, and acoustic traps (Lindstrom et al.

2010). However, these techniques have some limitations,

e.g., (1) optical tweezers could eventually damage the cell

structure; (2) hydrodynamic trapping is not suitable for

long-term analysis; (3) dielectrophoretic trapping requires

instead the use of non-conductive bacterial growth med-

ium; and (4) acoustic trapping does not have long-term cell

viability (Lindstrom et al. 2010).
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In this context, the magnetic beads bind to the cells

(transporting object), then guide these transporting objects

under magnetic fields that are receiving a great interest in

manipulation, and trapping the individual microorganisms

at designated positions on the solid surfaces. An advantage

of this system is that cell loading on the magnetic beads

cannot impact the cell viability and cell structure (Ito et al.

2005). In addition, the magnetic fields do not screen by

biologic content and bacterial growth medium.

Magnetic beads with functionalized surfaces are widely

used as carriers for manipulation, separation, and biomo-

lecular sensing (Brzeska et al. 2004; Gijs 2004; Karle et al.

2010; Karle et al. 2011; Safarik and Safarikova 2004). In

the past few years, many approaches have been developed

for the on-chip manipulation and transport of functional-

ized magnetic beads using micro-fabricated current-carry-

ing wires and coils (Deng et al. 2001; Ramadan et al. 2006;

Wirix-Speetjens et al. 2005). However, these devices

generate heat on the chip that could damage biologic

entities. In addition, these devices do not allow for the

manipulation of beads over distances of few tens of

micrometers.

The use of soft magnetic microstructures is the best

means by which to overcome these drawbacks to the on-

chip manipulation and transport of biomagnetic carriers.

Traditionally, on-chip soft magnetic microstructures are

fabricated by Ni80Fe20 (permalloy) material because it

shows maximal magnetic permeability (lm) and a low

coercive field (Hc) under weak magnetic fields (Liu et al.

2009). Gunnarsson et al. (2005), Smistrup et al. (2006), and

Anandakumar et al. (2009) have used permalloy soft

magnetic microstructures to translocate magnetic beads.

Their studies focused on precisely controlling the translo-

cation of magnetic beads through forward and backward

motion by varying the designs of soft magnetic micro-

structures. These studies emphasize that the design and

fabrication of new microstructures is useful in the devel-

opment of novel biologic devices for manipulating indi-

vidual microorganisms.

Herein, we demonstrate the manipulation and trapping

of individual microorganisms at designated positions on a

silicon substrate within a microfludic channel. We chose

the photosynthetic algae Synechocystis sp. PCC 6803 as a

sample microorganism to translocate with magnetic bead

carriers. Synechocystis is a model organism for the study of

the mechanisms of photosynthesis, plant plastid evolution,

and plant adaptation to environmental stressors (Anderson

and Mcintosh 1991). Cyanobacterium Synechocystis sp. PCC

6803 cells were immobilized on amine-functionalized magnetic

beads (Dynabead� M-270 Amine) using 1-ethyl-3-(3-dimeth-

ylaminopropyl)carbodiimide (EDC)–N-hydroxysulfosuccini-

mide (NHS) coupling chemistry. The Synechocystis sp. PCC

6803 cells immobilized on the magnetic beads (transporting

objects) were directionally manipulated on a magnetic

rail track and successfully trapped in a magnetic trapping

station.

2 Experimental procedures

2.1 Materials

Amine-functionalized superparamagnetic beads (Dyna-

bead� M-270 Amine) 2.8 lm in diameter were procured

from Life Technologies (Carlsbad, CA, USA). Silicon

wafers coated with 200 nm SiO2 were obtained from

Wafermart Co. (Seoul, Korea). Photoresist (AZ 5214-E)

and the corresponding developer were purchased from AZ

Electronic Materials (Branchburg, NJ, USA). SU-8 50 was

purchased from Microchem (Newton, MA). Poly(dimeth-

ylsiloxane) (Sylgard 184) was procured from Dowhitech

Silicon Co., Ltd (Seoul, Korea). We used high performance

liquid chromatography water from Sigma–Aldrich (St

Louis, MO, USA) for photolithography experiments. EDC

and NHS were purchased from Sigma–Aldrich (USA). All

chemicals used for cell media were obtained from Sigma–

Aldrich. We used ultrapure water for all cell experiments

and in all media.

2.2 Methods

2.2.1 Cell culture

Wild-type photosynthetic algae Synechocystis sp. strain

PCC 6803 was cultured in BG-11 medium at 30 �C. Cul-

tures were harvested up to a density of *106 cells mL-1.

We concentrated these cultures to *108 cells mL-1 by

centrifugation for 2 min at 900 rpm.

2.2.2 Loading Synechocystis sp. PCC 6803 cells

onto magnetic beads

A 1 mL aliquot of Synechocystis sp. PCC 6803 cell sus-

pension was centrifuged in an Eppendorf tube, and the

supernatant was discarded. The cells were resuspended in

PBS buffer (1 mL, pH 7.4) and concentrated by centrifu-

gation; this step was repeated three times for washing. The

washed cells were mixed with 50 lL EDC (100 mM)

dissolved in PBS buffer (pH 5.8). The tube was placed on a

vortex shaker and gently agitated for 15 min at 27 �C,

followed by three washes in PBS buffer (1 mL, pH 5.8).

The EDC-modified Synechocystis sp. PCC 6803 cells were

resuspended in PBS buffer (pH 7.4) containing 50 lL NHS

(100 mM). The tube containing cells was again placed on a

vortex shaker, gently agitated for 15 min at 27 �C, and

washed three times with PBS buffer (1 mL, pH 7.4). The
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NHS-modified Synechocystis sp. PCC 6803 cells were

treated with 10 lL of PBS buffer (pH 7.4) containing 2.8-

lm-sized amine-functionalized magnetic beads (approx.

30 mg mL-1) and gently agitated for 15 min at 27 �C.

Synechocystis sp. PCC 6803 cells loaded with magnetic

beads were isolated with an external magnetic field fol-

lowed by three washes with PBS buffer (pH 7.4). The

isolated solution was made up to 0.5 mL using BG-11 cell

media.

2.2.3 Fabrication of a magnetic permalloy pattern

for the rail track and trapping station

A 5-lm-sized half-disk permalloy pattern of 400 microm-

eters length was drawn by means of AutoCAD� software

(version 2010, Autodesk, Inc., San Rafael, CA, USA), and

a chromium metal photomask of the pattern was prepared

by electron beam lithography. An inverse image of the

pattern was created in positive photoresist on top of the

silicon wafer substrate using a chromium metal photomask

and exposure to ultraviolet light with a mask aligner.

The pattern was stenciled on the photoresist layer by

first rinsing the silicon wafer substrate in developer and

rinsing again in deionized water. A 100-nm-thick layer of

permalloy film was sputtered on the stenciled pattern by

means of a direct current magnetron sputtering system. The

photoresist was removed by a lift-off process, leaving the

desired structure of the half-disk permalloy pattern on the

silicon wafer substrate.

2.2.4 Monitoring setup for transporting objects

A schematic drawing of the magneto-microfluidic chip for

the manipulation and trapping of individual microorgan-

isms is shown in Fig. 1. The Synechocystis sp. PCC 6803

cells loaded with magnetic beads were translocated along

the pathway elements in a microfluidic channel. We fab-

ricated the microfluidic channel on the magnetic-patterned

silicon substrate by means of a previously reported pro-

cedure (Duffy et al. 1998). Briefly, photolithography was

used to fabricate features in SU-8 photoresist (SU-8 50) on

silicon wafers, Polydimethylsiloxane (PDMS) was poured

on the master and cured thermally (75 �C), and the

resulting layer of PDMS contained the microfluidic chan-

nel. The magneto-microfludic chip was fabricated by oxi-

dizing both the silicon substrate with the half-disk

permalloy pathway and the layer of PDMS containing the

channel in oxygen plasma. The chip was then sealed by

properly aligning the surfaces into contact. The magneto-

microfludic chip was transferred into a preheated oven kept

at 75 �C for 45 min. A system for injecting a diluted

solution of Synechocystis sp. PCC 6803 cells loaded with

magnetic beads into the microfluidic channel was prepared

using tubing attached to the inlet and outlet of the mag-

netic-patterned microfluidic chip. The motion of the

transporting objects along the pathway was observed with

an optical microscope connected to a computer.

2.2.5 Driving force for transporting objects

The driving force for the translocation of objects was

produced by a rotational magnetic field. The rotating

magnetic field was produced by ferrite core solenoids

arranged along mutually orthogonal axes (x- and y-axes).

Two current sources were controlled by LabVIEW soft-

ware (version 7.1, National Instruments, Austin, TX, USA)

to supply sinusoidal waveforms to each solenoid coil. The

current sources along the orthogonal axes were adjusted

with a 90� phase difference described by H~x ¼ H0 cosðxtÞ

i
^

and H~y ¼ H0 sinðxtÞ j
^

to generate a rotating magnetic

field in the x–y plane (Anandakumar et al. 2010). An

external rotating field H0 of 10 mT was obtained by

applying a 0.54 A current to each ferrite core solenoid in

order to induce a driving force on the magnetic bead

carriers.

3 Results and discussion

3.1 Characterization of the transporting objects

The carrier (amine-functionalized magnetic beads) loaded

with Synechocystis sp. PCC 6803 cells was prepared by

EDC–NHS coupling chemistry (Fig. 2). The carboxylic

groups present on the Synechocystis sp. PCC 6803 cell wall

were activated with EDC. The EDC-modified Synecho-

cystis sp. PCC 6803 cells were subjected to NHS to pro-

duce amine-reactive NHS esters. The NHS-modified

Synechocystis sp. PCC 6803 cells were treated with amine-

functionalized magnetic beads to produce covalent amide

bonds between the Synechocystis sp. PCC 6803 cells and

the magnetic beads.

Fig. 1 Schematic drawing of the magneto-microfluidic chip used for

the manipulation and trapping of microorganisms
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Confocal microscopy was used to characterize the

immobilization of Synechocystis sp. PCC 6803 cells on the

magnetic beads. Bright field images of the Synechocystis

sp. PCC 6803 cells, magnetic beads, and Synechocystis sp.

PCC 6803 cells coupled to the magnetic beads are shown in

Fig. 3a–c, respectively. The inset in Fig. 3c shows a high-

resolution bright field image of a single Synechocystis sp.

PCC 6803 cell attached to a single magnetic bead. It shows

the clear differentiation between the cells and the magnetic

beads. Fig. 3c shows images confirming the immobiliza-

tion of Synechocystis sp. PCC 6803 cells on the magnetic

beads. The algae Synechocystis sp. PCC 6803 contains

chlorophyll pigment, which fluoresces at wavelengths of

620–630 nm (Schubert et al. 1989). Thus, fluorescence

images were also used to confirm the immobilization of

Synechocystis sp. PCC 6803 cells on the magnetic beads.

The fluorescence image obtained from the field of view of

Fig. 3c is shown in Fig. 3e. Figure 3f was obtained by com-

bining the fluorescence (Fig. 3e) and bright field images

(Fig. 3c) of the transporting objects. As shown in Fig. 3f, the

Synechocystis sp. PCC 6803 cells coupled to the magnetic

beads fluoresced, indicating that the Synechocystis sp. PCC

6803 cells were immobilized on the magnetic beads. These

results also suggest that the cells coupled to the magnetic

beads in a one-to-one ratio (*95 %).

3.2 Driving forces for directional control

of the transporting objects

Directional control of transporting objects can be accom-

plished by asymmetric forces for forward and backward

movements. These asymmetric forces are induced by the

asymmetry of curved and flat edges of half-disk elements.

The magnetic field is difficult to measure for micro-scale

elements under certain applied fields due to the size limi-

tation of measuring sensors in magnetometers, but it can be

obtained by the finite element method (FEM) simulation by

means of 3D Maxwell software (Sinha et al. 2012). For

simulation, it is required to input the initial M-H curve of

the materials. It was measured from the Vibrating Sample

Magnetometer (VSM) (see Supplementary information

Fig.S1). The saturation magnetization of the permalloy thin

film is *668 emu cc-1.

Figure 4a shows the change of magnetic flux distribu-

tion around half-disk patterns for the different configu-

rations of the rotating of the magnetic field. When the

direction of the magnetic field is angle 0� from the

pathway axis, then the magnetic flux density is to be

higher between the two corners. However, after changing

the field direction to angle 45�, the density of magnetic

flux can shift to the field direction, which means that the

magnetic bead can move from the corner of angle 0� to

the position of angle 45�, following the high density point

of magnetic flux.

Calculation of the magnetic forces along the curved and

flat edges of a half disk requires 2 coordinates: polar

coordinates (q, u) for the curved edge and rectangular

coordinates (x, y) for the flat edge (Fig. 4b). The driving

forces of the magnetic beads along the pattern are given as

a function of the magnetic field and its gradients in each

coordinate as explained by the following equations in terms

of magnetic field intensity B (Varadan 2008):

Fig. 2 EDC–NHS coupling

chemistry used to immobilize

microorganisms on magnetic

beads
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Here, V is the volume of the bead (m3), vV is the

magnetic volume susceptibility (SI) of the bead, l0 is the

permeability of vacuum (4p 9 10-7 N A-1), and B is the

magnetic flux distribution around the half-disk patterns (T).

Bq, Bu and Bx, By are the components of the magnetic field

intensity (mT) in polar (q, u) and rectangular (x,y)

coordinates, respectively. Fq, Fu and Fx, Fy are the

components of the magnetic force in polar and rectangular

coordinates, respectively. The force components can be

calculated by the local distribution of the magnetic fields.

Here, it is noted that rotational force Fu and vertical force Fy

correspond to the driving force for the carrier bead, whereas

radial force Fq and horizontal force Fx govern the distance

between the pattern and bead.

The force components at the points with a distance of

*1.4 lm from the half-disk edge, equal to the bead radius,

were numerically calculated by Eqs. 1(a) and 1(b) based on

the local distribution of the magnetic field along the edge

of the half disk under an applied field of 10 mT. As shown

in Fig. 4c, the rotational force Fu at the curved edge has a

maximum of about *70 pN at an angle between field and

bead, u = p/4; positive forces in the range of *-30� to

*0� increase the bead position angle u to approach 0�, but

negative forces in the range of *0� to *30� decrease the

angle u to approach 0�. Eventually, the bead shifts to the 0�
position, i.e., the field direction. However, the vertical

force Fy along the mid region of the flat edge is nearly

0 pN, indicating that the rotational force at the curved edge

is larger than the force at the flat edge.

Radial force Fq is negative (attractive) for an angle

range of *-45� to *45� and positive (repulsive) for an

angle range of both *50� to *85� and *-50� to *-85�.

If radial force Fq is negative irrespective of q, then the

bead will approach the pattern center. In fact, Fq is a

function of q and becomes positive for q *6.0 lm at an

Fig. 3 Bright field images of a Synechocystis sp. PCC 6803 cells,

b magnetic beads, and c Synechocystis sp. PCC 6803 cells immobi-

lized on magnetic beads (transporting objects). Fluorescence images

of d Synechocystis sp. PCC 6803 cells and e Synechocystis sp. PCC

6803 cells immobilized on the magnetic beads (transporting objects).

f Image was obtained by overlapping images (c) and (e). The inset
c represents a high-resolution bright field image of a single cell

immobilized on a single magnetic bead. Red lines represent scale bars
of 10 lm
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angle u = 0�, indicating that the bead is positioned at

*0.4 lm inside the pattern edge.

When the driving forces Fu and Fy overcome the

retarding forces—which are the viscous force, the sticking

force, the drag force, etc., (Elizabeth and Geoffery 2012,

Johansson et al. 2010)—the bead is capable of motion. The

retarding force is increased with the speed of the bead.

When the rotating field frequency is lower than the critical

frequency related with the retarding force, then a bead

rotates along the pattern edge revealing harmonic rotation

with the field. The critical frequency is a function of

the pattern and bead sizes as well as the external field

strength (Hu et al. 2012). The critical frequency for 5 lm

elements’ pattern was measured to be 1 Hz for 10 mT field

strength.

The moving direction of beads along the curved edge

of the half-disk permalloy pathway can be controlled by

a directional rotating magnetic field because the rota-

tional force along the curved edge of the next adjacent

element is larger than that of the force along the

flat edge. As a result, the transporting object can be

manipulated in the forward or backward directions by

changing the rotational direction of the external magnetic

field.

3.3 Manipulation of microorganisms

Directional manipulation of microorganisms was demon-

strated by transporting objects on the sequential half-disk

magnetic pattern. Figures 5a–i show the curved edge of the

permalloy half-disk pathway for directional control with

respect to the direction of the external rotating magnetic

field. The forward motion of the transporting object on the

curved edge is attributed to the clockwise rotation of the

external magnetic field, which is shown in Fig. 5a–e.

Backward motion of the transporting object was

achieved by reversing the rotating magnetic field in a

counterclockwise direction, which is shown in Fig. 5f–i.

The forward and backward motions of microorganisms

(directional manipulation) were also confirmed by fluo-

rescence images (see Supplementary Information Fig. S2).

In our experiments, the transporting object moves two half-

disk lengths in one field rotation, resulting in movement

at *24 lm s-1 for 1 Hz rotational frequency with

5 lm pattern elements spaced with a 1 lm gap between

elements. Comparing the manipulation movement of

microorganisms with other methods, the present method

shows a slightly lower manipulation movement of micro-

organisms; consider hunt et al., (2008) manipulation of the

Fig. 4 a The induced field counter around a half-disk pathway under

an applied magnetic field from 0� to 135�. b The induced field contour

around a half disk of permalloy under an applied magnetic field and

c the rotational and radial force on a magnetic bead with a diameter of

2.8 lm around a half disk of permalloy under an applied field of

10 mT. The insets in b: schematic representation of rectangular

coordinates (left side) and polar coordinates (right side)
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microorganisms (yeast cells) with movement of 30 lm s-1

by the dielectrophoretic technique. However, the present

method has the capability to increase the manipulation

movement of microorganisms by increasing the critical

frequency, while the increasing of the critical frequency

occurs by the increasing of rotational field strength.

3.4 Trapping of microorganisms

We used the described technology to trap microorganisms

at designated positions, thereby developing a magnetic

trapping station for individual microorganisms. First, we

carried out an experiment to tarp a magnetic bead in the

Fig. 5 a–e Images of the

forward motion of a

transporting object on the

curving edge of the half-disk

permalloy pattern with respect

to a clockwise-rotating

magnetic field. f–i Images of the

backward motion of a

transporting object on the

curving edge of the half-disk

permalloy pattern with respect

to a counterclockwise-rotating

magnetic field (See

Supplementary Information

Video 1). Dark purple lines
represent scale bars of 10 lm

Fig. 6 a–g Images of the

trapping of a transporting object

in a magnetic trapping station

using the curving edges of the

half-disk permalloy pattern by

applying a rotating magnetic

field in the clockwise direction.

h–i Images of the transporting

object motion within the

magnetic trapping station using

the curving edges of the half-

disk permalloy pattern by

applying a rotating magnetic

field in the counterclockwise

direction (See Supplementary

Information Video 2). Red lines
represent scale bars of 10 lm
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magnetic trapping station by the external rotating magnetic

field (see Supplementary Information Fig. S3). Later, the

bead attached to the Synechocystis sp. PCC 6803 (trans-

porting object) was trapped in a magnetic trapping station

at a designated position. The transporting object enters into

the magnetic trapping station through continuous applica-

tion of an external clockwise-rotating magnetic field. The

transporting object moves around the magnetic trapping

station as shown in Fig. 6a–g. As shown in Fig. 6h–i, the

transporting object in the magnetic trapping station is not

capable of escaping from the magnetic trapping station

even after the external rotating magnetic field is changed to

rotate in a counterclockwise direction, confirming that the

individual microorganism was successfully trapped in a

magnetic trapping station. Trapping of microorganisms in a

magnetic trapping station was also confirmed by the fluo-

rescence images (see Supplementary Information Fig. S4).

This novel approach is capable of trapping the single

microorganism in a magnetic trapping station pathway. The

single microorganism trap was achieved by the following

phenomenon. The two transporting objects were moving on

the magnetic rail track toward a magnetic trapping station

with a little distance of *5 lm; the first moving trans-

porting object was entered into the magnetic trapping sta-

tion by continuously applying an external rotating

magnetic field. After entering the first transporting object

into the magnetic trapping station, we immediately chan-

ged the direction of the external rotating magnetic field; as

a result, the second transporting object moves away from

the magnetic trapping station. Thus, this manipulation and

trapping technique can be applied to the analysis of the

content of individual microorganisms by integrating the

technique with lab-on-a-chip systems.

4 Conclusions

We have demonstrated a novel magnetic method to

manipulate and trap microorganisms at designated posi-

tions on a silicon surface. The transporting objects were

synthesized by immobilizing Synechocystis sp. PCC 6803

cells on amine-functionalized magnetic beads with 2.8 lm

diameters by means of EDC–NHS coupling chemistry. The

forces responsible for directional control of the beads

loaded with microorganisms on a half-disk permalloy

magnetic pattern were calculated by Maxwell 3D software

under an applied field of 10 mT. These calculations sug-

gested that the driving force experienced at the curved edge

was larger than the force experienced at the flat edge,

resulting in the directional translocation of beads along the

curved edge.

The Synechocystis sp. PCC 6803 cells immobilized on

the magnetic beads were directionally manipulated along a

magnetic rail track pathway and successfully trapped in a

magnetic trapping station. This approach has a number of

compelling features including the following: (1) It gener-

ates no heat, (2) it allows long-distance regional manipu-

lations over a few hundred micrometers, (3) it provides

directional manipulation, (4) it has the capability to trap the

single microorganism, and (5) it allows programmable

manipulation. Efforts are underway to use this manipula-

tion and trapping technique to analyze the contents of

individual microorganisms by integrating the technique

with lab-on-a-chip systems.
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