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Micromagnet arrays for on-chip focusing, 
switching, and separation of superparamagnetic 
beads and single cells 
S. Rampini,a D. Kilinc,a P. Li,a C. Monteil,a D. Gandhi,a and G. U. Lee a, * 

Nonlinear magnetophoresis (NLM) is a powerful approach for on-chip transport and separation of 
superparamagnetic (SPM) beads, based on a travelling magnetic field wave generated by the 
combination of a micromagnet array (MMA) and an applied rotating magnetic field. Here, we present 
two novel MMA designs that allow SPM beads to be focused, sorted, and separated on-chip. 
Converging MMAs were used to rapidly collect the SPM beads from a large region of the chip and 
focus them into synchronized lines. We characterise the collection efficiency of the devices and 
demonstrate that they can facilitate on-chip analysis of populations of SPM beads using a single-point 
optical detector. The diverging MMAs were used to control the transport of the beads and to separate 
them based on their size. The separation efficiency of these devices was determined by the orientation 
of the magnetisation of the micromagnets relative to the external magnetic field and the size of the 
beads relative to that of micromagnets. By controlling these parameters and the rotation of the 
external magnetic field we demonstrated the controlled transport of SPM bead-labelled single MDA-
MB-231 cells. The use of these novel MMAs promises to allow magnetically-labelled cells to be 
efficiently isolated and then manipulated on-chip for analysis with high-resolution chemical and 
physical techniques.  

Introduction 
Superparamagnetic (SPM) beads bearing affinity ligands have been applied in a number of lab-on-a-chip (LOC) biosensor and bioseparation systems.1-3 The advantage of using SPM beads in LOC devices is that highly efficient separation of an analyte from mL-scale volumes of a complex matrix, e.g., serum or plasma, can be rapidly achieved without using a centrifuge or a chromatography system.4 In addition, the physical properties of the beads permit the direct detection of the analyte using an integrated optical or magnetic sensor.5-7 SPM beads have been successfully applied to capture, manipulate and detect cells,8 proteins,9 DNA and viruses.10-
12 To maximise the capture efficiency and minimise reaction times, a concentration of ca. 106 beads per ml is normally used to allow reactions to be completed on the order of minutes. It is often desirable to separate the beads carrying the target from unreacted beads to facilitate the detection of low concentrations of analytes or the isolation of rare cells. In the recent years, particular attention has been focused to the detection of very rare circulating tumour cells from blood, which has proven useful for the diagnosis of cancer, and a number of microfluidic devices have been described to achieve this aim.13 Among the different separation methodologies, SPM bead based sorting is attractive due to the possibility of simultaneous manipulation of cell populations, without the need of serial processing steps, such as multiple centrifugation or filtration passages, thus increasing the processing efficiency and decreasing the time required. Moreover, the 

specificity of high-affinity SPM bead based separation promises to allow subtle differences in a particular cell type to be detected in a reliable manner. On-chip magnetic bead sorting methods based on patterned permanent magnets,14, 15 hydrodynamic flow,16 or complex channel geometries 17 have been previously demonstrated.  
Conventional magnetic separation involves the application of a magnetic field and field gradient to SPM beads suspended in a sample with a single magnet. The magnetic moment of the SPM beads, approximated as point dipoles, is proportional to the 
magnetic field strength ࡴሬሬሬԦ,  

ሬሬሬԦ࢓ =  ሬሬሬԦ, (1)ࡴࢂ࣑ 
where χ is the magnetic susceptibility of the beads, which is much higher than the susceptibility of the surrounding medium, and V is the bead volume. Such a bead possesses a magnetic potential energy expressed by the formula 

࢓ࢁ = ሬሬሬԦ࢓૙ࣆ− ∙ ሬሬሬԦࡴ =  − ૚
૛  ሬሬሬԦ૛, (2)ࡴࢂ࣑૙ࣆ

where ࣆ૙ is the magnetic permeability of free space and ࡴሬሬሬԦ is the net field evaluated at the bead’s centre. The beads are attracted towards regions of minimum potential energy, which obviously correspond to regions of magnetic field maxima. In conventional magnetic separation, the field generated by an external magnet leads to the motion of the SPM beads towards the maximum magnetic field. The induced motion of the beads is determined by their properties such as size and magnetic susceptibility, as evident from Eqs. 1 and 2, thus allowing for the separation of different bead populations.16 A limitation of this approach is the induced aggregation of the beads due to the dipole-dipole interactions that occur when a magnetic field is applied to reasonably high concentrations of beads. The formation of these bead aggregates leads to a very low separation efficiency.  
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Nonlinear magnetophoresis is a powerful new approach to transport and separate SPM beads based on their specific size and magnetisation that overcomes some of the limitations of linear magnetophoresis.18, 19 In this technique, a rotating magnetic field is superimposed on the local magnetic field produced by a rectilinear array of µm-size permanent magnets (micromagnet array, MMA) that are separated by µm-scale gaps. This produces multiple field maxima of the dimension of the beads, which minimises the bead-bead aggregation for χ < 1.20 The rotation of the external magnetic field creates a travelling wave of field that transports the beads across the chip at the speed of rotation. Size and magnetisation-based separation can be achieved by increasing the frequency of the travelling magnetic field to a speed where the hydrodynamic force exceeds the magnetic force.18-21 A critical frequency, ࣓ࢉ, exists for a SPM bead 
ࢉ࣓ = (࢚࢞ࢋࡴ૙ሺ࣌૙ࣆ࣑

૚ૡࣁ ሺ૛ࢼ࣊)૛ିࢋ૛(3) ,ࢼ࣊ 
where ࣌૙ is the effective magnetic moment of the micromagnets, η is the viscosity of the surrounding medium, and β is the ratio between the bead’s radius, r, and the centre-to-centre distance between adjacent magnets, d. The critical frequency is the frequency at which the average velocity of the beads starts to differ from the average velocity of the translating magnetic field, ωd/2π. The advantages of the NLM separation technique are four-fold: high-resolution separation, parallel separation on the ca. 105 micromagnets per cm2, no fluid consumption, and the capacity to work with high bead densities. The combination of MMA and rotating fields has been used for on-chip cell manipulation.22-24 Using engineered microstructures, the controlled transport, assembly, and isolation of both labelled and non-labelled cells have been recently demonstrated.23, 24 The isolation of magnetically-labelled exosomes, recently identified extracellular organelles that contain RNA, has also been demonstrated using NLM.20 Bead trajectories can be tuned by properly adjusting the design of the MMA or the orientation of the applied rotating field.25, 26 The capabilities of this separation technique, in terms of resolution, efficiency, and potential for multiplexing, make it an attractive option for bead-based LOC devices. 
In this article, we present novel MMA designs for focusing and separating SPM beads based on non-rectilinear array geometries. The MMAs were designed to collect the beads dispensed on the array and organise them in single files, thus facilitating the integration of the NLM technology with optical or magnetic detection systems. In addition, we demonstrate that diverging arrays enabled programmable control over the trajectory of the beads. A tri-magnet junction was used to induce a preferential direction for the bead motion by tuning the orientation of the MMA magnetisation, thus enabling “magnetic switch” functionality. The size dependent switching behaviour of the SPM beads at these tri-magnet junctions was utilised for rapid and continuous separation of different bead populations without the need for changing the external magnetic field rotation frequency or hydrodynamic flow. The bead focusing and guiding capabilities of the device were used to control the transport of a magnetically-labelled MDA-MB-231 cell, as a proof of concept for on-chip single cell manipulation and analysis. The MMA designs presented here constitute essential building blocks for programmable micromagnet networks, aiming towards a multi-functional miniaturised bio-analytical device. 

Results and Discussion 
SPM Bead Focusing 
Two MMA designs are presented in this work (Fig. 1) for the collection and focusing of magnetic beads. Each of these designs is comprised of three regions: region 1 is used to capture a large number of SPM beads from a sample and consists of a rectilinear MMA of 5 μm-diameter circular magnets with 8 μm centre–to–centre distance; region 2 is used to focus the beads and consists of lines of magnets tilted by ±7° with respect to the x-axis; and region 3 is composed of a single row of micromagnets where optical detection of the beads would take place. In design A, region 2 consists of densely packed lines of magnets (Fig. 1a); whereas in design B, region 2 consists of a tree-like structure in which the focusing process takes place in consecutive steps (Fig. 1h).  
Bead transport was monitored on arrays magnetised in the x-direction in the presence of an external magnetic field rotating clockwise in the xz-plane (ࣖࢠ࢞) (Fig. 1b-d and 1i-k; Movies S1 and S2). The applied field was kept lower than 100 Oe to avoid de-magnetising the micromagnets. The two architectures were characterised by dispensing uniform SPM beads on region 1 and following their motion across the MMA using a microscope equipped with a motorised stage. In design A, the beads travelled across region 1 in the x-direction until they met the converging lines of micromagnets in region 2 (Fig. 1b-c). Due to the geometry of the MMA, beads entered region 2 with different y-coordinates (depending on their initial capture position) and were rapidly “focused”. The percentage of focused beads increased with increasing distance from the beginning of region 2, as shown in Fig.1b-d. Once the beads reached the central line of micromagnets they remained confined in that row (Fig. 1d), until they entered region 3. A similar behaviour was observed for design B where the beads rapidly moved through region 1 and were focused in region 2 (Fig. 1i-k).  
The bead focusing efficiency was defined as the ratio of “focused” beads to the initial number of beads counted on region 1. In design A, this was measured by counting the beads travelling within one magnet distance from the central line. In design B, the beads dispensed on the left hand-side of a particular focusing junction were counted, and the beads passing through that junction were defined as “focused” (light grey area in Fig. 1h). The focusing efficiencies of designs A and B were 94.3 ± 2.9% and 89.4 ± 2.9%, respectively. The focusing efficiency of design B was limited by the small fraction of beads immobilised on what appeared to be defective micromagnets in this rather sparse array. The redundancy offered by the continuous array of magnets in design A reduced the impact of these imperfections, resulting in a lower probability for the immobilised beads to block the focusing process. The efficiency of these designs was also limited by the rate of transfer of the beads from the last micromagnet on the tilted rows to the central row (design A) or to the straight lines (design B) of micromagnets. This final focusing step was achieved with either a diamond or trimeric set of micromagnets that are presented in Fig. 1e and 1l, respectively.  The diamond shaped configuration of micromagnets was observed to produce a lower transfer rate and they had a tendency to transfer the beads away from the central row of micromagnets into the adjacent row of converging micromagnets.  
Insight into the focusing process in the diamond and tri-magnet configurations was gained from finite element simulations of the potential energy distributions on these geometries as a function of 
  as presented in Fig. 1e and l. The deep blue and red regions ,ࢠ࢞ࣖ
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Fig. 1 Focusing MMA designs. (a) Design A consists of a continuous array of 5 μm circular micromagnets (region 1), followed by parallel lines of magnets tilted by ±7˚ with respect 
to the horizontal axis of the chip (region 2). (b-d) Microscope images of the focusing process in design A (images correspond to the boxed areas in (a)). Also see Movie S1. The 
boxed areas in (d) correspond to the diamond junction between the tilted lines and the central row of magnets (red) and to the magnet array in which the potential energy 
landscape was simulated (blue). (e) 7.5× magnified image of the diamond junction (red), the simulation of the potential energy at a diamond junction for different phase angles of 
the applied field, and the corresponding expected positions of a travelling magnetic bead (black circles). The arrow indicates the predicted direction of bead motion. (f) 6× 
magnified image of the magnet array in which the potential energy landscape was simulated. (g) Simulation of the potential energy along the central row of magnets (boxed area 
in (d) along the green dashed line). The simulations were performed by imposing a micromagnet magnetisation of 80 kA/m and an external field with a flux density of 30 G. (h) 
Design B consists of a continuous array of 5 μm circular micromagnets, followed by a tree-like structure. (i-k) Focusing process on design B with the beads (arrows) leaving region 1 
(i), travelling along the tilted lines of magnets (j), and crossing a focusing junction (k). Also see Movie S2. The boxed areas in (k) correspond to the tri-magnet focusing junction (red) 
and to the magnet array in which the potential energy landscape was simulated (blue). (l) 4.5× magnified image of the tri-magnet junction (red), the simulation of the potential 
energy at a tri-magnet junction for different angles of the applied field, and the corresponding expected positions of a travelling magnetic bead (black circles). The arrow indicates 
the anticipated direction of bead motion. (m) 4× magnified image of the array in which the potential energy landscape was simulated.  (n) Simulation of the potential energy across 
a focusing junction (boxed area in (k) along the green dashed line). The magnitude of the potential energy minimum increased towards the tri-magnet junction and remained 
constant as it followed the periodicity of the array. Scale bars = 50 μm. 
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correspond to the locations of low and high potential energy, respectively. Black circles of the size of a SPM bead are placed on potential energy minima that represent the most likely position of the beads being focused from the positive y-direction. The spatial arrangement of the diamond shaped micromagnets, presented in Fig. 1e, created an energy distribution that forced the beads towards the next line of tilted micromagnets at ࣖࢠ࢞  < 270˚ (arrow points at the direction that the potential energy minimum moves as the external magnetic field is rotated). In contrast, at the tri-magnet junction the beads move across the micromagnets without encountering an energy barrier (Fig. 1l).  
The converging MMA designs were further characterised by measuring the critical frequencies and velocities of uniform SPM beads. The critical frequency, ߱௖, was measured for all regions of the MMA designs and was found to be 20-22 Hz except for the diamond-shaped junction in design A and the tri-magnet junction in design B. This indicated that the local potential energy landscape produced by a single line of micromagnets was similar to that produced by a rectilinear continuous array of micromagnets. This observation was confirmed by the 3-D finite element simulations of the potential energy along the central line of magnets in design A and at the focusing junction in design B (green dotted lines in Fig. 1d and 1k, respectively), shown in Fig. 1f and 1m, respectively. The potential energy minima for design A (Fig. 1g) and design B (Fig. 1n) were similar in magnitude. Along the central line of design A, the potential energy minima with the lowest magnitude occurred where the tilted lines met the central line. The potential energy 

minima adjacent to this (in the +x-direction) had the highest magnitude, where the magnitudes of the subsequent minima decreased with increasing x with a periodicity of eight micromagnets (Fig. 1f). In design B, this effect was also present at the end of region 1 (Fig. 1h), but not when the micromagnets converged at the tri-magnet junction (Fig. 1j). In both design A and B, the measured ߱௖  corresponded to a maximum bead velocity of ca. 180 μm/s in region 1 and along the tilted lines of magnets. However, the speed of the overall focusing process was limited by the maximum velocity at which the beads were able to reach the central line (design A) or to cross a focusing junction (design B). The bead velocity at a diamond-shaped junction in design A was 88−96 µm/s and slightly lower at a tri-magnet junction in design B. 
Magnetic Switching Junction 
Figure 2 illustrates the motion of the SPM beads through a switching junction, where a single line of micromagnets diverges into two lines of micromagnets at the tri-magnet structure. The schematics on the left-hand side of Fig. 2 show the orientation of the micromagnet magnetisation in the xy-plane (α), as well as the orientation of the rotation of the external magnetic field (ߴ௫௭). When the magnetisation of the micromagnets was aligned with the x-axis, it was observed that the beads randomly selected one of the two diverging lines of micromagnets (data not shown), which we designate as + or – according to the angle they make with the x-axis. However, when the micromagnets were magnetised at an angle α with the x-axis, a preferential switching direction was imposed to the beads (movie S3). Fig. 2a, b, c, and d present four 

Fig. 2 Magnetic switching junction. Schematics (left column) identify the orientation of magnetisation of the micromagnets, α, and the sense of rotation of the applied field, ߴ௫௭. 
The finite element calculations (false colour images) were performed by imposing a micromagnet magnetisation of 80 kA/m and an external field with flux density of 30 G. The 
black circles represent the predicted positions of the beads for given ߴ௫௭. Microscopic images (right column) were used to identify the motion of the beads over the array and their 
trajectories were illustrated using white dots (representing specific ߴ௫௭) connected with yellow lines. (a) For negative α, the beads travel from the bottom of a micromagnet to the 
top of the adjacent one and, therefore, approach the junction from the top. For low α values (-30°), the beads continue to travel along the + direction. (b) For positive α, the beads 
travel from the top of a micromagnet to the bottom of the adjacent one and, therefore, approach the junction from the bottom. For low α values (+30°), the beads continue to 
travel along the – direction. (c) For α = -65°, the beads move onto the – direction, after crossing the junction. (d) For α = +65°,  the beads move onto the + direction, after crossing 
the junction. Scale bar = 20 µm. 
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specific cases where α = -30°, 30°, -65°, and 65°, respectively. Tuning the orientation of the magnetisation of the micromagnets induced a preferential switching behaviour of the beads at the tri-magnet junctions. 
To gain insight into this behaviour, finite element calculations were performed on the switching junction for the different values of α.  Figure 2 presents the bead trajectories and potential energy landscapes for different α angles and ߴ௫௭, with the deep blue regions in simulations corresponding to the potential energy minima. Black circles of the size of the SPM beads have been placed in the area of minimum potential energy for each α and ߴ௫௭. There was agreement between the predicted motion based on the potential energy calculations and the observed motion of the beads (microscopic images on the right-hand side). For α < 0, the beads jumped from the bottom of one micromagnet to the top of the adjacent one as the external field was rotated (i.e., as ߴ௫௭ decreased). Accordingly, the beads moved across the top of the tri-magnet junction, and for small magnitudes of α, e.g., α = -30°, they had a tendency to select the + line of micromagnets, as presented in Fig. 2a. Note that bead trajectories are superimposed on the microscopic images (yellow lines) to demonstrate this transport process. An opposite switching behaviour was observed when the magnetisation of the micromagnets was positively tilted, e.g., α = +30°, where the beads selected the – direction after crossing the junction (Fig. 2b). This switching behaviour was modified for higher magnitudes of α, i.e., the beads moved onto the – line of micromagnets for α = -65° (Fig. 2c) and onto the + line of micromagnets for α = +65° (Fig. 2d). This behaviour was interpreted as the result of the formation of an asymmetric potential energy distribution on the MMA at ߴ௫௭ = -360˚.  
Figures 3a and b present finite element calculations of the magnetic potential energy for a 2.8 μm diameter bead with χ = 0.17, evaluated at the tri-magnet junction along the two possible trajectories, i.e., ݎଵሬሬሬԦ(+) and ݎଶሬሬሬԦ(–), for α = -30° and -65°, respectively. The potential energy was evaluated at ߴ௫௭ = -357.5°, which was the approximate angle at which the beads were observed to choose one of the two possible trajectories. For α = -30° (Fig. 3a) the beads saw a lower potential energy profile along the ݎଵሬሬሬԦ direction compared to the ݎଶሬሬሬԦ direction. Thus, the force attracting the beads in the ݎଵሬሬሬԦ direction (−߲ܷ௠ ⁄Ԧଵݎ߲ ) was higher than the force attracting the beads in the ݎଶሬሬሬԦ direction (−߲ܷ௠ ⁄Ԧଶݎ߲ ). Thus, in this case the beads travelled along the ݎଵሬሬሬԦ direction and continued along the + path. For α = -65° (Fig. 3b), the beads saw a deeper and closer potential energy minimum in the ݎଶሬሬሬԦ direction relative to the ݎଵሬሬሬԦ direction. Accordingly, the beads travelled along the ݎଶሬሬሬԦ direction, provided that they could overcome the short-range energy barrier that is formed along this trajectory. It was observed that this energy barrier imparted a frequency dependent switching behaviour to the switching process, i.e., beads moving at low speed (external driving frequency ω < 1 Hz) travelled along ݎଵሬሬሬԦ, whereas beads moving at high speed (ω ≥ 1 Hz) travelled along ݎଶሬሬሬԦ. Similar behaviour was observed for positive values of α. 
Fig. 3c presents the percentage of beads travelling along the two micromagnet paths as a function of α, based on data collected over 10 different junctions on two separate chips, with at least 20 beads analysed per junction. The external driving frequency was 1 Hz, corresponding to a bead’s velocity of 8 µm/s. The switching efficiency (defined as the percentage of beads selecting the expected path) for the + path increased for decreasing negative values of α, and was effectively 100% for -45° < α < -15°. Conversely, the percentage of beads taking + path decreased for  

 
Fig. 3 Analysis of the switching behaviour of the tri-magnetic junction as a function of 
the orientation of magnetisation. (a,b) Simulated potential energy landscape of 2.8 μm 
beads evaluated along the two possible trajectories, ݎԦଵ and ݎԦଶ, for α = -30° and for α = -
65°. These simulations were performed at the centre of the bead, i.e., in a plane Δz = 2 
μm above the micromagnets, for a micromagnet magnetisation of 80 kA/m and an 
external field with a flux density of 30 G. For α = -30°, the beads encountered a lower 
potential energy minimum along ݎԦଵ, and travelled along that direction (+). For α = -65°, 
the beads encountered a deeper and closer potential energy minimum along ݎԦଶ, and 
therefore chose the – direction, provided that they had sufficient kinetic energy to 
overcome the potential energy barrier at 1.5 μm. (c) Percentage of 2.8 μm beads 
travelling along the + (red) and – (blue) directions for different magnetisation angles. 
The external driving frequency was 1 Hz. For negative α, the percentage of beads 
turning to the + direction increased until -45°. From α = -45° to -65° the beads started 
to select the micromagnets in the – direction. For α < -65° all beads moved onto the – 
direction after crossing the junction. The symmetric behaviour was observed for 
positively increasing α. 
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increasing positive values of α, with minimum values obtained for 15° < α < 45°. Further increasing |α| resulted in the inversion of the turning behaviour, such that the beads started to move to the opposite path after crossing the junction. Thus, for -65° < α < -45° the switching efficiency decreased with an increasing fraction of beads moving onto the – direction. The opposite behaviour was observed for 45° < α < 60°, with an increasing fraction of beads moving onto the + direction. The switching efficiency increased for even higher |α|, i.e., for α < -65°, the percentage of beads taking the – path was > 95%, and for 60° < α, the percentage of beads taking the + path was > 90%.  However, at such high angles, the motion of the beads across the MMA was not smooth and the transport efficiency was reduced.  
Bead Separation 
The switching field produced by the tri-magnet junction was also used to separate SPM beads based on their size for certain α values. Figure 4 presents micrographs of a separation process in which 2.8 and 5.5 μm diameter beads were channelled to the + and – micromagnet paths, respectively, for α = -50° (also see movie S4). 

Here, small beads took the + path, as expected from the previous characterisation, while the larger beads moved onto the – path.  The size-selective separation was characterized in the 10° < |α| < 70° range, and the highest separation efficiency was achieved at 45° < |α| < 55°. 
Figures 4a and 4b present the calculated potential energy landscape evaluated at Δz = 2 μm and 3.35 μm, respectively, as a function of 
 ,ሬԦ૛, and thus take the – direction (Fig. 4d). Figure 4e presents the results of the size-selective bead separation for the 2.8 and 5.5 µm beads moving across a tri-magnet junction for α = -50°, 0°, and 50°. These results were used to calculate a separation efficiency ε = 1 – f5.5µm – f2.8µm࢘ ሬԦ૚ trajectory. These calculations revealed that the 5.5 μm beads encounter a lower energy minimum along࢘ They therefore remain confined in the .(Fig. 4c) (ሬԦ૚࢘) and a lower energy minimum along the + direction (ሬԦ૛࢘) The separation appears to occur due to the difference in the potential energy landscapes encountered by the small and large bead as the orientation of the external magnetic field rotates from -345° to -30°. The 2.8 μm beads encounter a potential energy barrier along the – direction .ࢠ࢞ࣖ

 
Fig. 4  SPM bead separation on a tri-magnet junction for a magnetisation angle α = -50°. (a) Finite element calculations as a function of ߴ௫௭showing the evolution of the potential 
energy at a tri-magnet junction (z-plane = 2 μm above the MMA) for  = 0.17. The micrographs show the motion of a 2.8 µm SPM bead across the array as a function of ߴ௫௭. The 
bead was observed to travel along the + direction after crossing the tri-magnet junction, due to the lower potential energy minimum along this direction. (b) Finite element 
calculations showing the evolution of the potential energy at a tri-magnet junction (z-plane = 3.35 μm above the MMA), and micrographs showing the motion of 5.5 and 2.8 µm 
SPM beads. The 5.5 µm bead travelled along the – direction after crossing the tri-magnet junction while the 2.8 μm bead continued to travel along the + direction. (c) Potential 
energy landscape calculated for the 2.8 μm beads along the  ݎଵሬሬሬԦ and ݎଶሬሬሬԦ directions at the critical ߴ௫௭ = -357.5°. The beads encounter an energy barrier along ݎଶሬሬሬԦ at 1.5 µm that does 
not exist along the ݎଵሬሬሬԦ trajectory. Thus, the 2.8 μm beads travel along the  ݎଵሬሬሬԦ trajectory although the potential energy landscape is relatively flat between 0.5 and 3 µm. (d) Potential 
energy landscape for the 5.5 μm beads evaluated along the two possible directions ݎଵሬሬሬԦ and ݎଶሬሬሬԦ. The beads encounter a lower potential energy minimum along ݎଶሬሬሬԦ and thus travel 
along that trajectory. (e) Fractions of 2.8 µm and 5.5 µm beads turning to the + direction for different magnetisation angles. * p < 0.05; N. S. not significant (t-test). Error bars 
represent the standard error of the mean. Scale bars = 20 μm. 
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where f5.5µm and f2.8µm are the fractions of beads, not turning to the predicted direction. In the case of f5.5µm this fraction was 0.11 and 0.16 for α = -50° and +50°, whereas in the case of f2.8µm it was 0.04 and 0.23 for α = -50° and +50°, respectively. The separation efficiency was determined to be 85.0 ± 12.3%, 26.6 ± 18.8%, and 60.6 ± 7.8% for α = -50°, 0°, and 50°, respectively. The difference in ε obtained at α = -50° and 50° was attributed to local imperfections in the MMAs. These results suggest that the tri-magnet dimensions can be modified to achieve optimal separation efficiencies for a range of bead sizes and magnetisations. 
Our bead separation results suggest that a sequential arrangement of multiple switching junctions would enable the continuous separation of multiple bead populations from each other. This approach has a number of advantages over existing techniques developed for on-chip separation of magnetic beads. First, using tri-magnet junctions, the beads can be separated simultaneously and continuously – a major advantage over bead separation based on differences in the critical frequency,18-21 which would require consecutive adjustments of the field driving frequency to achieve multiplex separation. Second, tri-magnet junctions do not require a fine tuning of the driving frequencies of the applied field, as in the case for recently-demonstrated multi-frequency driven systems.27, 
28 These systems transport differently-sized beads in opposite directions (or selectively immobilize beads of particular size) by applying in-plane and out-of-plane magnetic fields rotating at different frequencies. In such systems the separation of the beads would take place over several cycles of field rotation and requires the fine-tuning of the ratio of driving frequencies, which are not the case for the tri-magnet junctions. The directionality imparted to the beads by the tri-magnet junctions introduces an additional degree of control on the transport of the beads towards specific regions of the chip, integrated to the separation process. Finally, the local field distribution generated by the tri-magnet junction eliminates the need for a precise synchronization of the external field orientation to achieve separation, as it was the case for previously reported loop pathways 29 and zig-zag sorting structures.30 
Programmed Manipulation of Single Cells 
The capacity to control the direction of SPM bead motion may be used to transport beads and biological samples labelled with SPM beads to specific regions on a LOC device. As a proof-of-concept, we demonstrated the controlled transport of MDA-MB-231 breast carcinoma cells labelled with 1 µm magnetic beads (Fig. 5 and movie S5). The NLM device was first used in the forward operation to transport the cell from region 1 of the MMA through a focusing junction. Then the orientation of rotation of the external magnetic field was inverted and the reverse operation of the device was used to guide the labelled cell along a pre-programmed direction across the same junction. The path taken by the travelling cell was controlled by orienting the magnetisation of the micromagnets at α = 30°. Figure 5a presents a schematic of the design of the experiment in which the cell was transported along a line of micromagnets from point i to iii using the rotating external magnetic field. At point iii, the sense of the rotating external magnetic field was reversed. Moving backward, the cell took to the - path and traversed the line of micromagnets through points iv and v. The cell transport process was monitored via time-lapse microscopy. Micrographs shown in Fig. 5b-f correspond to points i-v (in Fig. 5a). As predicted from the bead separation results, the cell labelled with the beads crossed the switch junction by taking the preferred – direction for 15° < α < 45°. This experiment demonstrated the transport of individual cells from one area of the  

 
Fig. 5 Demonstration of the programmed transport of a single MDA-MB-231 cell 
labelled with 1 µm SPM beads. (a) Schematic of the experiment in which the MDA-MB-
231 cell was first focused and then guided back through a series of switches. (b-d) The 
cell (thick arrow) labelled with magnetic beads moves in the positive x-direction and 
crosses a focusing junction. (d-f) The orientation of the rotating external magnetic field 
is reversed to drive the cell backward. The cell chooses the – direction when crossing 
the junction for the second time, since the magnets were magnetised at α = 30°. Scale 
bar = 50 μm. 
chip to another by simply adjusting the orientation of rotation of the external magnetic field for a pre-programmed magnetisation angle on the MMA. This feature may be incorporated in more complex networks of micromagnets to direct magnetically-labelled cells to specific regions of the chip, for subsequent biochemical analysis, and may be integrated with recently reported trapping stations 23 to create functional biosensors. 

Conclusions 
In this article we present novel micromagnet arrays designed to focus SPM beads (via two types of converging configurations), as well as size selective control of their motion (via a diverging configuration). The focusing experiments revealed that lines of micromagnets are almost as efficient as continuous arrays of micromagnets in terms of the speed and the total percentage of beads recovered. These focusing MMAs enabled the concentration of a specific fraction of beads into a single, synchronised line making it possible to analyse the beads based on a high-resolution, single-point optical detector. We have also demonstrated that tri-magnet junctions can be utilized to switch SPM beads onto specific paths and that under certain conditions these junctions are capable of separating SPM beads based on their size. By combining the focusing and switching elements, on-chip, manipulation of a single, magnetically-labelled cell was achieved with micron resolution. The reaction of cells labelled with SPM beads functionalised with one or 
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more antibodies will enable the highly efficient isolation of rare biological samples from complex fluids, such as blood, without exposing them to harsh separation conditions. In principle, MMAs can be designed using the elements described in this article to allow us to concentrate, separate, modify, and analyse the biological samples captured on the SPM beads. We anticipate that MMA chips designed using these elements as well as surface bound arrays will be capable of multiplexed analysis of biological targets, such as, exosomes, viruses, bacteria, or cells, isolated from complex media with near single molecule sensitivity. 

Experimental 
Chip fabrication. The micromagnet arrays were fabricated through a standard photolithographic process in a Class 100 cleanroom using S1813 positive photoresist (Shipley Microposit, Marlborough, MA) spin coated on a silicon wafer and irradiated with ultraviolet light (365 nm) at a dose of 60 mJ. The micromagnets were created via electron-beam metal deposition (Kurt J. Lesker Company, Hastings, UK). The structure of the micromagnets consisted of an initial 10 nm layer of chromium, followed by a 100 nm layer of cobalt, and another 10 nm layer of chromium. The bottom chromium layer enhances the adhesion of the magnets to the silicon substrate and the top layer protects the cobalt from oxidation. After the lift-off, the wafer was spin-coated with a 600 nm layer of spin-on-glass (Filmtronics, Butler, PA) and cured at 300°C for 3 h in a furnace under nitrogen environment. The micromagnets were then magnetised using a 11 kG impulse magnetiser (ASC Scientific, Carslbad, CA). A goniometer with 1° resolution was used to set the magnetisation: the MMA chip was manually oriented along the desired directions to set the magnetisation angle of the micromagnets. For each magnetisation angle the bead transport at a tri-magnet junction was observed after multiple magnetisation/demagnetisation cycles of the MMA. Experimental setup. The experimental setup was similar to those used in previous works from our group. 20, 21 A magnetic field rotating in a plane parallel to the axis of motion of the beads was generated by three electromagnets arranged along mutually orthogonal axes. The solenoids were composed by 570 coils surrounding a cylindrical iron core (ASTM A536 ductile iron) 150 mm long and with diameter 60 mm. The sinusoidal signal necessary for a rotating field was created by a two channel function generator (Tektronix, Beaverton, OR) that produced two sinusoidal waves with a 90° phase difference. Two programmable amplifiers (Kepco, Flushing, NY) were used to amplify the signal and to supply it to the electromagnets for generating a magnetic field with flux density of 30 G in the x-direction and 35 G in the z-direction that was used consistently in all the experiments. Imaging was performed using an epi-illumination optical microscope (Zeiss Axioskop2, Welwyn Garden City, UK) equipped with a 20× objective and an high-speed camera (Axiocam, Hsm, Zeiss). The characterisation of the bead behaviour was performed with commercially available 2.8 µm beads (Invitrogen, Carlsbad, CA). Commercially available 5-5.9 µm beads (Spherotech, Chicago, IL) were used to test how bead properties affected turning behaviour. In the simulations the diameter of the beads was considered 5.5 μm. Finite element simulations. The simulations were performed imposing a magnetisation of the micromagnets of 80 kA/m along different orientations in the xy-plane, consistently with simulations in our previous works. The external field had a flux density of 30 G and it was applied rotating clockwise in the xz-plane.  Bead functionalization. The antibody functionalization was 

performed on 1 μm carboxylated beads synthesised in our laboratory. The beads were re-suspended in MES buffer (2-(N-morpholino-ethanesulfonic acid) pH 6.1, at a concentration 108 beads/ml. The beads were washed three times with MES buffer. A magnet rack was used to hold the beads during the washing steps. After being washed the beads were re-suspended in 500 μl MES buffer. 10 mg EDC (1-Ethyl-3-(3-dimethylaminopropyl-carbodiimide)) were dissolved in 1 ml MES buffer, and 10 mg sulfo-NHS (N-Hydroxysuccinimide) were as well dissolved in 1 ml MES buffer. 290 μl of the EDC solution and 290 μl of the NHS solution were added to the beads and they were briefly sonicated (three times 1 s sonication with 3 s intervals). Then, the solution was incubated for 15 min at room temperature on a rotating rack. After the incubation, the beads were washed once and re-suspended in 500 μl MES buffer. 50 μl of antiCD9 antibody (HansaBioMed, Tallinn, Estonia) having a concentration of 1 mg/ml was added to the beads. The solution was then incubated for 1 h at room temperature on a rotating rack and then moved at 4°C for an overnight incubation. The next day the beads were washed twice with PBST, re-suspended in 1 ml PBS buffer and stored at 4°C. Cell targeting. MDA-MB-231 breast carcinoma cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 1% Penicillin/Streptomycin and 10% foetal bovine serum. The cells were seeded in a T25 culturing flask and placed in a CO2 supplied incubator at 37°C. Cells up to passage 5 were used in the experiments. For the labelling procedure the cells were detached from the culture flask using trypsin-EDTA (Gibco, Carlsbad, CA). The suspension was placed in a 15 ml tube and centrifuged at 900 rpm for 3 min to form a cell pellet. The culturing medium was replaced with PBS buffer and the cells were counted using a hemocytometer. The cell suspension was diluted and samples containing 105 cells in 1 ml PBS buffer were prepared. 5×106 magnetic beads were added to the each sample. The cells and the beads were incubated for 1h at room temperature on a rotating wheel. After the incubation, the microcentrifuge tubes containing the cells and the beads were brought to direct contact with a permanent magnet for 1 min, followed by a brief vortex shake. This step was performed in order to increase the binding probability. The binding was assessed by comparing antibody-coated beads with non-coated beads. When non-coated beads were used almost no binding between the beads and the cells was observed, whereas cells were covered with anti-CD9 coated beads. 
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