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Abstract 

Single-cell analysis (SCA) tools have important applications in the analysis of 

phenotypic heterogeneity, which is difficult or impossible to analyze in bulk cell culture 

or patient samples. SCA tools thus have a myriad of applications ranging from better 

credentialing of drug therapies t o the analysis of rare latent cells harboring HIV infection 

or in Cancer. However, existing SCA systems usually lack the required combination of 

programmability, flexibility , and scalability  necessary to enable the study of cell 

behaviors and cell-cell interactions at the scales sufficient to analyze extremely rare 

events. To advance the field, I have developed a novel, programmable, and massively-

parallel SCA tool which is based on the principles of computer circuits. By integrating 

these magnetic circuits with microfluidics channels, I developed a platform that can 

organize a large number of single particles into an array in a controlled manner.  

My  magnetophoretic circuits use passive elements constructed in patterned 

magnetic thin films to move cells along programmed tracks with an external rotating 

magnetic field. Cell motion along these tracks is analogous to the motion of charges in 

an electrical conductor, foll owing  ÈɯÙÜÓÌɯÚÐÔÐÓÈÙɯÛÖɯ.ÏÔɀÚɯÓÈÞȭɯ( have also developed 

asymmetric conductors, similar to electrical diodes, and storage sites for cells that 

behave similarly to electrical capacitors. I have also developed magnetophoretic circuits 

which use an overlaid p attern of microwires  to switch single cells between different 
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tracks. This switching mechanism, analogous to the operation of electronic transistors, is 

achieved by establishing a semiconducting gap in the magnetic pattern which can be 

changed from an insulating state to a conducting state by application of electrical 

current to an overlaid electrode. I performed an extensive study on the operation of 

transistors to optimize their geometry and minimize the required gate currents. 

By combining these elements into integrated circuits , I have built devices which 

are capable of organizing a precise number of cells into individually addressable array 

sites, similar to how a random access memory (RAM) stores electronic data. My  

programmable magnetic circuits allow  for the organization of both cells and single-cell 

pairs into large arrays. Single cells can also potentially be retrieved for downstream 

high-throughput genomic analysis.  

In order to enhance the efficiency of the tool and to increase the delivery speed of 

the particles, I have also developed microfluidics systems that are combined with the 

magnetophoretic circuits. This hybrid system , called magnetomicrofluidics, is capable of 

rapidly organizing an array of particles and cells with the high precision and  control. I 

have also shown that cells can be grown inside these chips for multiple days , enabling 

the long-term phenotypic analysis of rare cellular events. These types of studies can 

reveal important insights about the intercellular signaling networks an d answer crucial 

questions in biology and immunology.     
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current of (a) 1 mA, (b) 10 mA, and (c) 100 mA. The wire is assumed to be infinitely long, 

infinitely flat, and has a width of 0.08D, where D is the period of the substrate. The blue 

regions on either side of the magnetic track show that the double well potential is not 

annihilated regardless of the strength of the applied current. This behavior is also shown 

in the line section of the relative energy in part (e), for applied gate currents of 1mA 

(black), 10mA (red), and 100mA (blue). If the sheet current is moved laterally across the 

substrate, this energy barrier remains as shown in (d), and in the line sections of part (f) 

for shifts of 0.16D (black), 0.08D (red), and no shift (blue). The external field is 100 Oe 

with the direction depicted by the black arrow. The white lines define the wire 

geometry. These simulation results are based on the semi-analytical model. The figure is 
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Figure 22: Simulation results for transistor based on a whole disk track and a tapered 

current sheet is shown. The energy landscape is plotted for a horizontal plane at a height 

of 0.12D above the substrate, and in the presence of a tapered current sheet with (a) 

100mA and (b) 10mA of total current. A single energy well (blue region) is formed on 

one side of the magnetic track in part (a); however, a bistable energy well is formed on 

both sides of the magnetic track in part (b). A line section of the potential energy 

landscape along the axis of the wire is shown in part (c) for currents of 10mA (black), 

50mA (red), and 100mA (blue). A single energy well exists only for the 50mA and 

100mA currents. A line section of the energy minima is shown in part (d) for constant 

50mA current, but where the center of the taper is shifted in the lateral (x) direction by 

amounts of 0.00D, 0.08D, 0.16D, 0.25D, and 0.33D. The blue arrow indicates increasing 

lateral shift. The switching efficiency of particles across the magnetic track when 

exposed to applied current of 0 to 20mA for the geometry of (a) and (b) is shown in part 

(e) for particles with radii of 0.12D (dashed black), 0.16D (dashed red), 0.25D (dashed 

blue), 0.33D (solid black), 0.50D (solid red), 0.67D (solid blue), and 0.83D (solid green). 

The black arrows denote the 100 Oe external magnetic field, while the white lines define 

the wire geometry. The black dotted lines depict the particle trajectory as simulated from 

Equation (24). Here, the disk diameter is 0.83D. These simulation results are based on 

the semi-analytical model. The figure is taken from my paper [123] by permission.  ....... 88 

Figure 23: Simulation results for transistor for diode rectification reversal is shown. The 

energy landscape is plotted for a sheet current with (a) 0mA and (b) 100mA of total 

current, when the diode is reverse biased. The wire width is 0.13D, disk diameter is 

0.90D, and connecting strip length is 0.10D, where D is the distance between centers of 

two adjacent half-disks. In part (a), the diode does not conduct particles from right to 
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left, because of the existence of energy barrier above the linear vertical segment, while in 

part (b), this energy barrier is annihilated and a deeper energy well is created on the 

other side, by applying 100mA electric current. In part ( c), the switching efficiency of 

ÛÏÐÚɯÎÌÖÔÌÛÙàɯÐÚɯ×ÙÌÚÌÕÛÌËɯÍÖÙɯÞÐÙÌɯÈÕÎÓÌÚɯÖÍɯϔǻƘƔʁɯȹÉÓÈÊÒȺȮɯƙƔʁɯȹÙÌËȺȮɯƚƔɯʁɯȹÉÓÜÌȺȮɯÈÕËɯƛƔɯʁɯ

(green), while the current is allowed to vary from 0 to 200 mA. In part (d), switching 

efficiency for particle diameter of 0.14D (black), 0.23D (red), 0.32D (blue), and 0.40D 

(green) is demonstrated. The black dotted line of parts (a) and (b) depicts the particle 

trajectory as simulated from Eq. (24), while the white lines define the wire geometry. 

The external magnetic field is 100 Oe, and the black arrow shows its direction. These 

simulation results are based on the semi-analytical model. The figure is taken from my 

paper [123] by permission.......................................................................................................... 91 

Figure 24: Simulation results for transistor composed of whole disk track with a 

semiconducting gap are illustrated. The energy landscape is shown in (a)ɬ(c) as a 

function of the current strength and system geometry. T he wire is assumed to have a 

fixed width of 0.12D. Part (a) shows the potential energy landscape in the absence of a 

gate current, in which the particle does not cross the gap. The energy landscape for a 

straight wire and a curved wire geometry is shown in  (b) and(c), and the switching 

efficiency for these two geometries is depicted in (d)ɬ(g), where (d) and (f) correspond to 

the straight wire and (e) and (g) correspond to the curved wire. Graphs (f) and (g) are 

magnified versions of the switching efficienc y presented in (d) and (e). In parts (d)ɬ(g), 

ÚÌÝÌÙÈÓɯÓÐÕÌÚɯÈÙÌɯ×ÓÖÛÛÌËɯÍÖÙɯËÐÍÍÌÙÌÕÛɯÔÌÈÕɯ×ÈÙÛÐÊÓÌÚɯÚÐáÌÚɯÙÌÓÈÛÐÝÌɯÛÖɯÛÏÌɯÎÈ×ɯÚÐáÌȮɯÞÐÛÏɯϕɯ

ǻɯƕȭƔɯȹÚÖÓÐËɯÉÓÜÌȺȮɯϕɯǻɯƔȭƝɯȹÚÖÓÐËɯÙÌËȺȮɯϕɯǻɯƔȭƜɯȹÚÖÓÐËɯÉÓÈÊÒȺȮɯϕɯǻɯƔȭƛɯȹËÈÚÏÌËɯÉÓÜÌȺȮɯϕɯǻɯƔȭƚɯ

ȹËÈÚÏÌËɯÙÌËȺȮɯÈÕËɯϕɯǻ 0.5 (dashed black), where the magnet diameter is assumed to be 

0.83D. In graphs (h) and (i), the switching efficiency is presented for the straight and 

curved wire geometries, respectively, where the particle radius is commensurate with 

the gap size (b¼1.0), while the ratio of particle size to magnet diameter is varied. Parts 

(h) and (i) depict switching efficiency of the geometries in (b) and (c), respectively, while 

the ratio of the particle radius to magnet radius is 0.15 (dashed black), 0.25 (dashed red), 

0.35 (solid black), 0.45 (solid red), and 0.55 (solid blue). The black arrow in parts (a)ɬ(d) 

denotes the 100 Oe external field, and the blue region denotes the energy minima. The 

black dotted lines depict the particle trajectory as simulated from Equa tion (24), while 

the white lines define the wire geometry. These simulation results are based on the semi-

analytical model. The figure is taken from my paper [123] by permission.  ....................... 95 

Figure 25: Simulation results for the effect of the lateral position of the current sheet on 

switching efficiency of transistor composed of whole disk track with a semiconducting 

gap are illustrated. The energy landscape is shown in parts (a)ɬ(d) for a wir e with fixed 

width of 0.25D and whose center is shifted away from the gap center by an amount of 
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(a) 0D, (b) 0.13D, (c) 0.16D, and (d) 0.29D. Switching efficiencies are presented for each of 

ÛÏÌÚÌɯÓÈÛÌÙÈÓɯ×ÖÚÐÛÐÖÕÚɯÍÖÙɯȹÌȺɯϕɯǻɯƔȭƙȮɯȹÍȺɯϕɯǻɯƔȭƚȮɯȹÎȺɯϕɯǻɯƔȭƛȮɯȹÏȺɯϕɯǻɯƔȭƜȮɯȹÐȺɯϕɯǻɯƔȭƝȮɯÈÕËɯȹÑȺɯϕɯ

= 1. In each of the parts (e)ɬ(j), the colored lines correspond to the geometries of parts (a) 

solid black, (b) solid red, (c) dashed red, and (d) dashed black. Here, the ratio of the 

mean particle diameter to the disk  diameter is taken to be 0.25. In parts (a)ɬ(d), black 

dashed line depicts center of the gap, while the white lines define the wire geometry. 

These simulation results are based on the semi-analytical model. The figure is taken 

from my paper [123] by permis sion. ........................................................................................ 98 

Figure 26: Transistor operational modes and their energy landscapes are illustrated. 

Magnetic potential energy landscapes are shown in (aɬc) with corresponding 

experiments shown in (dɬf). The line cross sections are shown a) when no gate current is 

applied, b) in the attractive mode, and c) in the repulsive mode. In all cases, a constant 

uniform magnetic field is applied al ong the positive x -direction and denoted by the 

black arrow. d) The bead remains on the same side of the gap due to the double well 

potential of part (a). e) In a clockwise rotating field, the bead moves across the gap 

toward the wire due to a gate curren t in the positive y -direction. f) In a counter -

clockwise rotating field, the bead crosses the gap and moves away from the wire due to 

a gate current in the negative y -direction. The field rotation sense is denoted by the 

circular arrows, and the gate currents are shown as red arrows. The simulation results 

are achieved using FEM-based analytical model. The figure is taken from my paper [124] 

by permission. ........................................................................................................................... 100 

Figure 27: Transistor switching thresholds for magnetic beads are shown. The 

experimental switching efficiency in the dynamic transistor tests is shown for the a) 

repulsive mode and b) attractive mode for driving frequencies o f 0.2 Hz (blue), 0.5 Hz 

(red), and 0.8 Hz (black). In these dynamic tests, the rotating field magnitude is H ext = 45 

Oe. The experimental switching thresholds in the static transistor tests for the c) 

repulsive mode and d) attractive mode are shown for devÐÊÌɯÎÌÖÔÌÛÙÐÌÚɯÖÍɯËɯǻɯƜɯϟÔɯÈÕËɯ

+ɯǻɯƚȭƙɯϟÔɯȹÎÙÌÌÕɯÉÈÙÚȺȮɯËɯǻɯƕƔɯϟÔɯÈÕËɯ+ɯǻɯƛɯϟÔɯȹÉÓÈÊÒɯÉÈÙÚȺȮɯËɯǻɯƕƔɯϟÔɯÈÕËɯ+ɯǻɯƜɯϟÔɯ

ȹÙÌËɯÉÈÙÚȺȮɯÈÕËɯËɯǻɯƕƔɯϟÔɯÈÕËɯ+ɯǻɯƝɯϟÔɯȹÉÓÜÌɯÉÈÙÚȺȭɯ3ÏÌÖÙÌÛÐÊÈÓɯÙÌÚÜÓÛÚɯ×ÙÌÚÌÕÛÌËɯÐÕɯȹÌȺɯ

and (f) correspond to the transistor mode types of (c) and (d), respectively. The 

simulation results are achieved using FEM-based analytical model. The figure is taken 

from my paper [124] by permission.  ...................................................................................... 105 

Figure 28: Transistor switching thresholds for magnetically labeled T -cells are shown. 

The experimental switching efficiency of magnetically labeled T -cells in the dynamic 

transistor tests is shown for the a) repulsive mode and b) attractive mode for driving 

frequencies of 0.2 Hz (blue) and 0.5 Hz (red) in a constant 45 Oe rotating magnetic field. 
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The switching thresholds for cells in the static transistor tests for the c) repulsive mode 

and d) attractive mode are shown for device ÎÌÖÔÌÛÙÐÌÚɯÖÍɯËɯǻɯƜɯϟÔɯÈÕËɯ+ɯǻɯƚȭƙɯϟÔɯ

ȹÎÙÌÌÕȺȮɯËɯǻɯƕƔɯϟÔɯÈÕËɯ+ɯǻɯƛɯϟÔɯȹÉÓÈÊÒȺȮɯËɯǻɯƕƔɯϟÔɯÈÕËɯ+ɯǻɯƜɯϟÔɯȹÙÌËȺȮɯÈÕËɯËɯǻɯƕƔɯϟÔɯ

ÈÕËɯ+ɯǻɯƝɯϟÔɯȹÉÓÜÌȺȭɯ3ÏÌɯÍÐÎÜÙÌɯÐÚɯÛÈÒÌÕɯÍÙÖÔɯÔàɯ×È×ÌÙɯȻƕƖƘȼɯÉàɯ×ÌÙÔÐÚÚÐÖÕȭ ................ 106 

Figure 29: Barrier transistors are illustrated. The horizontal and vertical magnetic field 

components are fixed at 50 Oe, while the in-plane field component rotates clockwise at a 

driving frequency of 0.1 Hz. The gate currents required for reliable switching in each of 

the transistor geometries are (a) 35 mA, (b) 35 mA, (c) 45 mA, and (d) 40 mA, 

respectively. The dotted blue lines depict the trajectories of magnetic particles extracted 

from video data. The red circles depict the starting points of the overlaid trajectories, 

and the curved black arrow represents the rotation sense of the horizontal field 

component with the direction of the vertical field depicted at the center of the curved 

arrow. The figure is taken from my paper [135].  .................................................................. 109 

Figure 30: Repulsion transistors are illustrated. The horizontal and v ertical magnetic 

field components are fixed at 50 Oe, while the in-plane field component rotates 

clockwise at a driving frequency of 0.1 Hz. The gate currents required for reliable 

switching in each of the transistor geometries are (a) 35 mA, (b) 30 mA, (c) 35 mA, and 

(d) 30 mA, respectively. The dotted blue lines depict the trajectories of magnetic particles 

extracted from video data. The red circles depict the starting points of the overlaid 

trajectories, and the curved black arrow represents the rotation sense of the horizontal 

field component with the direction of the vertical field is depicted at the center of the 

curved arrow. The figure is taken from my paper [135].  .................................................... 111 

Figure 31: Switching thresholds of several transistors are illustrated. The switching 

thresholds for 8.4 µm (black lines) and 15.6 µm magnetic beads (red lines) are shown for 

the transistors depicted in a) Figure 29(a), b) Figure 29(b), c) Figure 29(c), d) Figure 29(d), 

e) Figure 30(a), f) Figure 30(b), g) Figure 30(c), and h) Figure 30(d). In these tests, the in-

plane rotating field and the vertical bias field magnitudes are 50 Oe and the driving 

frequency is 0.1 Hz. The figure is taken from my paper [135].  ........................................... 112 

Figure 32: Transistor switching thresholds vs. field strength, frequency, and cone angle 

are illustrated. The switching efficiency of 8.4 -µm magnetic beads is shown for the 

transistor depicted in Figure 29(b) as a function of (a) the driving frequency ranging 

from 0.1 Hz (black), 0.3Hz (red), and 0.6Hz (blue) when the field magnitude and cone 

angle are fixed at 70 Oe and 45°, respectively, (b) the field magnitude ranging from 50 

Oe (black), 70 Oe (red), and 90 Oe (blue) when the cone angle and the driving frequency 

are fixed at 45° and 0.1Hz, respectively, and (c) the the cone angle ranging from degrees 
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37° (black), 45° (red), and 65° (blue) when the field magnitude and driving frequency are 

fixed at 70 Oe and 0.1 Hz, respectively.  The results from similar experiments performed 

on the transistor depicted in Figure 30(b) are shown in (d-f). The figure is taken from my 

paper [135]. ................................................................................................................................ 114 

Figure 33: Transistor switching of magnetically labeled CD4+ T cells is shown. The 

overlaid trajectories (dotted blue lines) of magnetically labeled human T cells are shown 

with the horizontal and vertical magnetic field components fixed at 50 Oe, while the in -

plane field component rotates clockwise at a driving frequency of 0.1 Hz. T he gate 

current is fixed at 50 mA. The dotted blue lines depict the trajectories of the cells 

extracted from video data. The red circle depicts the starting points of the overlaid 

trajectories, and the curved black arrow represents the rotation sense of the horizontal 

field component with the direction of the vertical field is depicted at the center of the 

curved arrow. The figure is taken from my paper [135].  .................................................... 115 

Figure 34: An array in a random access memory, for storing single magnetically labeled 

CD4+ T cells is illustrated. An 8 × 8 array was designed and built to import, store, and 

export magnetized objects. (a) A section of the array is shown. (b) A single memory cell 

(i.e., storage site), in which a single human CD4+ T cell is stored, is depicted. In this 

figure, the golden lines are the wires, while the circular patterns are the magnetic tracks. 

The figure is taken from my pape r  [124], by permission. .................................................. 119 

Figure 35: A small section of a random access memory for storing/retrieving magnetic 

particles is illustrated. An 8 × 8 array was designed and built to import , store, and export 

magnetized objects. Here three magnetic beads are temporarily stored in array sites 42, 

53, and 64 with the import trajectories shown in red. At later times, the beads are 

exported from these storage sites with the trajectories shown in green. The figure is 

taken from my paper [124]. The full trajectories can be found in Supplementary Movie 

S6 

(http://onlinelibrary.wiley.com/store/10.1002/adma.201502352/asset/supinfo/adma201502

352-sup-0006-S6.mov?v=1&s=714f1edc02ab177aef682ceb920765eff04c3ec9) in my paper  

[124]. ............................................................................................................................................ 121 

Figure 36: A small section of a random access memory for storing human CD4+ T cells is 

shown. An 8 × 8 array was designed and built to import, store, and export magnetized 

objects. Here magnetized human CD4+ T cells are stored in the array. ........................... 122 

Figure 37: A hydrodynamic trapping system and its equivalent circuit model are shown. 

(a) A hydrodynamic trapping system, composed of two parallel fluidic paths is 

illustrated. Here index 1 stands for the trap path, while ind ex 2 stands for the bypass 
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path. (b) The equivalent circuit model for the hydrodynamic trapping system shown in 

panel a is presented. R stands for the fluidic resistivity.  ..................................................... 126 

Figure 38: Trapping single beads in hydrodynamic trap sites is shown. The individual 

beads are trapped in hydrodynamic traps. Two different designs are illustrated in (a) 

and (b). ........................................................................................................................................ 127 

Figure 39: A single cell squeezing through a trap is illustrated.  When the trap width is 

not small enough a high flow rate may result in squeezing cells th rough the trap. The 

dotted line shows the cell trajectory through the traps. A zoomed view of a cell at 

squeezing time is illustrated in the inset.  .............................................................................. 128 

Figure 40: Trapping single cells in hydrodynamic trap sites is shown. The traps in this 

design are narrower, compared to the one shown in Figure 39. ........................................ 128 

Figure 41: Organizing magnetic beads in magnetomicrofluidics tool is illustrated. (a) 

Magnetic beads are captured in fluidics traps. The blue and red dotted lines depict the 

trajectory of the second and third particles entering the trap array, respectively. (b) 

Magnetophoretic circuits are used to move the trapped magnetic beads from their 

fluidics traps to the storage sites. The trajectory of a sample particle is represented by the 

blue dotted line. The blue circles show the start point of the particle trajectories. ......... 130 

Figure 42: The effect of ethanol in polymerizing PDMS-based microfluidics chips is 

illustrated.  Microfluidics chips are illustrated (a) before and (b) after the first step of 

polymerization, in which the chip is exposed to the ethanol for 18 hours at flow rate of 

15 µL/min.  .................................................................................................................................. 134 

Figure 43: Magnetomicrofluidics design, to be used in silicon/glass-based microfluidics 

is shown. (a) In this design, the magnetophoretic circuits are included into t he walls. (b) 

An image of the chip after being etched is shown. This picture is taken from my chips by 

Justin Gladman, R&D Engineer at Shared Materials Instrumentation Facility (SMIF) at 

Duke University.  ....................................................................................................................... 136 

Figure 44: A screenshot of the profilometer measurement result is presented. The depth 

of the microchannels is measured. In this system, the profilometer tip moves along a 

straight line, and the height of the points along that line is plotted. In this example, in 

the lower left corner, the depth of the microchannel (i.e., vertical distance) is reported to 

be ~15.7 µm. ............................................................................................................................... 138 
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Figure 45: Setup for anodic bonding is illustrated. The glass-silicon assembly is placed 

on the hotplate (450 degrees C) and under metal slabs of 5Kg. The power supply 

provides the required voltage (1000 volts) to the chip. ....................................................... 139 

Figure 46: Completed silicon/glass-based magnetomicrofluidics chips are illustrate d. In 

these pictures the inlets/outlets are (a) PDMS pieces or (b) Luer fittings. (c) The liquid is 

delivered to the chip by a syringe, using a syringe pump, through a tubing.  ................. 141 

Figure 47: A microfluidics clip is shown. (a) The illustrated clip holds the chip and the 

plastic ports (blue) are screwed into it. The chip is also equipped with the heaters and 

temperature sensors to provide the required temperature on the chip. (b) a thermal 

picture of the chip is illustrated.  ............................................................................................. 142 

Figure 48: Study of magnetic energy distribution in magnetomicrofluidics chips is 

presented. The movement of magnetic nanoparticles (by introducing a suspension of 

ferrofluid) inside magnetomicrofluidics when a rotating magnetic field is applied to the 

chips is studied. The arrows show the direction of the applied magnetic field. The little 

black circles stand for the position of a hypothetical magnetic particle, based on the 

energy distribution shown by the magnetic nanoparticles, and the red dotted line shows 

its trajectory................................................................................................................................ 143 

Figure 49: Trajectory of a magnetic bead in a newly designed magnetomicrofluidics chip 

is shown. The trajectory of the particle, in phase 1, in the forward fluid flow is depicted 

with the black dotted line. The trajectory of the particle, in phase 2, in the reverse fluid 

flow, after the particle is trapped at the trap site, is presented with the red dotted line. 

Finally, the trajectory of th e particle, in phase 3, using magnetophoretic circuits into 

storage site is shown with the green dotted line. In this example, after the magnetic 

forces placed the particle on its right path to the storage site, a forward fluid flow was 

used to help magnetic forces to move the particle. .............................................................. 145 

Figure 50: The results of the cell viability test in microfluidics environment are 

presented. Cody Baker and Melissa Triggiano (from Professor Murdoch lab) performed 

a cell viability test on human CD4+ cells T-cells kept in microfluidics environment (blue) 

and in a dish (red). .................................................................................................................... 149 

Figure 51: Growth and drug sensitivity data are illustrated. Kevin Lin, from Professor 

6ÖÖËɀÚɯÓÈÉȮɯ×ÌÙÍÖÙÔÌËɯÈÕɯÌß×ÌÙÐÔÌÕÛɯÛÖɯÌÝÈÓÜÈÛÌɯȹÈȺɯÛÏÌɯÌÍÍÌÊÛɯÖÍɯÔÈÎÕÌÛÐÊɯÉÌÈËÚɯÖÕɯ

basal growth and (b) the effect of beads on drug sensitivity. In this figure drug 

ÚÌÕÚÐÛÐÝÐÛàɯÈÕËɯÎÙÖÞÛÏɯËÈÛÈɯÍÖÙɯÕÖÙÔÈÓɯÊÌÓÓÚɯÈÕËɯÔÈÎÕÌÛÐáÌËɯÊÌÓÓÚɯȹËÌ×ÐÊÛÌËɯÉàɯɁ!ÌÈËÚɂȺɯ

are compared. Here Quizartinib is used as the drug. .......................................................... 151 
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Figure 52: Microscope images of the cells cultured at the population-level on open-chip 

non-treated substrates are shown. The PC9 cells grown on (a, b) PDMS, (c, d) SU8, (e, f) 

SiO2, and (g, h) silicon substrates are illustrated. In these experiments, the substrate 

(open-ÊÏÐ×ȺɯÏÈÚɯÉÌÌÕɯ×ÓÈÊÌËɯÐÕɯÈɯƗɂɯ×ÌÛÙÐɯËÐÚÏɯÈÕËɯÐÕÊÜÉÈÛÌËɯÐÕɯÈÕɯÐÕÊÜÉÈÛÖÙɯÍÖÙɯƘƜɯ

hours. .......................................................................................................................................... 153 

Figure 53: Microscope images of the cells cultured at the population-level on open-chip 

substrates treated with poly -lysine are shown. The PC9 cells grown on (a, b) PDMS, (c, 

d) SU8, (e, f) SiO2, (g, h) silicon substrates are illustrated. In these experiments, the 

substrates (open-ÊÏÐ×ȺɯÏÈÝÌɯÉÌÌÕɯ×ÓÈÊÌËɯÐÕɯƗɂɯ×ÌÛÙÐɯËÐÚÏÌÚɯÈÕËɯÐÕÊÜÉÈÛÌËɯÐÕɯÈÕɯÐÕÊÜÉÈÛÖÙɯ

for 48 hours. ............................................................................................................................... 155 

Figure 54: Cell morphology open-chip experiments at single cell level on a non-treated 

silicon substrate is presented. The PC9 cells cultured on a non-treated silicon wafer are 

shown. The substrates (open-ÊÏÐ×ȺɯÏÈÝÌɯÉÌÌÕɯ×ÓÈÊÌËɯÐÕɯÈɯƗɂɯ×ÌÛÙÐɯËÐÚÏɯÈÕËɯÐÕÊÜÉated in 

an incubator for 48 hours. The cell count was 
4105³ in 15 µL cell culture media.  ......... 157 

Figure 55: Cells grown on open-chip non-treated silicon substrates at single cell level in 

conditioned media are presented. The PC9 cell morphology is shown on (a) a non-

treated silicon wafer and (b) an etched silicon wafer, in conditioned media. The 

substrates (open-chip) haÝÌɯÉÌÌÕɯ×ÓÈÊÌËɯÐÕɯÈɯƗɂɯ×ÌÛÙÐɯËÐÚÏɯÈÕËɯÐÕÊÜÉÈÛÌËɯÐÕɯÈÕɯÐÕÊÜÉÈÛÖÙɯ

for 48 hours. The cell count was 
4105³ in 15 µL of conditioned media.  .......................... 159 

Figure 56: Cell adhesion open-chip experimental results at single cell level on treated 

substrates in conditioned media are presented. The percentage of (a) PC9 and (b) 3T3 

cells adhered to the silicon (patterned bars) or silicon dioxide (solid bars) substrates 

treated with gelatin (blue) or collagen (red) are presented. The black bar stands for the 

control experiment, in which cells were grown in a culture dish. In all experiments, the 

substrate (open-ÊÏÐ×ȺɯÏÈÚɯÉÌÌÕɯ×ÓÈÊÌËɯÐÕɯÈɯƗɂɯ×etri dish and incubated in an incubator. 

The initial cell count was 
4105³ in 15 µL of conditioned media.  ...................................... 162 

Figure 57: Cell growth open-chip experimental results at single cell level on treated 

substrates in conditioned media are presented. The cell density of (a) PC9 and (b) 3T3 

cells on the silicon (patterned bars) or silicon dioxide (solid bars) substrates treated with 

gelatin (blue) or collagen (red) are presented. The black bar stands for the control 

experiment, in which cells were grown in a culture dish. In all experiments, the substrate 

(open-ÊÏÐ×ȺɯÏÈÚɯÉÌÌÕɯ×ÓÈÊÌËɯÐÕɯÈɯƗɂɯ×ÌÛÙÐɯËÐÚÏɯÈÕËɯÐÕÊÜÉÈÛÌËɯÐÕɯÈÕɯÐÕcubator. The initial 

cell count was 
4105³ in 15 µL of conditioned media. The black circles stand for the cell 

density after 96 hours of incubation and after trypsinization.  ........................................... 163 
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Figure 58: Experimental results of PC9 cells cultured at single cell level on open-chip 

treated substrates in conditioned media are presented. Sample microscope images show 

the PC9 cells grown on (a, b, c) silicon dioxide substrates treated by gelatin, (d, e, f) 

silicon dioxide substrates treated by collagen, (g, h, i) silicon substrates treated by 

gelatin, (j, k, l) silicon substrates treated by collagen, and (m, n, o) culture dishes. The 

left , middle, and right columns stand for the results after 24, 48, and 96 hours, 

respectively. In all experiments, the substrate (open-ÊÏÐ×ȺɯÏÈÚɯÉÌÌÕɯ×ÓÈÊÌËɯÐÕɯÈɯƗɂɯ×ÌÛÙÐɯ

dish and incubated in an incubator. The initial cell count was 
4105³ in 15 µL of 

conditioned media.  ................................................................................................................... 165 

Figure 59: Experimental results of 3T3 cells cultured at single cell level on open-chip 

treated substrates in conditioned media are presented. Sample microscope images show 

the 3T3 cells grown on (a, b, c) silicon dioxide substrates treated by gelatin, (d, e, f) 

silicon dioxide substrates treated by collagen, (g, h, i) silicon substrates treated by 

gelatin, (j, k, l) dioxide substrates treated by collagen, culture dishes (m, n, o) are 

illustrated. The left, middle, and right columns stand for the results after 24, 48, and 96 

hours, respectively. In all experiments, the substrate (open-chip) has been plaÊÌËɯÐÕɯÈɯƗɂɯ

petri dish and incubated in an incubator. The initial cell count was 
4105³ in 15 µL of 

conditioned media.  ................................................................................................................... 167 

Figure 60: Cell morphology experimental results in magnetomicrofluidics substrates 

(closed-chip) are shown. The microscope images of (a,b) PC9 cells in a gelatin -treated 

silicon/glass-based magnetomicrofluidics chip with conditioned media, (c,d) PC9 cells 

inside a gelatin-treated PDMS-based microfluidics channels with conditioned media, (e) 

PC9 cell in a non-treated PDMS-based microfluidic chip with fresh cell culture media, 

and (f) 3T3 cells in a gelatin-treated silicon/glass-based magnetomicrofluidics chip with 

conditioned media are presented. The images are taken after 48 hours of incubation. . 170 

Figure 61: The gravity-driven fluid flow system is illustrated. In the experiments 

performed in closed-chip microfluidics systems, a gravity -driven system was used to 

flow fluid inside the mic rochannels. A pipette tip is filled with the cell culture media 

and placed in the inlet. ............................................................................................................. 171 
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1. Introduction  

1.1 Motivation 

One of the primary  goals of the lab-on-a-chip systems is to design and develop 

platforms for manipulating, separating, sorting, filtering, trapping, and detecting tiny 

biological particles, with many  important applications in biology, immunology, and 

medicine. Single cell analysis (SCA) tools, for example, stand for a high impact 

application of lab-on-a-chip systems, hold ing great promise for detecting and analyzing 

the rare but crucially important events that arise from cell ular  heterogeneity.   

Cellular h eterogeneity within an isogenic cell population , due to different 

mechanisms, including but not limited to gene regulation differences, mutations, 

environmental signals, signal history,  extrinsic noise, or stochastic variations is a 

fundamental principle in cell biology  [1, 2]. In addition to the se cell-to-cell variations, 

which are reflected in gene or protein expression [3-5], various cell ty pes, which behave 

differentl y, are available in a tissue. Proteins, including cytokines, chemokines, and 

growth factors that any individual cell secretes carry fundamental information about 

that cell and its interaction with other cells and its microenviro nment. Detecting and 

studying these secretion profiles at single cell resolution and linking them with cells ɀ 

genotypic data can result in a meaningful  understanding of cell biology and 

immunology  system, such as realizing the rare biological events relevant to the 

pathogenesis and outcome of the human disease. 
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One such disease, for example, is HIV , where a few select cells determine the fate 

of an individual . Eradication of these latently infected cells, which constitute the HIV 

viral reservoir , is of upmost importance to the HIV scientific community [6]. HIV cure 

research faces two significant barriers: (i) within an infected p atient the HIV reservoir is 

exceedingly small (i.e., one in a million resting CD4 memory cells are latently infected) 

[7], and (ii) only a minority (i.e., <1%) of these latently infected cells are sufficiently 

reactivated by cell-stimulating anti -latency compounds [8], which is necessary for their 

immunological recognition and systematic elimination.  To overcome these seemingly 

insurmountable barriers, a deep mechanistic understanding of specific cellular events 

responsible for the maintenance and disruption of  viral latency is required.  

In cancer, as another example, understanding the fundamental events in tumor 

initiation, progression, metastasis, recurrence, and therapeutic responses requires 

analyzing  variations  at the single cell resolution, among the highly heterogeneous cell 

population  [9]. For explaining the heterogeneity within tumor  cells, two models have 

been proposed. In the cancer stem cell (CSC) model, a small subpopulation of cancer 

cells (i.e., CSCs) are hypothesized to have the major tumorigenic potential  [10, 11]. Based 

on this model, epigenetic mutations in rare CSCs results in the formation of  

phenotypically diverse can cer cells with no (or less) tumorigenic potential, from which 

the tumor  bulk is derived [12]. Howev er, in clonal evolution model (CE ), cancer cells 

undergo genetic and epigenetic mutations over time, resulting in various sub-clones, 
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each of which can divide and mutate  [12, 13]. In this model, t he heterogeneity is 

primarily due to the sub -clonal differences during cancer development , and all cells 

contribute to tumor maintenance, at different levels [14]. SCA ÐÚɯÛÏÌɯɁÈ××ÙÖ×ÙÐÈÛÌɂɯÞÈàɯ

to study a type of cancer and accurately evaluate if it follows any of these models [13, 

15]. For example, SCA is useful in detecting rare pre-malignant CSCs and the treatment-

resistant ones [15]. Moreover, single cell analysis can be used to identify  small sub-

clones and provide insights into clonal architecture, to find the mutation order in 

different sub -clones and construct the tumor phylogenetic tree at single cell resolution. 

Finally , it can be used to detect the aberrantly  expressed genes within tumors as well as 

the interactions between various cells. All  the mentioned applications are crucial in 

studying cancer, diagnostic, and treatment; however, they are not easy, if possible, to be 

done by bulk measurements. 

Improved understanding of rare cellular signaling in such diseases can extremely 

benefit the development of therapeutic techniques for curing infectious d iseases and 

cancer [16]. In this dissertation, I  am proposing a novel method to arrange cell s for 

extracting crucial information that they carry , at single cell resolution, to be used for 

further critical  biological and immunological studies.  
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1.2 Magnetic Techniques in Biology 

Magnetic materials have found their way into many applications in biology 

because magnetic fields can pass through organs and tissues, applying forces on 

magnetic materials, remotely. That means the driving force for the application can be 

provided remotely, without requiring any wiring (such as in electrical systems), tubing 

(such as in hydrodynamic systems) or so. In this dissertation, my approach in designing 

a single cell analysis platform is based on using magnetic forces. Thus, here I briefly 

review  the in vivo and in vitro  magnetic techniques that are already used in the field of 

biology.   

1.2.1 In vivo Magnetic Techniques 

1.2.1.1 Magnetic Imaging Techniques 

Magnetic radiation is used for medical imaging purposes and to image the 

anatomy and processes inside the body. One of the widely used magnetic based imaging 

methods is called Magnetic Resonance Imaging (MRI) , which is a non-invasive 

technique based on Nucleic Magnetic Resonance (NMR) phenomenon. In NMR, first 

observed by Professor Isidor I. Rabi, winner of the Nobel prize, atomic nuclei, when 

exposed to a sufficiently strong magnetic field,  absorb or re-emit electromagnetic 

radiation. Since produced signal depends on the atom proton densi ty and magnetic 

relaxation time  (T1 and T2), different tissues, can be distinguished based on their signals. 

This fact is used to produce image contrast in MRI, in which spatial distribution s of 
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various properties in organs inside the body can be visualized. However, since the 

contrast based on intrinsic water content in tissues is usually limited, contrast agents for 

shortening the relaxation time (e.g., gadolinium ion  and the ones based on iron oxide 

particles, for T1 and T2 relaxation time, respectively) are usually used. 

MRI can be used in recognizing and characterizing  various anatomical and 

physiological parameters. Some examples at tissue level are tissue cellular phagocytic 

activity, tissue stiffness, and level of renal filtration  [17]. But the applications of MRI are  

not limited to the tissue level . The combination of MRI and c ontrast agents, with the use 

of superparamagnetic nanoparticles, is considered as the most effective and safest 

method for stem cell tracking in vivo [18-20]. Identification of  active infection and 

inflammation [21], clinically detection [22], imaging [23], and classification of cancer 

tumors  [24]are some MRI applications, which show  its important role in t he field of 

medical imaging. In addition to the mentioned examples, MRI can be combined with 

other techniques to answer other medical requirements, such as prediction of conversion 

ÍÙÖÔɯÔÐÓËɯÊÖÎÕÐÛÐÝÌɯÐÔ×ÈÐÙÔÌÕÛɯÛÖɯ ÓáÏÌÐÔÌÙɀÚɯËÐÚÌÈÚÌɯ[25].  

Magnetic Particle Imaging (MPI) is another, relatively new, magnetic imaging 

technique, which is based on the use of the nonlinear magnetization of ferromagnetic 

nanoparticles [26]. In this method, after introducing the magnetic nanoparticles to the 

object, it is placed in a strong DC magnetic field  superimposed to a weak magnetic field 

modulation.  In the presence of the strong DC magnetic field, the magnetization curve of 
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the magnetic nanoparticles is flat, canceling harmonic signals. Thus, by applying this 

ÍÐÌÓËɯÛÖɯÈÓÓɯÉÜÛɯÈɯÛÐÕàɯɁÍÐÌÓË-ÍÙÌÌɂɯÈÙÌÈɯÖÕɯÛÏÌɯÚÈÔ×ÓÌȮɯÛÏÌɯÖÕÓàɯÏÈÙÔÖÕÐÊɯÚÐÎÕÈÓɯÊÖÔÌÚɯ

from that small field -free area [27]. Next, by shifting the object, the magnitudes of the 

harmonics, based on which the image of the object cab be obtained, from various points 

on the sample are measured and recorded [26]. This technique can be used for fast in 

vivo three-dimensional  dynamic imaging [28], with application in molecular imaging 

(e.g., stem cell monitoring) [29], clinical d iagnostic imaging, and image-guided 

intervention [30].   

1.2.1.2 Magnetic Therapy  

In addition to medical imaging  (e.g., MRI and MPI) magnetic nanoparticles can 

be used towards curing diseases. A good example of these applications is the 

magnetically guided drug targeting  which  is used to enhance the efficiency and to 

reduce the side effects of drugs on healthy tissues. In this method , the drug is 

immobilized in magnetic nanoparticles or microspheres, as magnetic vectors. By 

applying a magnetic field gradient, the vectors and the immobilized drug can be moved  

towards the desired location in the body [31, 32]. Cancer therapy is an important 

application of magnetically guided drug targeting  [32, 33]. Furthermore, it is shown that, 

as opposed to magnetically delivering the existing anti -cancer drugs to targets, it is 

possible to use newly developed magnetic anti-cancer compounds which show both 

magnetic and anti-cancer characteristics [34]. Although most of the promising results  in 
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magnetically guided drug targeting studies  are achieved using small animal models , a 

limited  number of clinical experiments have been performed  as well [35].  

Magnetic fluid hyperthermia is a nother promising  therapeutic method for cancer 

[36]and other diseases[37, 38], in which the target tissue is heated to 43-ƘƚɯʁC [39]to kill 

unhealthy cells. To provide this temperature, magnetic fluids (nanoparticles) are 

introduced to the target tissue and then it is exposed to an oscillating magnetic field  [40]. 

Furthermore, i n some studies, this heat is used for magnetically activated drug delivery 

systems [41, 42]. In this method, drug-carrying magnetic particles are transported  to the 

target tissue and then, by applying the oscillating field , magnetic particles produce heat, 

which results in releasing the encapsulated drug. 

1.2.2 In vitro Magnetic Techniques 

Separation of biological particles, such as DNA, RNA, and proteins,  based on 

magnetic forces, is known as a widely -used technique in molecular biology . In this 

method, generally, magnetic particles are coated with molecules with affinit y to the 

biomolecule of interest. After binding, by applying a magnetic field gradient to the 

system, the magnetized particles are separated from the other particles.  

An example of magnetic separation is isolating nucleic acids from the other 

cellular materials after cell lysis. In most of these experiments, oligonucleotides which 

are complementary to a section of the target molecule, are immobilized on magnetic 

particles, and after hybridization , the complex is magnetically isolated. This method can 
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be used for isolating single -stranded DNA or RNA. For instance, for isolating mRNA 

from the other biomolecules, its poly A tail can be targeted by using  commercially 

available magnetic beads with Oligo (dT) 25 coating (Dynabeads®) [43]. In order to bind  

DNA molecules to the magnetic vectors, in addition to magnetic particles with 

oligonucleotide functionalization , the ones with other coatings, such as amino-modified 

silica [44]or carboxyl group -containing [45, 46]are also used. Although the binding 

phenomena in these techniques are different, in all of them isolation of bead-nucleotide 

complex from the rest of the solution is done  by magnetic forces.  

One of the most powerful methods for  purifying  recombinant proteins is based 

on affinity interaction between the Histidine (His) tag of the proteins and metal ions  

[47]. For example, magnetic beads with Ni -nitriloacetic acid ligand  are used to isolate 

6xHis-Tagged proteins [48]. Moreover,  similar methods based on immobilization of 

various affinity ligands on magnetic particles for pu rification of different proteins  exist 

[49]. 

By magnetically labeling single cells (i.e., conjugation to antibody -labeled 

magnetic nanoparticles or beads), researchers can manipulate individual  cells. For 

example, in immunomagnetic cell sorters/assays, by using specific antibodies against the 

specific cell surface antigen, it is possible to target specific cells for purification  and 

detection purposes [50]. In this method , by applying a magnetic field gradient, 

magnetized cells are separated from the other cells [51-54].  
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Magnetic sensing, based on asynchronous magnetic bead rotation (AMBR) , is a 

magnetic based method which is used in many biological applications such as label -free 

DNA analysis [55], single bacterial cell detection [56], monitoring bacterial growth and 

their drug sensitivity [57-59], and detecting proteins [60]. In this technique, 

superparamagnetic beads are placed in an external rotating magnetic field. At low 

frequencies, the magnetic beads follow  the external field , synchronously. However, at 

sufficiently high frequencies the magnetic beads cannot chase the external field 

anymore, and they rotate asynchronously with that field.  The rotational speed of these 

beads is proportional to the ir  effective volume . Thus, when another particle, such as a 

bacterium or other biomolecules, bound to the beads, the rotational speed changes [59] 

and this phenomenon can be used to detect their presence or growth.  

Giant magnetoresistance (GMR) is another phenomenon, based on which 

biological particles can be detected. GMR structures are composed of alternating 

ferromagnetic and non-magnetic conducting thin films. The electrical resistivity of this 

multilayer structure is significantly lower when the magnetization of the ferromagnetic 

layers, which can be controlled by external magnetic fields, are aligned in parallel, 

compared to the case of antiparallel magnetization alignment [61, 62]. This change in 

electrical resistivity is because electron spin is conserved over the thickness of the 

conductive layer. Thus, in the case of antiparallel alignment, electrons being transported 

through the multilayer structure would see electrons with opposite spin , and get 
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strongly scattered [62]. Now, if any biologi cal particle carrying magnetic nanoparticle or 

magnetic bead come to the proximity of this structure  (i.e., by coating the sensor surface 

wit h a capture antibody specific for  the antigen of interest), it would affect the magnetic 

field applied to the devic e, which results in a change in its resistivity.  

A similar multilayer structure, called spin -valve sensor, is designed by adding an 

antiferromagnetic  (pinning) layer to enhance the sensitivity of GMR sensors. In this 

design, first , the pinned layer coupli ng is eliminated by increasing the temperature 

above the knee temperature and then it is cooled while exposed to a fixed magnetic field 

to define its magnetization direction [63-65].   

1.3 Single Cell Analysis Tools 

Most of the in vivo and in vitro  studies are conducted at the population -level. 

Although these techniques have provided key insights into  various fields including 

biology and medicine, they usually miss the heterogeneity, which is relevant to diseases.  

For study ing rare cell events and the intermediate extracellular signaling,  through which 

cells communicate, analysis tools with single cell resolution are required  [66-68]. 

Available single cell analysis tools can be categorized into two groups: (1) Flow -based 

systems and (2) Array-based systems.   

1.3.1 Flow-Based Systems 

One of the most widely used systems for studying single cells are the ones based 

on flow cytometry technique, in which  multiple lasers are shined to the cells and 



 

11 

forward scattered photons (FSC), backward scattered photons (BSC), and fluorescent 

signals are detected and converted to electrical signals to be computed and studied. This 

data reflects the physical and chemical properties of the single cells which are 

suspended in a fluid and pass close to the detectors, at high speed. This technique can be 

used to extract various data from the single cells, such as the information of hundreds of  

proteins and antibodies inside the cells and on their surface, cell counts, and so on. In 

particular, Fluorescent-Activated Cell Systems (FACS), having the ability to analyze 

several different phenotypic markers on the cell surface are of interest to many 

researchers. A lthough using FACS system has led scientist to outstanding  achievements 

[69-71], they are not able to track the dynamic  genetic expression of a single cell over 

extended periods of time. Moreover, these systems block cytokine secretion, using 

chemicals, and permeabilize the cell membrane to enter the fluorescently labeled 

antibodies. Thus, recovery of live cells is not possible, and their RNA content  is 

degraded, inhibiting their immu ne transcriptional profiling [72]. Certain cytokines can 

remain associated with the membrane, to be stained and detected by flow cytometry 

[73]; however, the vast majority of cytokines are secreted and can only be detected and 

quantified by using  external cytokine sensors. These limitations have motivated the 

development of  other single cell analysis tools.  

Droplet -based microfluidics, in which single cells are encapsulated in  nanoliter - 

or picoliter - sized droplets [74, 75] is a relatively new and high throughput single cell 
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analysis method. A schematic of this microfluidics system is il lustrated in Figure 1, 

where various items suspended in a fluid meet at an intersection: (i) single cells, flowing 

in from channel 3, (ii)  other required particles (e.g. barcode primer carrying beads, as 

illustrated in Figure 1, or another cell), flowing in from channel 1 , and (iii)  required 

buffers (flowing in from channel 2).  Then, at the next junction, where oil flows in from 

both sides (i.e., channels 4 and 5), they become encapsulated in aqueous droplets, 

flowing through channel 6 . The size of droplets can be controlled by adjusting the fluid 

flow rate. Moreover, to prevent for ming cell doublets or bead doublets in droplets, the 

concentration of cells and beads in suspension are kept low.  

Encapsulating the single cells in droplets has various applications in biology. For 

ÌßÈÔ×ÓÌȮɯÐÕɯÈɯÛÌÊÏÕÐØÜÌɯÊÈÓÓÌËɯɁDrop-seqȮɂɯeach of these droplets can be considered as a 

nanoliter -sized (or picoliter -sized) reaction chamber, in which the cells are lysed. Then, 

their mRNA is captured by their companion bead, which is coated by required barcode 

primers. Next, by reverse transcribing and amplif ying all of the mRNAs from different 

single cells are sequenced at once, using next generation sequencing techniques. Finally, 

the barcodes are used to find the cell of origin and gene of origin for any mRNA [76]. As 

an alternative method, hydrogels carrying photocleavable barcode primers , as opposed 

to barcode primer carrying beads, can be used. The rest of the steps of this approach, 

called inDrop, is similar to the ones in drop -seq [77].  
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Figure 1: Droplet -based microfluidics schematic  is shown . Individual cells 

(from channel 3) and the other particles such as barcode carrying beads (from channel 

1) as well as the required buffers (from channel 2), in an aqueous phase, meet at an 

intersection of channels . Then they  are immediately co -encapsulated in a carrier oil 

(coming from channels 4 and 5) , and the resulting droplets move th rough the channel 

6. The arrows show the fluid flow direction inside channels.  

Other than profiling single cells transcriptionally,  droplet -based microfluidic 

systems have been used for detecting single cell cytokine secretions [78-80], single 

molecule polymerase chain reaction (PCR) [81, 82], viral infectivi ty assays [83], rapid 

isolation of individual cells  [84], and other biological applications . The reduced reaction 

volumes and the high throughput nature are some of the advantages of this tool . 

Because of the small size of the reaction volumes (nanoliters or  picoliters ), the secreted 
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proteins from the single cells in droplets can be detected in a much shorter time 

compared to the typical screening plates.  

To enable droplet-based microfluidics to be used for study ing single cells and 

their protei n secretion over time, it has been equipped with an array, in which single 

droplets are stored [79, 85]. However, to date, the ability to extract a particular  single cell 

in which we are interested from the cell array has not been demonstrated. Moreover, it 

seems that the formation of a cell pair from two particular single cells  (e.g., a rare 

latently infected HIV cell which is found from a million -cell population and another 

cell), in current droplet -based microf luidics, is not possible.  

1.3.2 Array-Based Systems 

Although flow -based systems, reviewed in the previous section, are usually 

considered as high-throughput analysis tools,  they mostly lack the ability to study  single 

cells over time. As mentioned, to overcome this problem, array -based systems are 

usually used. Sedimentation into micro wells, called microengraving  [86-88], represents 

the simplest technique for confining  a large number of cells and cell pairs into small 

regions, performing real-time fluorescent analysis in response to different external 

stimuli (e.g., drugs), and studying cell -cell interactions. It is also possible to retrieve the 

cells from the individual wells manually or by automated micromanipulation [89]. 

However, in this system, precise control on (i) the number of cells in each well and (ii) 

creation of single cell pairs is difficult.   
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Another method to arrange individual  cells in an array is the use of 

hydrodynamic traps  [90-93] in microfluidics channels. In this approach, two (or more) 

fluidics paths with different fluidics resistivity for the moving particles  are provided . 

The fluid and the particle s tend to move thro ugh the path with lower resistivity. Since 

particle diameter is slightly bigger than t he diameter of the fluidic  path with lower 

resistivity , called trap, it  cannot pass through it completely and gets captured . The 

capture of the first particle results in increasing the resistivity of the trap path and thus 

the next particles movie from the other  fluidic path(s) , called bypass paths. The fluidics 

traps are used to form an array in which single cells are assembled for further biological 

studies. This technique is already commercialized (Fluidigm ®), which can analyze the 

genetic content of up to 800 single cells by real-time PCR. The schematic in Figure 2(a) 

illustrates an example of a microfluidics channel with hydrodynamics trap. 

Furthermore, in Figure 2(b) schematic of another type of fluidics trap s are shown. In this 

kind  of arrays, usually , a high concentration of the cell suspension flows inside the 

microfluidics channels so that the possibility of the cells to get trapped in trap sites 

increases. Similar to the previous mothed, when a cell gets caught, it prevents the others 

from getting trapped at the same trap site.  
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Figure 2: Schematic for microfluidics channels with hydrodynamics traps  is 

illustrated . Two different hydrodynamic traps are shown. 1 stands for the tapping 

path and 2 stands for the bypass path. Arrows represent the fluid flow direction , and 

the purple circles depict the cells. 

It is also possible to use this technique to form cell pairs [94, 95]; however, the 

pairi ng efficiency is reported to be limited to ~70%. Moreover, it is not easy, if possible, 

to form a cell pair composed of two particular single cell in which we are interested. 

Also, using a laser beam, researchers have been able to produce microbubbles at the trap 

sites and retrieve a specific caught single cell for further biological studies. Although this 

technique is fascinating, it is not known whether the heat produced by the laser has any 

effect on the single cell and its viability , a problem which alw ays is associated with using 

lasers [96, 97].  

Another method to organize single cell arrays is via f orming an energy 

distribution  composed of barriers and wells. The required energy landscape can be 
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created by using electric field [98-101], optical tweezers [102-104], acoustic forces [105-

108], and magnetic fields [109-113]. For example, in the method based on electric fields, 

an electrode grid on a chip is fabricated, to which an AC electrical voltage is appli ed, 

sequentially . This structure results in energy traps, based on dielectrophoresis forces, 

moving  along desired paths, which are followed by  single cells. Similarly, microcoil  

arrays are fabricated to manipulate magnetically labeled individual  cells [110], where 

the magnetic forces replace the dielectrophoresis forces. In these methods, the single 

particles and cells can precisely be manipulated; however, a large number of electrodes 

or microcoils, in electric and magnetic approaches, respectively, as well as complicated 

wiring system s are required. Moreover, the number of single cells that can be 

manipulated in these systems is usually limited  (i.e., less than few hundred cells). 

In some other works, magnetic traps have been created passively, by magnetic 

thin films [111-113]. This approach eliminated the need for microcoil arrays or 

complicated wiring systems; however, it cannot be used to define the precise trajectory 

of a particular single cell or to form cell pairs of interest .  

In other methods, in which waves (e.g., optical or acoustics waves) provide the 

required energy distribution , again, electrodes or complicated wiring systems are not 

necessary. However, optical tweezers usually operate in a small area, and they are often 

criticized f or heating the cells and cell photo-damage (e.g., effects on cell metabolism, 

growth, and division) problems [96, 97]. Moreover, although the acoustics waves are less 
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considered to affect the cell viability, it is not easy to use them to form the required 

energy distribution for precisely manipulating a single cell of interest  in a cell 

population . 

All  the mentioned SCA tools have their own advantages and have been used to 

achieve remarkable results in the field of biology; however, SCA systems with required 

scale, flexibility, and automation level to capture rare but key events among 

heterogeneous cell populations over time, are not currently available.  

1.4 Circuit Theory 

To achieve the highly scalable, automated, and programmable functionality of 

the integrated circuits,  which is not seen in other available single cell analysis tools, in 

this dissertation a circuit -based approach for transporting magnetized single cells and 

other particles within microfluidic devices, which functions analogously to how 

electrons are moved inside computer chips, is introduced. Thus, during this dissertation , 

I will  frequently  use the circuit theory terms and hence it is useful to explain these 

concepts here.  

1.4.1 Electrical and Electronics Circuits 

Electrical and electronics circuits have enhanced modern life by fundamental  

systems for delivering  energy (power electronics), delivering data (telecommunication), 

solving complex  problems (computation),  and monitoring/controlling systems . These 

diverse functionalities have been achieved by, first, engineering basic passive and active 
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circuit elements (e.g., resistors, capacitors, inductors, transformers, diodes, and 

switches/transistors), supplemented by knowledge about how electrons transport 

through them, and by combining them to design complex integrated circuits . For 

example, resistors follow .ÏÔɀÚ law , which  is a consequence of the laws of charge 

conservation and the constitutive relationsh ips of materials. It  mentions that the current 

through a resistor is proportional to the applied voltage  (i.e., Ὅ „ὠ, where I, „, and V 

stand for current, conductivity, and voltage, respectively) . (ÕɯÈËËÐÛÐÖÕɯÛÖɯÛÏÌɯ.ÏÔɀÚɯÓÈÞȮɯ

in analyzing electrical circuits, *ÐÙÊÏÏÖÍÍɀÚɯÊÜÙÙÌÕÛɯÈÕËɯÝÖÓÛÈÎÌɯÓÈÞÚɯÈÙÌɯÌÔ×ÓÖàÌË, 

stating that the algebraic sum of all currents entering a node and the algebraic sum of all 

voltages around a closed path, respectively, are zero. Similar rules are used for 

describing the operation of capacitors and inductors. In capacitors, the accumulated 

charge is proportional to the applied vo ltage (i.e., ὗ ὅὠ, where Q and C stand for 

electric charge and capacitance, respectively) and in inductors , the magnetic flux is 

proportional to the electrical current ( i.e., ɮ ὒὍ, where ɮ and L stand for magnetic flux 

and inductance, respectively).  

While resistors, capacitors, and inductors are used in electrical circuits to 

distribute required energy and signals to the systems, transistors are the most important 

circuit elements with the ability to switch the electron transports as specific circuit 

points. Without transistors , it is not possible to have various controlled circuit 

operations at different time points.  
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Computational systems have a long history back to 1936, when, in his paper, 

Alan Turing presented a theoretical machine that was able to solve problems described 

by simple instructions encoded on a strip of  tape, which became the foundation of 

computational sciences [114]. Computer systems (e.g., memory chips) are an extensive 

collection of electrical switches, which are usually arranged in banks, rows, and 

columns, to reduce dramatically the required wires which carry control signals. T he role 

of these switches was initially played by vacuum tube, also called triode, which was 

invented by Lee De Forest, in 1906. It consists of a cathode and a plate, separated by a 

control grid. Heated cathode emits electrons that are attracted by the plate. The flow of 

electrons can be regulated by the control grid in the middle , turning the device into an 

on/off switch. Later, in solid state  circuits, transistors replaced vacuum tubes, as more 

reliable switches. In Bipolar Junction Transistors (BJT) or most commonly used 

transistors in computer systems, Metal Oxide Semiconductor Field Effect Transistors 

(MOSFET), the emitter-collector or drai n-source electrical currents can be controlled by 

applying a signal to the base or gate of the transistors, respectively. Although silicon is 

widely used in these technologies, other transistors based on graphene and carbon 

nanotubes are also developed.  

A fter the invention of solid state transistors, before 1960, Robert Noyce at 

Fairchild Camera and Jack Kilby at Texas Instruments, developed the idea of integrating 

transistors and other circuit elements on the same piece of semiconducting substrate. At 
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that time the integrated circuits only contained few transistors; however, nowadays 

processors with more than seven billion transistors are commercially available [115]. 

This integration of many transistors in a small chip is possible by decreasing the 

transistor size, which also results in lower power consumption and higher speeds. By 

shrinking the size of the transistors, the field is moving towards manipulating single 

electrons by single electron transistors (SET) [116, 117], where quantum mechanics (e.g., 

Schrodinger equation), as opposed to classical circuit laws, defines the rules.  

1.4.2 Optical Circuits 

Although, as explained above, electrical circuits are widely developed, it is 

interesting  to think about the circuit concept in a more general sense and consider 

circuits in which the mobile components are particles other than electrons. For instance, 

since photons travel faster than electrons and have lower heat dissipation, some 

researchers are interested in optical circuits to increase the computing power by 

reducing losses and by increasing the conduction speed. Similar to electronics circuit,  in 

optical circuits , transistors play a critical role . Thus, researchers recently designed an 

opti cal transistor, in which a single photon can control the route of a photon from its 

input to output [118]. This device is based on a pair of mirrors ( i.e., microresonator), 

through which light passes  ÞÏÌÕɯÛÏÌɯÚÞÐÛÊÏɯÐÚɯÖÕɯÈÕËɯÈÓÔÖÚÛɯËÖÌÚÕɀÛɯ×ÈÚÚɯÞÏÌÕɯÛÏÌɯ

switch is off . The results of this work and similar achievements on optical circuits  [119, 

120]are necessary steps towards the goal of all-optical computer systems.  
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1.5 Magnetophoretic Circuits 

Drawing inspiration from electron ics circuits, we have developed 

magnetophoretic circuits to , precisely, manipulate particles and single cells [121, 122], in 

a microfluidic environment.  The building blocks of these circuits, analogous to 

electronics circuits, are conductors, diodes, capacitors, and transistors.  

The magnetophoretic circuit elements, constructed from lithographically defined 

patterns of magnetic and conductive  thin film s, transport magnetized particles by using 

an externally applied rotating magnetic field, as the dri ving force. For example, 

magnetized particles close to magnetic thin films  in an applied in -plane rotating 

magnetic field would be carried across the magnetic tracks in a manner similar to OhÔɀÚɯ

law of electrical circuits. Moreover, we have designed magnetic tracks that transport 

magnetized particles in  one direction  but not in the opposite direction , analogous to the 

diodes in electronics circuits. Also, magnetic capacitors are designed, as the storage sites 

for the magnetized particles. 

In magnetophoretic transistors,  composed of overlaid patterns of magnetic thin 

films and microwire s, the trajectory of particles, by applying electrical control signals, 

can be switched among different magneti c tracks. Integrating these circuit elements, to 

form a complete magnetophoretic circuit , results in two crucial capabilities: (i) 

employing resistors  allows us to manipulate a large number of  single particles and cells 

in parallel, just by applying a general  external rotating magnetic field , and without 
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requiring any individual signal specific for single particles, and  (ii) using transistors 

gives us the precise control on single particles and the ability to accurately  define their  

trajectory at specific points. Thus, the combination of these circuit elements allows us to 

manipulate individual cells precisely  in an automated manner, without requiring many 

electrodes and a complicated wiring sys tem.
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2. Theory 

(Some passages in this chapter are quoted verbatim from my published works 

[121, 123, 124].) 

2.1 Magnetic Materials 

In an externally applied magnetic field, all matter exhibits mag netic properties; 

however, some materials, usually called magnetic materials, show much more 

magnetization rather than the others. Magnetic materials based on their magnetization 

property  and their response to an external magnetic field, are usually categorized into 

three classes of diamagnetic, paramagnetic, and ferromagnetic [125]in the bulk state and 

superparamagnetic materials in nanoscale [126].  

In diamagnetic  materials, all electrons are paired, and there is no net magnetic 

moment. In this typ e of materials electrons exposed to an external magnetic field gain an 

additional angular momentum, which results in magnetization of the material  [127]. 

Since the induced magnetic moment opposes the external field, the susceptibility  of 

these materials is negative and their magnetization plot as a function of the e xternal field 

has a negative slope (See Figure 3(a)). The diamagnetic property  is usually weak and is 

observed in all matter ( e.g., quartz and water); however, superconductors,  completely 

expelling the external magnetic field, are typically  considered as perfect diamagnetic 

materials [128].  
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Unlike diamagne tic materials, paramagnetic materials pose a net magnetic 

moment, resulting from unpaired electrons in their partially filled or bitals. When 

exposed to an external magnetic field, magnetic moments in these materials are partially 

aligned [129] in the direction of the applied field . In other words, t he susceptibility of 

paramagnetic materials is positive, resulting in a positive slope in magnetization plot as 

a function of the externally appli ed magnetic field (See Figure 3(b)). Magnetic 

susceptibility of these materials, based on Curie Law, is inversely proportional to the 

temperature.  

In the third category of magnetic materials, called ferromagnetic, such as nickel, 

cobalt, and iron, permanent atomic magnetic dipoles exist, even without the application 

of the external magnetic field. This type of materials response to the external magnetic 

field, store magnetization in the absence of that field , and show hysteresis behavior. This 

hysteresis behavior is shown in  Figure 3(c). At temperatures above the Curie 

temperature, the magnetic dipole coupling in ferromagnetic materials cannot overcome 

the thermal energy, and they lose their hysteresis properties, behaving as a 

paramagnetic material.  

Finally, in sufficiently small metal or metal-oxide nanoparti cles, which display 

ferromagnetic behavior in the bulk state, the thermal energy fluctuation received from 

the surrounding area randomly flips the direction of the magnetization. As a result, 

these nanoparticles, called superparamagnetic materials, lose their hysteresis properties, 
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even at temperatures lower than the Curie point, and their behavior is similar to the 

paramagnetic materials, with an extremely higher magnetization levels [126, 130]. In 

other words,  (i) when exposed to an external magnetic field, superparamagnetic 

materials experience a strong magnetic force and (ii) in the absence of an external 

magnetic field tÏÌàɯËÖÕɀÛɯÚÏÖÞɯÔÈÎÕÌÛÐÊɯ×ÙÖ×ÌÙÛÐÌÚɯÈÕËɯÛÏÜÚɯÛÏÌàɯËÖÕɀÛɯÈÎÎÙÌÎÈÛÌɯÈÕËɯ

form clusters. These specifications make superparamagnetic materials a good candidate 

for biological applications.  

 

Figure 3: Magnetization curves for different magnetic materials. (a) in 

diamagnetic materials, the magnetization field opposes the external field. (b) in 

paramagnetic materials, the magnetization is parallel to the external field. (c) in 

ferromagnetic materials, a  hysteresis loop in the magnetization is observed.  

2.2 Magnetic Forces  

To model the dynamics of magnetic beads and magnetized biological particles 

(e.g., single cells labeled with magnetic nanoparticles or magnetic beads) in our system 

we need to understand their interaction with the field produced by the magnetic thin 
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film ( i.e., the substrate). Thus, first, we need to model each of them (i.e., the particles and 

the substrate) separately. 

2.2.1 Modelling Magnetized Particles 

 When superparamagnetic materials are exposed to an external magnetic field, 

weaker than their saturation point, their magnetization is given by:  

 ( ) HVm pfp

CC
cc-= , (1) 

where Ϫp, Ϫf, Vp, and H are the magnetic susceptibility of the particle, the magnetic 

susceptibility of the surrounding fluid, particle volume, and magnetic field intensity, 

respectively. However, when the field is higher than the saturation point, the 

magnetization gets saturation, which is not usually the case in our experiments. In 

electromagnetic theory, it is well -known that a sphere with linear material properties, 

when exposed to weakly inhomogeneous magnetic field distributions on the length scale 

of the particles, behaves as a point dipole. A cell, consist of nanoparticles on her surface, 

due to symmetry, can be treated as a magnetic point dipole as well. The magnetic 

moment of this magnetically labeled cell can be expressed as 

 
( )

( )( )
HV

V

dA
m cell

cell

pcell

fpcell

CC y
cc-= , (2) 

were ϫ, Acell, Vcell, and dp stand for the cell surface nanoparticle coverage area, cell surface 

area, cell volume, and the diameter of nanoparticles, respectively. We can rewire the 

Equation (2) in a simple format similar to the Equation (1): 
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 HVm cellcellcell

CC
c= , (3) 

where … … …  is defined as the cell effective susceptibility, which is 

at least ten times smaller than the magnetic susceptibility of superparamagnetic beads. 

Moreover, the force acting on a magnetic dipole in magnetic field, H, can be shown as 

 ( )HmFmag

CCC
ÐÖ= 0m , (4) 

where µ0 is the magnetic permeability of vacuum.  

2.2.2 Modelling Magnetic Thin Films 

 To calculate applied magnetic force on particles, the magnetic field intensity, H, 

at the center of the particles needs to be computed. In magnetophoretic circuits, particles 

are exposed to three different magnetic field sources: 

1) External driving magnetic field produced by the  magnetic coils (Hext), 

2) Magnetic field from magnetization of magnetic thin film patterns  (Hmag), 

3) Magnetic field due to the electric current passing through the microwire s on the 

chip (Hwire ). 

The total magnetic field at observation point r is wr itten as 

 () ()rHrHHrH wiremagext

CCCCCCC
++=)( . (5) 

In calculating magnetic force, which is proportional to the gradient of magnetic 

field intensity (See Equation (4)), the uniform external driving magnetic field, Hext, can be 

ignored.  
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The equivalent magnetic charge density on magnetic thin film patterns, when 

exposed to an external magnetic field is evaluated by 

 ( )nHH outin
ĔÖ-=

CC
s , (6) 

where H in and Hout are the magnetic fields inside and outside magnetic thin film pattern, 

respectively, with n representing the local outward unit vector normal to the surface. 

The equivalent magnetic charge density is not real and it is just defined in or der to make 

the modeling easier. By integrating over the charge surfaces, the magnetic potential is 

calculated 
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, (7) 

where | r-rs| represents the distance between the observation point, r, and the source 

point, rs. Now, magnetic field due to magnetization of the magnetic thin film can be 

evaluated by  

 () ()rrH mmag

CCC
j-Ð= . (8) 

 The last element in Equation (5) is the magnetic field produced by the current 

carrying wire s. Assuming an infinitely thin sheet current, K(rs), this field can be 

calculated with the Biot -Savart law 
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This calculation is not done self-consistently, meaning that the effect of the field 

produced by the current carrying wires on the magnetic thin films and vic e versa are not 

included.  

2.3 Computational Methods 

 Computing the integrals, such as the one introduced in Equation (7), is a 

computational resource demanding task, which requires powerful compu ter systems 

and time. It is possible to achieve reasonably good approximate results, by making some 

assumptions, to reduce the computational burden.  Although approximations come at 

the cost of numerical precision, they make the computation easier and allow for feasible 

trajectory calculations and potential energy simulations. Here two  different methods are 

introduced, in both of which, for simplicity , it is assumed that the fields from the wire 

and magnetic thin films are non -interacting.  

2.3.1 Semi-Analytical Solution 

Here, a semi-analytical approximation  is introduced  to represent the magnetic 

field resulting from magnetization of  thin film patterns in the shape of dis ks, half-disks, 

and thin strips connected in series [121]. The first concern is to prevent intr oducing the 

local numerical arti facts in developing a model, consistent with the shape-induced 

anisotropy of thin film patterns , for the local magnetic field.  

The permalloy film is assumed to be an infinitely soft magnetic material ( i.e., no 

hysteresis) which is  uniformly magnetized  by the external magnetic field. Considering 
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these assumptions, it is possible to treat the magnetic thin film as a surface pole 

distribution along  its exterior. In other words,  I neglect the volumetric pole density 

wi thin the interior  of the magnetic thin films, arising  due to inhomogeneity in  

magnetization. Moreover, I assume that these films are infinitely flat, allowing  us to 

crumble the surface pole distribution into a one -dimensional  magnetic line pole 

distribution on thin film perimeter . The rotating external field shifts the line pole 

distribution across the substrate, as shown in  Figure 4(a-d) [123]. 

 

Figure 4: Energy landscape and equivalent pole distribution for disk track  are 

shown . The equivalent line pole density is shown in (a) ɬ(d), while  the red and blue 

colors stand for  the local pole density extremum, and the black arrow shows the 

external field direction. The energy distribution is shown in (e) -(h). In these 

simulation s, the disk diameters are 0.83D, the connecting strips are 0.17D, and the 

simulation is taken at the height of 0.12D, where D stands for the track periodicity  

[123]. The f igure is taken from  my paper  [123] by permission.  
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As explained in [121], commonly magnetic thin films exposed to in -plane 

magnetic fields are modeled as line charges on their perimeter ; however, in these 

approximations , the shape-induced demagnetization factors are neglected. As another 

approach, the thin disks connected by strips can be modeled as series of overlapped 

paramagnetic ellipsoids and oblate spheroids. In this method, the influence of shape-

induced demagnetizing factors on the local magnetization is automatically taken into 

account; however, the overlapping regions introduce spurious magnetic pole 

distributions, affecting the local magnetic fields. A hybrid model can result in a semi -

self-consistent solution for the local magnetization,  while it accounts for the shape-

induced demagnetization factors, without introducing spurious  pole distributions.  

The analytical expression for the magnetic potential inside and outside a 

uniformly magnetized ellipsoid with semi -principal axes of length a, b and c along the x-

, y- and z directions, respectively has been derived [131-133] and is given by 
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 ()()()zhxj 3213 FFFCin = , (11) 

 ( )( )( )222 csbsasRs +++= , (12) 

where ϯext and ϯmag are the potentials resulting from uniform external field aligned in the 

x- direction and the response field produced  by the ellipsoid, respectively.  The 

ÊÖÖÙËÐÕÈÛÌɯϡɯÙÌ×ÙÌÚÌÕÛÚɯÛÏÌɯÙÈËÐÈÓɯÛÌÙÔȮɯÞÏÌÙÌÈÚɯÛÏÌɯϚɯÈÕËɯϙɯÙÌ×resent the angular terms, 
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with the characteristic length scale being Rs. Functions F1, F2, and F3, the one-

dimensional orthogonal expansions in the ellipsoidal coordinate system, are defined as 

 2

1

2

2

2

1 ,, aFaFaF +=+=+= zhx . (13) 

The coefficients, C1, C2, and C3 are determined by matching the boundary conditions of 

Equations (10-12), which require the continuity of the magnetic potential and its normal 

derivative across the boundary, which are respectively given by  
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where ϡǻƔɯÊÖÙÙÌÚ×ÖÕËÚɯÌÓÓÐ×ÚÖÐËɀÚɯÚÜÙÍÈÊÌɯÈÕËɯÞÏÌÙÌɯϟ1>> µ0 is the magnetic 

permeability of the magnetic material ( i.e., permalloy). hϡ is the metric coefficient and is 

defined by  
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Deriving the coefficients C1, C2, and C3, and inserting them in Equations ( 10 and 11) 

gives the potential outside and inside the ellipsoid:  
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where Aa, Ab, and Ac are defined as 
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where p and q take values of 0, ϡȮɯÈÕËɯȆȭɯSimilar equations can be written  for the 

ellipsoids exposed to an external field in the y - and z- directions by replacing a in 

Equation (10) with b and c, respectively. Analytical solution for the magnetic potential 

produced by  an oblate spheroid, by which a thin disk can be modeled, can be achieved 

by assuming a=b>c in Equations (17 and 18). However, as mentioned earlier, modeling 

connected disks in series, results in inconsistency in magnetic pole distribution. For 

solving  this problem, the model is further refined to approximate the magnetic thin film 

as a continuous line charge spanning the perimeter of the magnetic tracks. The line 

charge model is matched with the ellipsoidal model to ensure that the shape-induced 

demagnetizing factors are considered. Towards this goal, to determine the magnitude of 

the line charge density, results from Equations (17 and 18) are inserted into Equation (6). 

Since the aspect ratio of the magnetic patterns is very high, it is assumed that the 

majority of magnetic poles are confined to the edges of the ellipsoid and approximated 

as a line charge with density 

 stl c= , (20) 

where ϧ is a numerical matching coefficient, which is used to match the far field 

approximation of the line charge model with the ellipsoid model. To determine this 

coefficient least squares analysis between the volume averaged field of the line charge 
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from Equation (20) and the analytical solution of Equations (17 and 18) is used. As an 

example, for a disk with  a diameter of 20 µm, a thickness of 100 nm, and a linear strip of 

3 µm in both length and width, the value of ϧ is found to be 0.124 and 0.0406, 

respectively [121]. 

2.3.2 Finite-Element-Method-Based Analytical Solution 

Although the semi -analytical method introduced in  the previous section reduces 

the computation time from days to minutes, it is based on various assumptions, which 

reduce the model accuracy. The main issue arises from assuming the dipole distribution 

to be on the perimeter of the magnetic thin film patterns.  To overcome this problem, 

here another method which is not only  fast, but also is accurate., is introduced.  

In this approach, as explained in [124], finite element methods (FEM) simulations 

(Ansys, Maxwell 15.0) is used to compute the magnetic thin film magnetization fields  

when a uniform magnetic field is applied along the track axis ( x -dir ection). Using 

Equation (6) the equivalent magnetic charge distribution on the disk surface (or other 

geometries) is calculated. In the case of disks, for example, the charge density on the 

axial surfaces and the perimeter are represented by Ϧs and Ϧp, respectively. Their 

geometric variations can be modeled by hyperbolic  and periodic functions as 
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where the optimal fitting parameters were found to be  extp H2.60 =s , exts H12.00 =s , 

and 4=J . After achieving the charge distribution, E quations (7 and 8) can be used to 

calculate the magnetic potential and magnetic field intensity. This method was used to 

produce energy line cross sections (red line in Figure 5), which are in good agreement 

with the FEM based analytical  results (black line in Figure 5). 

 

Figure 5: Potential energy simulation results for two magnetic disks separated by a 

gap are illustrated . The potential energy line cross section is simulat ed at a vertical 

height of az=  from finite element (FEM) anal ysis (black line)  and compared with an 

analytical charge model (red line) based on Eq uations ( 21 and 22). The plot is ta ken 

from one of my publications [124]. 

2.4 Trajectory Analysis 

2ÛÈÙÛÐÕÎɯÍÙÖÔɯ-ÌÞÛÖÕɀÚɯÓÈÞȮɯÉÈÚÌËɯÖÕɯÛÏÌɯÞÌÓÓ-accepted approximation at low 

1ÌàÕÖÓËɀÚɯÕÜÔÉÌÙÚɯȹÐȭÌȭȮɯÐÕÌÙÛÐÈɯÍÖÙÊÌɯÐÚɯÓÌÚÚɯÛÏÈÕɯÝÐÚÊÖÜÚɯÍÖÙÊÌȺȮɯ0ºma . Thus, the 

trajectory of the particles is determined from static force balance: 
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 0=+++=ä thfgmag FFFFF
CCCCC

, (23) 

where, Fg, Ff, and Fth  stand for gravity  force, friction force, and thermal  forces, 

respectively. Here the thermal forces for the particles in the order of µm in size are 

weaker than the magnetic forces and can be neglected [134]. The friction force can be 

written as vFf

CC
g= , where for small spheres in aqueous environments from Stokesɀ law  

pf rphg 6= . Here Ϛf is the fluid viscosity  and rp is the particle radius. Thus, the velocity 

of the particle can be written as 
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C
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= . (24) 

Equation (4) can be used to set up an equation of motion for the particle in a space-time 

varying magnetic field and to determine the particle trajectory. In a simpl e forward 

difference scheme, based on Euler finite time difference method, the position of particle 

at each time point, based on its previous position, can be expressed by 

 tvrr iii D+= -- 11

CCC
, (25) 

ÞÏÌÙÌɯȈt is the time step [123]ȭɯ%ÖÙɯÈɯÚÔÈÓÓɯȈt, the computation time increases. Also, for a 

large Ȉt, the solution does not converge. Thus, it is important to find a suitable time step. 
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3. Experimental Methods 

(Some passages in this chapter are quoted verbatim from my published works 

[124, 135].) 

Here the experimental methods for fabricating  magnetophoretic circuits are 

explained. For the fabrication process of the magnetomicrofluidics chi ps, based on 

silicon and glass, please see Chapter 6.3.2 Fabrication of Magnetomicrofluidics Chips 

based on Silicon and Glass Anodic Bonding. 

3.1 Chip Fabrication 

The technologies and protocols used in fabricating magnetophoretic circuits are 

similar to the ones which are usually used in semiconductor industries . Here the 

fabrication steps, mostly taken from  [124], are explained in detail.  Also, the schematic in 

Figure 6 illustrate s the overall protocol. For the fabrication process of the 

magnetomicrofluidics chips, m ade of silicon and glass, please see Chapter 6.3.2 

Fabrication of Magnetomicrofluidics Chips based on Silicon and Glass Anodic Bonding .  

3.1.1 Lithography 

Silicon wafers (University Wafer, Boston, MA, USA) were pre -cleaned by acetone 

and isopropanol. Negative photoresist, NFR16-D2 (JSR Micro Inc., Sunnyvale, CA), was 

spin-coated onto the chips surface for 5 seconds at 500RPM, followed by 30 seconds at 

3000RPM (Headway spinner). A pre -bake step was performed at 90 degrees C for 2 

minutes in a Thermo Scientific Lindberg/Blue M general purpose oven  (alternatively, it 
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is possible to do this pre-bake step for 1 minute on a hotplate). Then, wafers were 

exposed to ultraviolet light  for 12 seconds at illumination power of 13.5 mW at a 

wavelength of 365nm (Karl Suss MA6/BA6), followed by a post -exposure bake at 90 

degrees C for 2 minutes in the oven (or for 1 minute on a hotplate). Then, for the 

development step, Micro posit MF-319 (Shipley, Marlborough, MA) was used at room 

temperature for 1 minute. Chips were then rinsed with deionized water and dried with 

nitrogen.   

Similarly, when positive photoresist was required, Microposit S -1813 (Shipley, 

Marlborough, MA)  after P-20 (Shin-Etsu MicroSi, Pheonix, AZ ) adhesion promoter was 

spin-coated on the chip. All steps were similar to the ones explained for the negative 

photoresist, except the pre-bake step was done at 115 degrees C, without any post -bake 

step. 

3.1.2 Metal Evaporation (Ti/Au or Ni80Fe20) 

Following lithography, silicon chips were further cleaned to be ready for metal 

evaporation by plasma ashing (O2) them for 1 minute at 100mW. Then, electron-beam 

evaporation, at operating pressure of 5101 -³ was performed using a Kurt Lesker PVD 75 

to make a 5nm thick Ti layer, at the rate of 0.2 nm/sec, as the adhesion layer. 

Subsequently, 100nm of Au or Ni 80Fe20, at the rate of 0.3 nm/sec, was deposited on top of 

the Ti layer.  
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3.1.3 Lift-off 

Wafers were placed in 1165 resist remover (NMP) at 65 degrees C, for 5 minutes 

for Ni 80Fe20 and overnight for gold. This step was followed by 30 seconds of sonication 

and rinsing by acetone and isopropanol.  

3.1.4 Insulation with SiO2 

To coat samples with 250nm of SiO2 as the insulating layer, Plasma Enhanced 

Chemical Vapor Deposition ( PECVD) (Advanced Vacuum Vision 310) was used. The 

deposition was done at 250 degrees C, at the rate of 35nm/Sec. A SiO2 layer was 

fabricated between the metallic and magnetic layers, and a final layer was also deposited 

on the fully fabricated chip to enable growth of POEGMA brushes via surface -initiated 

atom transfer radical polymerization. Alternatively, SiO 2 coating can be replaced by SU8 

(explained below), which shown bett er insulating properties in aqueous environments.  

3.1.5 Insulation with SU8 and Fabrication of Microfluidics Channels 

As an alternative to the SiO2, a 300nm thick layer of SU8 photoresist was applied 

to achieve electrical insulation. This ultrathin SU8 lay er was created by mixing SU8 3005 

with cyclopentanone (Microchem, Westborough, MA)  at a 5 : 2 ratio. The SU8 was spin-

coated onto the chips surface for 5 seconds at 500RPM, followed by 30 seconds at 

3000RPM. The chips were baked on a hotplate, first, at 65 degrees C for 30 seconds, then, 

at 95 degrees C for 3 minutes. Next, they were exposed to the ultraviolet  light for 10 

seconds at illumination power of 13.5 mW at a wavelength of 365nm. Then, Post-bake at 
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65 degrees C for 1 minute followed by 95 degrees for 3 minute was performed. At the 

end, ÛÏÌɯÊÏÐ×ÚɯÚÐÛɯÐÕɯ,ÐÊÙÖÊÏÌÔɀÚɯ24ƜɯËÌÝÌÓÖ×ÌÙ for 3 minutes, rinsed by IPA and dried 

by nitrogen.  

 Similar to what explained for SiO 2, SU8 coating was performed between the 

metallic and magnetic layers as well as on top of the chip to provide electrical insulation 

from the fluid and to establish a uniform s urface chemistry for subsequent 

functionalization with a non -fouling polymer brush layer. A photomask was used to 

keep the electrical electrodes uncovered. 

Similarly, in microfluidics channel fabrication step, a photomask with required 

patterns was used. Although it is possible to use SU8 as a mold to pattern microchannels 

in a PDMS, since aligning patterned PDMS on magnetophoretic circuits is not easy, I 

used the SU8 directly to build our microchannel walls. SU8 3005, 3015, and 3025 with 

different spin -coating speeds were used for fabricating microchannel walls with various 

heights ȹ2ÌÌɯ%ÐÎÜÙÌɯƕɯÖÕɯ,ÐÊÙÖÊÏÌÔɀÚɯÔÈÕÜÈÓɯÍÖÙɯ24ƜɯƗƔƔƔɯÚÌÙÐÌÚȯɯ

http://www.microchem.com/pdf/SU -8%203000%20Data%20Sheet.pdf).  

The microfluidics channels were sealed by a piece of PDMS (see Figure 8(d)), in 

which required holes , as inlets and outlets, are pre-introduced. To bond the PDMS piece 

to the chip which is covered by SU8, two different methods can be used. In the first 

method, to activate the SU8 top layer and generate hydroxyl groups [136], the SU8-

covered chip is dipped into sulfuric acid (96%) for 8 seconds, thoroughly rinsed by 

http://www.microchem.com/pdf/SU-8%203000%20Data%20Sheet.pdf)
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water, and dried by nitrogen. Simultaneously, th e PDMS piece is plasma ashed (O2) for 

45 seconds at 45 Watts. Then, immediately, the two piece are aligned and brought in 

contact, on a hotplate at 120 degrees C, for 30 minutes. For a chip with ~45 cm2 surface 

area a half -Kg weight  was placed on top of the two pieces to provide a good contact. 

In the second method, the SU8 layer was covered by a 200nm SiO2, using PECVD 

(Protocol is explained above). Then, chip and a PDMS piece were both plasma ashed 

(O2) for 45 seconds at 45 Watts. In this step Si-OH groups are generated, which later are 

used to create Si-O-Si bonds between the glass and the PDMS piece. The rest of process 

is similar to the one explained in the previous method  (See Figure 6(j-l)). 

3.1.6 Reactive Ion Etching 

To uncover electrode pins from SiO2 and make those pins ready for external 

electrical connections, Trion Technology Phantom II RIE was used. To define the area 

wh ich needs to be etched, before performing RIE, a lithography step, using a positive 

photoresist, was performed. After the RIE step, the chips were cleaned by acetone and 

IPA, and then dried by nitrogen.  

3.2 Chip Surface Functionalization 

3.2.1 Chip Surface Passivation from SiO2 Surface 

Daniel Y. Joh, from Prof. Chilkoti lab, managed to passivate the chips with  a non-

fouling Poly(oligo(ethylene glycol) methyl ether methacrylate) (POEGMA) brush layer. The 

passivation steps, taken from [124, 137], are quoted here. Unless otherwise stated, steps 
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were performed under ambient conditions.  First, chips were immersed in a 10% 

solution of 3-aminopropyltriethoxysilane (Gelest, Inc.; Morrisville, PA) in ethanol for 3 

hours, and then rinsed with ethanol and deionized water.  The chips were spun dry and 

then dried in an oven for 1 hour at 120 °C. After cooling to the room temperature , the 

chips were ÐÔÔÌÙÚÌËɯÐÕɯÈɯËÐÊÏÓÖÙÖÔÌÛÏÈÕÌɯÚÖÓÜÛÐÖÕɯÊÖÕÛÈÐÕÐÕÎɯƕǔɯϔ-bromoisobutyryl 

bromide and 1% triethylamine (Sigma Aldrich; St. Louis, MO) for 30 minutes, followed 

by rinsing in fresh dichloromethane, ethanol, and deionized water.  Next, chips were 

centrifuged and then oven-dried as above. Under an argon environment, the chips were 

then immersed in a degassed solution composed of 350 mL deionized water, 23 mg 

copper (II) bromide, 33 mg bipyridyl, 600 mg ascorbic acid, and 55 g of inhibitor -free 

×ÖÓàȹÌÛÏàÓÌÕÌɯÎÓàÊÖÓȺɯÔÌÛÏàÓɯÌÛÏÌÙɯÔÌÛÏÈÊÙàÓÈÛÌɯȹ,ÕɯǽɯƗƔƔȺɯÈÕËɯÓÌÍÛɯÛÖɯÚÛÐÙɯÍÖÙɯƚɯÏÖÜÙÚȭɯ

Finally, the chips w ere rinsed with deionized water,  centrifuged , and oven-dried as 

above. The thickness of POEGMA brush was determined by reflective-mode 

ellipsometry (J.A. Woollam Co.).   For a careful study on polymerization on different ñhigh-əò 

metal oxide surfaces see our published work [138]. 

3.2.2 Chip Surface Passivation from SU8 Surface 

As explained in  [135], POEGMA was grown directly on top of the top SU8 layer 

by surface-initiated atom transfer radical polymerization . Briefly, the SU8 top layer was 

first activated by generating hydroxyl groups on  the surface as described elsewhere 

[136], followed by their conjugation to (3 -Aminopropyl)triethoxysilane (APTES), in 
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which the amino groups were reacted with the epoxy groups of the SU8. We then 

followed the similar process explained above for growing a ~30nm thick POEGMA 

brush layer, in which an ATRP initiator is coupled to the amine groups installed on the 

surface of SU-8 by APTES coupling to SU-8, followed by surface-initiated ATRP.  

A schematic of the fabrication procedure is shown in  Figure 6. In this Figure, SU8 

is chosen to perform as the insulating layer. Panels j-l illustrate the fabrication steps 

when a microfluidics channel is required, while panels n and q show the steps for a chip 

without microfluidics channels.  
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Figure 6: Chip fabrication  steps are shown. Starting from a cleaned silicon wafer 

(a), a photoresist is patterned (b), then a thin stack of Ti/Au is evaporated onto the entire 

surface (c), after which liftoff is performed (d), and finally a n SU8 layer is applied to 

act as an insulator (e). These steps (b-e) are repeated with the magnetic permalloy layer 

(f -i).  In fabrication of the chips with microfluidics channels, another SU8 layer is 

patterned and aligned on the chip (j), it is coated by SiO 2 (k), and then the microfluidics 
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channels are sealed with PDMS (l). However, in fabricating chips without 

microfluidics channels, a POEGMA brush is g rafted onto the SU8 top layer (m ), 

followed by the installat ion of a 3D printed chamber (n).  DI water,  PBS, or cell culture 

media (o), and then cells or beads (p) are added, and finally a planar viewing window 

is achieved by cover ing the chip with a coverslip, as opposed to the PDMS show in (l), 

(q). 

3.2.3 Chip Surface Functionalization with Poly-Lysine 

5 mg of the poly -lysine (Sigma-Aldrich) was solved in deioni zed water. The 

chips were piranha cleaned (1:3 ratio) and rinsed thoroughly with water and dried with 

nitrogen. Then, they were coated with the solution (1mL/25 cm 2) and incubated for 5 

minutes. Then, the chips were rinsed with deionized water and air -dried for 2 hours.  

3.2.4 Chip Surface Functionalization with Collagen 

First, the collagen I bovine protein (ThermoFisher Scientific)  was diluted to 100 

ϟÎɤÔ+ɯÐÕɯƖƔɯÔ,ɯÈÊÌÛÐÊɯÈÊÐËȭɯ3ÏÌɯÊÏÐ×ÚɯÞÌÙÌɯ×ÙÌ-cleaned with acetone and isopropanol 

and dried with nitrogen. Then, the chips were piranha cleaned (1:3 ratio) and rinsed 

thoroughly with  water and dried with nitrogen. Next, the solution was added to the 

surface of the chips and incubate at 4 degrees C for one hour.  At the end the chips were 

rinsed with sterile 1X PBS and dried  wi th gentle nitrogen stream. Treated chips were 

stored at 4 degrees C. 
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3.2.5 Chip Surface Functionalization with Gelatin 

First 50 mg of gelatin from bovine skin (Sigma -Aldrich)  was added to 50 mL of 

DI  water. The solution was on a hotplate at 90 degrees C for 3 minutes. Then it was 

filtered with a 0.2µm sterile syringe filter. The chips were pre-cleaned with 

acetone/isopropanol and dried with nitrogen gas. Next, they were piranha cleaned (1:3 

ratio) and rinsed thoroughly with water and dried with nitrogen gas. Next, the solution 

was added to the surface of the chips and incubate at room temperature for one hour. At 

the end the chips were rinsed with sterile 1X PBS and dried with gentle nitrogen stream.  

3.2.6 Chip Surface Functionalization with Fibronectin 

The fibronectin from bovine plasma (Sigma -Aldrich) was diluted in sterile 

balanced salt solution to 100 ug/mL. The chips were cleaned with acetone/isopropanol 

and dried with nitrogen gas. Next, they were  piranha cleaned (1:3 ratio) and rinsed 

thoroughly with water. After being dried with nitrogen gas, the chips were  coated with 

the prepared fibronectin solution for one hour at room temperature.  In the end, they 

were briefly rinse d with PBS and dried  with gentle stream of nitrogen. 

3.3 Packing Methods 

3.3.1 Chamber 

As mentioned before, in testing the magnetophoretic circuits, where 

microfluidics channels were not fabricated, a  rectangular chamber was 3D-printed and 

glued (silicon glue) to the chip. Chips were at rest overnight, to make sure silicon glue is 
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completely dried. This chamber was then filled with  deionized water or PBS for beads or 

cells, respectively. In the bead experiments, to save time, sometimes cetrimonium 

bromide  (CTAB) was used (0.5 weight percentage) in the water solution and the surface 

polymerization  step was skipped. A glass coverslip was placed on top of the chamber to 

prevent evaporative drying and to fa cilitate microscopic imaging  (See Figure 6(n-q) and 

Figure 8(b,c)). 

3.3.2 Electrical Connections 

Electrical contact to the gate electrodes was achieved by using either a PCI 

connector (See Figure 8(b)), which is usually used in computer systems, or an IC test clip 

(Ponoma Electronics, Everett, WA), as illustrated in Figure 8(c). The gate electrode 

currents were measured with a digital multimeter (Exte ch Ex430, Nashua, NH).  

3.4 Magnetic Field Apparatus 

The magnetic fields were produced using a  customized apparatus fabricated in 

an iron plate machined into a four -pole structure, in which each of the arms was 

wrapped with 1000 turns of magnet wire (20 AW G).  The magnetic field apparatus was 

powered by two programmable power supplies (Kepco BOP 20 -5M, Flushing, NY) . For 

producing  a 3D magnetic field, another coil was placed underneath the chip, vertically 

(See Figure 8(a)). 
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3.5 Control/Monitor System 

Six high -precision 8-channel voltage analog output boards (DNR-AO-308, United 

Electronics Industries, Boston, MA) operated with a customized LabVIEW program 

(Nat ional Instrument, Austin, TX) were  used to  

1) Control the programmable power supplies which drive the magnetic coils.  

2) Send the electrical control signals to the chip 

3) Collect data from the chip (e.g., temperature, CO2 concentration, etc). 

Figure 8(f) illustrates the cards installed in PowerDNA Rack, which are connected to the 

I/O boards. One of the cards is connected to two temperature sensors, to monitor the 

chip temperature (see Figure 8(e)). A custom designed circuit board was used as an 

interconnecting circuit between the analog cards and the chip as well as the power 

supplies (See Figure 8(a)). Cody Baker, an undergraduate student in our lab, helped us 

by assembling this system. 

 In order to evaluate the operation of the described control system, it  was 

connected to a resistor array, as a test load (See Figure 8(g)). By applying various AC 

and DC voltages/currents to the resistors and measuring them (using a digital  

multimeter and an  oscilloscope (Tektronics, TDS 1012)) the accuracy of the control 

system and the LabVIEW code was investigated. The LabVIEW block diagram is 

illustrated in.  
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I also helped two undergraduate students, Cody Baker and Elijah Weinreb, to 

make a temperature controller. This temperature controller works based on a 

customized LabVIEW code (See Figure 7), which reads data from a temperature sensor 

(See Figure 8(e)) and controls the applied electrical current to a resistive heater. 

Moreover, this code allows us to save the temperature history, to be tracked later. I also 

used a pressure controller (Elveflow OB1 MK3) system, to deliver the cell culture media 

and CO2 gas to the cells on the chip.  

 

Figure 7: A LabVIEW  front panel for the temperature controller  is shown . The 

LabVIEW  Code is written, by Elijah Weinreb, to send control signals to the heater, 

based on the signals which received from the thermometer. In This example the 

ÛÌÔ×ÌÙÈÛÜÙÌɯÐÚɯÈËÑÜÚÛÌËɯÖÕɯƝƜʁɯ%ȭ 
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Figure 8: Experimental setup is presented.  (a) The imaging station and magnetic field 

stage are shown. The rotating field is produced by the coil (1), with another coil mounted 

underneath the platform (2). The rotating field and gate currents were controlled with a 

custom designed board (3). The chip can be mounted in (b) a PCI connector or (c) an IC test 

clip. (d) A microfluidic based chip is illustrated. (e) An I/O card connected to two 

temperature sensors is shown. (f) The control system, including the rack and the I/O cards, 

is presented. (g) The test setup for evaluating the control system operation is illustrated. 

The voltage and current of electrical resistors (1) are measured by a multimeter (2) and an 

oscillator (3).   
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3.6 Data and Image Analysis Methods 

A Retiga 2000R video camera mounted on a Leica DM LM microscope was used 

to record movies and obtain the bead and cell trajectories in a 20X objective. A 

customized image recognition based in MATLAB (Mathworks, Natick, MA)  was used to 

extract the trajectories of the beads and the cells.  

3.7 Cell Labeling 

To magnetize the cells, magnetic nanoparticles were attached to the cell surface 

(i.e., the cells were magnetically labeled). To do that, 5105³ cells were counted and were 

washed in PBS (spun down using a tabletop centrifuge at 3000rpm for 5 minutes, 

resuspended, and spun down again).  The cells were resuspended in 250uL of FBS-PBS 

(2% FBS). Next, Ɩƙɯϟ+ɯÖÍɯ$ÈÚà2Ì×ɯɚɯ'ÜÔÈÕɯ6ÏÖÓÌɯ!ÓÖÖËɯ"#ƕƙɯPositive Selection 

Cocktail was added and then it was incubated at room temperature for 1 5 minutes. 

Then, it was w ashed in PBS and resuspended in 250uL of FBS-PBS. Then, 25 µL of well -

mixed $ÈÚà2Ì×ɯɚɯ,ÈÎÕÌÛÐÊɯ/ÈÙÛÐÊÓÌÚɯȹ23$,"$++ɯ3ÌÊÏÕÖÓÖÎÐÌÚɯ(ÕÊȭȮɯ"ÈÕÈËÈȺɯÞÏÌÙÌɯ

added, mixed, and incubated at room temperature for 10 minutes.  Kevin Lin, from 

ProÍÌÚÚÖÙɯ6ÖÖËɀÚɯÓÈÉɯÏÈÚɯÏÌÓ×ÌËɯÔÌɯÐÕɯÓÈÉÌÓÐÕÎɯÚÖÔÌɯÊÌÓÓÚȭ 
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4. Particle Transport and Storage with Magnetophoretic 
Conductors, Diodes, and Capacitors 

In this section, magnetophoretic circuit elements for transporting  (e.g., 

conductors and diodes) and storing (e.g., capacitors) particles are introduced. I have 

contributed in  designing two different types of magnetophoretic circuits. The first type 

operates in a two-dimensional (2D) in -plane rotating field.  However, in an in-plane 

magnetizing field, the north pole of the magnetized particles, as dipoles, is aligned 

towards the south pole of other particles. This phenomenon, when two particles come 

into contact, results in cluster formation (See Figure 9(a)). As the clusters grow they may 

not move properly and affect the circuit operation . To avoid this potential problem, I 

biased the particles, by introducing  an additional vertical  field, which  induces a weak 

repulsion  force and inhibit s cluster formation  [122]. The schematic, shown in Figure 

9(b), depicts the biased particles in a 3D field. Figure 9 ÚÏÖÞÚɯÛÏÌɯÔÈÎÐÊɯÈÕÎÓÌɯϔȮɯÈÛɯÛÏÌɯ

magnetic field conical angles smaller than which the force between the particles is 

ÙÌ×ÜÓÚÐÝÌȭɯ(ÕɯÌß×ÌÙÐÔÌÕÛÚɯÛÏÐÚɯÊÖÕÌɯÈÕÎÓÌɯÐÚɯÍÖÜÕËɯÛÖɯÉÌɯϔǻƙƘȘȭɯThe circuit elements 

designed to operate in a 2D field, does not work properly in a 3D field. Thus, I designed 

a whole new set of circuit elements, suitable to work  in a 3D magnetic field . 
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Figure 9: Schematic for Magnetized particle alignment  is illustrated , when (a) 

exposed to an in -plane 2D magnetic field or (b)  exposed to a 3D magnetic field with a 

vertical bias component. N and S stand for  north and south poles, respectively. Blue, 

red, and black arrows represent attractive force, repulsive force, and superimposed 

magnetic field direction, respectively.  (ÕɯȹÊȺɯϔɯÚÛÈÕËÚɯÍÖÙɯÛÏÌɯÔÈÎÐÊɯÈÕÎÓÌɯÍÖÙɯÛÏÌɯ

conical magnetic field at which the force be tween the magnetic particles is repulsive, 

while at angles larger than that the force is attractive.  
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4.1 Magnetophoretic Circuits in Applied 2D Magnetic Field 

(Some passages in this chapter are quoted verbatim from my published papers 

[123, 124] as well as another paper [121], in which I am a co-author.) 

In designing magnetophoretic circuits, our goal is to create an energy 

distribution consisting of energy wells that move smoothly along magnetic tracks. 

Towards this aim, I introduce a periodic asymmetry  in magnetic thin film patterns , by 

connecting  linearly magnetizable disks (or half -disks) in series, whose magnetization 

attempts to synchronize with the external rotating magnetic field direction. Since the 

permalloy films lack strong hysteresis, this linear approximation is reasonably 

acceptable. From the classical magnetostatics [131], and as shown in the simulation 

results (See Figure 4), these extrema occur where the external field is normal to the film  

curvature . While the external magnetic field rotates in -plane, the locations of the energy 

wells continuously moves around the perimeter of a disk and shifts to the next disk, 

moving exactly two disk periods, D, at each rotating field cycle. The linear segment 

connecting the two adjacent magnets provides an energy barrier, preventing the local 

energy well to move from one side of the magnetic track to the other side. This strip 

neither can be too thin nor can be too thick. A very thin strip cannot provide the 

required energy barrier that can compete against the deep energy well produced by the 

magnets. Moreover, a very thick strip prevents the energy wells of the two neighboring 
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disks to overlap, an essential phenomenon in handing a particle over from one disk to 

the next one. 

Assume that we have a periodic energy landscape moving at a constant speed 

(See Figure 10). A particle, which tends to stay at the energy minima, is carried with this 

energy landscape, with a position of ϩ in the travelling reference frame.  The energy can 

be written as 

 ( )tKxUU w-= sin0 . (26) 

Also the force acting on the particle ( UF -Ð=
C

) is written as 

 ( )tKxKUF w--= cos0

C
. (27) 

We also have 

 tKx wf -=  (28) 

and 

 
w

f
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dt

d C
. (29) 

Now, if we insert Equations (24 and 27) into Equation (29) we will end up with  
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which can be re-written as an equation of non -uniform oscillator:  

 
( )fww

f
cos0+-=

dt

d
. (31) 
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In Equation (31), if 0ww< , there exists a ϩ, such that 0=
dt

df
. This regime is 

called the phase-locked regime. In this operating condition, the particles follow the 

energy landscape with a phase lag of ϩ. The higher the frequency, the bigger the phase 

lag. However, if 0ww> , there is no ϩ, such that 0=
dt

df
. This regime is called the 

phase-slipping regime. At this operating condition, the viscous force is increased beyond 

a critical threshold and the particles no l onger are able to follow the external field. In the 

phase-slipping, the particles periodically slip out of a potential energy well and are 

captured by the next energy well. We have studied the bead dynamic trajectories in 

detail elsewhere [139], which is out of the scope of this dissertation. 

 

Figure 10: A travelling periodic energy landscape is illustrated. A particle, 

shown in blue, is carried by a travelling energy landscape, with a phase lag of ϩ. The 

speed of the energy landscape is v at +x direction.  

4.1.1 Conductors 

At sufficiently low external magnetic field frequencies, the speed of particles 

moving along the magnetic tracks is linearly proportional to the frequency of the 

external field:  
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extfv k= , (32) 

where ϝ is the mobility of the particles. Equation  (32ȺɯÐÚɯÚÐÔÐÓÈÙɯÛÖɯÛÏÌɯ.ÏÔɀÚɯÓÈÞɯÐÕɯ

conductors in electrical circuits, which in its simplest expression can be written as a 

linear relationship between the velocity of the electrons and the applied external electric 

field ( i.e., Ev
CC
k= , E being the electric field).  

When the external magnetic field rotates clockwise, as shown in Figure 11, the 

particles that are on the top side of the magnetic track move from left to the right. 

Similarly, in a counterclockwise rotation of the external magnetic field, the particles 

move from right to the left. Therefore, we call these magnetic tracks conductors, which, 

analogous to the conductors in electrical circuits, can conduct particles bidirectionally.  

 

Figure 11: Trajectory of a magnetized human CD4+ T -cell on a conductor is 

illustrated. The human CD4+ T-cell moves on magnetic track (conductor), while the 

external in -plane magnetic field is rotating clockwise. The blue dotted line depicts the 

cell trajectory, which is extracted from the experimental movie.  



 

59 

 

In the magnetic tracks composed of full disks, similar to the one shown in Figure 

11, if the particles are confined to both the lower and upper portions of the track, they 

would move in the opposite directions, t hereby negating net current flow. This 

movement on both sides of the magnetic track provides the opportunity of transporting 

the particles in both directions without the need to reverse the magnetic field. However, 

it is also possible to use magnetic tracks composed of half-disks, on which the particles 

are only confined to one side.  

4.1.2 Diodes 

A diode ( i.e., rectifier) can be designed by adding  an additional asymmetry to the 

conducting paths. To achieve this goal, we joined two magnetic tracks, composed of 

half -disks, in a T-shaped junction (See Figure 12, for the energy simulation ). In the 

forward mode  (i.e., when the external magnetic field rotates clockwise in Figure 12(a-e)), 

the particle on the horizontal tra ck moves from left to the right. At the T-junction, when 

the external magnetic field is towards the vertical magneti c track, two separate energy 

wells on either side of the strip are available (See Figure 12(c)). Next, by rotation of the 

external field  (See Figure 12(d)), they merge and form a single potential energy well  

which (i) eliminates the energy barrier on the strip and (ii)  it  is deeper on the right side 

of the vertical track. Thus, the particle moves over the vertical strip , after which it 

continues its horizontal transport from left to the right. However, in the reverse mode 
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(i.e., when the external magnetic field rotates counterclockwise in Figure 12(f-j)), the 

particle initially moves from right to the left on  the horizontal track. At the T -junction , 

always, either an energy barrier exists on the vertical linear strip (See Figure 12(h-i)) or 

the deeper part of the energy well is on the right side of the vertical magnetic track ( i.e., 

where the particle already exists) (See Figure 12(g)), preventing the particle from 

passing the vertical strip. Instead, the particle follows the energy well moving  along the 

vertical magnetic track, which results in zero net current in hori zontal direction on the 

left side of to the vertical magnetic track. In other words, this circuit element c onducts 

the particles in horizontal direction, when it operates in the forward mode at clockwise 

external magnetic field rotation; however, it does n ot transport  them when it operates in 

the reverse mode at counterclockwise external field rotation. This operation is similar to 

the diodes in electronics circuits. 
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Figure 12: The potential energy simulation of the magnetophoreti c diode is 

illustrated. The potential energy landscape of the diode in (a -e) forward mode, where 

the external field rotates clockwise, and (e-h) reverse mode, where the external field 

rotates counterclockwise, are shown. The black  arrows denote the external magnetic 

field direction, while the small circles depict the particles.  The figure is similar to the 
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one in one of our publication s [121], where we first introduced the magnetophoretic 

diodes. 

4.1.3 Capacitors 

When a magnetic track, composed of one or two magnetic disk(s), is exposed to 

an external rotating magnetic field, the energy wells form and rotate around the disk(s). 

As a result, particles that are exposed to these disks also rotate around them, in a closed 

loop (See Figure 13). This operation i s similar to the one of capacitors in electrical 

circuits , which store electrons.  

 

Figure 13: Trajectory of a magnetized human CD4+ T -cell stored in a capacitor 

is illustrated. The human CD4+ T -cell moves around the two -disk magnetic track 
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(capacitor). The blue dotted line depicts the cell trajecto ry, which is extracted from the 

experimental movie.  

4.2 Magnetophoretic Circuits in Applied 3D Magnetic Field 

 (Some passages in this chapter are quoted verbatim from my published paper 

[122]) 

As mentioned before, I have designed a new set of magnetophoretic circuits to 

manipulate single magnetized beads and magnetically labeled single cells in a 3D time-

varying magnetic field. The vertical field biases the parti cles in the driving in -plane 

rotating field with the advantage of inhibiting the formation of particle clusters by 

reducing the attraction force between particles. However, the addition of the vertical 

field requires redesigning magnetophoretic circuit ele ments. As explained in my paper 

[122], the need for redesigning new conductors originates from the rotational symmetry 

of dipolar systems exposed to in-plane rotating magnetic fields, in which the dipoles 

cannot distinguish between the north and south poles of the magnetic pattern. In the 

absence of a vertical field, the magnetized objects can switch periodically between the 

north and south poles without penalty,  which allows them to be transported across 

linear arrays of serially connected disks. This equal preference for two positions on the 

magnetic pattern (i.e., degeneracy) leads to additional difficulties in synchronizing 

particle motions in the global clock  cycle. 
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These observations have led me to think more philosophically about the types of 

pattern curvatures that induce linear translation of potential energy wells in the 

presence of a 3D magnetic driving field. If all  the geometries have positive curvature, 

like the previously studied systems, then the energy wells translate in closed-loop 

trajectories. If instead, the track geometry consists of alternating sections of positive and 

negative pattern curvatures, I hypothesized that rectified particle transpo rt could be 

achieved. 

I need to mention that many of these ideas are borrowed from magnetic bubble 

technology, which was explored in the 1970s and 1980s to perform logic operations and 

store digital information [140-145]. In this technology, a strong vertical field is used to 

create small domains of magnetization (i.e., magnetic bubbles) in iron garnet films. 

These bubbles, which represent bits of data, were locally trapped by overlaid magnetic 

patterns and moved along desired directions with a time -varying 3D magnetic field. A 

similar idea has also been used recently to manipulate ferrofluid droplets immersed in 

oil, which have geometric similarity to the cylindrical domains of magnetic bubble films 

[146]; however, it was not clear whether this approach would work for discrete solid 

particles, such as magnetic beads and magnetized cells inside microfluidic systems. 

My approach, to manipulate colloidal objects has fundamental differences in the 

operating conditions of magnetophoretic conductors for transporting micron -sized 

physical objects. First, owing to the increased mechanical drag of microfluidic 
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environments, the operating frequencies of this system (Hz) are orders of magnitude 

slower than the transport of bubbles domains inside iron garnet films (KHz). Second, 

due to fundamental differences in the geometry of the mobile com ponents, the 3D 

magnetic field profiles required to transport spherical particles are substantially 

different from the cylindrical domains in magnetic bubble technology. I also discovered 

new types of magnetic track geometries, which are more adept at conducting magnetic 

particles. 

4.2.1 Conductors 

As explained in my paper [122] and in earlier sections, for a single magnetic disk 

exposed to an in-plane magnetic field, two energy wells appear on opposite sides of the 

disk (i.e., the north and south poles). By rotating the external magnetic field in -plane, 

these two energy wells circulate around the disk with 180° phase difference. When two 

magnetic disks are sufficiently close together, or in contact, the energy wells  overlap at 

their nearest approach or intersection, respectively. Thus, magnetized particles 

periodically switch between the north and south poles without penalty during their 

transport across an array of linearly connected disks. This fundamental behavior makes 

disk patterns a good choice for manipulating magnetized particles in a purely in -plane 

driving field.  

When a vertical field is superimposed on this system, one of the energy wells is 

eliminated. Due to the penalty of switching between north and south poles, these 
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conditions result in closed loop particle trajectories for all magnetic tracks having only 

positive (i.e., convex) curvatures. I hypothesize that magnetic tracks consisting of 

periodicall y alternating sections of positive (convex) and negative (concave) curvatures 

are required to transport magnetized particles in a conical magnetic field (i.e., a static 

vertical field superimposed with a rotating horizontal field). The design illustrated i n 

Figure 14ȹÈȺȮɯÊÈÓÓÌËɯɁËÙÖ×ÚÏÈ×ÌȮɂɯÐÚɯÈÕɯÌßÈÔ×ÓÌɯÖÍɯÛÏÐÚɯËÌÚÐÎÕɯÔÖÛÐÍȮɯÞÏÐÊÏɯÌÕÈÉÓÌÚɯ

magnetized particles and cells to move in open trajectories. Other geometries having 

alternating positive and negative curvatures can also be used to transport magnetized 

objects. The designs illustrated in Figure 14(bɬf) are adapted from magnetic bubble 

technology [140-145]. 

The numbers in Figure 14 depict the sequence of stable positions for particles in a 

field that is rotated at 90° intervals in the clockwise direction. To better visualize the 

spread of experimental trajectories, I overlay the trajectories of several different particles 

on each magnetic track. Less spread in the trajectories is indicative of more reliable 

device operation. In my paper [122], examples of particle trajectories along these 

magnetic tracks are shown (Movies S1 

(http://onlinelibrary.wiley.com/store/10.1002/adfm.201503898/asset/supinfo/adfm201503

898-sup-0001-S1.wmv?v=1&s=92b43c36e6b950ef14649e396d66960d51c3763f) and 

S2(http://onlinelibrary.wiley.com/store/10.1002/adfm.201503898/asset/supinfo/adfm2015

03898-sup-0002-S2.wmv?v=1&s=2059101dcd8c4b44a86d22b22768dd6e074cf90b)). 

http://onlinelibrary.wiley.com/store/10.1002/adfm.201503898/asset/supinfo/adfm201503898-sup-0001-S1.wmv?v=1&s=92b43c36e6b950ef14649e396d66960d51c3763f
http://onlinelibrary.wiley.com/store/10.1002/adfm.201503898/asset/supinfo/adfm201503898-sup-0001-S1.wmv?v=1&s=92b43c36e6b950ef14649e396d66960d51c3763f
http://onlinelibrary.wiley.com/store/10.1002/adfm.201503898/asset/supinfo/adfm201503898-sup-0002-S2.wmv?v=1&s=2059101dcd8c4b44a86d22b22768dd6e074cf90b
http://onlinelibrary.wiley.com/store/10.1002/adfm.201503898/asset/supinfo/adfm201503898-sup-0002-S2.wmv?v=1&s=2059101dcd8c4b44a86d22b22768dd6e074cf90b
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The transport mechanism in a conical magnetic field involves smooth transport 

along the sections of positive curvature, and then sudden transitions at sections of 

negative curvature. To systematically study the transport  properties, here again I use the 

×ÙÌÝÐÖÜÚÓàɯËÌÍÐÕÌËɯ×ÈÙÈÔÌÛÌÙɯϕȭɯFor the track geometries of Figure 14 (bɬf), I observed 

open trajectories only ÍÖÙɯËÐÔÌÕÚÐÖÕÓÌÚÚɯÙÈÛÐÖÚȮɯϕɯȁɯƖȭƙ, shown in Figure Figure 14 (bɬe). 

This large ratio poses a challenge due to the constraints in typical lithographic processes, 

which prevents  the fabrication of gaps smaller than ~ƖɯϟÔɯÐÕɯÖÜÙɯÔÈÚÒɯÈÓÐÎÕÌÙȭ The 

drop -shape pattern, illustrated in Figure 14a, on the other hand, can transport particles 

with a wider size range  (ϕɯǿɯƔȭƔ7), which makes it ideal for small particle and cell  

manipulation. Finally, I note that all  the geometries presented in Figure 14 have mirror 

symmetry, and thus the  trajectories are reversible when the field rotates in the opposite 

direction, thus behaving as efficient bidirectional conductors.  

To compare the conductivity of the different magnetic track patterns, I measured 

ÛÏÌɯÔÈßÐÔÜÔɯÚ×ÌÌËɯÖÍɯƕƙȭƚɯϟÔɯÉÌÈËÚɯÖÕɯÌÈÊÏɯ×attern by characterizing the peak in the 

velocity vs. frequency relationship. The results are summarized in Table 1, which clearly 

show that the drop -shape geometry can transport magnetic objects at the highest speeds, 

ÞÐÛÏɯÈɯ×ÌÈÒɯÝÌÓÖÊÐÛàɯÖÍɯȃƖƖȭƙɯϟÔɯÚǸƕ. The drop-shape pattern has the additional 

ÈËÝÈÕÛÈÎÌɯÖÍɯÈÓÓÖÞÐÕÎɯÉÌÈËÚɯÈÚɯÚÔÈÓÓɯÈÚɯƖɯϟÔɯÛÖɯÉÌɯÛÙÈÕÚ×ÖÙÛÌËɯÈÓÖÕÎɯÛÏÌɯÔÈÎÕÌÛÐÊɯ

tracks, whereas the other patterns were only capable of transporting beads with 

ËÐÈÔÌÛÌÙÚɯÓÈÙÎÌÙɯÛÏÈÕɯƕƔɯϟÔȭ 
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Figure 14: Magnetophoretic conductors for transporting magnetic particles in a 

conical magnetic field  are illustrated . The horizontal and vertical magnetic field 

components are fixed at 45 Oe, while the in -plane field component rotates at a driving 

fr equency of 0.1 Hz. The numbers 1, 2, 3, and 4 depict the sequence of stable positions 

of the magnetized particles in a clockwise rotating field, consistent with the notation 

of magnetic bubble literature. The 1 positio n corresponds to an in -plane fi eld along 

the + x direction, with the rest of the numbers corresponding to sequential 90° 

clockwise rotations. The blue lines depict the trajectories of magnetic particles 

extracted from video data. The patterns shown are hereafter denoted a) drop -shape 

pattern, b) C pattern, c) TI pattern, d) VI pattern, e) YI pattern, and f) spiral pattern. 

The f igure is taken from  my paper  [122], by permission. In my paper [122], examples 
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of particle trajectories along these magnetic tracks are shown (Movies S1 

(http://onlinelibrary.wiley.com/store/10.1002/adfm.201503898/asset/supinfo/adfm20150

3898-sup-0001-S1.wmv?v=1&s=92b43c36e6b950ef14649e396d66960d51c3763f) and 

S2(http://onlinelibrary. wiley.com/store/10.1002/adfm.201503898/asset/supinfo/adfm201

503898-sup-0002-S2.wmv?v=1&s=2059101dcd8c4b44a86d22b22768dd6e074cf90b)). 

Table 1: The maximum mag netophoretic velocities obtained for 15 µm 

diameter magnetic bead on the co nductor geometries introduced in Figure 14 are 

tabulated . The table is taken by permission from my paper [122]. 

Type ,ÈßÐÔÜÔɯ2×ÌÌËɯȻϟÔɯsǸƕ] 

Drop -shape pattern 22.5 

C pattern 7.8 

TI pattern  9.6 

VI pattern  6.0 

YI pattern  3.5 

Spiral pattern 3.0 

 

Since the drop-shape pattern has better capabilities than other geometries, its 

transport properties are studied in greater detail. Figure 15 illustrates the low -frequency 

(adiabatic) motion of magnetic particles for magnetic field cone angl es ranging from ϫ = 

26°ɬ90°. When the cone angle is less than 30° (e.g., Figure 15(a) for ϫ ǻɯƖƚȘȺȮɯƜȭƘɯϟÔɯ

magnetic particles move in closed-loop trajectories around the head of the drop-shape 

(see Supplementary Movie S4 

(http://onlinelibrary.wiley.com/st ore/10.1002/adfm.201503898/asset/supinfo/adfm201503

898-sup-0004-S4.wmv?v=1&s=09ccc7b55612f442d2096ee79be4afc56e4b2fe7), from my 

paper [122]). When the cone angle is ϫ = 30°ɬ60°, the magnetic particles move in open 

http://onlinelibrary.wiley.com/store/10.1002/adfm.201503898/asset/supinfo/adfm201503898-sup-0001-S1.wmv?v=1&s=92b43c36e6b950ef14649e396d66960d51c3763f
http://onlinelibrary.wiley.com/store/10.1002/adfm.201503898/asset/supinfo/adfm201503898-sup-0001-S1.wmv?v=1&s=92b43c36e6b950ef14649e396d66960d51c3763f
http://onlinelibrary.wiley.com/store/10.1002/adfm.201503898/asset/supinfo/adfm201503898-sup-0002-S2.wmv?v=1&s=2059101dcd8c4b44a86d22b22768dd6e074cf90b
http://onlinelibrary.wiley.com/store/10.1002/adfm.201503898/asset/supinfo/adfm201503898-sup-0002-S2.wmv?v=1&s=2059101dcd8c4b44a86d22b22768dd6e074cf90b
http://onlinelibrary.wiley.com/store/10.1002/adfm.201503898/asset/supinfo/adfm201503898-sup-0004-S4.wmv?v=1&s=09ccc7b55612f442d2096ee79be4afc56e4b2fe7
http://onlinelibrary.wiley.com/store/10.1002/adfm.201503898/asset/supinfo/adfm201503898-sup-0004-S4.wmv?v=1&s=09ccc7b55612f442d2096ee79be4afc56e4b2fe7
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trajectories (Figure 15(bɬd) and Supplementary Movie S2 from my paper [122]). When 

the cone angle is greater than 60° (Figure 15(e) ϫ = 63°, and Figure 15(f) ϫ = 90°), the 

magnetic particles move in closed-loop trajectories at the base of the drop (see 

Supplementary Movie S5 

(http://onlinelibrary.wiley.com/store/10. 1002/adfm.201503898/asset/supinfo/adfm201503

898-sup-0005-S5.wmv?v=1&s=9c26de565eb9c4531d3b2eac6d9425a880b233f5) from my 

paper [122]). The optimum conditions for  repeatable magnetic particle conduction occur 

at a cone angle of ϫ = 45°ɬ50°, where the trajectories are tightly bunched together (see 

blue lines in Figure 15(d)). 

 

 

http://onlinelibrary.wiley.com/store/10.1002/adfm.201503898/asset/supinfo/adfm201503898-sup-0005-S5.wmv?v=1&s=9c26de565eb9c4531d3b2eac6d9425a880b233f5
http://onlinelibrary.wiley.com/store/10.1002/adfm.201503898/asset/supinfo/adfm201503898-sup-0005-S5.wmv?v=1&s=9c26de565eb9c4531d3b2eac6d9425a880b233f5
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Figure 15: The particle trajectories on drop -shape magnetophoretic conductors 

in a conical magnetic field  are illustrated . The trajectories (blue lines) of 8 ȭƘɯϟÔɯ

diameter magnetic particles are shown for magnetic field cone angles of a) ϫ = 26°, b) 
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ϫ = 37°, c) ϫ = 45°, d) ϫ = 53°, e) ϫ = 63°, and f) ϫ = 90°. The red arrow depicts the field 

rotation sense. The f igure is taken from my paper [122], by permission.   

To understand the dynamics of the particle trajectories, Figure 16 illustrates the 

sequence of potential energy landscapes that occurs as a function of time for a ϫ = 45° 

field cone angle, from the finite elements methods. The energy landscape is plotted at a 

ÏÌÐÎÏÛɯÖÍɯƘȭƖɯϟÔȮɯÞÏÐÊÏɯÊÖÙÙÌÚ×ÖÕËÚɯÛÖɯÛÏÌɯÝÌÙÛÐÊÈÓɯ×ÖÚÐÛÐÖÕɯÖÍɯÛÏÌɯÊÌÕÛÌÙɯÖÍɯÛÏÌɯƜȭƘɯϟÔɯ

particle. Starting from Figure 16(a) in which the horizontal component of the field is 

aligned in the positive y -direction, the energy wel ls (blue area) shift  around the sections 

of positive curvature at the head of the drop -shape (see Figure 16(aɬd)). When the in-

plane field component reaches the critical angle of ϛ ǽƕƗƙȘɯȹÚÌÌɯFigure 16(d)), the track 

geometry switches from positive to negative curvature, which repels the magnetic 

particle away from the base of the drop -shape. In Figure 16(e and f), the energy wells 

move horizontally, arriving at the curvature inflection point of the adjacent unit cell. 

From there, the energy wells move around the positive curvature of the drop -shape, 

appearing at the same starting position but advanced by one unit cell period. The 

experimental trajectories of magnetic particles are overlaid on the energy landscape in 

Figure 16 and show the strong agreement with simulation. Supplementary Movie S6 

(http://onlinelibrary.wiley.com/store/10.1002/adfm.201503898/asset/supinfo/adfm201503

898-sup-0006-S6.wmv?v=1&s=08a1932ee67150341392504a00c171e264bec93e) in my paper 

http://onlinelibrary.wiley.com/store/10.1002/adfm.201503898/asset/supinfo/adfm201503898-sup-0006-S6.wmv?v=1&s=08a1932ee67150341392504a00c171e264bec93e
http://onlinelibrary.wiley.com/store/10.1002/adfm.201503898/asset/supinfo/adfm201503898-sup-0006-S6.wmv?v=1&s=08a1932ee67150341392504a00c171e264bec93e
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[122] illustrates the motion of the potential energy landscape in a rotating external f ield 

with a cone angle of ϫ = 45°. 

 

Figure 16: Dipolar energy landscapes for the drop -shape magnetophoretic 

conductor in an external conical field, as a function of the in -plane magnetic field 

component , are plotted . The energy landscapes are produced by finite element 

ÚÐÔÜÓÈÛÐÖÕÚɯÍÖÙɯÍÐÌÓËɯÊÖÕÌɯÈÕÎÓÌɯÖÍɯϔɯǻɯƘƙȘɯÈÕËɯÐÕ-×ÓÈÕÌɯÍÐÌÓËɯÈÕÎÓÌÚɯÖÍɯÈȺɯϛɯǻɯƔȘȮɯÉȺɯϛɯǻɯ

ƘƙȘȮɯÊȺɯϛɯǻɯƝƔȘȮɯËȺɯϛɯǻɯƕƗƙȘȮɯÌȺɯϛɯǻɯƕƜƔȘȮɯÍȺɯϛɯǻɯƖƖƙȘȮɯÎȺɯϛɯǻɯƖƛƔȘȮɯÈÕËɯÏȺɯϛɯǻɯƗƕƙȘȭɯ3ÏÌɯÉÓÈÊÒɯ

arrows depict the external fi eld direction. The blue and red regions represent energy 
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minima and maxima, respectively. The blue dots depict the experimental particle 

ÛÙÈÑÌÊÛÖÙÐÌÚɯÍÖÙɯƜȭƘɯϟÔ magnetic particles.  The f igure is taken from my paper [122], by 

permission.  The energy landscape dynamics is shown in  supplementary  Movie S6 

(http://onlinelibrary.wiley.com/store/10.1002/adfm.201503898/asset/supinfo/adfm20150

3898-sup-0006-S6.wmv?v=1&s=08a1932ee67150341392504a00c171e264bec93e) in my 

paper [122]. 

Figure 17(aɬh) illustrates the sequence of potential energy landscapes for a 10° 

field cone angle. Similar to the case of the ϫ = 45° cone angle, the energy wells (blue 

regions) circulate the positive curvature at the  head of the drop-shape (see Figure 17(aɬ

d)). At a critical angle of ϛɯǽƕƗƙȘȮɯÛÏÌɯÚÛÙÖÕÎɯÝÌÙÛÐÊÈÓɯÍÐeld results in an energy well 

appearing on the top of the magnetic pattern  directly below the he ad of the drop -shape 

(see Figure 17(dɬf)). From there, the energy well  move across the top of the magnetic 

pattern, ending up at the opposite side of the same unit cell. These field conditions thus 

result in closed loop circula r trajectories around the head of the drop-shape. 

http://onlinelibrary.wiley.com/store/10.1002/adfm.201503898/asset/supinfo/adfm201503898-sup-0006-S6.wmv?v=1&s=08a1932ee67150341392504a00c171e264bec93e
http://onlinelibrary.wiley.com/store/10.1002/adfm.201503898/asset/supinfo/adfm201503898-sup-0006-S6.wmv?v=1&s=08a1932ee67150341392504a00c171e264bec93e
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Figure 17: Dipolar energy landscapes for the drop -shape magnetophoretic 

conductor in an external conical field, as a function of the in -plane magnetic field 

component , are plotted . The energy landscapes are produced by finite element 

ÚÐÔÜÓÈÛÐÖÕÚɯÍÐÌÓËɯÊÖÕÌɯÈÕÎÓÌɯÖÍɯϔɯǻɯƕƔȘɯÈÕËɯÐÕ-×ÓÈÕÌɯÍÐÌÓËɯÈÕÎÓÌÚɯÖÍɯÈȺɯϛɯǻɯƔȘȮɯÉȺɯϛɯǻɯƘƙȘȮɯ

ÊȺɯϛɯǻɯƝƔȘȮɯËȺɯϛɯǻɯƕƗƙȘȮɯÌȺɯϛɯǻɯƕƜƔȘȮɯÍȺɯϛɯǻɯƖƖƙȘȮɯÎȺɯϛɯǻɯƖƛƔȘȮɯÈÕËɯÏȺɯϛɯǻɯƗƕƙȘȭɯ3ÏÌɯÉÓÈÊÒɯ

arrows depict the external field direction. The blue and red regions represent energy 

minima and maxima, respectively. The blue dotted lines depict the experimental 



 

76 

×ÈÙÛÐÊÓÌɯÛÙÈÑÌÊÛÖÙÐÌÚɯÍÖÙɯƜȭƘɯϟÔɯÔÈÎÕÌÛÐÊɯ×ÈÙÛÐÊÓÌÚȭ The f igure is taken from my paper 

[122], by permission.  

The simulation results for an in -plane rotating magnetic field, i.e., ϫ = 90°, shows 

a similar trend with experiments; however, the moti on of the energy wells and their  

corresponding energy barriers are more difficult to discern, and thus are not shown  

here. The transport mechanism involves the erection of energy barriers at different 

points in the cycle, which prevent the particles from being transported in ope n 

trajectories. 

I also conducted higher frequency (non-adiabatic) studies of the particle 

velocities as a function of the driving frequency. Figure 18 depicts the results for 

different field angles and fi eld strengths ranging from 25 to 100 Oe, and cone angles of ϫ 

= 26°ɬ90°. The effect of particle diameter was also studied, where the left column shows 

ÛÏÌɯÛÙÈÑÌÊÛÖÙÐÌÚɯÖÍɯƙȭƚɯϟÔɯ×ÈÙÛÐÊÓÌÚ (Figure 18(aɬc)), while the right column illustrates  the 

trajectories of ƜȭƘɯϟÔɯ×ÈÙÛÐÊÓÌÚɯȹFigure 18(dɬf)). As expected, these results reveal that 

increasing the magnetic field strength enables higher top speeds in higher operating 

frequencies ÈÕËɯÛÏÈÛɯÛÏÌɯƜȭƘɯϟÔ particles can achieve higher top speeds (~0.9 Hz) than 

the ƙȭƚɯϟÔɯ×ÈÙÛÐÊÓÌÚɯȹǽƔȭƚ'áȺȭɯ/ÈÙÛÐÊÓÌÚɯÊÖuld be transported only  within a specifi c range 

of cone angles (i.e., 30° < ϫ < 60°), thus particles were trapped in closed orbits for all 

driving frequencies  when the cone angle is ϫ = 90° (see Figure 18 denoted by the green 

line and data points). 
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Figure 18: The velocities of magnetic particles as a function of frequency are 

shown for the drop -shape pattern. The lef t ÊÖÓÜÔÕɯÚÏÖÞÚɯËÈÛÈɯÍÖÙɯƙȭƚɯϟÔɯdiameters, 

while the right column shows data f ÖÙɯÛÏÌɯƜȭƘɯϟÔɯ×ÈÙÛÐÊÓÌÚȭɯ3ÏÌɯÍÐrst, second, and 

third rows show the data for 25 Oe, 50 Oe, and 100 Oe fi eld strengths, respectively. 

The fi eld cone angles are depicted as follows:  ÈÕÎÓÌÚɯÖÍɯϫ = 26° (dashed ÙÌËȺȮɯϫɯǻɯƗƛȘɯ
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(dashed black),  ϫɯǻɯƘƙȘɯȹÚÖÓÐËɯÙÌËȺȮɯϫ = 53° ȹÚÖÓÐËɯÉÓÈÊÒȺȮɯϫɯǻɯƚƗȘɯȹÉÓÜÌȺȮɯÈÕËɯϫ = 90° 

(green). The f igure is taken from my paper [122], by permission.  

To demonstrate the ability of these magnetic conductor geometries in 

manipulating single cells , I also studied the behavior of magnetically labeled human T 

cells on the drop-shape pattern in a conical magnetic field ( Figure 19, Supplementary 

Movie S7 

(http://onlinelibrary.wiley.com/store/10.1002/adfm.201503898/asset/supinfo/adfm201503

898-sup-0007-S7.wmv?v=1&s=041687ee712c22f57d3bee2bb720127ef0b0db53) in my 

paper [122]).The blue dotted lines representing multiple cell trajectories indicate that this  

geometry can reliably transport single cells in ϫ = 45° field cone angles. The use of a 3D 

dri ving fi eld allows the positions of  the cell in the conductor track t o be uniquely 

defined at each point in the cycle  and avoids the degeneracy of the previously 

studied in -plane magnetizing fi elds. 

 

Figure 19: Magnetically labeled human T cells are transported in a clockwise  

http://onlinelibrary.wiley.com/store/10.1002/adfm.201503898/asset/supinfo/adfm201503898-sup-0007-S7.wmv?v=1&s=041687ee712c22f57d3bee2bb720127ef0b0db53)
http://onlinelibrary.wiley.com/store/10.1002/adfm.201503898/asset/supinfo/adfm201503898-sup-0007-S7.wmv?v=1&s=041687ee712c22f57d3bee2bb720127ef0b0db53)
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rotating conical field. The in -plane and vertical field components are fixed at 45 Oe, 

ÊÖÙÙÌÚ×ÖÕËÐÕÎɯÛÖɯÈɯÊÖÕÌɯÈÕÎÓÌɯÖÍɯϫɯǻɯƘƙȘȭɯ3ÏÌɯËÙÐÝÐÕÎɯÍÙÌØÜÌÕÊàɯÐÚɯƔȭƕɯ'áȭɯ3ÏÌɯ

trajectories of individual cells are shown with the blue dotted lines. The figure is 

taken from my paper [122], by permission.  

4.2.2 Diodes 

As explained in my paper [122], I also characterize the transport properties of 

track geometries without mirror symmetry, shown in Figure 3 . When the field rotates in 

the clockwise direction (panels on the left  column), the magnetic particles move in open 

trajectories (forward mode); however, when the field rotation sense is reversed (right 

column) the magnetic particles moves in closed orbits (reverse mode). The origin of this 

conduction asymmetry results from the deeper energy well that appears near the thicker 

segment of the track.  

The divergence in these trajectories can be analyzed by starting from a common 

position (1), which corresponds to the energy well  for a conical magnetic field with the 

in-plane component aligned in the positive x -direction. For this field  direction, the 

starting position is on the right side of the thinner edge of the curved magnet. When the 

conical field rotates by 90° in the clockwise direction, in which the field now points in 

the negative y -direction, the particle can escape the thinner edge of the curved magnet 

and move to the immediately adjacent I -bar, denoted as position (2). From there, the 

particle moves to the left (thicker) edge of the curved magnet when the field rotates by 
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another 90° (field now points in the negative x -direction), denoted as position (3). Next, 

the particle moves around the positive curvature of the curved magnet and arrives at 

position (4) (field now points in the positive y -direction), and finally , returns to position 

(1) on the adjacent unit cell when the rotation cycle is completed. 

On the other hand, if the field rotates in the counterclockwise direction, then the 

particle moves in a closed orbit trajectory. Starting from the right (thinner) edge of the 

curved magnet, again denoted as position (1), the particle moves around the positive 

curvature on top of the curved magnet as the field rotates counterclockwise by 90° to 

position (2). As the field rotates another 90°, the particle moves to the left (thicker) edge 

of the curved magnet, denoted as position (3). However, due to the deeper energy well  

of position (3), the particle never crosses over to the I-bar in position (4), which 

maintains the particle in a closed orbit circulating contin uously around the curved 

magnet (See an example of this behavior in Supplementary Movie S3 

(http://onlinelibrary.wiley.com/store/10.1002/adfm.201503898/asset/supinfo/adfm201503

898-sup-0003-S3.wmv?v=1&s=2b19e0416f4c7a0186bbebc6be04aa4ba22ceb3e) in my 

paper[122]). These asymmetric magnetic tracks thus behave as unidirectional 

conductors, acting as the corollary of electrical diodes. 

http://onlinelibrary.wiley.com/store/10.1002/adfm.201503898/asset/supinfo/adfm201503898-sup-0003-S3.wmv?v=1&s=2b19e0416f4c7a0186bbebc6be04aa4ba22ceb3e
http://onlinelibrary.wiley.com/store/10.1002/adfm.201503898/asset/supinfo/adfm201503898-sup-0003-S3.wmv?v=1&s=2b19e0416f4c7a0186bbebc6be04aa4ba22ceb3e
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Figure 20: Magnetophoretic diodes for unidirectional transport of magnetic particles 

in a conical magnetic field are illustrated. In a clockwise rotating field , the magnetic 

particles have a and c) open orbits, corresponding to the forward bias mode. In a 

counterclockwise rotating field, t he magnetic particles move in b and d) closed orbits, 

corresponding to the reve rse bias mode. In all panels, the in -plane and vertical field 

components are fixed at 45 Oe, while the driving frequency is 0.1 Hz. The numbers 1, 

2, 3, and 4 depict the sequence of stable positions of the magnetized par ticles in a and 

c) a clockwise rotat ing field and b and d) a counterclockwise rotating field. The 1 

position corresponds to an in -plane fi eld along the + x direction, with the rest of the 

numbers corresponding to sequential ±90° rotations. The blue lines depict the 

trajectories of magnetic p articles extracted from video data. The figure is taken from 

my paper [122], by permission. See an example of this behavior in Supplementary 

Movie S3 

(http://onlinelibrary.wiley.com/store/10.1002/adfm.201503898/asset/supinfo/adfm20150

http://onlinelibrary.wiley.com/store/10.1002/adfm.201503898/asset/supinfo/adfm201503898-sup-0003-S3.wmv?v=1&s=2b19e0416f4c7a0186bbebc6be04aa4ba22ceb3e
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3898-sup-0003-S3.wmv?v=1&s=2b19e0416f4c7a0186bbebc6be04aa4ba22ceb3e) in my 

paper[122]). 

 To conclude, in electrical circuits, applying a general voltage to the conductors, 

without the need of individual control signals applied to each electron, results in an 

electrical current along the conductor . Here we used the same idea to transport particles, 

in parallel , on predefined conducting paths, by using a generally applied dri ving force. 

We also introduced magnetophoretic di odes to rectify  the transportation of the particles 

to a single direction. Mover, we described how capacitors can be used to store the 

particles and the living cells .  

 In electrical circuits, the repulsive force between electrons plays important roles, 

such as self-limiting the charge accumulation. To achieve similar behavior in 

magnetophoretic circuits, I redesigned new magnetophoretic circuit element geometries 

capable of transporting particles in a 3D conical magnetic field. The vertical component 

of the 3D field,  biases the magnetized particles such that they repel each other and 

eliminates the degeneracy in the general driving clock cycle. Although I did not analyze 

the maximum particle density on these magnetophoretic tracks, I expect that at most 1-2 

particles would be handled per unit cell. Based on the demonstrated ability to transport 

single particles and cells and to store them on predefined spots, these results pave the 

way for designing high -throu ghput manipulating platforms for lab-on-a-chip systems. 

 

http://onlinelibrary.wiley.com/store/10.1002/adfm.201503898/asset/supinfo/adfm201503898-sup-0003-S3.wmv?v=1&s=2b19e0416f4c7a0186bbebc6be04aa4ba22ceb3e
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5. Particle Switching with Magnetic Transistors 

5.1 Magnetophoretic Transistors in Applied 2D Magnetic Field 

5.1.1 Transistors for Whole-Disk Track 

As explained in my paper [123], to design an optimal transistor geometry, I first 

ask whether a fixed width electric current sheet crossing over one of the thin connecting 

magnetic strips can switch the particles from one side of the magnetic track to the other, 

thereby reversing the overall direction of particle transport. Simulation results, based on 

the semi-analytical model, illustrated in Figure 21, indicate that an electric current 

applied to  a wire of fixed width and oriented perpendicular to the magnetic track 

direction can lower the depth of the local energy well (See Figure 21(aɬc)); however, it 

cannot eliminate the energy barrier imposed by the presence of the thin magnetic strip. 

The energy barrier remains even if the wire is rotated, widened, or laterally shifted, as 

presented in Figure 21(d). Figure 21(e and f) show a line section of the energy landscape 

along the wire axis, which depicts the bistable energy well more clear ly. By 

extrapolating these results, it becomes apparent that any straight wire cannot be 

employed to switch the particle trajectory in this geometry.  
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Figure 21: Energy landscape for whole disk track and fixed width sheet current 

is illustrated. The potential energy landscape is shown in the presence of a wire 

holding current of (a) 1 mA, (b) 10 mA, and (c) 100 mA. The wire is assumed to be 

infinitely long, infinitely flat, and has a width of 0.08D, where D is the period of the 

substrate. The blue regions on either side of the magnetic track show that the double 
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well potential is not annihilated regardless of the strength of the applied current. This 

behavior is also shown in the line section of the relative energy in part (e), for applied 

gate currents of 1mA (black), 10mA (red), and 100mA (blue). If the sheet current is 

moved laterally across the substrate, this energy barrier remains as shown in (d), and 

in the line sections of part (f) for shifts of 0.16D (black), 0.08D (red), an d no shift 

(blue). The external field is 100 Oe with the direction depicted by the black arrow. 

The white lines define the wire geometry. These simulation results are based on the 

semi-analytical model. The figure is taken from my paper [123] by permission.  

Based on these results, I turn my attention to asymmetric current lines, which can 

achieve particle switching. A general example, shown in Figure 22, depicts a wire 

tapered at both ends. Since the magnetic field is inversely proportional to the width of 

the wire, this geometry has the general effect of producing high strength magnetic fields 

at the center of the taper. Thus, by shifting the center of the taper to the opposite side of 

the magnetic track, the introduced asymmetry allows the bistable energy barrier to be 

annihilated when the applied current density exceeds a critical threshold. This effect, is 

illustrated by comparing Figure 22(a and b), which shows the energy landscapes, based 

on the semi-analytical model, for 100mA and 10mA currents, respectively, at a height of 

0.12D above the substrate, where D is the period of the magnetic track. The simulation 

for 100mA current has a single energy well on the bottom section of the track, whereas 

for the 10mA current, the bistable energy well remains.  
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The energy distribution plotted along the line section of the wi re axis illustrates 

the annihilation of the energy barrier as the current strength is increased (See Figure 

22(c)). For this geometry, the barrier is destroyed when ~40mA current is applied. The 

tapered section used in the simulations presented in Figure 22 has a width of 0.08D 

width and length of 0.42D. The effect of the lateral position of the wire is shown in  

Figure 22(d) for constant applied current, which implies that the optimal lateral position 

for the wire is located at the center of the gap. These simulations have been repeated for 

taper sections having different widths and lengths, and the general trends (data not 

ÚÏÖÞÕȺɯÐÕËÐÊÈÛÌɯÛÏÈÛɯÛÏÌɯÙÌØÜÐÙÌËɯÚÞÐÛÊÏÐÕÎɯÊÜÙÙÌÕÛɯÐÕÊÙÌÈÚÌÚɯÞÐÛÏɯÛÏÌɯÞÐÙÌɀÚɯÞÐËÛÏɯËÜÌɯ

to its locally weaker magnetic fie ld gradients. I also note that increasing the length of the 

tapered section does not significantly influence the switching behavior (data not shown). 

In Figure 22(e), the switching efficiency is evaluated as a function of the particle size 

relative to the track period. These results indicate that for particles with diameters equal 

to or larger than the track period, an applied current of 5ɬ10mA is sufficient for 

switch ing these particles across the magnetic track. Particles that are much smaller than 

the track period, on the other hand, require higher currents to achieve switching because 

their centers are closer to the substrate and therefore experience larger energy barriers. 

These simulation results are scale invariant and, thus, the magnetic disk diameter 

should be scaled to an appropriate size based on the cell type, which can vary widely. 
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Instead, it is the relative scale of the particle size with respect to the magnetic track 

dimensions that is the important optimization parameter.  
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Figure 22: Simulation results for t ransistor based on a whole disk track and a 

tapered current sheet is shown. The energy landscape is plotted for a horizont al plane 



 

89 

at a height of 0.12D above the substrate, and in the presence of a tapered current sheet 

with (a) 100mA and (b) 10mA of total current. A single energy well (blue region) is 

formed on one side of the magnetic track in part (a); however, a bistable energy well 

is formed on both sides of the magnetic track in part (b). A line section of the 

potential energy landscape along the axis of the wire is shown in part (c) for currents 

of 10mA (black), 50mA (red), and 100mA (blue). A single energy well exists only for 

the 50mA and 100mA currents. A line section of the energy minima is shown in part 

(d) for constant 50mA current, but where the center of the taper is shifted in the lateral 

(x) direction by amounts of 0.00D, 0.08D, 0.16D, 0.25D, and 0.33D. The blue arrow 

indicates increasing lateral shift. The switching efficiency of particles across the 

magnetic track when exposed to applied current of 0 to 20mA for the geometry of (a) 

and (b) is shown in part (e) for particles with radii of 0.12D (dashed black), 0.16D 

(dashed red), 0.25D (dashed blue), 0.33D (solid black), 0.50D (solid red), 0.67D (solid 

blue), and 0.83D (solid green). The black arrows denote the 100 Oe external magnetic 

field, while the white lines define the wire geometry. The black dotted lines  depict 

the particle trajectory as simulated from Equation ( 24). Here, the disk diameter is 

0.83D. These simulation results are based on the semi -analytical model. The figure is 

taken from my paper [123] by permission.  
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5.1.2 Transistors for Diode Rectification Reversal 

In a magnetophoretic diode operating in a reverse mode, when a wire is placed 

at the magnetic track junction, it is possible to reverse the diode bias and achieve net 

particle currents [121, 123]. Here, my goal is to use my semi-analytical model to find the 

optimal wire geometry to minimizes the current thresholds for achieving particle 

switching. In particular, I investigate the switching efficiencies as the orientation and 

position of the wire are varied. As explained in [123], similar to the other transistor 

geometry, I find that when sufficiently large current is applied to the wire, the energy 

barrier on either side of the T-junction is annihilated, and the particle is transported 

across the junction (See Figure 23(b)). The switching efficiency is depicted in Figure 23(c) 

for a fixed particle diameter of 0.23D, where ÛÏÌɯÞÐÙÌɀÚɯÈÕÎÜÓÈÙɯÖÙÐÌÕÛÈÛÐÖÕɯÐÚɯÈÓÓÖÞÌËɯÛÖɯ

vary. The center of the wire is fixed at the left edge of the midpoint of the vertical 

straight segment. In all simulations, the wire width is 0.14D, the diameters of the half -

disks are 0.90D, and the lengths of the connecting strips are 0.10D. Simulation results 

indicate that wires oriented at an angle of ϔǻƚƔʁɯÞÐÛÏɯÙÌÚ×ÌÊÛɯÛÖɯÛÏÌɯÏÖÙÐáÖÕÛÈÓɯÈßÐÚɯÓÌÈËɯ

to optimal switching efficiency (See green curve in Figure 23(c)). As expected, the 

ÚÐÔÜÓÈÛÐÖÕɯÙÌÚÜÓÛÚɯÈÓÚÖɯÐÕËÐÊÈÛÌɯÛÏÈÛɯÐÕÊÙÌÈÚÐÕÎɯÛÏÌɯÞÐÙÌɀÚɯÞÐËÛÏɯÙÌËÜÊÌÚɯÛÏÌɯÚÞÐÛÊÏÐÕÎɯ

efficiency (data not shown). In Figure 23(d), I present the switching efficiency for the 

wire orientation of ϔǻƚƔʁȮɯÞÏÐÓÌɯÈÓÓÖÞÐÕÎɯÛÏÌɯÔÌÈÕɯ×ÈÙÛÐÊÓÌɯÚÐáÌɯÛÖɯÝÈÙàȭɯ3ÏÌɯÙÌÚÜÓÛÚɯ
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show that increasing the particle size relative to the disk enhances switching efficiency; 

however, it still requires much larger currents than the other designs.  

 

Figure 23: Simulation results for t ransistor for diode rectification reversal is 

shown. The energy landscape is plotted for a sheet curren t with (a) 0mA and (b) 

100mA of total current, when the diode is reverse biased. The wire width is 0.13D, 

disk diameter is 0.90D, and connecting strip length is 0.10D, where D is the distance 
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between centers of two adjacent half -disks. In part (a), the dio de does not conduct 

particles from right to left, because of the existence of energy barrier above the linear 

vertical segment, while in part (b), this energy barrier is annihilated and a deeper 

energy well is created on the other side, by applying 100mA e lectric current. In part 

ȹÊȺȮɯÛÏÌɯÚÞÐÛÊÏÐÕÎɯÌÍÍÐÊÐÌÕÊàɯÖÍɯÛÏÐÚɯÎÌÖÔÌÛÙàɯÐÚɯ×ÙÌÚÌÕÛÌËɯÍÖÙɯÞÐÙÌɯÈÕÎÓÌÚɯÖÍɯϔǻƘƔʁɯ

ȹÉÓÈÊÒȺȮɯƙƔʁɯȹÙÌËȺȮɯƚƔɯʁɯȹÉÓÜÌȺȮɯÈÕËɯƛƔɯʁɯȹÎÙÌÌÕȺȮɯÞÏÐÓÌɯÛÏÌɯÊÜÙÙÌÕÛɯÐÚɯÈÓÓÖÞÌËɯÛÖɯÝÈÙàɯÍÙÖÔɯ

0 to 200 mA. In part (d), switching efficiency for pa rticle diameter of 0.14D (black), 

0.23D (red), 0.32D (blue), and 0.40D (green) is demonstrated. The black dotted line of 

parts (a) and (b) depicts the particle trajectory as simulated from Eq. ( 24), while the 

white lines define the wire geometry. The external magnetic field is 100 Oe, and the 

black arrow shows its direction. These simulation results are based on the semi -

analytical model. The figure is taken f rom my paper [123] by permission.  

 

5.1.3 Transistors for Whole-Disk Track with Gap 

The transistor geometries shown in Figure 24 first were introduced in our paper 

published in 2014 [121]. As explained in [123], compared to prior geometries considered 

in Figure 21 and Figure 22, a small gap is introduced between adjacent magnetic disks in 

this geometry, and the fixed width wire is placed at the opposing side of the gap. This 

geometry behaves similarly to a semiconducting junction, which allows particles to cross 

the gap only when a sufficiently strong gate current is applied. The gap in the magnetic 
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track introduces a bistable energy distribution with the two minima appearing at 

opposite sides of the gap. When a weak gate current is applied, the particles stay on the 

same side of the gap, leading to reversal in the direction of particle motion, shown in 

Figure 24(a). On the other hand, when a strong gate current is applied; then, the energy 

barrier is annihilated, and the particles can cross the gap as shown in Figure 24(b). I also 

analyze the results from a curved wire (Figure 24(c)).  

The main goal, here, is to understand the robustness of this switching 

mechanism, which can vary due to random fluctuations in the particle size and its 

magnetic susceptibility. I use non-dimensional analysis to understand this switching 

effect, where the particle radius, rp, is assumed to be some fraction of the gap size in 

magnetic track and is rescaled as ϕ = rp/r G, where rG stands for the gap size. The rescaled 

parameter is designed such that ϕ = 1 corresponds to a particle radius commensurate 

with the gap size (or particle diameter twic e the gap size). Figure 24(d and f) depict the 

switching efficiency for the straight wire geometry of Figure 24(b) for 0.5< ϕ<1.0, where 

Figure 24(f) provides a zoomed in view of the switching efficiency at low current. 

Similarly, Figure 24(e and g) represent switching efficiency for the curved wire 

geometry of Figure 24(c) for the same range of b values.  

These observations, based on the semi-analytical model, suggest that the 

switching efficiency improves for larger particle sizes; however, these simulations also 

show that large particles can switch even in the absence of an applied gate current. For 
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example, when ϕ>0.8, these simulations indicate that more than 50% of the particles can 

cross the junction even when zero gate current is applied. A negative 10mA bias current 

is necessary to prevent this leakage of particles across the gap, herein referred to as the 

Ɂ×ÈÙÛÐÊÓÌɯÓÌÈÒÈÎÌɯÊÜÙÙÌÕÛȭɂɯ2ÐÔÐÓÈÙɯÛÙÌÕËÚɯÈÙÌɯÖÉÚÌÙÝÌËɯÍÖÙɯÛÏÌɯÊÜÙÝÌËɯÞÐÙÌɯÖÍɯFigure 24; 

however, there are several quantitative differences. First, I noticed that a smaller 

negative bias current of ~2mA is required to prevent the particle leakage current. 

Second, I found that slightly larger gate currents are required to achieve maximal 

switching probability. I also analyze the effect of the ratio of magnet (disk) diamet er to 

particle size, on the switching efficiency, while holding the ratio of particle to gap sizes 

(b) fixed. Figure 24(h and i) show the switching efficiency for the straight and curved 

wire geometries, respectively, when ϕ  = 1 and the particle diameter is varied between 

0.15 and 0.55 of the magnet diameter. The general trends indicate that increasing the 

particle size relative to the disk diameter enhances switching efficiency. However, 

higher negative gate currents are also required to eliminate particle leakage currents. 

Thus, I find that the optimal switching occurs when the particle diameter is 

approximately one half the size of magnet diameter, which requires gat e currents of 64 

mA and 65mA for the straight and curved wires, respectively (based on the semi -

analytical model).  
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Figure 24: Simulation results for transistor composed of whole disk track with 

a semiconducting gap are illustrat ed. The energy landscape is shown in (a)ɬ(c) as a 

function of the current strength and system geometry. The wire is assumed to have a 
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fixed width of 0.12D. Part (a) shows the potential energy landscape in the absence of a 

gate current, in which the particl e does not cross the gap. The energy landscape for a 

straight wire and a curved wire geometry is shown in (b) and(c), and the switching 

efficiency for these two geometries is depicted in (d) ɬ(g), where (d) and (f) correspond 

to the straight wire and (e) an d (g) correspond to the curved wire. Graphs (f) and (g) 

are magnified versions  of the switching efficiency presented in (d) and (e). In parts 

(d)ɬ(g), several lines are plotted for different mean particles sizes relative to the gap 

ÚÐáÌȮɯÞÐÛÏɯϕɯǻɯƕȭƔɯȹÚÖÓÐËɯÉÓÜÌȺȮɯϕɯǻɯƔȭƝɯȹÚÖÓÐËɯÙÌËȺȮɯϕɯǻɯƔȭƜɯȹÚÖÓÐËɯÉÓÈÊÒȺȮɯϕɯǻɯƔȭƛɯȹËÈÚÏÌËɯ

ÉÓÜÌȺȮɯϕɯǻɯƔȭƚɯȹËÈÚÏÌËɯÙÌËȺȮɯÈÕËɯϕɯǻɯƔȭƙɯȹËÈÚÏÌËɯÉÓÈÊÒȺȮɯÞÏÌÙÌɯÛÏÌɯÔÈÎÕÌÛɯËÐÈÔÌÛÌÙɯÐÚɯ

assumed to be 0.83D. In graphs (h) and (i), the switching efficiency is presented for 

the straight an d curved wire geometries, respectively, where the particle radius is 

commensurate with the gap size (b¼1.0), while the ratio of particle size to magnet 

diameter is varied. Parts (h) and (i) depict switching efficiency of the geometries in (b) 

and (c), respectively, while the ratio of the particle radius to magnet radius is 0.15 

(dashed black), 0.25 (dashed red), 0.35 (solid black), 0.45 (solid red), and 0.55 (solid 

blue). The black arrow in parts (a) ɬ(d) denotes the 100 Oe external field, and the blue 

region denotes the energy minima. The black dotted lines depict the particle 

trajectory as simulated from Equation ( 24), while the white lines define the wire 

geometry. These simulation results are based on the semi -analytical model. The 

figure is taken from my paper [123] by permission.  
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Figure 24 indicates that both straight and curved wires can be utilized as the gate 

electrode to achieve particle switching across the gap. Since the simulation of straight 

wires is more computationally efficient, I study this type of gate electrode in more detail 

by allowing its width to vary and its position to be laterally shifted. Figure 25 shows the 

results for a wire having a width of 0.25D, and whose center is shifted to four different 

positions relative to the gap center. The switching efficiency for these various wire 

locations is shown for several particle diameters, where the gap size is fixed at 0.33D. 

Simulations indicate that when the wire is exactly at the center of the gap, according to 

the geometry of Figure 25(a); then, the geometry is relatively ineffective both at 

preventing particle leakage currents and achieving high swit ching efficiency. By shifting 

the current sheet to one side of the gap, by a distance equal to half the wire width (see 

Figure 25(b)), I find that this geometry both l owers the required negative bias to prevent 

the particle leakage current and enhances switching efficiency (See red curves in Figure 

25(e-j)). For example, in Figure 25(j), for ϕ = 1 and with particle mean radius of 0.20D, I 

find the operating range is +4mA and -2mA for the ON and OFF states, respectively. 

Further shifting of the wi re away from the central axis (See Figure 25(c and d)) results in 

an overall decrease in the switching efficiency (See Figure 25(e-j)). Thus, there appears to 

be an optimal position for the wire center.  
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Figure 25: Simulation results for the effect of the lateral position of the current 

sheet on switching  efficiency of transistor composed of whole disk track with a 

semiconducting gap are illustrated. The energy landscape is shown in parts (a) ɬ(d) for 

a wire with fixed width of 0.25D and whose center is shifted away from the gap center 

by an amount of (a) 0D, (b) 0.13D, (c) 0.16D, and (d) 0.29D. Switching efficiencies are 

×ÙÌÚÌÕÛÌËɯÍÖÙɯÌÈÊÏɯÖÍɯÛÏÌÚÌɯÓÈÛÌÙÈÓɯ×ÖÚÐÛÐÖÕÚɯÍÖÙɯȹÌȺɯϕɯǻɯƔȭƙȮɯȹÍȺɯϕɯǻɯƔȭƚȮɯȹÎȺɯϕɯǻɯƔȭƛȮɯȹÏȺɯϕɯǻɯ

ƔȭƜȮɯȹÐȺɯϕɯǻɯƔȭƝȮɯÈÕËɯȹÑȺɯϕɯǻɯƕȭɯ(ÕɯÌÈÊÏɯÖÍɯÛÏÌɯ×ÈÙÛÚɯȹÌȺɬ(j), the colored lines correspond to 

the geometries of parts (a) solid black, (b) solid red, (c) dashed red, and (d) dashed 

black. Here, the ratio of the mean particle diameter to the disk diameter is taken to be 

0.25. In parts (a)ɬ(d), black dashed line depicts center of the gap, while th e white lines 
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define the wire geometry. These simulation results are based on the semi -analytical 

model. The figure is taken from my paper [123] by permission.  

Based on these results, using the semi-analytical model, I found that transistors 

having the semiconducting gaps could achieve the lowest current switching thresh olds 

with appropriate optimization of the device geometry and scale. These results suggest 

that the gap size should have dimensions commensurate with the particle radius to 

allow for the lowest required switching power. Thus, I further studied these transi stors 

using the FEM-based analytical solution as well as in the experiment. As explained in 

one of my published work [124], I investigated two types of transistor modes: (i) 

attractive mode, shown in Figure 26(b and e), which was introduced in previous figures 

as well, and (ii) repulsive mode, illustrated in Figure 26(c and f). The energy landscapes 

of each of these modes in the presence and absence of gate currents are shown in Figure 

26(aɬc). Sufficiently strong gate currents can annihilate the double well energy barrier of 

Figure 26a, and induce the cell to transfer across the gap toward the wire (attractive 

mode) or away from the wire (repulsive mode). Example particle trajectories for each  

transistor mode are provided in Figure 26(dɬf), where the corresponding external field 

directions and in -plane rotating fi elds are also illustrated. 
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Figure 26: Transistor operational modes and their energy landscapes are 

illustrated. Magnetic potential energy landscapes are shown in (a ɬc) with 

corresponding experiments shown in (d ɬf). The line cross sections are shown a) when 

no gate current is applied, b) in the attractive mode, and c) in the repulsive mode. In 

all cases, a constant uniform magnetic field is applied along the positive x -direction 

and denoted by the black arrow. d) The bead remains on the same side of the gap due 

to the double well potential of part (a). e) In a clockwise rotating field, the bead 
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moves across the gap toward the wire due to a gate current in the positive y -direction. 

f) In a counter -clockwise rotating field, the bead crosses the gap and moves away 

from  the wire due to a gate current in the negative y -direction. The field rotation 

sense is denoted by the circular arrows, and the gate currents are shown as red arrows. 

The simulation results are achieved using FEM -based analytical model. The figure is 

taken from my paper [124] by permission . 

I measured the switching thresholds of the attractive and repulsive transistor 

modes through a combination of static and dynamic transistor tests, with the results 

shown in Figure 27 and Figure 28. To test the hypothesis, arose from simulation, that 

optimal transistor performance can be achieved when the gap distance is similar to the 

cell diameter, I fabricated a series of transistors with gap distances ranging from 5 to 15 

ϟÔɯÛÖɯÊÖÝÌÙɯÈɯÙÈÕÎÌɯÖÍɯËÐÔÌÕÚÐÖÕÚɯÙÌÓÈÛÐÝÌɯÛÖɯÛÏÌɯÛà×ÐÊÈÓɯËÐÈÔÌÛÌÙÚɯÖÍɯÏÜÔÈÕɯ3-cells (6ɬ

ƕƔɯϟÔȺȭɯ%ÖÙɯÛÙÈÕÚÐÚÛÖÙÚɯÎÈ×ÚɯÚÔÈÓÓÌÙɯÛÏÈÕɯƜɯϟÔȮɯ(ɯÖÉÚÌÙÝÌËɯÈɯÏÐÎÏɯÍÙÌquency of particle 

crossings in the absence of a gate current, rendering this geometry unsuitable for a 

ÛÙÈÕÚÐÚÛÖÙɯÚÞÐÛÊÏȭɯ%ÖÙɯÛÙÈÕÚÐÚÛÖÙÚɯÎÈ×ÚɯÓÈÙÎÌÙɯÛÏÈÕɯƕƔɯϟÔȮɯ(ɯÍÖÜÕËɯÛÏÈÛɯÌßÊÌÚÚÐÝÌÓàɯÓÈÙÎÌɯ

gate currents were required to achieve reliable switching. The rest of this analysis thus 

ÍÖÊÜÚÌËɯÖÕɯÎÈ×ɯËÐÔÌÕÚÐÖÕÚɯÖÍɯƜɯÖÙɯƕƔɯϟÔȮɯÞÏÐÊÏɯÐÚɯÚÓÐÎÏÛÓàɯÓÈÙÎÌÙɯÛÏÈÕɯÛÏÌɯÈÝÌÙÈÎÌɯÊÌÓÓɯ

diameter.  

I investigated two approaches for evaluating the transistor performance, referred 

ÛÖɯÈÚɯɁÚÛÈÛÐÊɂɯÈÕËɯɁËàÕÈÔÐÊɂɯÛÙÈÕÚÐÚÛÖÙɯÛÌÚÛÚȭɯIn the static test, I positioned the cells or 
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beads at the gap junction, and then aligned the external field along the track axis (x -

direction). Next, I slowly increased the gate current, and recorded hysteresis loops for 

the position versus current, and in the process identified the gate currents when the cells 

and beads transferred across the gap (see Supplementary Movies S2 

(http://onlinelibrary.wiley.com/store/10.1002/adma.201502352/asset/supinfo/adma201502

352-sup-0002-S2.mov?v=1&s=f2bff6b038cba347c1efc9ef6138282d8492b290) and S3 

(http://onlinelibrary.wiley.com/store/10.1002/adma.201502352/asset/supinfo/adma201502

352-sup-0003-S3.mov?v=1&s=39e08e9cab44f0dbca5381d6ca181df61d3177de) for beads 

and cells, respectively, from my paper [124]). The switching experiments were 

conducted on at least ten beads or cells for each experimental condition, and I repeated 

the experiment in triplicate for each specific bead or cell. The average switching current 

thresholds for the attractive and repulsive transistor modes for magnetic beads and cells, 

respectively, are shown in the bar plots of Figure 27(c and d) and Figure 28(c and d).  

To compare these experimental results with my FEM-based theoretical model, I 

computed the expected current switching thresholds, assuming that the bead diameter 

was a random variable, with mean and ÚÛÈÕËÈÙËɯËÌÝÐÈÛÐÖÕɯÖÍɯƙȭƛƖɯǷɯƔȭƜƚɯϟÔȮɯÈÚɯËÌÙÐÝÌËɯ

from pixel analysis based size measurements of a population of 30 magnetic beads. The 

simulation results and their standard deviations for the switching thresholds are 

provided in Figure 27(e and f) and used for comparison with experiments on magnetic 

beads. Simulations for cells show similar trends (data not shown).  

http://onlinelibrary.wiley.com/store/10.1002/adma.201502352/asset/supinfo/adma201502352-sup-0002-S2.mov?v=1&s=f2bff6b038cba347c1efc9ef6138282d8492b290
http://onlinelibrary.wiley.com/store/10.1002/adma.201502352/asset/supinfo/adma201502352-sup-0002-S2.mov?v=1&s=f2bff6b038cba347c1efc9ef6138282d8492b290
http://onlinelibrary.wiley.com/store/10.1002/adma.201502352/asset/supinfo/adma201502352-sup-0003-S3.mov?v=1&s=39e08e9cab44f0dbca5381d6ca181df61d3177de
http://onlinelibrary.wiley.com/store/10.1002/adma.201502352/asset/supinfo/adma201502352-sup-0003-S3.mov?v=1&s=39e08e9cab44f0dbca5381d6ca181df61d3177de
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In the bar plots of Figure 27 and Figure 28, each bar corresponds to a particular 

transistor geometry with a unique gap size and gate location. I define the parameter L as 

the distance of the left edge of the wire from the disk edge on the opposing side of the 

ÎÈ×ȭɯ3ÏÌɯÉÓÈÊÒȮɯÙÌËȮɯÈÕËɯÉÓÜÌɯÉÈÙÚɯÊÖÙÙÌÚ×ÖÕËɯÛÖɯÛÙÈÕÚÐÚÛÖÙÚɯÞÐÛÏɯÈɯÎÈ×ɯÚÐáÌɯÖÍɯƕƔɯϟÔȮɯÉÜÛɯ

with different offsets for the wi re displacement from the disk edge, L, ranging from 7 to 

ƝɯϟÔȭɯ3ÏÌɯÎÙÌÌÕɯÉÈÙÚɯÖÍɯ%ÐÎÜÙÌÚɯƗɯÈÕËɯƘɯÊÖÙÙÌÚ×ÖÕËɯÛÖɯÛÙÈÕÚÐÚÛÖÙÚɯÞÐÛÏɯÈɯÚÔÈÓÓÌÙɯÎÈ×ɯÚÐáÌɯ

ÖÍɯƜɯϟÔɯÈÕËɯÈɯËÐÚ×ÓÈÊÌÔÌÕÛɯÖÍɯÛÏÌɯÔÐÊÙÖÞÐÙÌɯÉàɯƚȭƙɯϟÔɯÍÙÖÔɯÛÏÌɯÎÈ×ɯÊÌÕÛÌÙȭɯ(ÕɯÈÓÓɯÊÈÚÌÚȮɯ

the wire width kept ÍÐßÌËɯÈÛɯƗɯϟÔȮɯÞÏÐÊÏɯÐÚɯÛÏÌɯÚÔÈÓÓÌÚÛɯ×ÏÖÛÖÓÐÛÏÖÎÙÈ×ÏÐÊÈÓÓàɯ

reproducible dimension.  

Though there are some differences between theory and experiment, the 

simulations results predict the correct order of magnitude of the required switching 

currents, shown to be in the range of 10ɬ30 mA. Experiments also confirmed my 

predictions that magnetic beads will switch at lower current threshold when the gap size 

is smaller. This trend is clearly observed in the repulsive transistor modes of Figure 27(c 

and e); however, the trend still appears to be consistent for the attractive transistor 

modes and the cell based switching experiments of Figure 28. Some features predicted 

in the theory were not observed in the experiment, which are attributed to the 

oversimplifying assumptions in my idealized theoretical model. Improving the 

simulation accuracy would require better knowledge of the magnetic domain structure 
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in the disk patterns as a function of the applied magnetic field, as well as more rigorous 

treatment of the field distribution using finite element models.  

Next, I employed dynamic testing of the transistor switching efficiency, which is 

more representative of the device operating conditions. Using the transistor geometry of 

ËɯǻɯƕƔɯϟÔɯÈÕËɯ+ɯǻɯƝɯϟÔȮɯÛÏÌɯÕÜÔÉÌÙɯÖÍɯÚÜÊÊÌÚÚÍÜÓɯÉÌÈËɯÈÕËɯÊÌÓÓɯÊÙÖÚÚÐÕÎÚɯÞÌÙÌɯ

monitored as a function of the applied gate  currents in an externally applied 45 Oe 

rotating magnetic field. The switching efficiency is also shown as a function of frequency 

for single beads in Figure 27(a and b) and for single cells in Figure 28(a and b). In my 

paper [124], the motion of the beads and cells in the dynamic transistor tests are shown 

in Movies S4 

(http://onlinelibrary.wiley.com/store/10.1002/adma.201502352/asset/supinfo/adma201502

352-sup-0004-S4.mov?v=1&s=91bb4a61c15172a83d3d7331a851c20d6337c09a) and S5 

(http://onlinelibrary.wiley.com/store/10.1002/adma.201502352/asset/supinfo/adma201502

352-sup-0005-S5.mov?v=1&s=43506fa18097f49012fce5a3651dba7f33cb1c37). 

In comparing the data for the static and dynamic tests, I found that, at low 

frequencies, the switching thresholds were commensurate, which validates the simpler 

static tests to quantify transistor performance. At higher frequenc ies, the switching 

thresholds are reduced and thus frequency can be used as an additional control 

parameter to reduce the switching thresholds. For the magnetic beads in the repulsive 

mode (Figure 27(a)), complete switching with gate currents of ~8 mA for the 0.5 and 0.8 

http://onlinelibrary.wiley.com/store/10.1002/adma.201502352/asset/supinfo/adma201502352-sup-0004-S4.mov?v=1&s=91bb4a61c15172a83d3d7331a851c20d6337c09a
http://onlinelibrary.wiley.com/store/10.1002/adma.201502352/asset/supinfo/adma201502352-sup-0004-S4.mov?v=1&s=91bb4a61c15172a83d3d7331a851c20d6337c09a
http://onlinelibrary.wiley.com/store/10.1002/adma.201502352/asset/supinfo/adma201502352-sup-0005-S5.mov?v=1&s=43506fa18097f49012fce5a3651dba7f33cb1c37
http://onlinelibrary.wiley.com/store/10.1002/adma.201502352/asset/supinfo/adma201502352-sup-0005-S5.mov?v=1&s=43506fa18097f49012fce5a3651dba7f33cb1c37
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Hz driving frequencies, is observed. On the other hand, complete switching is achieved 

with gate currents of ~15 mA when the driving frequency is 0.2 H z, which is consistent 

with the static transistor tests. For the cell data, I find that complete switching is 

achieved at gate currents of ~20ɬ25 mA for the 0.2 and 0.5 Hz driving frequencies, which 

is also consistent with the static transistor tests. 

The ability to achieve both attractive and repulsive modes in a single transistor 

architecture allows us to implement the full write/read operation (i.e., writing a bead or 

cell to the array, and extracting it from the array) in magnetophoretic random access 

memories, which would be introdu ced in the following sections.  

 

Figure 27: Transistor switching thresholds for magnetic beads are shown. The 

experimental switching efficiency in the dynamic transistor tests is shown for the a) 

repulsive mode and b) attractive mode for driving frequencies of 0.2 Hz (blue), 0.5 Hz 
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(red), and 0.8 Hz (black). In these dynamic tests, the rotating field magnitude is H ext = 

45 Oe. The experimental switching thresholds in the static transistor tests for th e c) 

ÙÌ×ÜÓÚÐÝÌɯÔÖËÌɯÈÕËɯËȺɯÈÛÛÙÈÊÛÐÝÌɯÔÖËÌɯÈÙÌɯÚÏÖÞÕɯÍÖÙɯËÌÝÐÊÌɯÎÌÖÔÌÛÙÐÌÚɯÖÍɯËɯǻɯƜɯϟÔɯ

ÈÕËɯ+ɯǻɯƚȭƙɯϟÔɯȹÎÙÌÌÕɯÉÈÙÚȺȮɯËɯǻɯƕƔɯϟÔɯÈÕËɯ+ɯǻɯƛɯϟÔɯȹÉÓÈÊÒɯÉÈÙÚȺȮɯËɯǻɯƕƔɯϟÔɯÈÕËɯ+ɯǻɯƜɯ

ϟÔɯȹÙÌËɯÉÈÙÚȺȮɯÈÕËɯËɯǻɯƕƔɯϟÔɯÈÕËɯ+ɯǻɯƝɯϟÔɯȹÉÓÜÌɯÉÈÙÚȺȭɯ3ÏÌÖÙÌÛÐÊÈÓɯÙÌÚÜÓÛÚɯ×ÙÌÚÌÕÛÌd 

in (e) and (f) correspond to the transistor mode types of (c) and (d), respectively. The 

simulation results are achieved using FEM -based analytical model. The figure is 

taken from my paper [124] by permission.  

 

Figure 28: Transistor switching thresholds for magnetically labeled T -cells are 

shown. The experimental switching efficiency of magnetically labeled T -cells in the 

dynamic transistor tests is shown for the a) repulsive mode and b) attractive mode for 

driving freque ncies of 0.2 Hz (blue) and 0.5 Hz (red) in a constant 45 Oe rotating 

magnetic field. The switching thresholds for cells in the static transistor tests for the 

ÊȺɯÙÌ×ÜÓÚÐÝÌɯÔÖËÌɯÈÕËɯËȺɯÈÛÛÙÈÊÛÐÝÌɯÔÖËÌɯÈÙÌɯÚÏÖÞÕɯÍÖÙɯËÌÝÐÊÌɯÎÌÖÔÌÛÙÐÌÚɯÖÍɯËɯǻɯƜɯϟÔɯ

and L = 6.5 ϟÔɯȹÎÙÌÌÕȺȮɯËɯǻɯƕƔɯϟÔɯÈÕËɯ+ɯǻɯƛɯϟÔɯȹÉÓÈÊÒȺȮɯËɯǻɯƕƔɯϟÔɯÈÕËɯ+ɯǻɯƜɯϟÔɯȹÙÌËȺȮɯ
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ÈÕËɯËɯǻɯƕƔɯϟÔɯÈÕËɯ+ɯǻɯƝɯϟÔɯȹÉÓÜÌȺȭɯ3ÏÌɯÍÐÎÜÙÌɯÐÚɯÛÈÒÌÕɯÍÙÖÔɯÔàɯ×È×ÌÙɯ[124] by 

permission.  

5.2 Magnetophoretic Transistors in Applied 3D Magnetic Field 

As explained in my paper [135], to design a transistor, able to operate in a 3D 

conical magnetic field, I consider a system in which two drop -shape magnetic track 

patterns are positioned in near proximity and test the ability of different micro -wire 

geometries to switch magnetic particles between the two magnetic tracks. Of the many 

transistor geometries that I tested, here I only present a few geometries that enabled 

high efficiency switching with the lowest possible currents, which can be broadly 

classify in two general categories.   

5.2.1 Barrier Transistors 

3ÏÌɯÍÐÙÚÛɯÛÙÈÕÚÐÚÛÖÙɯÊÈÛÌÎÖÙàȮɯÞÏÐÊÏɯÏÌÙÌÈÍÛÌÙɯ(ɯËÌÕÖÛÌɯÈÚɯɁÉÈÙÙÐÌÙɯÛÙÈÕÚÐÚÛÖÙÚɂɯȹÚÌÌɯ

Figure 29), uses a small current loop to induce a local magnetic energy barrier when the 

particle reaches the transistor junction.  Switching is observed only when the gate 

current within the loop produces a magnetic field that is parallel to the vertical 

component of the external field.  The local energy minimum established by the current 

ÓÖÖ×ɯÊÈÜÚÌÚɯÛÏÌɯ×ÈÙÛÐÊÓÌɯÛÖɯÉÌÊÖÔÌɯÔÖÔÌÕÛÈÙÐÓàɯÛÙÈ××ÌËȮɯÈÍÛÌÙɯÞÏÐÊÏɯÛÏÌɯ×ÈÙÛÐÊÓÌɀÚɯ

location becomes out-of-phase with the traveling potential energy landscape of the first 

track.  When the nearby energy well  of the opposite track arrives at the junction, the 

particle then resumes its path along the second track, but in the opposite direction.    



 

108 

Some representative particle motions are depicted in Figure 29, which presents the 

overlaid trajectories (blue dotted lines) of ten magnetic beads.  For these experiments, 

the field strength was fixed at 70 Oe, cone angle at 45°, driving frequency of 0.1  Hz, and 

transistor gate currents of 35 - 45 mA.  Switching was achieved by manually turning on 

the gate current when the particle arrived at the junction. The particle t rajectories 

depicted in Figure 29 are consistent regardless of the size of the particle. 
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Figure 29: Barrier transistors are illustrated. The horizontal and vertical 

magnetic field components are fixed at 50 Oe, while the in -pl ane field component 

rotates clockwise at a driving frequency of 0.1 Hz. The gate currents required for 

reliable switching in each of the transistor geometries are (a) 35 mA, (b) 35 mA, (c) 45 

mA, and (d) 40 mA, respectively. The dotted blue lines depict th e trajectories of 

magnetic particles extracted from video data. The red circles depict the starting points 

of the overlaid trajectories, and the curved black arrow represents the rotation sense 

of the horizontal field component with the direction of the ve rtical field depicted at 

the center of the curved arrow.  The figure is taken from my paper [135]. 

5.2.2 Repulsion Transistors 

For ease of discussion, I also define a second category of transistors, hereafter 

ËÌÕÖÛÌËɯÈÚɯɁÙÌ×ÜÓÚÐÖÕɯÛÙÈÕÚÐÚÛÖÙÚɂȮɯÞÏÐÊÏɯÈÙÌɯÉÈÚÌËɯÖÕɯÚÛÙÈÐÎÏÛɯȹÖÙɯÚÓÐÎÏÛÓàɯÊÜÙÝÌËȺɯÎÈÛÌɯ

currents aligned parallel to t he track direction (See Figure 30). Here, the switching 

mechanism is based on supplying gate currents that produce an in-plane field 

component, which is anti -parallel to the in -plane component of the external field.  The 

local reduction in field  strength causes the particle to be repelled away from the current 

magnetic track and attracted towards a nearby magnetic track, thus completing the 

switching process. In some cases, I employ a two -wire geometry, in which anti -parallel 

currents are used both to repel the bead from one side and attract the bead to the other 

side of the transistor junction ( Figure 30(a and b)). Due to closer proximity to the first 
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wire, t he repulsion is always stronger than the attraction by the wire that on the 

opposite side of the junction. One-wire configurations ( Figure 30(c and d)) could also 

achieve particle switching, but only in the repulsive direction, as the attractive force 

from the opposite wire was insufficient to significantly alter the local potential energy 

landscape.  
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Figure 30: Repulsion transistors are illus trated. The horizontal and vertical 

magnetic field components are fixed at 50 Oe, while the in -plane field component 

rotates clockwise at a driving frequency of 0.1 Hz. The gate currents required for 

reliable switching in each of the transistor geometries are (a) 35 mA, (b) 30 mA, (c) 35 

mA, and (d) 30 mA, respectively. The dotted blue lines depict the trajectories of 

magnetic particles extracted from video data. The red circles depict the starting points 

of the overlaid trajectories, and the curved black a rrow represents the rotation sense 

of the horizontal field component with the direction of the vertical field is depicted at 

the center of the curved arrow. The figure is taken from my paper [135]. 

To quantify the switching t hresholds of the transistors, I monitored the 

percentage of successful magnetic bead crossings as a function of the applied gate 

currents in an external field consisting of a rotating 50 Oe in-plane component rotating 

at 0.1 Hz and a 50 Oe vertical component (corresponding to a 45° cone angle). For each 

transistor, I measured the trajectory of at least twenty magnetic beads to obtain statistics 

on the switching reliability. The results for all eight tran sistors, illustrated in Figure 31, 

thus represent an amalgamation of over 3000 individual measurements of the switching 

efficiency of single beads in different gate currents. 
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Figure 31: Switching thresholds of several transistors are illustrated. The 

switching thresholds for 8.4 µm (black lines) and 15.6 µm magnetic beads (red lines) 

are shown for the transistors depicted in a)  Figure 29(a), b) Figure 29(b), c) Figure 

29(c), d) Figure 29(d), e) Figure 30(a), f) Figure 30(b), g) Figure 30(c), and h) Figure 

30(d). In these tests, the in -plane rotating field and the vertical bias field magnitudes 
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are 50 Oe and the driving frequency is 0.1 Hz. The figure is taken from my paper 

[135]. 

As observed in Figure 31, the switching thresholds were relatively similar across 

the different class of transistors. However, based on the tighter spread of the trajectories 

of the transistors depicted in Figure 29(b) and Figure 30(b), I selected these transistors 

for further testing of different experimental conditions.  

 The switching efficiency for the two selected tran sistors is presented in 

Figure 32 as a function of the driving frequency ( Figure 32(a and d)), field strength 

(Figure 32(b and e)), and field cone angle (Figure 32 (c and f)). For these experiments, in 

order to more closely simulate our immune cell population of interest, I used only the 

8.4-µm diameter magnetic beads, and I present comparative examples in each of the 

figure panels. Figure 32(a-c) presents the results for the barrier transistor depicted in 

Figure 29(b), while Figure 32(d-f) shows similar experiments for th e repulsion transistor 

of Figure 30(b).   The switching thresholds only weakly depend on field strengths 

ranging from 50 ɬ 90 Oe, cone angles ranging from 37° - 65°, and driving  frequencies 

ranging from 0.1 ɬ 0.6 Hz. 
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Figure 32: Transistor switching thresholds vs. field strength, frequency, and 

cone angle are illustrated. The switching efficiency of 8.4 -µm magnetic beads is 

shown for the transistor depic ted in Figure 29(b) as a function of (a) the driving 

frequency ranging from 0.1 Hz (black), 0.3Hz (red), and 0.6Hz (blue) when the field 

magnitude and  cone angle are fixed at 70 Oe and 45°, respectively, (b) the field 

magnitude ranging from 50 Oe (black), 70 Oe (red), and 90 Oe (blue) when the cone 

angle and the driving frequency are fixed at 45° and 0.1Hz, respectively, and (c) the 

the cone angle ranging from degrees 37° (black), 45° (red), and 65° (blue) when the 

field magnitude and driving frequency are fixed at 70  Oe and 0.1 Hz, respectively.  
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The results from similar experiments performed on the transistor depicted in Figure 

30(b) are shown in (d -f). The figure is taken from my paper [135]. 

I also demonstrated the ability to switch the trajectory of magnetically labeled 

CD4+ human T cells with these transistor geometries (Fig. 7). The dotted blue lines 

present multiple overlaid cell trajectories, which demonstrate the reliability of switching.   

 

 

Figure 33: Transistor switching of magnetically labeled CD4+ T cells is shown. 

The overlaid trajectories (dotted blue lines) of magnetically labeled human T cells are 

shown with the horizontal and vertical magnetic field compo nents fixed at 50 Oe, 

while the in -plane field component rotates clockwise at a driving frequency of 0.1 Hz. 

The gate current is fixed at 50 mA. The dotted blue lines depic t the trajectories of the 
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cells extracted from video data. The red circle depicts th e starting points of the 

overlaid trajectories, and the curved black arrow represents the rotation sense of the 

horizontal field component with the direction of the vertical field is depicted at the 

center of the curved arrow. The figure is taken from my p aper [135]. 

To summarize, we have analyzed and developed several types of 

magnetophoretic transistors to switch the magnetized particles. In integrated circuits the 

transistors are usually combined in series. Thus, the total required voltage to trigger 

their gate is proportional to the number of the transistors and the re quired gate current. 

Hence, it is important to design transistors with lower required gate currents, to be able 

to increase the number of the integrated transistors in a device. We found that by tuning 

the gap size, we can lower the required gate current. 

We designed transistors operating in either 2D or 3D driving magnetic field.  

In 2D field, we found that the required gate currents for the transistors operating in the 

repulsive mode are lower, compared to the transistors operating in the attractive mode. 

The design for transistors operating in 3D field, due to the asymmetric nature of the 

energy distribution , was more challenging. Among the designed transistors, the ones 

with the ability of  bi-directional switching are preferred. Furthermore, transistors with 

shorter gate electrodes have lower electrical resistivity, and hence are superior. 

Finally, we optimized the  transistors with required gate currents of ~30mA, 

operating in a 2D field, and ~50 mA, operating in a 3D field. We found that the 
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switching properties of these transistors are robust and is not strongly dependent on the 

size of the magnetized particles, driving frequency, magnetic field strength, or the cone 

angle (in the case of the ones operating in 3D field). These transistors can now be 

combined into integrated systems, to form switching arrays for precise control of a large 

number of  individual particles, in an addressable controlled fashion.  
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6. Integrated Magnetomicrofluidics Circuits 

Gordon Moore, co-founder and Chairman Emeritus of Intel Corporation, is 

ÙÌ×ÖÙÛÌËɯÛÖɯÏÈÝÌɯÚÈÐËɯÐÕɯƕƝƝƜɯɁIf the auto indu stry advanced as rapidly as the 

semiconductor industry, a Rolls Royce would get a half a million miles per gallon, and it 

would be cheaper ÛÖɯÛÏÙÖÞɯÐÛɯÈÞÈàɯÛÏÈÕɯÛÖɯ×ÈÙÒɯÐÛȭɂ[147-149] The outcomes of the 

semiconductor industry are the e lectronic integrated circuits (ICs), composed of circuit 

elements. Similarly, in magnetophoretic circuits, conductors, which are used to transport 

magnetized objects, can be combined with active transistors, to switch objects at specific 

junctions. The resulting integrated circuits can provide a scalability that is similar to that 

found in electronic circuits. Here, I explain the operation of an example of an integrated 

magnetophoretic circuit, namely a random access memory.  

6.1 Random Access Memory for Organizing Single Beads and 
Cells 

By analogy to random access memories (RAM) used in computers to store 

electrons, here I have developed an equivalent RAM circuit to store single particles and 

cells in programmable locations. This memory could be used to study the phenotypic 

behavior of the stored single cells over time, and potentially allow unique cells of 

interest to be retrieved for genomic analysis. In designing this chip, I  drew inspiration 

from RAM architectures and showed the ability to store particles in an array (See Figure 

34). The array periphery, composed of wires connected to the gates of an array of 

transistors, delivers the control signals to the memory elementary storage sites. 



 

119 

Addressing a particular storage site is possible by sending a control signal through the 

specific row (word line) and column (bit line) to the gate of t he transistors. In a zoomed 

view, i n Figure 34(b), the single storage site numbered 34, in which a single human 

CD4+ T cell is stored, is shown. 

 

Figure 34: An array in a random access memory, for storing single magnetically 

labeled CD4+ T cells is illustrated. An 8 × 8 array was designed and built to import, 

store, and export magnetized objects. (a) A section of the array is shown . (b) A single 

memory cell ( i.e., storage site), in which a single human CD4+ T cell is stored, is 

depicted. In this figure, the golden lines are the wires, while the circular patterns are 

the magnetic tracks. The figure is taken from my paper  [124], by permission.  

In Figure 35, I demonstrate the ability of the transistors to achieve both attractive 

and repulsive modes, enabling the implementation of reciprocal writing capabilities 

required for a complet e memory operation (i.e., writing a bead or cell to the array, and 

extracting it from the array when desired). These dual functions are depicted by red 
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lines, which stand for the trajectories of magnetic beads being written to array sites, and 

the green lines, which show the trajectories of beads being retrieved from array sites. In 

total, this demonstration required nine synchronized switch operations ɭthree row 

switches (word lines) were activated to introduce cells down specific rows in the array, 

while t hree column switches (bit lines) were activated in the repulsive and attractive 

modes, to import or export the beads, respectively, from their designated storage sites. 

The actual trajectories are shown in Supplementary Movie S6 

(http://onlinelibrary.wiley.com/store/10.1002/adma.201502352/asset/supinfo/adma201502

352-sup-0006-S6.mov?v=1&s=714f1edc02ab177aef682ceb920765eff04c3ec9) in my paper  

[124], in addition to a high -resolution movie S7 

(http://onlinelibrary.wiley.com/store/10.1002/adma.201502352/asset/supinfo/adma201502

352-sup-0007-S7.mov?v=1&s=8a5edb54041608036d46e00979410c04e57ab368) which 

demonstrates that similar operations can be performed on magnetized cells. Moreover, 

Figure 36 illustrates three single human T-cells that are stored in three different storage 

sites. 

 

http://onlinelibrary.wiley.com/store/10.1002/adma.201502352/asset/supinfo/adma201502352-sup-0006-S6.mov?v=1&s=714f1edc02ab177aef682ceb920765eff04c3ec9
http://onlinelibrary.wiley.com/store/10.1002/adma.201502352/asset/supinfo/adma201502352-sup-0006-S6.mov?v=1&s=714f1edc02ab177aef682ceb920765eff04c3ec9
http://onlinelibrary.wiley.com/store/10.1002/adma.201502352/asset/supinfo/adma201502352-sup-0007-S7.mov?v=1&s=8a5edb54041608036d46e00979410c04e57ab368
http://onlinelibrary.wiley.com/store/10.1002/adma.201502352/asset/supinfo/adma201502352-sup-0007-S7.mov?v=1&s=8a5edb54041608036d46e00979410c04e57ab368
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Figure 35: A small section of a random access memory  for storing/retrieving 

magnetic particles is illustrated. An 8 × 8 array was designed and built to import, 

store, and export magnetized objects. Here three magnetic beads are temporarily 

stored in array sites 42, 53, and 64 with the import trajectories sh own in red. At later 

times, the beads are exported from these storage sites with the trajectories shown in 

green. The figure is taken from my paper [124]. The full trajectories can be found in 

Supplementary Movie S6 

(http://onlinelibrary.wiley.com/store/10.1002/adma.201502352/asset/supinfo/adma2015

http://onlinelibrary.wiley.com/store/10.1002/adma.201502352/asset/supinfo/adma201502352-sup-0006-S6.mov?v=1&s=714f1edc02ab177aef682ceb920765eff04c3ec9
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02352-sup-0006-S6.mov?v=1&s=714f1edc02ab177aef682ceb920765eff04c3ec9) in my 

paper  [124]. 

 

Figure 36: A small section of a random access memory for storing human CD4+ T cells 

is shown. An 8 × 8 array was designed and built to import, store, and export 

magnetized objects. Here magnetized human CD4+ T cells are stored in the arra y. 

The multiplexed addressing technique used in this demonstration  decreases the 

number of the required wires for storing/retrieving the single cells in arrays, 

dramatically. By employing the concept of banks, it is possible to minimize the wiring 

complexi ty and make this chip more similar to memories in computer systems , wherein 

each bank consists of an array of cells. This approach thus provides  the opportunity to  

organize and study a large number of single cells on a chip. 

 

http://onlinelibrary.wiley.com/store/10.1002/adma.201502352/asset/supinfo/adma201502352-sup-0006-S6.mov?v=1&s=714f1edc02ab177aef682ceb920765eff04c3ec9
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6.2 Rapid Organization of Bioparticles with 
Magnetomicrofluidics 

All the developed circuits explained above, operate based on magnetic transport, 

with the advantages of being gentle, programmable, highly parallel, and locally 

addressable; however, this technique is too slow to populate a large array. To overcome 

this challenge, I tested various delivery mechanisms. For example, I considered different 

approaches to use microfluidics channels to deliver the particles to locations nearby the 

array sites and then planned to use stop-flow conditions to send the objects into the 

array sites using magnetic circuits. This approach did not work because it was difficult 

to control the position of the part icles with fluid flow precisely and  it did not provide 

mechanisms to control the number of delivered particles to each storage site.  

To solve these problems, I adapted a previously developed technique, explained 

in Chapter 1.3.2 Array -Based Systems, which uses hydrodynamic traps to capture 

single-cell objects in an array. Once captured fluidically in the single cell format, it is 

possible to move them into the storage sites using my magnetic circuits.  This particle 

organization approach, which I called  magnetomicrofluidics circuit, overcomes the 

problems with purely hydrodynamic trapping methods because (i) the cells are removed 

from the trap sites, where a strong shear stress may affect their viability [150], (ii) it is 

possible to form cell pairs and study the cell -cell interactions, (iii) the storage sites, and 

their encapsulating particles, can be separated from the rest of the array (by introducing 

oil to the channels), (iv) the cells stored in the storage sites can be used for drug studies, 
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and (v) by employing magnetophoretic transistors, we potentially will be able to release 

these particles, for follow -on studies. 

6.2.1 Magnetomicrofluidics Circuit Theory 

Particles can be captured in an array in single particle format by using specially 

designed microfluidic channels that exploit the flow patterns in a resistive laminar flow 

network (See Figure 37(a)). This particle trap technique is achieved by including two 

fluidics pathways in the microfluidic network. The first pathway leads to a fluidic 

constriction, called the trap path (shown with index 1 in  Figure 37), which has lower 

fluid resistance and higher flow rate compared to the alternative pathway which is 

called the bypass path (shown with index 2 in  Figure 37). To design the microfluidics 

network with these desired flow rates, it is necessary to control the relative resistances 

through each of these paths and consider them as a network in parallel  (See Figure 

37(b)), which can be modeled using the hydrodynamic  ÌØÜÐÝÈÓÌÕÛɯÖÍɯ.ÏÔɀÚɯÓÈÞɯ

(ͅ/=QR). Since the resistance of a rectangular cross-section channel is known , the ratio 

of the flow rates in the channels, based on their geometries, can be derived [95]: 
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where Q, L, W, and H stand for the flow rate, channel length, channel width, and 

channel height, respectively. Gi(i) is a constant, defined by the aspect ratio (0< i<1), and 

indices 1 and 2 represent the trap and the bypass channels (See Figure 37). Based on 
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Equation (33), the dimension of the trap and the bypass channel in Figure 37(a) can be 

designed such that initially the flow rate in the latter is higher than the one in the former 

(i.e., the hydrodynamic resistivity of the trap channel is lower than the one of the bypass 

channel (See Figure 37(b))). To capture the particles in trap sites, trap width (i.e., W 1) 

needs to be smaller than the particle diameter. Since the height of both channels is equal, 

the bypass channel needs to be longer than the trap channel (i.e., L2 >> L1), to achieve the 

required ratio of the flow rates.  

In this design, the first approaching particle would choose to move through the 

channel with higher flow rate (i.e., the trap channel). It is important to design the 

microfluidics channels such that after trapping the first particle, the o ccupied trap has a 

higher fluid resistance, which means that the next particle will observe a lower 

resistance path by flowing through the bypass channel. To achieve this goal, we need to 

set the height of the channels just slightly bigger than the diameter of the particles, so 

that after trapping the first particle, the fluid flow rate of the trap channel drops and so 

the next particle chooses to move through the bypass channel. Thus, by placing these 

trapping microfluidics designs in series, we would be a ble to capture single particles in 

multiple hydrodynamic traps. Figure 38 shows two examples of the resulting 

microfluidics system in which the beads are assembled in the trap sites. 
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Figure 37: A hydrodynamic trapping system and its equiv alent circuit model 

are shown. (a) A hydrodynamic trapping system, composed of two parallel fluidic 

paths is illustrated. Here index 1 stands for the trap path, while index 2 stands for the 

bypass path. (b) The equivalent circuit model for the hydrodynamic  trapping system 

shown in panel a is presented. R stands for the fluidic resistivity.   
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Figure 38: Trapping single beads in hydrodynamic trap sites is shown. The 

individual beads are trapped in hydrodynamic traps. Two different d esigns are 

illustrated in (a) and (b).  

 I repeated the similar experiments with c ells; however, the cells squeezed 

through the traps (See Figure 39). Thus, in order to solve this problem, I designed 

narrower traps and lowered the flow rate (See Figure 40). 
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Figure 39: A single cell squeezing through a trap is illustrated.  When the trap 

width is not small enough a high flow rate may result in squeezing cells through the 

trap. The dotted  line shows the cell trajectory  through the traps. A zoomed view of a 

cell at squeezing time is illustrated in the inset.   

 

Figure 40: Trapping single cells in hydrodynamic trap sites is shown. The traps 

in th is design are narrower, compared to the one shown in Figure 39.  
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6.2.2 Magnetic Transfer in Magnetomicrofluidics Circuits 

A complete magnetomicrofluidics circuit is composed of the microfluidics 

trapping system, to capture single particles in the first phase of the device operation as 

explained above, and the magnetophoretic circuits, to send the trapped particles into the 

storage sites in the second phase of the device operation. However, it is important to 

note that in the first phase the external rotating field needs to be kept off, to prevent 

movement of the captured particles from the  fluidic  trap sites which will result in 

catching the next approaching particle in the same spot and ending up with more than a 

single particle in a single storage site. Only after capturing all single particles in the 

fluidic trap sites, the second phase starts by turning on the external rotating field. In 

Figure 41 an example of these circuits is illustrated in which after trapping the particles 

in the trap sites (See Figure 41(a)), magnetophoretic circuits are used to move the 

particles into the storage sites (See Figure 41(b)). 
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Figure 41: Organizing magnetic beads in magnetomicrofluidics tool is 

illustrated. (a) Magnetic beads are captured in fluidics traps. The blue and red dotted 

lines depict the trajectory of the second and third particles entering the trap array, 

respectively. (b) Magnetophoretic circuits are used to move the trapped magnetic 

beads from their fluidics traps to the storage sites. The trajectory of a sample particle 

is represented by the blue dotted line. The blue circles show the sta rt point of the 

particle trajectories.  

After successfully assembling the magnetic beads into the magnetomicrofluidics 

arrays, I attempted to repeat the same experiment with magnetized Human CD4+ T 

Cells. The first phase of the device operation (i.e., trapping the single cells) was 

successful; however, the second phase (i.e., using magnetophoretic circuits to move 
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them into storage sites) failed. Although a few cells moved along the magnetic tracks, 

most of them did not move. This failure showed that the man ipulation of single cells, 

compared to that of the beads, inside magnetomicrofluidics circuits is more challenging  

and these circuits need to be modified to achieve the single cell analysis tool 

development goal. 

6.3 Improving the Microfluidics Fabrication Strategy 

Towards the goal of manipulating cells inside magnetophoretic circuits, I need to 

evaluate the presence of the proper magnetic fields, the appropriate cell magnetization, 

and the suitable substrate surface chemistry. The fact that magnetic beads can move 

inside the chips (See Figure 41) proves that these circuits operate appropriately and 

provide the right magnetic fields. Thus, the problem of the stationary cells is something 

other than the lack of the required magnetic fields. This problem can be the possibility of 

the cells not being properly magnetized; however in prior chapters, I showed that the 

cells can move on open chip magnetophoretic circuit architectures (See Figure 36 and 

movie S7 from my paper [124]: 

http://onlinelibrary.wiley.com/store/10.1002/adma.201502352/asset/supinfo/adma201502

352-sup-0007-S7.mov?v=1&s=8a5edb54041608036d46e00979410c04e57ab368). This 

proves that (i) the cells are magnetized before placing them inside magnetomicrofluidics 

circuits (i.e., closed-chip) and (ii) the magnetophoretic circuits are able to manipulate the 

magnetized cells.  

http://onlinelibrary.wiley.com/store/10.1002/adma.201502352/asset/supinfo/adma201502352-sup-0007-S7.mov?v=1&s=8a5edb54041608036d46e00979410c04e57ab368
http://onlinelibrary.wiley.com/store/10.1002/adma.201502352/asset/supinfo/adma201502352-sup-0007-S7.mov?v=1&s=8a5edb54041608036d46e00979410c04e57ab368


 

132 

Hence, it seems the cells lose their magnetization after delivering them into the 

microfluidics channels. I was not able to evaluate this hypothesis carefully, but it is 

possible that a strong shear stress applied on trapped cells removes the magnetic 

nanoparticles from the cell surface. The magnetic nanoparticle loss can decrease the cell 

ÚÜÙÍÈÊÌɯÊÖÝÌÙÈÎÌɯÈÙÌÈȮɯϫȮɯÐÕɯ$ØÜÈÛÐÖÕɯȹ2), which results in a drop in the cell 

magnetization. Although some magnetic nanoparticles may survive on the cell surface, 

the resulting fraction of adhered nanoparticles is not sufficient to provide the required 

magnetic forces to move them into the storage site (See Equation (4)). Thus, future work 

should focus on better methods for magnetically labeling cells that allow cells to 

maintain their magnetization in a wide va riety of flow conditions.  

It is also possible that in my failed experiments the cells were adhering to the 

microfluidic wall s, preventing the magnetic forces from moving the cells into the storage 

sites. As mentioned in Chapter 3. Experimental Methods , adding  some CTAB in the 

solution prevents the beads from sticking to the chip surface. Although this method is 

useful in the bead experiments, it is not biocompatible, preventing its use wit h the cells. 

In my open-chip experiments, as an alternative method, I used chip surface passivation 

approaches (See Chapter 3.2.1 Chip Surface Passivation from SiO2 Surface and Chapter 

3.2.2 Chip Surface Passivation from SU8 Surface) to  provide a non-fouling layer and 

thereby prevent cells from sticking to the chip surfaces.  (See Figure 36 and movie S7 

from my paper [124]: 
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http://onlinelibrary.wile y.com/store/10.1002/adma.201502352/asset/supinfo/adma201502

352-sup-0007-S7.mov?v=1&s=8a5edb54041608036d46e00979410c04e57ab368). Thus, I 

tried to use a similar method to grow the polymer brushes inside microfluidics channels 

and enhance the device operation. 

6.3.1 Surface Passivation inside Microfluidics Channels 

To provide a non-fouling layer inside microfluidics channels and prevent the 

cells from adhering to the chip surface or microfluidics walls we modified the 

polymerization protocol explained in Chapt er 3. Since the magnetomicrofluidics chips 

are closed, we used syringe pumps to flow the precursors in liquid phase into the 

microfluidics channels. The result of this microfluidic polymerization attempt is shown 

in Figure 42, in which the PDMS is swelled and delaminated and the microfluidics 

channels are destroyed.  

A literature review showed that ethanol, which is used as the solvent in our 

polymerization protocol, sw ells the PDMS. Since swelling  of PDMS by methanol was 

reported to be lower than that by ethanol [151], I repeated the experiments with 

methanol; however, similar problems were observed.  

In addition to the mentioned unsatisfactory results, in using PDMS -based 

microfluidics chips, I have faced with some more issues. For example, since PDMS is a 

gas-diffusible material, when PDMS -based microfluidics devices operate at low flow 

rates, there is always a chance of forming bubbles inside the channels, which results in 

http://onlinelibrary.wiley.com/store/10.1002/adma.201502352/asset/supinfo/adma201502352-sup-0007-S7.mov?v=1&s=8a5edb54041608036d46e00979410c04e57ab368)
http://onlinelibrary.wiley.com/store/10.1002/adma.201502352/asset/supinfo/adma201502352-sup-0007-S7.mov?v=1&s=8a5edb54041608036d46e00979410c04e57ab368)
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failure of the device operation. Because of these problems, I decided to replace the 

PDMS lid in my chip with a glass piece; however, perfect sealing of an SU8-based chip 

with glass, using various methods (e.g., spin coating SU8 on a glass wafer and 

crosslinking it in contact with the SU8 -based chip with microfluidics patterns on it, 

bonding at high temperature, acid treatment of SU8, etc.), was not achieved.   

 

Figure 42: The effect of ethanol in polymerizing PDMS -based microfluidics 

chips is illustrated.  Microfluidics chips are illustrated (a) before and (b) after the first 

step of polymerization, in which the chip is exposed to the ethanol for 18 hours at 

flow rate of 15 µL/min.  

In an alternative approach, the glass lid can be directly bonded to the silicon 

wafer, using anodic bonding technique. In this method, the microfluidics channels need 
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to be etched in the silicon wafer; however, fabricating magnetophoretic circuits inside 

etched channels is challenging. Also, precise alignment of the two piece in anodic 

bonding is not easy, challenging the idea of fabricating the magnetophoretic circuits on 

the glass piece. In the end, I came up with a self-aligned fabrication protocol based on 

anodic bonding of silicon and glass, which needs a new design in which 

magnetophoretic circuits are included in the microfluidics walls (See Figure 43(a)). In 

other words , in this new design microfluidic structures form both the microchannels and 

the magnetic features in the same layer.  Since in this method permalloy covers the 

whole chip surface (See Chapter 6.3.2 Fabrication of Magnetomicrofluidics Chips based 

on Silicon and Glass Anodic Bonding) neither fabrication of the magnetophoretic circuits 

is challenging, nor a careful alignment is required.  

The resulting chip is based on silicon and glass, making it suitable for the in-chip 

polymer brush grow . The polymerization protocol  would be similar to the one 

mentioned in Chapter 3.2.1 Chip Surface Passivation from SiO2 Surface; however, in 

each step, the required precursors in liquid phase would be pumped into the 

microfluidics channels . It may also be necessary to revise the protocol to prevent 

possible microfluidic clogging problems, during the polymerization, which can be a 

topic for the future works.  
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Figure 43: Magnetomicrofluidics design, to be used in silicon/glass -based 

microfluidics is shown. (a) In this design, the magnetophoretic circuits are included 

into the walls. (b) An image of the chip after being etched is shown. This picture is 

taken from my chips  by Justin Gladman, R&D Engineer at Shared Materials 

Instrumentation Facility (SMIF) at Duke University.  

6.3.2 Fabrication of Magnetomicrofluidics Chips based on Silicon and 
Glass Anodic Bonding 

Given the need for redesigning our chips based on silicon and glass, I revised my 

microfabrication protocol. The first step in fabricating the chips based on this design was 

to define the microfluidics patterns  via photolithography (See the detailed lithography 

protocol in Chapter 3.1.1 Lithography ) with a positive photoresist. Then, using the Deep 

Silicon Reactive Ion Etch (SPTS Pegasus, England), the channels were etched into the 
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silicon wafer. The remaining photoresist on the chip was re moved in 1165 resist remover 

at 65 degrees C for 30 minutes. Next, the chip was rinsed with acetone and isopropanol  

and dried with nitrogen. Then, to remove the deposited polymer during the etch 

process, the chip was placed in piranha solution (3:1 ratio of sulfuric acid to hydrogen 

peroxide) overnight, and rinsed thoroughly with water and dried with nitrogen (See the 

resulting chip in Figure 43(b)). 

The channel depth was measured using a profilometer (Bruker Dektak 150), 

which plots the height of the scanned points along a scanning line (See Figure 44 for  a 

sample measurement result). Then, a metal evaporator was used to deposit a 150nm-

thick layer of permalloy on the chip surface, followed by deposition of a 200nm -thick 

layer of SiO2, using a PECVD. The detailed evaporation protocols are explained in 

Chapter 3.1.2 Metal Evaporation (Ti/Au or Ni 80Fe20) and Chapter 3.1.4 Insulation with 

SiO2.  
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Figure 44: A screenshot of the profilometer measurement result is presented. 

The depth of the microchannels is measured. In this system, the profilometer tip 

moves along a straight line, and the height of the points along that line is plotted. In 

this example, in the lower left corner, the depth of the microchannel (i.e., vertical 

distance) is reported to be ~15.7 µm. 

Borofloat glass with the holes, as the inlet and outlet, drilled in it was rinsed with 

acetone and isopropanol and dried with nitrogen. Then, it was placed in piranha 

solution (3:1 ratio of sulfuric acid to hydrogen peroxide) for 10 minutes. Next, it was 

rinsed thoroughly with water and dried with nitr ogen. Optionally, the etched silicon 

wafer could also be piranha cleaned, using the same protocol. Then, the glass piece was 

aligned on the silicon wafer and placed on a hotplate at 450 degrees C. A weight of 5Kg 

was placed on top of the two, and a voltage of 1000 volts was applied between the glass 

and the silicon wafer for 2 hours (See Figure 45, which shows the anodic bonding setup).  
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Figure 45: Setup for anodic bonding is illustrated. The glass -silicon assembly 

is placed on the hotplate (450 degrees C) and under metal slabs of 5Kg. The power 

supply provides the required voltage (1000 volts) to the chip.   

6.3.3 Interfacing the Microfluidics Chips to the World 

In addition to the interior design (e.g., magnetophoretic circuits, microfluidics 

channels, etc.), the exterior interface needs to be done carefully. In PDMS based chips I 

could use the elasticity of the polymer to hold the tubing in  the inlet and outlet holes 

and provide the required interface. However, since in the new chips the top layer is 

glass, a different technique is required to interface them with the world. Hence, I used 

two temporary methods to provide the ports at the inlet an d the outlet. In the first 

method, a small piece of PDMS, with a hole in it, after plasma treatment was aligned 

and bonded to the glass on top of the inlet/outlet (See Figure 46(a)). If this PDMS piece 
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gets affected by the introduced solvents, it can be replaced with a fresh one. In another 

method, borrowed from Prof. Lopez lab, epoxy glue is used to install Luer fittings (Cole -

Parmer, IL, USA) at the inlet and outlet, as the ports (See Figure 46(b)); however, 

introducing glue to the chip may also affect the cell viability. Thus, none of these two 

methods are permanent solutions.  

Al though I did not use it in my experiments for this dissertation, our lab is 

developing a microfluidics clip, in which the chip is installed, and the plastic ports are 

screwed, providing the required sealing (See Figure 47). It is also equipped with a 

thermal controller to provide the desired temperature for the cells on the chip. By 

adding CO 2 gas sensors/controllers to this system, it would allow us to culture the cell s 

on our chips without the need to an incubator. In these methods, the fluid and particles 

are delivered to the chip using a syringe pump (See Figure 46(c)). 
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Figure 46: Completed silicon/glass -based magnetomicrofluidics chips are 

illustrated. In these pictures  the inlets/outlets are (a) PDMS pieces or (b) Luer  fittings. 

(c) The liquid is delivered to the chip by a syringe, using a syringe pump, through a 

tubing.   

 



 

142 

 

Figure 47: A microfluidics clip is shown. (a) The illustrated clip holds the chip and the 

plastic ports (blue) are screwed  into it. The chip is also equipped with the heaters and 

temperature sensors to provide the required temperature on the chip. (b) a thermal 

picture of the chip is illustrated.   

6.3.4 Operation of the Magnetomicrofluidics Circuits 

As explained in Chapter  6.3.2 Fabrication of Magnetomicrofluidics Chips based 

on Silicon and Glass Anodic Bonding, in the new magnetomicrofluidics chips the whole 

surface of the substrate would be coated with permalloy. Thus, in addition to the 

magnetic circuits (i.e., the magnetic walls) magnetic material would cover the substrate 

surface inside the microfluidics channels. Hence, it is required to check whether this 

magnetic coating would affect the device operation by producing unwanted magnetic 

forces. To analyze this effect, I introduced a ferrofluid suspension into the chip in order 
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to visualize the magnetic field distribution, similar to the Bitter domain decoration 

technique. By applying a rotating magnetic field, the movement of the nanoparticles and 

their distribution  were investigated (See Figure 48). Based on the results of this 

experiment, I confirmed that the field distribution is similar to what I expected and saw 

in the energy simulations, performed on the previous generation of magnetophoretic 

circuits (See Figure 4, as an example), and it is suitable for manipulating the particles. 

 

Figure 48: Study of magnetic energy distribution in magnetomicrofluidics 

chips is presented. The movement of magnetic nanoparticles (by introducing a 
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suspension of ferrofluid) inside magnetomicrofluidics when a rotating magnetic fi eld 

is applied to the chips is studied. The arrows show the direction of the applied 

magnetic field. The little black circles stand for the position of a hypothetical 

magnetic particle, based on the energy distribution shown by the magnetic 

nanoparticles, and the red dotted line shows its trajectory.   

The new magnetomicrofluidics circuit works pretty similar to its previous 

version, introduced in Chapter 6.2 Rapid Organization of Bioparticles with 

Magnetomicrofluidics ; however, here the magnetophoretic circuits are shifted away 

from the hydrodynamic  traps (Compare Figure 41 with Figure 43(a)). The reason behind 

this change is to move the particles away from the hydrodynamic  trap point, where 

particles experience a strong hydrodynamic force due to the fluid flow. This 

hydrodynamic force can be stronger than the magnetic forces, and it may affect the 

device operation.  

In this tool, in phase 1, the single particles are trapped in the hydrodynamic trap 

sites, as explained in Chapter 6.2 Rapid Organization of Bioparticles with 

Magnetomicrofluidics . Then, in phase 2, by applying a reverse fluid flow, the particles 

would move back, towards the magnetophoretic circuits, where they will be attracted 

towards the magnets. Next, in phase 3, the magnetophoretic circuits are used to shift the 

particles inside their storage sites. An example of the particle trajectory is illustrated in 

Figure 49, where the red, black, and green dotted lines depict the particle trajectory in 
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phases 1, 2, and 3, respectively. Although not necessary, in the example shown in Figure 

49, in phase 3, after magnetic forces placed the magnetic bead on its right path towards 

the storage site, a forward fluid flow is used to help the magnetic forces and reduce the 

assembly time.   

 

Figure 49: Trajectory of a magnetic bead in a newly designed 

magnetomicrofluidics chip is shown. The trajectory of the particle, in phase 1, in the 

forward fluid flow is depicted with the black dotted line. The trajectory of th e 

particle, in phase 2, in the reverse fluid flow, after the particle is trapped at the trap 

site, is presented with the red dotted line. Finally, the trajectory of the particle, in 

phase 3, using magnetophoretic circuits into storage site is shown with th e green 
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dotted line. In this example, after the magnetic forces placed the particle on its right 

path to the storage site, a forward fluid flow was used to help magnetic forces to move 

the particle.  

Although this chip, in its current form, works with the magnetic beads, there are 

still some solvable problems to overcome. For example, as mentioned before, even 

though I designed and fabricated a silicon/glass-based chip, to be able to polymerize it, 

this surface passivation is not done yet. Also, the cell labeling technique that we have 

used does not seem to be efficient enough, and the cells appear to lose their 

magnetization when they get trapped in hydrodynamic traps. To overcome these 

problems and to make the chip ready for assembling single cells in a 

magnetomicrofluidics -based array, works in the fields of surface chemistry, nanoparticle 

chemistry, and cell labeling are required. Thus, after showing that the 

magnetomicrofluidics systems support organizing particles in arrays, I decided to leave 

the remaining challenges to be taken care of in the future, and do some initial 

biocompatibility tests on my chips.  

6.4 Biocompatibility Tests 

The main application of the magnetomicrofluidics chips is studying the cell 

properties over time. In these studies, we need to keep the cells alive on the chip, 

provide the right surface for them to adhere, and prepare the right conditions for them 

to start growing from single cell level. Towards this goal, my coworkers and I performed 
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some initial experiments to study the cel l behavior on various substrates and conditions 

and to find the right environment and handling techniques for maintaining the cells on 

my chips. 

 Working with my collaborators, I tested four different cell types ranging from 

typical cell lines to primary c ells taken from patient samples. Some of these cells were 

adherent while the others were non-adherent. We expected some cells to grow inside 

our chips and some cells were unlikely to divide . Thus, I conducted a variety of studies, 

including short -term staining for cell viability tests and long -term growth assays.  

The first type of cells that I used in my experiments are the Human CD4+ T-cells, 

provided by Professor David Murdoch. I also use d non-adherent MOLM -13 cells, which 

are Acute myeloid leukemia (AML) cells  and were supplied by Professor Kris Wood. 

These cells are supposed to grow from single cells, and so they can be good candidates 

for my growth assay experiments. However, since the MOLM -13 cells are non-adherent 

cells and they may move by any fluid flow, and it may be difficult to track them inside 

microfluidics channels, I also tested the PC9 cells, provided by Professor Wood. PC9 is 

an epidermal growth factor receptor (EGFR)-mutant  lung cancer cell line, which is well -

characterized, useful for drug studies , and widely used in the field [152-154]. Moreover, 

PC9 cells are adherent cells that grow even from single cells, allowing us to easier study 

them on the chips. Furthermore, I got the 3T3 cells (mouse fibroblast cell line which is 

widely used [155, 156]) from Professor ChÐÓÒÖÛÐɀÚɯÓÈÉȭɯ(ÕɯÖÜÙɯÐÕÐÛÐÈÓɯÌß×ÌÙÐÔÌÕÛÚȮɯ
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performed by Daniel Joh ÍÙÖÔɯ/ÙÖÍÌÚÚÖÙɯ"ÏÐÓÒÖÛÐɀÚɯÎÙÖÜ×ȮɯÛÏÌɯƗ3ƗɯÊells not only adhered 

to the culture dish very fast but also they grew from single cells. These features make 

them another good candidate for our cell adhesion/growth experiments at the single cell 

level. 

6.4.1 Nonadherent Cells 

Initial  experiment  1: Test the effect of the PDMS -based microfluidic 

environment on the primary cells.  

Our first cell viability tests,  conducted with  Cody Baker and Melissa Triggiano 

(from Professor Murdoch lab) , was done on the human CD4+ T-cells while maintained 

inside a PDMS chip and compared them to cells kept in a dish as a control.  Both chips 

were placed in an incubator; however, the temperature was controlled with an Arduino 

circuit, and the incubator was used merely to control the CO 2 gas concentration. In this 

experiment, 50000 cells were incubated and once per day they were stained (Trypan 

Blue, ThermoFisher Scientific) and the live cells were counted. The result over three 

days, presented in Figure 50, shows that cells kept in microfluidics chips behave similar 

to the ones incubated in a dish.   
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Figure 50: The results of the c ell viability test in microfluidics environment  are 

presented. Cody Baker and Melissa  Triggiano (from Professor Murdoch lab) 

performed a cell viability test on human CD4+ cells T -cells kept in microfluidics 

environment (blue) and in a dish (red).  

From the results of this experiment, we concluded that the microfluidic 

environment does not have a major effect on Human CD+ T-cells. Hence, in next step, I 

decided to test the behavior of a typical cell line in my microfluidics chips.  

 Initial  experiment 2 : Test the effect of the PDMS -based magnetomicrofluidics  

environment on typical cell lines.  

I also studied the cell behavior in my magnetomicrofluidics chip (closed -chip), in 

which, similar to the previous experiment, I used the temperature controller system and 

the pressure controller, introduced in C hapter 3.5 Control/Monitor  System. Since 

staining the cells inside microfluidics channels (closed-chip) was not as easy as in an 

open chip or in a dish, in these experiments I chose MOLM-13 cell line which can grow. 
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So, as opposed to staining the cells and studying their viability I could count them and 

evaluate their growth. However, these initial experiments failed, regardless of whether 

the chip was kept inside or outside the incubator. Thus, I decided to run a set of 

systematic experiments to determine the optimal conditions to grow cells inside the 

microfluidic environments. The factors that may affect the cell viability include cell 

labeling, the cell microenvironment, the temperature, the CO 2 gas concentration, the 

nutrition  level, and the cell handling methods. 

Control experiment : Test the effect of the magnetic labeling on cell behavior.  

3ÖɯÛÌÚÛɯÛÏÌɯÌÍÍÌÊÛɯÖÍɯÊÌÓÓɯÓÈÉÌÓÐÕÎȮɯ*ÌÝÐÕɯ+ÐÕȮɯÍÙÖÔɯ/ÙÖÍÌÚÚÖÙɯ6ÖÖËɀÚɯÓÈÉȮɯÙÈÕɯÈɯ

growth and a drug sensitivity test on magnetically labeled AML cells, and the results are 

illustrated in Figure 51. In this figure d rug sensitivity and growth data for normal cells 

and magnetized cells are shown. This study indica tes that there is no major difference 

between the parental cell lines and their bead-attached counterparts. The drug that is 

used in this experiment  is quizartinib, a potent inhibitor of th e FLT3 receptor tyrosine 

kinase. 
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Figure 51: Growth and drug sensitivity  data are illustrated . Kevin Lin, from 

/ÙÖÍÌÚÚÖÙɯ6ÖÖËɀÚɯÓÈÉȮɯ×ÌÙÍÖÙÔÌËɯÈÕɯÌß×ÌÙÐÔÌÕÛɯÛÖɯÌÝÈÓÜÈÛÌɯȹÈȺɯÛÏÌɯÌÍÍÌÊÛɯÖÍɯÔÈÎÕÌÛÐÊɯ

beads on basal growth and (b) the effect of beads on drug sensitivity. In this figure 

drug sensitivit y and growth data for normal cells and magnetized cells (depicted by 

Ɂ!ÌÈËÚɂȺɯÈÙÌɯÊÖÔ×ÈÙÌËȭɯHere Quizartinib is used as the drug.  



 

152 

Based on the results of this experiment we concluded that the cell behavior is not 

much affected by magnetic labeling, and hence the next step is to study the effect of the 

substrate on the cell behavior. 

6.4.2 Adherent Cells 

In some sense, conducting biological studies with adherent cells is easier that 

with non-adherent cells because they do not move easily and it is possible to infer 

colonies based on the fact that they grow and divide in that spot. Although I could also 

use the cell viability dyes (and it needs to be done as a future work), since these tests are 

just initial experiments, I decided to limit these studies to an assay based on cell 

counting and cell morphology . Therefore, I started to work with PC9 cells and tried to 

find the best conditions and substrates for them.  

Control experiment 1 : Test the effect of the non-treated substrates on cell 

behavior at population -level.  

To study the effect of the microenvironment, and , in particular , the effect of the 

substrates on cell adhesion and growth, first , I ran a set of initial population -level 

experiments on PC9 cells, cultured on  open-chip silicon, silicon dioxide (SiO 2), SU8, and 

PDMS substrates. In these experiments, Gibco RPMI-1640 medium (Life Technologies) 

with 10% Fetal Bovine Serum (FBS) was used.  The substrate of interest was placed in a 

Ɨɂɯ×ÌÛÙÐɯËÐÚÏȮɯÈÕËɯÛÏÌÕ one million cells were added to the dish together with 15 mL of 

cell culture media. These experiments were repeated three times, and at least ten 
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pictures from different spots on each chip were taken (See Figure 52 for some snapshot 

examples). 

 

Figure 52: Microscope images of the cells cultured at the population -level on 

open-chip non -treated substrates are shown. The PC9 cells grown on (a, b) PDMS, (c, 

d) SU8, (e, f) SiO2, and (g, h) silicon substrates  are illustrated . In these experiments, 
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the substrate (open-ÊÏÐ×ȺɯÏÈÚɯÉÌÌÕɯ×ÓÈÊÌËɯÐÕɯÈɯƗɂɯ×ÌÛÙÐɯËÐÚÏɯÈÕËɯÐÕÊÜÉÈÛÌËɯÐÕɯÈÕɯ

incubator for 48 hours.  

Based on the cell morphologies and cell counts observed in these experiment, I 

concluded that the cells grow well on silicon as well as SiO2 substrates (i.e., the cell 

density is higher on silicon and silicon dioxide substrates, compared to the one on the 

other substrates). Although some of the cells also adhere on PDMS, there are many dead 

ÊÌÓÓÚɯÍÓÖÈÛÐÕÎȭɯ,ÖÙÌÖÝÌÙȮɯÐÛɯÚÌÌÔÚɯÛÏÌɯÊÌÓÓÚɯËÖÕɀÛɯÉÌÏÈÝÌɯÞÌÓÓɯÖÕɯ24ƜɯȹÐȭÌȭȮɯÛÏÌÙÌɯÈÙÌɯÔÖÙÌɯ

floating dead cells compared to adhered living cells).  

Control experiment 2 : Test the effect of the treated substrates on cell  behavior 

at population -level.  

To see if I can provide a better environment to maintain the cells on the chips and 

improve the results , I also repeated these experiments on substrates treated with poly-

lysine (Sigma-Aldrich), results of which are shown in Figure 53. 
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Figure 53: Microscope images of the cells cultured  at the population -level on 

open-chip substrates treated with poly -lysine are shown. The PC9 cells grown on  (a, 

b) PDMS, (c, d) SU8, (e, f) SiO2, (g, h) silicon substrates  are illustrated . In these 

experiments, the substrates (open -ÊÏÐ×ȺɯÏÈÝÌɯÉÌÌÕɯ×ÓÈÊÌËɯÐÕɯƗɂɯ×ÌÛÙÐɯËÐÚÏÌÚɯÈÕËɯ

incubated in an incubator for 48 hours.  
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The cells adhesion/growth behavior on substrates before and after treatment 

were very similar. The only exception was the SU8 substrate, on which the cells grew 

much better after poly -lysine treatment (Compare Figure 52(c and d) with Figure 53(c 

and d).  

Based on the experiments at the population -level, as seen in Figure 52 (e-h), the 

cells seem to grow well on silicon and silicon dioxide substrates, which provides 

support for growing cells inside my silicon/glass version of magneto microfluidics 

circuits. But, my goal is to use my tool to study the single cells and hence I designed 

similar experiments to be conducted at single cell level. 

Control experiment 3 : Test the cell behavior at single cell level.  

  To observe the behavior of the cells, when they are in isolation, I repeated the 

experiments by lowering the cell concentration to 
4105³  ÊÌÓÓÚɯÐÕɯƕƙɯϟ+ɯÐÕɯÌÈÊÏɯƗɂɯ×ÌÛÙÐɯ

dish. This test is very important because eventually I want to maintain  single cells on 

magnetomicrofluidics chips. I conducted this experiment on both bare silicon substrate 

and the one treated with poly -lysine; however, the cells did not adhere to the substrate 

in isolation (See Figure 54). 
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Figure 54: Cell morphology  open-chip experiments at single cell level on a 

non-treated silicon substrate is presented. The PC9 cell s cultured  on a non-treated 

silicon wafer  are shown . The substrates (open-chip) have  ÉÌÌÕɯ×ÓÈÊÌËɯÐÕɯÈɯƗɂɯ×ÌÛÙÐɯ

dish and incubated in an incubator for 48 hours. The cell count was 
4105³ in 15 µL 

cell culture media.  

 Based on the results of these experiments, I learned that when the cells are single, 

they do not behave similar to the cells at population level . Thus, I performed further 

experiments in which I tried to mimic the population -level condition s. 

 3ÏÌɯÊÌÓÓɀÚɯÈËÏÌÚÐon problem can be caused by a lack of required proteins and 

cellular signaling factors in the media. These proteins are available in the media in a 
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culture dish, in which a large number of cells have been grown for two or three days. So, 

I repeated the expÌÙÐÔÌÕÛÚȮɯÜÚÐÕÎɯÛÏÐÚɯÊÌÓÓɯÊÜÓÛÜÙÌɯÔÌËÐÈȮɯÊÈÓÓÌËɯɁÊÖÕËÐÛÐÖÕÌËɯÔÌËÐÈȭɂɯ 

 The results of culturing single cells in conditioned media are presented in Figure 

55, where conditioned media appears to help the cells in adhering to the silicon wafer 

(see Figure 55(a)). Similar results were seen on SiO2 substrates (not shown here). I also 

repeated this experiment on open-chip etched silicon substrates (using deep RIE), to 

make the conditions closer to the ones in the microfluidics chips (closed -chip). The cells 

ÈËÏÌÙÌËɯÛÖɯÛÏÌÚÌɯÌÛÊÏÌËɯÚÐÓÐÊÖÕɯÞÈÍÌÙÚȰɯÏÖÞÌÝÌÙȮɯÐÕɯÎÌÕÌÙÈÓȮɯÛÏÌàɯËÐËÕɀÛɯÉÌÏÈÝÌɯÈÚ good 

as the ones on the non-etched silicon wafers (see Figure 55(b)). 
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Figure 55: Cells grown on  open-chip non-treated silicon substrates at single 

cell level  in conditioned media are presented. The PC9 cell morphology  is shown on 

(a) a non-treated silicon wafer and (b) an etched silicon wafer, in conditioned media. 

The substrates (open-chip) h ave ÉÌÌÕɯ×ÓÈÊÌËɯÐÕɯÈɯƗɂɯ×ÌÛÙÐɯËÐÚÏɯÈÕËɯÐÕÊÜÉÈÛÌËɯÐn an 

incubator for 48 hours. The cell count was 
4105³ in 15 µL of conditioned media.   
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Control experiment 4 : Test the cell behavior at single cell level on treated open 

chip substrates. 

To provide a better condition for the cells and to allow them to better adhere to 

the substrates, I also tested chips that were coated with fibronectin, collagen, and gelatin. 

In these experiments, in addition to the PC9 cells, 3T3 cells were also tested.  In these 

tests, I used the conditioned media for culturing the cells on both silicon and silicon 

dioxide substrates (open-chip), and after 48 hours I changed it with fresh media, 

allowing the experiments to continue for multiple days. To better mimic the 

magnetomicrofluidics chips, in silicon dioxide substrates, a thin film of permalloy was 

included underneath the silicon dioxide layer. Also, both silicon and silicon dioxide 

chips were etched.  

Each experiment was repeated three times, and on each chip, at each time point, 

at least ten different spots were studied under the microscope. The results for the 

collagen and gelatin treated substrates were promising (i.e., the cells mostly adhered to 

the substrate) and are shown in Figure 56 and Figure 57. In Figure 56 the percentage of 

the adhered cells at various time points are presented, which indicates that the cells 

mostly adhered to the substrates on day 2 (i.e., after 48 hours). Although 3T3 cells 

mostly adhered faster than the PC9 cells, they did not adhere to the SiO2 substrate well 

(i.e., even after 96 hours they were mostly floating on SiO2 substrates) (See blue and red 

bars in Figure 56(b)).    
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Figure 57 shows the average cell density at different time points, which indicates 

that most of the cells have started growing from day 2 (i.e., after 48 hours); except the 

3T3 cells on SiO2 substrates (See blue and red bars in Figure 57), which did not grow 

even after 96 hours. Cell density calculation was done based on two different methods. 

In the first method, the cell densities were calculated using the microscope images at 

different ti me points. The results based on this approach are illustrated with  the bars in 

Figure 57. Moreover, to confirm these results, a second method was employed in which 

at the end of the experiments (i.e., after 96 hours) the cells were trypsinized and then 

counted. The calculated cell densities after trypsinization are illustrated in Figure 57 by 

small black circles, and they agree with my results based on the microscope images. 

Since the cell culture in each dish started (i.e., at time 0) with 
4105³ cells, Equation (34) 

could estimate the total number of the cells at each time point:  

 

nj

N

n

N jTotal

i

iTotal -- = , (34) 

where NTotal-i stands for the total number of the cells in a dish at time i and ni represents 

the average number of the cells in snapshots at time i. 
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Figure 56: Cell adhesion open -chip experimental results at single cell level on 

treated substrates in conditioned media are presented. The percentage of (a) PC9 and 

(b) 3T3 cells adhered to the silicon (patterned bars) or silicon dioxide (solid bars) 

substrates treated with gelatin (blue) or collagen (red) are presented. The black bar 

stands for the control experiment, in which cells were grown in a culture  dish. In all 

experiments, the substrate (open -ÊÏÐ×ȺɯÏÈÚɯÉÌÌÕɯ×ÓÈÊÌËɯÐÕɯÈɯƗɂɯ×ÌÛÙÐɯËÐÚÏɯÈÕËɯ

incubated in an inc ubator. The initial cell count was 
4105³ in 15 µL of conditioned 

media. 
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Figure 57: Cell growth open -chip experimental results at single cell level on 

treated substrates in conditioned media are presented. The cel l density of (a) PC9 and 

(b) 3T3 cells on the silicon (patterned bars) or silicon dioxide (solid bars) substrates 

treated with gelatin (blue) or collagen (red) are presented. The black bar stands for the 

control experiment, in which cells were grown in a culture  dish. In all experiments, 

the substrate (open-ÊÏÐ×ȺɯÏÈÚɯÉÌÌÕɯ×ÓÈÊÌËɯÐÕɯÈɯƗɂɯ×ÌÛÙÐɯËÐÚÏɯÈÕËɯÐÕÊÜÉÈÛÌËɯÐÕɯÈÕɯ

incubator. The initial cell count was 
4105³ in 15 µL of conditioned media. The black 

circles stand for the cell density after 96 hours of incubation and after trypsinization.  

 

In Figure 58 and Figure 59 sample microscope images of PC9 and 3T3 cells 

cultured on different substrates, at various time points are presented, respectively. These 
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figures similarly show that most of the cells adhered to the chips after 48 hours. The PC9 

cells grew well on both Si and SiO2 substrates; however, the 3T3 cells did not 

adhere/grow well on SiO 2 substrates. Thus, I chose to use the PC9 cells to test their 

viability inside the magnetomicrofluidics chips.  
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Figure 58: Experimental results of PC9 cells cultured at single cell level on 

open-chip treated substrates in conditioned media are presented. Sample microscope 

images show the PC9 cells grown  on (a, b, c) silicon dioxide substrates treated by 




























































