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Magnetotactic bacteria (MTB), discovered in early 1970s contain single-domain crystals of 

magnetite (Fe3O4) called magnetosomes that tend to form a chain like structure from the proximal to 

the distal pole along the long axis of the cell. The ability of these bacteria to sense the magnetic field 

for displacement, also called magnetotaxis, arises from the magnetic dipole moment of this chain of 

magnetosomes. In aquatic habitats, these organisms sense the geomagnetic field and traverse the 

oxic-anoxic interface for optimal oxygen concentration along the field lines. Here we report an 

elegant use of MTB where magnetotaxis of Magnetospirillum magneticum (classified as AMB-1) 

could be utilized for controlled navigation over a semiconductor substrate for selective deposition. 

We examined 50mm long coils made out of 18AWG and 20AWG copper conductors having 
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diameters of 5mm, 10mm and 20mm for magnetic field intensity and heat generation. Based on the 

COMSOL simulations and experimental data, it is recognized that a compound semiconductor 

manufacturing technology involving bacterial carriers and carbon-based materials such as graphene 

and carbon nanotubes would be a desirable choice in the future. 

Keywords: Magnetotactic bacteria; semiconductors; bioelectronics. 

*Correspondence to Prabir Patra, ppatra@bridgeport.edu and/or Isaac Macwan, imacwan@my.bridgeport.edu  

1. Introduction 

According to the semiconductor industry roadmap maintained by ITRS (International 

Technology Roadmap for Semiconductors), the feature size of a single transistor on a 

silicon wafer has reached 22nm in 2012. Test vehicles for the succeeding technology 

nodes such as MPUs (Microprocessor units), DRAMs (Dynamic Random Access 

Memories) and NAND-gate based flash drives are currently manufactured using a single-

optical exposure utilizing a double-patterning (DP) technique in order to extend the 

wavelength of exposure and to keep a constant numerical aperture (NA).1 As this cycle of 

scaling continues, the DP will be pushed even harder to accomplish the required 

shrinkage in the feature length, the potential solutions of which are being proposed with a 

condition that the necessary tools, masks and resists are in place. Also different non-

lithographic or non-optical techniques are being explored to replace the silicon channel 

and source/drain regions with new, high mobility and high carrier velocity materials to 

sustain CMOS performance gains. With the advent of high-speed processing algorithms, 

microprocessor designers constantly strive for low power and faster transistor devices. 

One of the issues with this trend is that with the scaling down of the feature size (the 

length which the electrons must travel between the two junctions in order for the 

transistor device to conduct), the limit of the wavelength of EUV (Extreme Ultra-Violet) 

light is rapidly closing in. Furthermore, EUV immersion and double patterning 

lithography that started off from 193nm and below requires a state-of-the-art digital fab 

(microelectronic fabrication facility) that costs greater than $5 billion and 80 – 90 percent 

of this cost is in construction and capital equipment purchase and installation1. 

Considering all these factors, there is an urgent need for a new direction in the 

manufacturing of semiconductors, where restrictions on the wavelength of light can be 

eliminated through an altogether different approach compared to the conventional top-

down strategies. 

In nature, we have diverse species of organisms and it has been the tendency of 

humans to examine and mimic the phenomena and mechanisms that are available in the 

natural habitat. One such interesting organism is a bacteria called Magnetotactic bacteria 

(MTB), which was discovered in the early 1970s.2 These bacteria have in their cytoplasm 

single-domain crystals of magnetite (Fe3O4) or greigite (Fe3S4) called magnetosomes that 

range from 35 to 120 nm in size.3 Such crystals tend to form a chain like structure from 

the proximal to the distal pole along the long axis of the cell and align to the bacterial 
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cytoskeleton filament (made up of protein mamK4) through an acidic protein mamJ.5 It is 

known that the ability of these bacteria to sense the magnetic field, also called 

magnetotaxis,6 arises from the magnetic dipole moment of this entire chain of 

magnetosomes acting as a large magnet. Such organisms being facultatively anaerobic 

are known to sense the geomagnetic field and traverse the oxic-anoxic interface in 

aquatic habitats for optimal oxygen concentrations.7 Furthermore, magnetotactic bacteria 

are known to be controlled by magnetic fields produced by either permanent magnets or 

coils of metal conductors producing magnetic flux around the current carrying 

conductor.8,9 A study on one of the species of MTB called MC-1 (Marine Coccus) 

involved displacement of polystyrene microbeads in a medium to detect pathogenic 

microorganisms.10 MTBs are also studied as controlled, MRI-trackable propulsion and 

steering systems for medical nanorobots in human vasculature.11  

Here we come up with an alternative approach where magnetotaxis (sensitivity to the 

magnetic field) of a bacterial species is utilized for controlled navigation along a mesh of 

millimeter-sized solenoid coils and in turn for selective deposition on a substrate. The 

flagella bundles (FB) (about 12 – 20 nm in diameter) of MTB are able to produce a 

torque of approximately 4pN thereby displacing the cell giving it speeds ranging from 30 

to 200�m/s depending on the type of the species and the number of magnetosomes.8 Our 

preliminary results indicate that Magnetosprillum magneticum (classified as AMB-1) can 

be utilized for precise control and navigation of the potential semiconductor 

manufacturing nano-particles to achieve directed selective deposition. It is a non-

lithographic technique that consists of two major interfaces, one between the bacterial 

entity and the inorganic molecule to be deposited and another between the inorganic 

molecule and the substrate (wafer). The former interface will guide the building material 

to the selected site over the substrate and the latter interface will aid the selective 

deposition. The purpose is to efficiently utilize the speed and size of these 

microorganisms to displace the molecules of semiconductor or compound semiconductor 

materials so as to selectively fabricate electronic components on a substrate. Our 

preliminary results indicate that such a compound technology involving bacterial carriers 

and carbon-based materials such as graphene and carbon nanotubes to fabricate 

information technology processing and memory units would be a possible alternative to 

the current EUV-based chip fabrication technology.  

2. Directed Self-Assembly as an Alternative Manufacturing Strategy 

The limit of the wavelength of EUV that is used in the present photolithography 

processes is about 15.4nm below which there are tremendous challenges associated with 

the scaling of the components. Current chip manufacturing strategies can be divided into 

four major categories:  

(1) Conventional methods, where efforts are made to improve the current equipments for 

better precision and resolution along with scaling of the MOSFETs such as double-

patterning,12,13 high-k dielectrics14 and strained silicon.15,16 
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(2) New materials, where replacement materials such as carbon-based materials - 

graphene, carbon nanotubes, fullerenes and hydrogen saturated pentacene as well as 

hexabenzocoronene are used in place of conventional silicon-based materials.17 

Other materials such as microbial nanowire networks,18 organic single-crystals,19 

DNA20 and a combination of grapehene oxide, graphene, molybdenum disulphide 

(MoS2)
21, Strontium Titanate (SrTiO3) and conventional materials such as silicon22 

are also being investigated for replacing the current silicon-only based materials.  

(3) Alternative methods, where new ways are explored for chip fabrication keeping the 

conventional working principles such as soft lithography,23 maskless lithography,24 

molecular manipulation techniques,25,26 use of nanowires27,28 and tri-gate transistor 

technology.29 

(4) Self-assembly, which can be further categorized into absolute (total) self-assembly30 

and directed self-assembly.31,32  

Recently there is a growing interest in an approach termed as a bottom-up strategy, 

where instead of etching the bigger substrate into smaller components, attempts are being 

made to use specially fabricated components such as carbon nanotubes or graphene in an 

assembly process to create nanostructures. However, the science and engineering of self-

assembly can still be regarded in its infancy when it comes to the fabrication of a 

complex device such as a transistor on a silicon substrate. Currently, the size of the 

channel is about 22nm and when compared to a molecule, it is still a significant number 

of atoms (~92 atoms considering each silicon atom has a diameter of 0.24nm). Towards 

nanofabrication of semiconductors, self-assembly has been utilized for the fabrication of 

nanocrystals, nanowires and block copolymers. The techniques involved in the 

fabrication of such nanostructures can generate structures from few angstroms to microns 

in size.31 Some of the requirements that a self-assembly nanofabrication process below 

50nm must satisfy are production with nanometer precision, assembly at nanometer level, 

parallel nature, ability to structure in three dimensions and cost-effectiveness. The closest 

alternative to parallel lithography, which is cost-effective and can produce structures in 

three dimensions in a nanometer regime is soft lithography. However, the limitation of 

soft lithography is its serial nature that provides low throughput. Hence, self-assembly is 

the next best possible alternative considering the size of the present-day components on 

the wafer substrate. Some of the applications of self-assembly in the semiconductor 

industry are LED chip, silicon flash memory, MOS capacitor, electromechanical sensor 

and a chip along with an associated reader for DNA detection.32 Due to the limitations 

resulting from the influence of external forces and geometrical parameters, a new term 

was coined called "directed self-assembly", where the self-assembly is not treated as an 

automated perpetual process but rather dependent on a predefined control parameters. 

This is where simpler nanofabrication methods can be utilized to fabricate the 

components and various physical phenomena are utilized to assemble the fabricated 

components. In this regard, chemistry and fabrication go hand in hand and based on this 

convention, there are two classes of directed self-assembly processes: directed growth 
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and directed assembly of the grown nanostructures. Some of the directed growth 

techniques that were demonstrated involved the use of nanowells for controlling the size 

and orientation of the nanocrystals, growth of nanowire arrays and the growth of 

nanopatterns such as MoS2.
33 Similarly, some of the physical phenomena that are used in 

the assembly of pre-fabricated components are fluidic based assembly - manipulation on 

the surfaces,34 electric and magnetic field mediated assembly35,36 and electrostatic 

assembly.37 Directed assembly of pre-fabricated nanostructures utilizing micro-organisms 

has been studied before for hydrophobicity,38 polystyrene microbead displacement,39 

ordering ZnS nanocrystals40 as well as fabrication of metal,41 semiconductor and 

magnetic nanowires.42 Like any other micro-organisms, MTBs have also been utilized for 

collective tasks such as micro-robots in human arteriolocapillar networks for targeting 

tumor lesions,43 micro-component assembly,44 biosensor for pathogenic bacteria,45 

carriers for polystyrene microbeads,46 stacking of micro-cubes to form a structure similar 

to ancient pyramids47 and displacement of 100x20x15�m sized resin based micro-

components.48 

3. Methods 

AMB-1 (Magnetospirillum magneticum) (ATCC-700264) is a bipolar microaerophilic 

(facultatively anaerobic) micro-organism of the phylum �-proteobacteria. This particular 

bacteria was selected due to their unique ability to grow both aerobically and 

anaerobically and their superior control through magnetotaxis due to the presence of 

intracellular nanoscale magnetite (Fe3O4). The cultivation protocol as given by ATCC 

(American Type Culture Collection) for the revised MSGM (Magnetospirillum Growth 

Medium) was utilized both for the liquid as well as semisolid media preparation. The 

culture media per 1L of distilled water included: 10ml Wolfe's vitamin solution, 5ml 

Wolfe's mineral solution, 2ml 0.01M ferric quinate, 0.45ml 0.1% resazurin, 0.68g 

KH2PO4, 0.12g NaNO3, 0.035g ascorbic acid, 0.37g tartaric acid, 0.37g succinic acid, 

0.05g sodium acetate and 1.3g agar (for semi-solid media). After adding the chemicals, 

the media is checked for the pH of 6.75 and if needed, 0.5M NaoH and HCL is used to 

set the pH. The media is then autoclaved at 121 � C for 15 minutes and about 1ml of 

inoculum is injected to a 10ml screw-cap test tube aseptically. The test tube is filled to 

the top leaving less than 1ml of headspace and is tightly screwed to have microaerophilic 

conditions. Finally, the culture is incubated at a temperature in the range of 26 � to 30 � C. 

Resazurin is added to the media to keep track of the dissolved oxygen. Initially the media 

with resazurin has a blue tinge of color but after a while it turns to pink and stays that 

way to indicate the presence of dissolved oxygen. If the conditions inside the test tube are 

close to anaerobic, then the blue tinge transforms to a colorless solution indicating that 

there is very little amount of dissolved oxygen in the media.  
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Magnetotaxis of AMB-1 is investigated through locally generated magnetic field via a 

helical coil made up of copper conductor. It is well known that a line integral of B and dl 

over a closed path is �0 times the current enclosed by the path (Ampere's law): 

� =• dlB �0 Ienclosed       (1) 

The usefulness of the law is in determining the magnetic field around a long straight 

conductor as:  

B = (�0 I)/(2�r)                                (2) 

Effective directional control of the magnetic field via a coil instead of a straight 

conductor is emphasized as the field intensity is concentrated along the coil-axis and 

hence it is linear. It can be modeled as:  

� =⋅dlB �0 N I     (3) 

Similarly, the effect of heat on the community of AMB-1 is equally important to 

create favorable conditions even in the presence of heat generated by the coils. Short term 

effects of temperature on the abundance and diversity of magnetotactic cocci revealed the 

presence of four altogether different operational taxonomic units in one study, where it 

was found that 9 � C, 15 � C and 26 � C temperature had relatively no effect on the MC-1 

community and that above 37 � C, the number of MC-1 cells reduced drastically49. The 

temperature rise due to the current flowing through a conductor can be determined from 

the first principles using the mass (volume (Area x Length) and material density) of the 

conductor and the heat liberated (W) in the conductor can be determined using the action 

integral of the current and the resistivity (R) of the conductor. Finally, the temperature 

rise (T) can be determined by using the mass of the conductor and the specific heat as a 

result of injecting certain amount of heat (W): 

T = joules x 0.2389 x W    (4) 

It is known that the temperature co-efficient of resistivity is to be taken into account 

while calculating the final value of the temperature rise. The value obtained from 

equation (4) is to be reused to determine the changed value of the resistivity and based on 

this new value of resistivity, a new temperature rise is calculated. This cycle is repeated 

till the melting point of the material is reached. It is already known that the cultivation of 

such bacteria requires a temperature upto 30 � C. Thus, based on this information alone, 

the ability of the bacteria to survive beyond this temperature limit can be gauged.  

The quantification of magnetic field and heat is carried out by COMSOL and 

MATLAB respectively. 

Figure 1 shows the schematic of the proposed system along with the controller (FSM - 

Finite State Machine). 
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Fig. 1. Proposed scheme of the AMB-1 control system showing the basic micro-coil mesh structure (red colored 

conductors shown straight for clarity) along with the associated switches (Sx,y)and chambers containing the 

physically-engineered (AMB-1 cells bound to nanoparticles) carriers (A) and a one-cycle FSM showing the five 

states of the controller involved in asserting the switches, thereby controlling the magnetic field (B). 

 

As seen in Fig. 1(A), the four MEMS chambers contain carbon nanotube, graphene, 

metal oxide and copper nanoparticles. FSM (Finite State Machine) in Fig. 1(B) is an 

algorithm that is coded via VHDL (Very High Scale Integrated Circuit HDL) into the 

Altera DE-II cyclone 2 FPGA (field programmable gate arrays) chip, thereby acting as a 

controller. Other components of the system are micro-coils, sensor units, switches & 

switchboards (SB). Figure 1 represents selective navigation of the bacterial species 

carrying said nanoparticles to a precise location on the wafer. 

4. Results and Discussion 

4.1 AMB-1 Cultivation 

AMB-1 are cultured both through a semisolid petri dish technique as well using liquid 

media. The results are as shown in Fig. 2(A), (B) and (D). After the AMB-1 bacteria was 

inoculated at 30 � C for 5 days, we could easily visualize that the medium in test tube 1 

(control) was still clear but test tube 2 was turbid (Fig. 2(A)). Application of magnetic 

field via a small permanent magnet for 3 minutes revealed a visible dark spot near the 

permanent magent as shown in Fig. 2(B). Similarly, application of magnetic field to a 

petri dish showed displacement of AMB-1 cells to one side as shown in Fig. 2(D). 
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Fig. 2. (A) Test tube 1 (control) showing clear media indicating no contamination whereas test tube 2 shows 
turbidity indicating that the AMB-1 cells have cultured. Test tube 3 (B) shows a visible dark spot right over a 
permanent magnet indicating the magnetotaxis response of the AMB-1 cells. (C) AMB-1 cultivation in a semi-
solid media in a test tube showing visible tubidity right below the surface of the media confirming the 
microaerophilic nature of the AMB-1 cells. (D) AMB-1 cells cultured in a petri dish showing a visible vertical 
smear at the centre of the dish and cells migrating exclusively to the right side of the dish towards a magnetic 
pole confirming the magnetotaxis of the cells.   

4.2 Morphological observations of the AMB-1 cells 

Morphological observations of AMB-1 cells such as their shape and size and 

magnetosome characteristics are performed by optical as well as electron microscopy. 

The spiral shape of AMB-1 along with different sizes based on their growth phase using 

optical and scanning electron microscopy is as shown in Fig. 3(A) and 3(B). Figure 3(C) 

shows the gram-negative nature of the AMB-1 cells. TEM analysis revealed the 

morphological features of magnetosomes as shown in Fig. 4. High resolution image of 

the individual magnetosome show the crystals that are approximately 25-35nm in size. 
 

 
Fig. 3: (A) Simple staining of AMB-1 showing spiral morphology of the cells. Variations in the lengths are due 
to the different growth phases that the cells are going through. (B) SEM analysis of the AMB-1 cells clearly 
showing the spiral morphology. A comparison of the cell shapes with simple staining is done as indicated in the 
inset image. (C) Gram staining of the AMB-1 cells indicating gram-negative nature of the cells (red-colored) 
due to the application of counterstain called safranin. 
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Fig. 4. TEM Analysis of Magnetospirillum magneticum (AMB-1) showing the size of individual cell along with 
intracellular magnetite crystals (Fe3O4). The blown up views show the morphology and size of individual 
crystals. 

4.3 Motility Test 

Motility tests were performed using capillary race track technique (Fig. 5) and cross-

micro slide technique (Fig. 6). AMB-1 strain consisting of motile cells, which are 

sensitive to magnetic field are separated and analyzed using optical microscope focused 

on the edge of the drop under the influence of externally applied magnetic field of ~4G. 

 
 

 
 

Fig. 5. Sample holder with AMB-1 cells attached to the capillary racetrack. Fig. 8. (A) AMB-1 cells 
accumulated to the edge of the drop towards the magnet. (B) AMB-1 cells moving away from the edge, 
following the direction of the magnetic field. (C) No AMB-1 cells in sight indicating an efficient magnetotaxis. 
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In a cross micro-slide technique, four glass-slides are kept in a criss-cross 

configuration with a permanent magnet at the centre. After addition of the sample and 

keeping the cross slides configuration in the magnetic field at room temperature for 5min, 

the long track on each glass slide is cut into three pieces using sterilized cotton swab. 

From Fig. 6, the number of cells on the section 1 are the most, and the cellular density is 

reducing on sections 2 and 3 implying that AMB-1 cells always move along the magnetic 

field lines.  

 

 

 
 

Fig. 6. Results of the CMS experiment indicating the increased cellular density near the magnet. 

 

4.4 Simulation results for copper coils using MATLAB and COMSOL 

MATLAB is used to model the relationship between the magnetic field intensity ‘B’, 

current through the coil ‘I’ and radial distance from the surface of the conductor ‘R’ as 

shown in Fig. 7. The 2-D curve shows what number of turns, N is needed for a 5G 

magnetic field for varying current and length of the coil. The 3-D curve on the other hand 

shows how ‘B’ will behave in the presence of both the variables ‘I’ and ‘R’. This 

complex relationship will govern not only the size and number of turns of the coil but 

also a limit to the radial distance beyond which 'B' would be difficult to control and hence 

the MTBs. 
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Fig. 7. (A) Length of coil VS Number of turns. (B) Magnetic field for a straight conductor. 
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Similarly, FEA analysis is done using COMSOL's AC/DC module. The solenoid 

model for FEA analysis is created using 3D integrated CAD software from parametric 

called Pro-Engineer. The resulting simulation results for copper coil in bacterial media 

are as shown in Fig. 8. 

 
 

 
 

Fig. 8. (A), (B) Magnetic field intensity through a current carrying coil and its direction. (C), (D) Electric field 

intensity experienced by a magnetite crystal inside the coil and the direction of electric field from positive node 

to negative node. 

 

 

Further, the magnetic field experienced by magnetite crystals inside the current 

carrying copper coil and the heat dissipation because of the current flowing through the 

coil is as shown in Fig. 9, which will govern the practical temperature limit beyond which 

AMB-1 cells will cease to travel and may lose their magneto-sensitive behavior. 
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Fig. 9. (A) Magnetic field strength experienced by a magnetite crystal inside the copper coil. The magnetic field 

intensity taken along and across the magnetic field lines is as shown in (C) and (D). (B) shows a simulated heat 

dissipation for the copper coil and a corresponding temperature rise of 0.12 � C.  

Conclusion 

Results indicate that AMB-1 can be utilized for selective deposition tasks. Magnetotaxis 

of the individual AMB-1 cells can be controlled through a local magnetic field generated 

by solenoid coils. Simulation results from MATLAB and COMSOL on the generation of 

magnetic field and heat by solenoid coils give useful insights into the directional control 

of the bacterial entities. The components to be deposited such as carbon nanotubes and 

graphene are to be carried by the AMB-1 cells to the desired location on the substrate. 

These materials in turn could be functionalized on the AMB-1 flagellum through 

electrostatic/Van der waals interaction. Altera DE-II board acting as a controller would 

be an FPGA component to the selective deposition of the nanoparticles. Further 

investigation is necessary to compare the throughputs of conventional lithography and the 

bacterial operation. At present stage, it is the size of the selectively deposited particle that 

is of concern. However, in future using advanced algorithms, multiple AMB-1 cells could 

be used to manipulate multiple locations over the substrate and hence provide a parallel 

technique thereby multiplying the throughput. We envision a hybrid alternative 

technology to the current lithographic strategy where biological phenomena could be 

used to fabricate electronic circuits. 
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