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                            Abstract 
 

This thesis is comprised of two sections. First section describes the development of a 

simple and cost-effective scheme for bio-sensing, described as the detection of various 

biological elements inside a system or a body (that can be harmful or dangerous) with the 

help of specific biological receptor units. Gold nano-ripple pattern is prepared using a gas 

cluster ion beam (GCIB) system.  When the nano-ripple surface is exposed to 

electromagnetic light, it shows localized surface plasmon resonance (LSPR) effect. 

Because of this plasmonic behavior, interaction of the targeted biomolecules and the 

receptors on the surface, sends optical signals that is processed to determine the presence 

of the specific biomolecule in the body. This LSPR nano-ripple gold biosensor was used 

to detect antibody-antigen reaction of rabbit X-DENTT antibody and DENTT blocking 

peptide (antigen) using adsorbate-induced LSPR-wavelength shift from the nano-ripple 

gold surface and its dependence on the antigen concentration. This approach does not 

require any chemical processes for its design and has the prominent advantage of 

possibility of large surface area coverage and applicability to different starting materials. 

These biosensors have monolayer scale sensitivity and high selectivity. The nano-ripple 

biosensor can be further developed to obtain a real time analytical detection mechanism.  

The second section presents the experimental results based on the effect of weak magnetic 

field on the growth of bacteria on glass nano structures. Bacteria is found to adhere more 

on nano-ripple pattern and larger bacterial colonies were observed in comparison to the 

plain glass surface. Moreover, magnetic field affects the growth by reducing the size of 



x 
 

colonies. In another experiment, we examined the effects of different magnetic field 

configurations, including static (homogeneous and non-homogeneous) and time-varying 

magnetic fields, on various species of bacteria on a plain glass surface based on their 

growth rates. Magnetic field suppresses the growth of bacteria and slowest growth rate was 

observed in bacteria treated with time-varying magnetic field. 
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       Chapter 1 

Introduction  

Biosensor research has gained enormous attention in recent years in which tens of 

thousands of papers have been published and there lies a growing interest in 

biosensor applications in a variety of fields including medicine and nanotechnology 

[1-3]. Biosensors are becoming increasingly important and used as practical tools 

for healthcare monitoring, drug screening, clinical analysis and diagnosis of 

diseases, agricultural and environmental applications, industrial processing and 

monitoring, and in food safety control. Scientists are developing biosensing devices 

offering simple instrumentation, inexpensive, and label-free procedures that do not 

require large sample volumes. 

Many new approaches and strategies have been developed towards biosensors for 

clinical applications including enzyme-based biosensors, immunological 

biosensors, and DNA biosensors. Biosensors are devices with a biological-

recognition element such enzymes, antibodies, and other receptors that captures the 

analyte in the solution and an optical or electronic transducer which converts the 

event into a quantifying measurable signal. Biological sensors have the ability to 

detect pathogens and perform genetic testing even for point of care analysis. They 

have shown tremendous potential for disease-specific biomarkers and real-time 

monitoring of biological signals [4-6].  For early-stage disease detection and 
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treatment, it is very important to recognize the health-related complexity in a timely 

manner. Biosensors prove to be very powerful tool for that matter. 

Nanotechnology has played an important role in improving the sensitivity and 

performance of biosensors. A fast, reproducible, and selective sensing technique is 

important to obtain information used for disease control, environmental monitoring 

and agricultural productivity. Nanomaterials enable rapid and continuous detection, 

reproducibility and sensitive response that is extremely useful for a broad range of 

areas such as food processing, medical, pharmaceutical, and defense, and water 

purification systems. The use of nano biosensors brings about a combination of 

advantages including low cost, integrated, miniaturized devices, selective 

biological recognition, operational convenience, and high sensitivity. The 

advancement in biosensors and biotechnology must meet the rapidly growing need 

for rapid clinical and medical diagnostics.  

In recent years with the development of optical biosensing devices, there has been 

more focus on discovering new technologies and methods to exploit the optical 

properties of noble metal nanostructures due to their ability to generate localized 

surface plasmon resonance (LSPR). Localized surface plasmon resonance (LSPR) 

effect of metal nanostructures has attracted considerable research interest because 

of its potential applications in several areas including sensors [7], surface enhanced 

spectroscopy [8, 9], photovoltaics [10, 11], sub-wavelength microscopy [12, 13], 

near-field lithography [14], nano-photonics [15], bio-imaging [16], laser photo 

thermal therapy [17], and numerous other applications. LSPR results from coupled 
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oscillations between the charge density of conduction electrons and their 

corresponding electromagnetic field in conductive nanostructures that are smaller 

in dimension compared to the wavelength of exciting electromagnetic radiation, 

which results in enhanced absorption and scattering resonances [18]. The unique 

plasmonic property of metals resides in the fact that their dielectric constant is a 

complex function of the frequency of incident light,  𝜀𝜀(𝜔𝜔) = 𝜀𝜀1(𝜔𝜔) + 𝑖𝑖𝑖𝑖2(𝜔𝜔). The 

imaginary component, 𝜀𝜀2(𝜔𝜔), causes the resonant behavior. The LSPR peak relies 

greatly on the shape, size, and composition of the nanostructures.  Application of 

the LSPR effect therefore critically depends on reliable and efficient ways of 

controlled fabrication of metallic nanostructures.  

LSPR sensing chips are nanostructured reusable substrates that use simple optical 

extinction spectrum for sensing purposes. In my dissertation, I will explain the 

details of the fabrication and working of the LSPR based optical nano-ripple gold 

biosensor with argon gas cluster ion beam bombardment. Such a sensor brings 

several advantages including simple configuration, easy to fabricate (single-step 

fabrication process), cost effective, large area coverage, label-free, high sensitivity 

and specific selectivity and the potential of real-time detection analysis. The 

biosensing chip detects the antibody-antigen binding on its surface and can be 

similarly used for all receptor-ligand pair by anchoring either the ligand or the 

receptor to the gold nano-ripple surface.  

Chapter 2 is about the gas cluster ion beam (GCIB) system that is used to make the 

nano-ripple pattern on a thin gold film. It talks about the apparatus of the machine 
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and the various other characteristics and applications of the GCIB equipment. The 

difference between a cluster ion beam and a monomer ion beam is explained 

together with the mechanism of cluster-solid interaction. In Chapter 3, the localized 

surface plasmon resonance behavior of the nano-ripple metallic substrate under the 

effect of an incident electromagnetic light and its dependence on the nano-ripple 

dimension and the polarization of the electric field is emphasized. I will also 

describe the formation of the self-assembled nano metallic rippled structure induced 

by oblique cluster ion beam irradiation and its potential for plasmonic sensing 

applications. 

Chapter 4 demonstrates how the localized surface plasmon resonance (LSPR) 

property of the nano-ripple gold substrate can be utilized for bio-molecular sensing 

application. It reveals the high sensitivity and the specific-selective nature of the 

biosensing chip. The dependence of the plasmon resonance spectral peak the 

surrounding dielectric environment and on the surface morphology which is related 

to the cluster ion beam fluence is explained in detail. LSPR peak shifts with 

monolayer adhesion of organic molecules indicates it can be used for various bio 

and chemical sensing applications. Theoretical model descriptions on ripple 

formation is discussed briefly. Chapter 5, demonstrates the development of the gold 

nano-ripple substrate into a bio- chemical sensor. It show the details of the detection 

mechanism of an antibody-antigen interaction by the nano-ripple LSPR biosensing 

chip and the advantages of this technology are discussed in detail together with the 

future possible advancement in the field. 



 
 

6 
 

       Chapter 2 
 
Gas Cluster Ion Beam (GCIB) System and 
Applications 
 
In the past few decades the development and demands in surface modification 

techniques have required better control of surface structures of nanoscale 

dimension. Such processes have the need of a few hundred eV of ion beam 

energies. A cluster ion beam has the advantage of producing high current ion 

beams at low energy for surface treatments and is a unique tool for modification 

of material surfaces [19, 20]. Aggregates of tens, hundreds, or even as many as 

thousands of atoms or molecules ionized to a single charge state are accelerated 

in an electric field of low energy in the GCIB system.  The kinetic energy of a 

cluster is shared by its constituent atoms and each atom in the cluster carries 

only a few eV of energy. Thus when the clusters strike a surface, it results in a 

shallow penetration of the atoms on the surface and they stop in the first few 

layers of the target material.  

The interaction of solid surfaces with gas cluster ions and the potential 

applications for those interactions has been a topic of great interest along with 

the cluster material, cluster energy is also deposited in a very thin layer at the 

surface which creates a very high energy density in a very small volume where 

unique physical and chemical processes take place. For novel technological 

applications these processes can be very useful in modifying materials [21]. 
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Considerable advancement has been directed towards issues associated with 

transporting and generating cluster ion beams that can be used in practical 

processing equipment. Applications of cluster ion beam have been applied to a 

significant range of materials for smoothing, etching, and chemical 

transformation effects. It offers uniformity, excellent throughput, and 

reproducibility over large area targets.  

The history of argon GCIB developments, the equipment, the fundamentals of 

gas cluster impacts, and the applications of GCIBs has been reviewed in detail 

in reference [22]. Originally argon GCIBs were developed for low damage 

etching, surface smoothing, trimming, and shallow doping among other aspects. 

The successful applications of argon GCIBs have been demonstrated in the 

manufacturing of semiconductor devices, surface polishing, film formations, 

depth profiling, surface modification of various materials including magnetic. 

2.1 Cluster Ion solid interaction 

The cluster ion beam has the advantage of generating highly energetic incident 

clusters accelerated to impact the substrate by means of an applied voltage and 

the fluence of these incident clusters is adjustable. Cluster ion beam with total 

energy of several Kev shared among its constituent atoms, upon impact 

penetrates in to the target surface. Thousands of gaseous atoms bonded by van 

der Waals force falls on the surface of the substrate and undergo the sputtering 

effect due to the cluster ion-solid interaction. Cluster ion solid interaction is very 

different from monomer ion-solid interaction. The simultaneous arrival of 
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clusters of thousands of atoms at the same location produces multiple lateral 

collisions between the incident and the target surface atoms which is why the 

lateral sputtering of the surface target atoms takes place, which then redeposit 

on the surface depressions and smoothens the solid surface. The energetic 

clusters have a large mass but low energy per individual atom, thus the 

penetration depth is determined not by high energy of the clusters but by the low 

energy carried by the constituent atoms. The high total energy carrier clusters 

upon impact transfer their energy to a small impact volume typically of the order 

of a tens of angstroms. Consequently, extreme pressure and temperature 

conditions are generated in a small volume of the surface that adds to high 

sputtering yields and strong enhancement in chemical reactivity and diffusion 

and ejection of target material.  These characteristics make cluster beam a 

particularly suitable technique for growth of films on substrates even at low 

temperatures, especially the surfaces that are difficult to coat using other 

deposition techniques [23]. 

The main characteristic of the GCIB processes is to allow adjustment for the 

incident energy, the cluster size and the flux which explains its broad range of 

application in surface modification, cluster fusion. However in order to achieve 

optimal process performance for specific applications, it is essential to have a 

sophisticated system of controlling the process parameters. Gas cluster ion beam 

GCIB bombardment has emerged as a widely applicable surface smoothing 

technique for many materials including metals, high Tc -superconducting YBCO 

films, and semiconductors.  
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     Figure 2.1: Shows a simple representation of cluster impact taken [21]. 

2.2  Cluster Ions Vs Monomer Ions 

Gas cluster ion beams (GCIBs) have low particle energy (velocity) and high particle 

numbers compared to monomer ion beams. An atom in a gas cluster carries a small 

fraction of the energy, comparable to the metallic or covalent bond energies, which 

causes low levels of damage in the surface due to sputtering. For instance, 3000 

atoms in a cluster beam accelerated to 30 keV means each atom has 10 eV/atom 

which is about 2-4 times that of an interatomic bond. Furthermore, cluster ion beam 

can offer high-sputtering yields and minimal induced-surface damage which is 

required for some depth profiles by transporting thousands of times larger numbers 

of atoms at the same ion current compared with monomer ion beams [24]. 

For the past few decades, the surface self-assembled patterns due to monomer ion 

bombardment have been extensively studied. In 1962, Navez et al., studied the first 

self-assembled pattern formation (mainly the ripple pattern) [25]. They observed 
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glass pattern formation by a charged beam of air of 4 Kev energy and noticed the 

change in the ripple orientation from perpendicular to parallel to the direction of 

the beam when the angle of incidence of the beam shifts from surface normal to 

grazing angles. Bradley and Harper first derived a model for ripple formation on 

solid materials [26] explaining ripple formation and mechanism behind the process.  

2.3 GCIB Apparatus 

In supersonic expansion, a high pressure gas adiabatically expands into a vacuum 

through a de Laval nozzle. The beam condenses and form clusters by limiting the 

velocity of the gaseous atoms. The large gaseous clusters are bonded with weaker 

van der Waals forces and the cluster temperature is less than 10 K [27]. The clusters 

then pass through a metal skimmer and are ionized by speeding electrons generated 

from a heated tungsten filament. The charged clusters are then mass selected and 

accelerated into a target chamber. A detailed description of the instrumentation of 

this cluster ion source is discussed below: 

2.3.1 The Nozzle  

The nozzle is a very important part of the GCIB system, since its structure controls 

the gas flow, cluster size, beam divergence, and temperature. Adiabatic expansion 

in vacuum through a small diameter nozzle flow of a high pressure ion beam with 

essential parameters produces clusters of gaseous and metal atoms. Nucleation and 

growth of clusters depends critically upon the nozzle dimensions and shape and on 

the gas initial temperature and pressure, and is also highly sensitive to the 

thermodynamic properties of the material. Adiabatic expansion is governed by the 
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thermodynamics of the expansion process. All atoms and clusters, after expansion 

move with approximately the same velocity. The large gas flow requires high speed 

pumping even through a very small nozzle. The translational kinetic energy of the 

atoms is of the order of their thermal energy before expansion. Noble gas clusters 

such as Ar gas, whose atoms are loosely bound by Van der Waals forces are readily 

formed by expansion from a high stagnation pressure. Cluster can be in the form of 

dimers, molecules or large cluster ions up to about 10 nm in diameter. The first 

study that indicated condensation of individual vapor expansion out of a small 

nozzle into a vacuum was conducted by Bechet et al. in 1956. High beam intensity 

with energy per atom ranging up to 10 Kev require a low specific charge along with 

the necessary conditions of current and charge density.  

 

     Figure 2.2: Schematic diagram of gas cluster ion beam (GCIB) system [21]. 

2.3.2 Cluster Formation 

Cluster formation is a complicated process and the theoretical descriptions of this 

process are limited. The phenomena of nucleation and growth takes place through 

the birth of small molecular clusters that form and grow by molecular collisions. 
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Cluster-cluster aggregation becomes more evident when the number of the clusters 

are large.  

Initially, dimers are formed when the local temperature is less than the binding 

energy of the dimer of the gas atoms. These dimers act as condensation nuclei for 

the cluster growth. The cluster grows with the inclusion of monomers. In order for 

the cluster to start growing, the ratio of molecules to clusters must be to be large. 

                                                             𝐴𝐴𝐴𝐴 + 𝐴𝐴𝐴𝐴 + 𝐴𝐴𝐴𝐴 → 𝐴𝐴𝐴𝐴 + 𝐴𝐴𝑟𝑟2                                  (2.1)                        

Classically the nucleation process is considered an equilibrium process and the 

cluster’s free energy is equal to the sum the free energy due to the surface of the 

cluster and of the free energy of the same number of molecules in the bulk state. 

Change in the Gibbs free energy (𝛥𝛥𝛥𝛥) in thermodynamic theory during the 

formation of a cluster of radius 𝑟𝑟 is defined as: 

                                                       ∆𝐺𝐺 = −4
3
𝜋𝜋𝑟𝑟3 �𝑘𝑘𝑘𝑘

𝑉𝑉𝑐𝑐
�  𝑙𝑙𝑙𝑙𝑙𝑙 + 4𝜋𝜋𝑟𝑟2𝜎𝜎                           (2.2) 

Where 𝑟𝑟 is the surface energy, 𝑆𝑆, is the saturation ratio (P/P∞) of the vapor pressure 

(P) to the equilibrium vapor pressure (P∞), 𝑉𝑉𝑐𝑐 is the specific volume per molecule 

in a cluster and T is the vapor temperature. The surface energy of a bulk state is 

different from the surface energy of a cluster. Surface energy of a cluster of radius 

𝑟𝑟 is:  

                                                                       𝜎𝜎 = 𝜎𝜎0
1+2𝛿𝛿𝑟𝑟

                                                                   (2.3)    

Where 𝜎𝜎0 is the surface energy for a plane surface of the bulk is state and 𝛿𝛿 is a 

correction parameter in the range of 0.25 to 0.6 times the intermolecular distance. 

∆𝐺𝐺 has a maximum at  𝑟𝑟 ∗ which is the radius of the critical nucleus. Clusters larger 
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than 𝑟𝑟 ∗ are stable, they grow due to condensation whereas clusters with smaller 

radius are unstable and dissociate by evaporation. 𝑟𝑟 ∗ is calculated to be [28]:  

                                                                      𝑟𝑟∗ = 2𝜎𝜎𝑉𝑉𝑐𝑐
𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘 

                                                          (2.4)                                                                                

2.3.3 The Skimmer 

Gas at the stagnation pressure, Po, and temperature, T, expands through a nozzle, 

N, into a region maintained at a pressure, P, by a diffusion pump. A conical 

skimmer, S, located a distance, d, from the nozzle. The intensity of the cluster beam 

depends on the distance, d. The directed axial stream of clusters emerging from the 

nozzle passes through the aligned skimmer which blocks downstream transmission 

of most of the excess gas and admits the center part of the beam to a high vacuum 

region maintained at a pressure, P2. The skimmer in this study is made out of nickel 

(Ni) and has a diameter of a 0.075 mm. A shock wave called Mash disk is formed 

in front of the skimmer if the distance between the skimmer orifice and the nozzle 

is larger than an optimal value and decreases the beam intensity. Also, a high 

pumping rate turbo pump is essential to reduce distortion caused by the cluster 

beam interference that can occur due to the evaporating gas collisions with the 

cluster beam.  

2.3.4 Ionization and Acceleration of Clusters 

The clusters passing through a skimmer and a collimator, then enters an ionizer. 

Inside the ionization chamber, the clusters are ionized by electron bombardment 

and accelerated by applying an extraction voltage to a high potential, typically a 

few kV to a few tens of kV. The ionized beam consists of both the clusters and the 
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monomers at this point. A low extraction voltage is applied in order to suppress the 

monomer ions through the space charge. The cluster ion size distribution can be 

selected by a retarding potential. The cluster ion beam is then focused by a lens. 

The extracted and focused ion beam with large clusters and high-kinetic energies is 

then accelerated towards the substrate, which is placed on a substrate holder in the 

target chamber.  

       2.4 GCIB and Surface Modification  

GCIB is capable of producing surface effects that are distinctly different from other 

ion beams and plasma methods. Cluster ion impacts are different from monomer 

ions. Cluster ion beam has commercial applications in semiconductors, data storage 

and photonics. With advances in process integration and machine technology. 

GCIB has proved to play a great role in the industry in manufacturing devices 

requiring high throughput. Some unique characteristics of gas cluster ion beam 

bombardment in surface modification [29-31] is high sputtering yield, shallow 

implantation, surface cleaning and smoothening, uniform etching, surface erosion 

and thin film formation.  

2.4.1 Surface Cleaning and Smoothing 

Cluster ion beam with an inert gas source produces huge sputtering effects which 

are useful in smoothening and cleaning on atomic level [21]. Surface impurities can 

be effectively removed using GCIB. A high-removal rate together with low-surface 

damage effect has been a big advantage of a cluster ion beam. Surface smoothening 

is attributed primarily to the lateral sputtering of the target atoms at the impact site. 
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This is an important characteristic of the cluster ion beam which is not associated 

with any other molecular or atomic ion beam processes. GCIB possesses the ability 

to enhance the surface quality of most materials, such as glass, metals, and 

diamonds. GCIB shows excellent ability to smooth even to sub-nanometer levels. 

It typically removes a small amount of the target surface material and offers an 

effective way of producing superior surfaces on materials. Figure 2.3 shows an 

AFM image of a Ni-Fe film treated by Ar GCIB system [21]. 

 

             Figure 2.3: AFM images of GCIB treated NiFe film [21]. 

2.4.2 Surface Etching 

GCIB can be used for very uniform and controlled etching over a full area substrate. 

With the inclusion of halogen compound in the argon gas source, the GCIB ability 

of chemical interaction with the target is strongly enhanced and it can produce a 

highly efficient and reproducible high-rate etching. Studies show that by addition 

of a halogen compound in the argon gas source the rate of surface removal can be 
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greatly increased [21]. Figure 2.4 shows a reduced thickness of a SiO2 layer on a 

200 mm silicon wafer from 526 nm to 347 nm using GCIB for etching. 

 

 

Figure 2.4: Shows GCIB etching of SiO2 layer (dark shade indicates the surface of 

the SiO2 layer) on a silicon wafer.  

2.4.3 High Sputtering Yield and Shallow Implantation  

Cluster ion implantation results in shallow penetration and high sputtering yield 

than a monomer ion beam [19, 20]. Argon monomer ions show less penetration in 

the solid material with the cluster ion beam. Each cluster is about a few thousand 

Ar atoms. With the same total energy, the thickness of the damaged layer by the Ar 

cluster ion beam is much shallower as compared to the Ar monomer ion 

implantation.   

2.4.4 Thin Film Formation 

Sputtering causes unnecessary damage in the targets and electrodes in the 

experimental equipment such as microscopes and ion sources. However, it has 

found to be a very useful phenomena in many techniques and applications in the 
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manufacturing industry including thin film deposition. High sputtering yield plays 

an important role in improving the throughput. High density bombardment with 

low energy cluster ions can modify thin substrate surface layers. Gas cluster ions 

have a strong chemical reactivity [20]. 

2.4.5 Surface Nano-ripple Formation 

Cluster ion beam sputtering of solid surfaces can be used to form self-assembled 

nano ripple or nano dot structures at oblique angle incidences [32-33]. A nano-

ripple pattern is formed due to lateral sputtering of the surface atoms when a cluster 

beam hits the substrate thousands of very-low-energy atoms (several eV per atom) 

simultaneously bombard at the same location on the surface of a target at an 

incidence normal to the surface of the target and goes through a series of multiple 

collisions. The relation between sputtering yield and the surface morphology can 

be determined by varying the incident angle of the cluster beam. The details of the 

description of nano ripple formation by GCIB irradiation is explained in the next 

chapter. 
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Chapter 3 

Metallic Nanostructure for Plasmonic 
Applications  
 
 
Numerous nano-fabrication techniques are utilized in synthesizing nanostructures 

for utilization of the LSPR effect [34]. Wet chemical reduction is an attractive 

method for synthesizing noble metallic (Au and Ag) nano particles of dimensions 

required for LSPR applications. Because of the face centered cubic crystallization 

of many metals, in this approach, the nano particles inherently crystalize into a 

truncated octahedron shape. However, surfactants and stabilizing agents added to 

the reactants allow engineering of different shapes and morphology by promoting 

preferential growth along certain crystal facets [35]. Wet chemical reduction 

synthesis has the advantage of large scale and relatively rapid synthesis. However, 

it is impaired in reproducibility and ability to fabricate substrates with immobilized 

ordered nanostructure arrangements. Another attractive approach is to promote 

plasmonic metal nano-particle growth in a solid solution, where the metal is infused 

into a solid substrate by means of ion implantation to reach a concentration 

exceeding the solid solubility of the metal in the substrate [36, 37]. Nano-particles 

formed in this process are inherently immobilized in the solid substrate with high 

spatial propinquity and therefore, these composites are also effective as surface 

enhanced Raman spectroscopy (SERS) substrates [38]. 



 
 

19 
 

Lithographic techniques are attractive in achieving size and shape control of 

plasmonic nanostructures. Fabrication of nano structures via electron beam (EB) 

lithography and focused ion beam lithography allows high resolution and precise 

control of size, shape, and spatial distribution of nano structures [34, 39, 40]. 

Despite their advantages, they suffer from being slow processes and are limited to 

relatively small area fabrication [39]. Nano sphere lithography offers a cost 

effective method to produce large area 2D periodic arrays of plasmonic nano 

structures [41, 42] that are also effective SERS substrates. Alterations to fabrication 

methodology of nano sphere lithography allows fabrication of nano structure 

morphologies that include nano disks, nano rings, nano holes, and even cup-like 

structures [43]. Nanoimprint lithography can be considered to be a next generation 

lithographic technique that offers high precision comparable to EB lithography, 

while offering high throughput suitable for large-scale patterning [34,39]. This 

method allows finest lithographic resolutions, however, limited by the resolution of 

mask fabrication [34]. Some attractive and effective alternate approaches include 

the fabrication of metallic plasmonic resonators by nano skiving of chemically 

synthesized micro-plates of gold [44, 45]. In this approach, microplates of metal 

(gold) of nano-scale thickness are embedded in epoxy, and then sliced along with 

epoxy via nano skiving. This forms nano wires of well-defined dimensions that act 

as plasmonic resonators and plasmonic waveguides. One attractive feature is that 

when deposited microplates are single crystalline, the structures themselves 

become single crystalline, making them low-loss plasmonic resonators.  The 



 
 

20 
 

approach, however, is a multiple step process and is unable to produce large area 

nano structure arrays. 

Systematic laboratory procedures with cleanroom techniques do produce effective 

plasmonic structures, however, industrial applications such as large-area 

photovoltaic module production requires inexpensive and scalable techniques for 

controlled fabrication of metal nano patterns [46]. Simple methods to achieve this 

include thermal evaporation of a thin metal film on to a substrate and heating at a 

moderate temperature (200–300 °C). This causes agglomeration of the metal film 

by surface tension that forms a random array of nanoparticles with more regularity 

achievable by evaporation through a porous membrane (for example porous 

alumina) [47-49]. 

3.1 Plasmonic Nanostructure by GCIB Irradiation   

To compliment such large-area high-throughput fabrication methods, in this 

chapter we discuss a method to fabricate plasmonic nano-arrays by oblique angle 

gas cluster ion beam (GCIB) irradiation of gold surfaces. Our method is a single 

step process with high throughput and the capability to produce large-area 

fabrication (200 mm wafer processing with commercial cluster ion implanters). 

Further, as any ion irradiation process this method produces minimum 

contamination since it does not involve any chemical processes. The fabrication 

method is further reproducible, and can be applied to many different starting 

materials that include metals and non-metals [50-52]. 
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Cluster ions are charged, bound units of thousands of atoms. Energetic flux of 

cluster ions makes a cluster ion beam. Interaction of cluster ions with a solid is 

significantly different from how monomer ions interact with a solid. This is because 

of comparatively very low kinetic energy per constituent atom of a cluster ion and 

the synergetic reaction caused by the simultaneous arrival of thousands of 

constituent atoms of a cluster at the target with high spatiotemporal propinquity 

[53, 54]. The resulting nature of cluster ion-solid reactions is ideal for controlled 

surface modification. Gas cluster ion irradiation at normal incidence to a surface is 

widely used in research and industry for atomic scale smoothing of surfaces [53, 

55, 56]. In contrast, GCIB irradiation of surfaces at an oblique angle roughens a 

surface, under proper conditions, producing self-assembled periodic nano-scale 

ripple arrays that closely resemble aeolian sand-ripples [33,51, 52]. Our approach 

utilizes this self-assembly process in order to fabricate metallic plasmonic nano 

structure arrays. Interestingly, with our approach, it is straightforward to control the 

scale and the separation of the nano-ripple structures, for example in this case of 

gold, to be in the range that exhibit LSPR in the visible range. In our experiment 

we irradiate a thin plain gold surface with ionized clusters of argon gas. Argon 

being an inert gas does not react with the surface and forms a one dimensional gold 

nano-ripple pattern due to sputtering of the gold atoms at the surface [33]. The 

nano-ripple wavelength depends on the number of clusters hitting the surface per 

unit area (centimeter square). By varying fluence of these clusters we obtain nano 

patterns of different sizes. In this chapter, we report the variation in the localized 

surface plasmon resonance frequency with the change in dimension of the gold 
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nano-ripples and the polarization dependence of the plasmonic response of these 

nano-ripples on the incident electric field vector due to their one dimensional 

structure. 

3.2 Fabrication of Nano Ripple Array 

We fabricate nano-ripple structures on gold surfaces (100 nm thick gold film on 

silicon obtained from Sigma Aldrich) by means of oblique angle irradiation (see 

figure 3.1) by 30 keV Ar GCIB (with 3000 mean Ar atoms per cluster ion) using 

an Epion cluster ion implanter. In order to control the geometry of the nano-ripple 

structures for the purpose of tuning the LSPR resonance frequency, we change the 

GCIB irradiation fluence as the variable parameter. For the cases discussed, at a 

base angle of incidence of 60 degrees, we irradiated the gold surface with different 

GCIB fluence of 1×1016 clusters/cm2, 2×1016 clusters/cm2, and 4×1016clusters/cm2. 

The cluster ion beam flux is approximately 3.9 ×1012 clusters/cm2/sec and was kept 

constant. The variation of irradiation fluence affects the self-assembly process such 

that geometric parameters of the ripple arrays vary, which subsequently determined 

the LSPR resonance frequency. We have chosen the mentioned incident angle 

because it is within the ideal range of irradiation angles for the nano-ripple 

formation process [33]. The same holds true in our choice of the range of irradiation 

fluence, for example, below our choice of the lowest fluence of 1×1016 clusters/cm2 

nano-arrays lose their periodicity. At the fluence of 4×1016 clusters/cm2 the 

separation between the individual nano ripple saturates. As we increase the fluence 

beyond this point, height of the ripples starts reducing and an increase in the fluence 
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does not increase the plasmon resonance frequency. The detailed mechanism of 

GCIB induced ripple formation and the reasons for these lower and upper bounds 

are explained in detail by Tilakaratne et al. in reference  [33]. 

 

Figure 3.1: A schematic of oblique angle gas cluster ion beam (GCIB) irradiation 
configuration used in fabrication of nano ripple array structures. In this case 
presented, a 100 nm thick film of gold on silicon is irradiated with argon GCIB. θ 
is the angle of incidence of GCIB irradiation. 

 

Figure 3.2a and 3.2b show scanning electron microscope (SEM) images of the 

nano-ripple arrays fabricated under selected conditions of 4×1016 clusters/cm2 

GCIB fluence, and 60 degrees GCIB incident angle. Tilted view in figure 3.2b 

shows that the cross-section of ripples are shaped up as curved walls forming a 

cavity between one side of the wall and the gold substrate. Rutherford 

backscattering measurements of the average thickness of the remaining gold layer 

confirmed the silicon substrate is not exposed after irradiation.   Detailed 

description of gold nano-rippled surfaces that cover the rest of the fabrication 

conditions discussed in this chapter can be found in references [33] and [57]. Here, 

we discuss LSPR of these nano-ripple structures relating it to the geometry of the 

rippled surfaces that depends on the fabrication conditions. As parameters that 

characterize the geometry, we use the ripple height (h), and the ripple periodicity 
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(l) (average peak to peak distance of the periodic ripples) as acquired by atomic 

force microscopy. 

 

Figure 3.2: (a) SEM top view image of the nano-ripple array on gold surface 
obtained for GCIB irradiation fluence of 4×1016 clusters/cm2, for an incident angle 
of 60 degrees. (b) SEM image with the substrate tilted 70 degrees for better 
visualization of the cross-section of the ripples. 

 

3.3 Optical Characterization and LSPR 

We will briefly discuss the localized surface plasmon resonance (LSPR) effect from 

the gold nano ripple pattern. When white light falls on a plain metal surface, at a 

particular frequency, the electric field E of the incident beam and the electric field 

of the free conduction electrons inside the metal couple with each other. The 

coupling gives rise to huge charge density fluctuations which travel along the 

metal-dielectric interface. The quanta of these oscillations is called the surface 

plasmon. When the dimension of the metal is reduced to nanoscale and the 

wavelength of the incident light is larger than its dimension, the free electrons 

inside the metal nano particle show plasmonic oscillation at the resonant frequency 
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under the influence of the incident electric field and give rise to standing waves due 

to its confined size. These are confined surface plasmon and this effect is called 

localized surface plasmon resonance (LSPR). However the structure under 

discussion is not a nano particle. It is a one dimension nano-ripple pattern of gold. 

Thus by changing the polarization of the incident electric field on these structures 

the intensity of the LSPR peak will vary which explains the polarization 

dependence of their plasmonic behavior. 

In obtaining optical spectra, we illuminate the nano-rippled surfaces with linearly 

polarized, focused, white light from a high-intensity tungsten light source as shown 

in figure 3.3. The incident beam of light is perpendicular to the metal surface with 

the polarization perpendicular to the length (larger dimension) of nano-ripples. 

Diffuse light scattered off the surface is acquired and guided through an optical 

fiber and analyzed using an optical spectrometer. 
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Figure 3.3: Experimental arrangement used for measuring optical diffuse scattering 
from nano-rippled gold substrates. 

 

Figure 3.4a shows optical scattering spectra of rippled surfaces fabricated by GCIB 

irradiation at fluence of 1×1016 clusters/cm2, 2×1016 clusters/cm2, and 4×1016 

clusters/cm2, for GCIB incident angle of 60 degrees. The enhanced optical 

scattering peak caused by LSPR of the nano-ripple structures is prominent in these 

spectra. Figure 3.4b and 3.4c show the variations of nano-ripple height and ripple 

periodicity that correspond to the peaks of the scattering spectra. The LSPR 

scattering enhancement is observed when the surface component of the polarization 

of incident light is perpendicular to the length of the ripple structures, and is 

suppressed when the polarization is parallel to it as is indicated in the insert of figure 

3.4a. The suppression as expected occurs due to the electric vector of the incident 

beam being parallel to the length of the ripple structure that is significantly larger 

in dimension than the width. 
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Figure 3.4: (a) Optical scattering spectra of gold nano-ripple array surfaces 
fabricated by GCIB irradiation at fluence of 1×1016 clusters/cm2, 2×1016 
clusters/cm2, and 4×1016 clusters/cm2, for a GCIB incident angle of 60 degrees. 
Spectra clearly show the enhanced scattering peak due to LSPR of the nano-ripples. 
The insert shows a comparison of spectra for surface component of polarization of 
light perpendicular and parallel to the length of ripples showing that LSPR occurs 
when the polarization is perpendicular to the length of ripples. The frequency of 
resonance can be effectively changed by changing the GCIB irradiation fluence in 
fabrication. (b) Variation of average ripple height and (c) average ripple periodicity 
with respect to GCIB fluence, obtained via atomic force microscopy. 

 

AFM images of these nano ripple structures are shown in figure 3.5 and the process 

of ripple formation is explained in detail in reference [33]. By changing the 

irradiation fluence in fabrication (for 60 degree GCIB incident angle), the LSPR 

wavelength in the nano-ripple surfaces can be changed in a considerable range of 

653 nm to 761 nm. Certainly, although we have limited the selection of fluence 

used for the purpose of this study that is primarily a proof of concept, larger control 

can be achieved by a much finer selection of irradiation fluence. In addition, the 
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dimensions of the nano ripple structures can be tailored by changing the GCIB 

angle of incidence [51] as an additional potential parameter for LSPR control. 

 

Figure 3.5: (a) (b) (c) and (d) are the AFM images of gold nano-ripples fabricated 
by ion fluence of 1×1015 clusters/cm2,1×1016 clusters/cm2, 2×1016 clusters/cm2 , and 
4×1016 clusters/cm2 respectively. 

 

As mentioned earlier the shift of the LSPR resonance wavelength is caused by the 

variation of the geometry of the ripple arrays. In case of molding of ripple geometry 

by varying the GCIB irradiation fluence, it is notable (Figure 3.4b and 3.4c) that 

the average ripple periodicity increases with increasing irradiation fluence, in this 

case from 120 nm to 200 nm when the fluence is increased from 1×1016 clusters/cm2 

to 4×1016 clusters/cm2. Along with that, in the same range of fluence the average 

ripple height varies between a minimum of 30 nm and 60 nm. The red-shift of the 

LSPR resonance frequency can be qualitatively described as being caused by the 

increase of ripple height perturbed by increase of ripple periodicity within this 
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range of fluence. However, the complex cross-section shape of the ripples, 

including the curvature and the cavity observed in SEM imaging (Figure 3.2) was 

not quantified in this work and may affect the LSPR resonance frequency. 

Therefore, we have not yet established a functional relationship between the GCIB 

irradiation conditions, ripple dimensions, and the SPR resonance wavelength in this 

chapter. Further analysis is needed in developing this relationship. The SPR 

resonance wavelength is however, reproducible with the same GCIB irradiation 

conditions. 

 

 

 

 

 

 

 



 
 

30 
 

 

 

Figure 3.6: The polarization dependence of the plasmonic property of the nano 
ripples array surface is addressed. (a) Explains the LSPR effect occurs when the 
incident E field is perpendicular to the ripple array. That is when the wavelength of 
the incident E field is larger than the cross section of the ripples. In the scattering 
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spectrum, a huge peak in the intensity at the resonance frequency is observed. (b) 
Shows there is no resonance effect when the incident E field is parallel to the ripple 
pattern. (c) Shows the drop in the intensity as we change the polarization angle from 
90 degrees to 0 degrees for the nanostructure of 4×1016 clusters/cm2 fluence. 

 

The intensity at the resonance wavelength varies with the polarization of the 

incident electric field vector (Figure 3.6).  The intensity is highest when the ripple 

pattern is perpendicular to the incident E field. For LSPR to occur, the wavelength 

of the beam must be larger than the dimension of the ripples.  

3.4 Plasmonic Behavior of the Nano-Ripple Gold 

We did a comparative study of the plasmonic properties of the nano-ripple array 

generated by three different fluence of the cluster ion beam with intensities 1×1016 

clusters/cm2, 2×1016 clusters/cm2, and 4×1016 clusters/cm2. Below the fluence of 

1×1016 clusters/cm2, the surface did not establish periodicity in its pattern. As we 

increase the fluence, the structure starts to attain order. At the fluence of 1×1016 

clusters/cm2, we observe the LSPR peak in the spectrum but the spectral curve was 

broad. The broadening of the scattering spectrum indicates that the structure is not 

well-ordered and thus the LSPR peak is not very sharp. We use this fluence as the 

lower bound for our studies. As the fluence increases, the structures begin to 

become larger and periodic. At 2×1016 clusters/cm2 and 4×1016 clusters/cm2 we 

achieve a relatively uniform and ordered nano-ripple pattern. As can be seen in the 

AFM image in Figure 3.5. 
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The scattering spectrum is narrower for the fluence of 2×1016clusters/cm2 and 

becomes sharper when we increase to 4×1016clusters/cm2 as the structure become 

larger and uniform with the increased fluence. The plasmon resonance frequency is 

different for different dimensions of the ripple patterns. The experiment indicates 

that as the structure gets bigger, the corresponding resonant frequency gets larger.  

We plotted the normalized intensity as a function of LSPR wavelength for the three 

different fluence in figure 3.4. The peak for the smallest fluence occurred at 653 

nm (black line), the medium fluence (red) at 700 nm and the highest fluence (green) 

at 762 nm showing the relation between the LSPR peak and the nano ripple 

dimension. The increase in the fluence from 1×1016 clusters/cm2 to 4×1016 

clusters/cm2 increases the size and the separation between the nano ripples and the 

corresponding LSPR wavelength from these structures accordingly increases. 

The plasmonic response of the nano-ripple structure is polarization dependent 

because of their one dimensional nature unlike the nanoparticles. When the incident 

light is perpendicular to the structures, we observe the maximum intensity in the 

LSPR resonance peak (Figure 3.6a). Changing the polarization will decrease the 

intensity gradually (Figure 3.6c) and with E field parallel to these nano structures 

we observe no resonance at all (Figure 3.6b). 

3.5 Advantages for Plasmonic Applications 

Self-assembly induced by oblique angle cluster ion beam irradiation of metal 

surfaces is a high-throughput, single-step method for fabricating rippled plasmonic 

nanostructure arrays. This approach does not require lithographic or chemical 
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processes and has the prominent advantage of possible large surface area coverage 

and applicability to different starting materials. The polarization dependent 

plasmonic property of the gold nano-ripple is due to their one dimension structure. 

The localized plasmon resonance frequency of synthesized nano-ripple arrays is 

tunable by changing nano-ripple dimensions that can be engineered by changing 

the cluster ion beam irradiation parameters. The outcome, along with this single 

step, cost-effective, large area GCIB based fabrication method is promising for the 

use of these nano-ripple arrays in plasmonic applications. 
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Chapter 4 
 
Bio-molecular Sensing Application of Gold Nano 
Ripple Structure 

There is a growing interest in developing nano-biosensors with high sensitivity and 

selectivity in the scientific community due to its various advantages [58-59]. The 

localized surface plasmon resonance (LSPR) based sensors offer the benefit of low 

cost instrumentation, label-free detection, high sensitivity, specific selectivity and 

easy configuration in addition to its ability of real time detection [18, 7, 60]. These 

optical nano biosensors have proved very useful in applications in wide range fields 

such as drug screening, DNA recognition, environmental monitoring, and various 

chemical and biomolecular detection [61, 62]. Researchers currently are 

investigating ways of developing an LSPR based sensor with better performance. 

The most common method that the scientists have employed is building the nano 

sensor by chemically immobilizing metal nanoparticles on a functionalized 

optically transparent surface [63] and using an optical transducer that can translate 

the biomolecular interaction into a quantifiable signal in order to detect the specific 

biomolecule [60]. The unique optical property and bio-compatibility of gold has 

encouraged scientists to utilize it for biosensing applications [64-65]. We have 

demonstrated an LSPR based gold nano-ripple biosensor that is produced in a single 

step process using gas cluster ion beam (GCIB) system [51, 33, 52].  
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In the recent years the increase in nano-scale applications has created significant 

interest in self assembled pattern formation due to ion beam irradiation. Nano-

patterning and modifications require nuclear collision between ions and substrate 

atoms in less than 100 eV energy range. Compared to monomer ion beams the 

cluster ion interactions with the surface produces unique structural alterations 

because of their capability to deliver a very low particle energy beam (a few eV’s) 

with high current density. Upon impact the cluster ions [27] simultaneously arrive 

at the same location and transfer their high total energy to a small impact volume 

(of the order of a tens of angstroms). Due to high energy density collisions, extreme 

pressure and temperature conditions are generated. Consequently, dissociations 

close to the surface create synergetic reactions that produces a high sputtering yield 

and strong enhancement in chemical reactivity and diffusion.  

4.1 Theory of Ripple Formation and Mechanism 

Gas cluster ion beam forms nano-ripple structures on a thin metal surface at oblique 

angle incidences [66]. When thousands of very low energy atoms simultaneously 

bombard the surface of a target at an inclined angle to the normal, a nano-ripple 

pattern is formed because of the lateral sputtering of the surface atoms. Cluster 

formation is a complicated process and the theoretical descriptions of this process 

are limited. First model explaining ripple formation and mechanism was derived by 

Bradley and Harper [26] on solid materials. It predicts the linear growth of ripples, 

but does not predict ripple saturation. The Makeev, Cuerno, and Barabási (MCB) 

model [67] modified the Bradley and Harper model and included the non-linear 
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terms that depend on the random ion flux and the slope of the surface and 

considered effective ion-induced diffusion rather than isotropic thermal diffusion. 

Most theoretical calculations of ripple formation illustrate coupling of mobile 

surface atoms and monomer ions. 

4.2 Nano-ripple LSPR based Biosensor 

LSPR based gold nano ripple biosensor has the benefit of low cost of fabrication, 

real-time monitoring capability, and large surface area coverage for label-free 

biosensing purposes. The light scattered from the metal nano structure show a peak 

intensity at the resonant wavelength of the nano ripples depending on their 

dimensions [66], where it couples with the electric field of the incident light (Figure 

4.1a). The nano ripple pattern act as a probe for the detection of biomolecules 

immobilized on the surface by sensing the change in the dielectric environment and 

altering the resonant wavelength [68-69]. The LSPR peak shift acts as a biomarker 

that identifies the specific biomolecule attachment [70].  

The nano-gold surface can be functionalized by thiolated organic compounds due 

to the strong affinity of gold to the thiol group of these compounds.  The property 

of gold to make a strong bond with a thiol group of organic compounds enables it 

to achieve stable and uniform monolayer of these organic compounds on its surface. 

This monolayer can act as a cross-linker for binding antibodies or other receptors 

and make them sterically accessible for the target antigens or ligands as illustrated 

in Figure 4.1b and thus can be used for studying antibody-antigen reaction 

dynamics [71-72] by detecting the change in the LSPR resonance wavelength due 
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to adsorption, dissociation and regeneration of the surface in real time as shown in 

figure 4.1c and various other such mechanisms.  
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Figure 4.1: (a) A schematic diagram illustrating that the light scattered by the gold 
nano-ripple pattern shows peak in the intensity at the LSPR wavelength in the 
scattering spectra collected by the spectrometer. (b) A schematic diagram showing 
how the technique can be used for antibody-antigen reaction study. When the 
antibody is immobilized on the surface it changes the LSPR wavelength due to the 
change it creates in the dielectric environment. If the antibody happens to exist in a 
system with its specific antigen, the antigen binds on the antibody sites and causes 
another shift in the scattering spectra. If this change in the spectral peak is studied 
in real time a graph such as the one shown in (c) is obtained which explains the 
antibody-antigen reaction mechanism. 

 

In this chapter, we show the dependence of LSPR spectral peak on the nano ripple 

dimension and its saturation point, and the bio-compatibility of the nano-ripple gold 

substrates for bio-sensing applications using various simple organic compounds 

with thiol groups indicating the potential of this LSPR-based sensor for future 

studying ligand-receptor binding, antibody-antigen reaction dynamics, adsorption, 

and dissociation kinetics, drug delivery, protein-DNA interaction, and various bio-

reaction studies using real time detection technique.  

By studying reaction dynamics, the rate at which the body responses to a certain 

drug can be understood, which plays a significant role in designing drugs and 

studying their effects. Researchers are developing biosensors with improved 
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capabilities of diagnosis and monitoring of diseases and drug delivery. Our LSPR 

based sensor has a sensitivity of 266.66 nm/RIU. With increased control and 

uniformity of the nano-rippled gold structure, we believe we can make it a useful 

and reliable technique for biosensing purposes. 

4.3 Experimental Procedure and Setup 

Figure 4.2 shows our experimental setup. A white collimated beam of light passes 

through the polarizer and is focused on the gold rippled samples. The scattered light 

is captured by the spectrometer through the optical fiber and reads the intensity 

spectra vs the wavelength of light. In this setup we use the microscope to make sure 

every time we take the spectrum at the same point on the sample to maintain the 

uniformity of our reading and have a fix reference point. 

 

Figure 4.2: Experimental setup used to collect scattering spectra from the gold 
nano-ripple structures. 
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The scattering spectra from the structure formed by the fluence of 2×1016 /cm2 of 

the argon gas clusters gives a peak in the intensity at the resonant wavelength. By 

changing the polarization of the incident electric field from 90 degrees to 45 degree 

and then to 0 degrees we recorded the change in the spectral resonance intensity in 

order to observe the polarization dependence of the LSPR spectral peak, Figure 4.3.  

Figure 4.4b shows the AFM image of the one dimensional nano ripple pattern 

formed by the fluence of 1×1016 /cm2, 2×1016 /cm2, 4×1016 /cm2, and 5×1016 /cm2. 

The nano ripple dimension is modified by the change in fluence of argon clusters 

producing these nano-patterns. The LSPR spectrum from these nano structures is 

shown in the Figure 4.4a. In this chapter the resonance peaks for 1×1016 /cm2, 

2×1016 /cm2, and 4×1016 /cm2 are slightly different from the previous reported 

chapter [66]. This is because before we took the spectrum, the nano ripple surface 

was being sprayed by nitrogen gas to remove of any dirt on the samples and cleaned 

in UV-ozone cleaner for 15 min to avoid organic compound pre-attachment to 

ensure a sharp LSPR peak.  

In order to measure the sensitivity of this optical nano-ripple gold biosensor, we 

studied the shift in the LSPR spectral peak with water and ethanol. Multiple 

secondary peaks were observed in the spectrum as seen in Figure 4.5. The 

sensitivity and biocompatibility of the nano metallic ripple surface has checked by 

introducing it to an organic compound with high affinity to gold. The cleaned ripple 

surface of 2×1016 /cm2 nano-structure was functionalized with a mono-layer of 4-

methyl-benzenethiol (4MBT) by dipping the sample in a 0.02 M of 4MBT solution 
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(0.285 gm of 4MBT in 10 ml of ethanol) for 2 h. It is then washed with ethanol to 

get rid of excess 4MBT in order to achieve a uniform and stable monolayer of 

4MBT adsorbed on the nano-ripple gold surface and dried using nitrogen gas. A 

resonance shift of 26nm was seen with a mono-layer of 4MBT in Figure 4.6. 

We repeated the same experiment on 1×1016 /cm2, 4×1016 /cm2, and 5×1016 /cm2 

nano ripple structures. In Figure 4.7 the shift in the plasmonic resonance 

wavelength was plotted in nanometers (nm) vs the fluence that determines the 

dimension of the structures. The plasmonic resonance wavelength shift with 

monolayer of octanethiol, dodecanethiol, and cystaemine hydrochloride is shown 

in Figure 4.8.  

4.4 Working of the NR-Biosensor 

LSPR spectral curve shows a peak in the intensity at the resonance frequency of the 

structures where the electric field of the oscillating conduction electrons inside the 

metal nano-ripple couples with the electric field of the incident light. The visible 

optical scattering spectra of nano-ripple gold substrate formed by the fluence of 

2×1016 /cm2 shows LSPR peak at 674 nm. As we changed the polarization angle 

from 90 to 45 degrees, we saw a drop in the intensity peak at 674 nm and when the 

incident E field was parallel to the ripples at 0 degrees the LSPR peak disappears. 

Changing the polarization of the incident light will change the intensity gradually. 

With E field parallel to the ripple pattern, we observed no resonance at all. We have 

discussed this phenomenon in Chapter 3. LSPR depends on the polarization of the 
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incident beam and it disappears if the dimensions are larger than the wavelength of 

the incident electromagnetic light. 

 

Figure 4.3: The visible optical scattering spectra of nano rippled gold substrate 
formed by the fluence of 2x1016 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐/𝑐𝑐𝑐𝑐2. The LSPR peak occurs at 674 nm 
wavelength and by changing the polarization of the incident light we observe the 
disappearance of the peak when the incident electric field is parallel to the nano-
ripple dimensions showing the polarization dependence of these nanostructures. 

 

The LSPR wavelength peak is highly dependent on the fluence of the incident 

cluster ion beam since it determines the dimension of the nano ripple. The 

plasmonic behavior is extremely sensitive to the nano ripple size and can be 

modulated by changing the nano-ripple size, shape, the separation between the 

nanoripples, and the dielectric constant of the environment above the ripple surface 

[40, 41]. As we increase the fluence from 1×1016 /cm2 to 4×1016 /cm2 the width of 

the nano ripple increased as the AFM images indicate and the corresponding LSPR 

wavelength increased accordingly. However increasing the cluster fluence beyond 
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the fluence of 4×1016 /cm2 showed that the wavelength of the nano-ripple did not 

increase further because the height of the ripple is decreased. This occur because of 

the sputtering of the gold atoms from the top of the nano-ripple due to constant 

bombardment. 
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Figure 4.4: (a) The graph illustrates the fact that different dose of the gas clusters 
form nano-ripples of different dimension and thus the LSPR wavelength is different 
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for them. The AFM images of these structures are shown in (b). The average 
maximum height and root mean square wavelength of the profile of each nano-
ripple structure is shown in the Table 4.1. 

Table 4.1: The width and height of each of these nano-ripple pattern 

Nano-ripple Doses 
(1016clusters/cm2) 

 

Average maximum 
height of the profile 

(nm) 

Root mean square 
wavelength of the 

profile(µm) 

1 26 514 

2 40 521 

4 64 555 

5 59 555 
 

The LSPR for 1×1016 /cm2 and 4×1016 /cm2 occurs at 608 nm and 740 nm, 

respectively and for the fluence of 5×1016 /cm2 the resonant wavelength did not 

increase but decreased to 731 nm due to the reduced height of the ripples. Thus 

there lies a saturation point. The width of the nano ripple does not increase beyond 

this point but rather reduces the height of the ripples when we keep on increasing 

the fluence due to sputtering.  

We measured the shift in the LSPR peak from the nano gold ripples with water and 

ethanol and observed the sensitivity S  [7] of: 

S =
∆λ
Δn = 266.66 nm/RIU 

Where RIU stands for refractive index unit. .  
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Figure 4.5: The shift with water and ethanol on nano rippled gold structure formed 
by the fluence of 2x1016 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐/𝑐𝑐𝑐𝑐2. The sensitivity of this sensor is 266.66 
nm/RIU. 

 

Water with a dielectric constant of 1.33, shifts 88 nm in resonant wavelength and 

shows the spectral peak at 762 nm with small secondary peaks at 580 nm and 453 

nm. These peaks indicate the presence of multiple resonances from the structure. 

The nano ripple does not have the same width in every dimension such as a sphere. 

Thus we expect multiple resonance. However, the occurrence of the secondary 

resonant peaks is prominent only when we put a dielectric on the surface and that 

is because of the enhancement in the electric field. A similar spectrum was obtained 

with ethanol of dielectric constant 1.36 units. We see a spectral shift of 90 nm with 

peak at 770 nm and secondary peaks at 576 nm and 463 nm. 
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We then tested this structure for bio sensing applications. In order to demonstrate 

the bio-compatibility of our sensor, we modified the gold nano ripple surface with 

a monolayer of 4MBT and observed the LSPR shift. Even with a monolayer of the 

organic compound, we observed the shift of 26 nm in the resonant frequency peak. 

It shows extremely high sensitivity of the LSPR from these structures that can sense 

changes to monolayer scale. These LSPR based sensors can be used as sensitive 

good probes for bio-sensing. 

 

Figure 4.6: Monolayer of 4-methyl-benzenethiol (4MBT) on nano-ripple structure 
produced by the dose 2x1016 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐/𝑐𝑐𝑐𝑐2shifts the LSPR peak to 26 nm. 

 

Similar experiment was performed with 1×1016 /cm2, 4×1016 /cm2, and 5×1016 /cm2 

nano-ripple patterns and observed different shifts. We noticed that as we go from 

1×1016 /cm2 to 4×1016 /cm2 the shift with the immobilization of a monolayer of 

4MBT decreased with increased nano ripple width.  
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Figure 4.7: Plot of the shift in the wavelength caused by the monolayer of 4MBT 
on all four nano-ripple structures versus the fluence.  

Table 4.2 shows LSPR peaks and the shifts that occur with the monolayer of 4MBT 
from the nano structures. 

Doses 
(1016 clusters/cm2) 

Wavelength 
without 4MBT 
(nm) 

Wavelength with 
4MBT (nm) 

Shift in 
Wavelength (nm) 

                1              608              638              30 

                2              674              700              26 

                4              740              751              11 

                5              731              747              16 
 

If number of clusters of argon atoms falling on the structures per unit area is 

increased beyond 4×1016 /cm2, the ripple height starts to reduce. The LSPR 

wavelength reduces and we see the shift in the peak increasing beyond this point. 

On the 2×1016 /cm2 nano-ripple gold structure with the monolayer of adhesion of 
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octanethiol, dodecanethiol, and cysteamine hydrochloride the LSPR peak shift 

observed is 59 nm, 51 nm and 49 nm respectively. 

 

Figure 4.8: LSPR peak shifts with monolayer of 4MBT, octanethiol, dodecanethiol, 
and cysteamine hydrochloride.  

 

4.5 Potential for Sensitive and Selective Biosensing 

We introduce a simple and cost-effective scheme for bio-sensing using nano-ripple 

structures. Cluster ion beam synthesized self-assembled gold nano rippled 

structures have potential for plasmonic sensing applications. LSPR wavelength 

which is tunable based on the nano-ripple dimension reaches a saturation point in 

the fluence beyond which the resonant wavelength shows a decrease due to the 

reduced nano ripple height. These localized surface plasmon resonance based bio 

sensors not only are capable of label free real time analytical detection but also 

show high sensitivity. By adsorbing a mono-layer of thiolated organic compound 
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on the surface of these substrates we identified the shift in the localized surface 

plasmon resonance peaks triggered by the change of dielectric function in the 

neighborhood of the structures. These plasmonic nano-metallic structures can be 

utilized to observe the change of localized surface plasmon resonance frequency 

due to the cycle of adsorption, re-adsorption, and reactions taking place on the 

surface that can potentially be mapped in to reaction mechanics. The bio-sensor has 

monolayer molecule-coating sensitivity and specific selectivity. The application of 

this sensor can be extended to study antibody, antigen, drug delivery, bio-reaction, 

absorption, and dissociation kinetics. We also speculate the potential application, 

advantage of possibility of large surface area coverage and applicability to different 

starting materials.  
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       Chapter 5 
 
Detecting Antibody-Antigen Reaction using 
Nano Ripple Gold LSPR based Biosensor 
 
The need to develop and design accurate and sensitive methods for detection of 

biological material is of great importance. A sensitive and quantifiable biosensing 

scheme is essential to detect and analyze disease-associated pathogens obtained 

from patients or in the environment. LSPR based sensors have the ability for a 

reliable and sensitive detection that can facilitate appropriate treatments. These 

sensors have applications in many fields including medical diagnostics, biomedical 

research, food safety, and environmental science [73-75, 61]. Unlike ELISA 

(enzyme-linked immunosorbent assays) or PCR (polymerase chain reaction), LSPR 

does not require a labelling or amplifying process. The study of binding kinetics in 

real time and continuous concentration measurement of the target molecules can be 

achieved on the sensor [76].  

The highly non-reactive nature of gold and its strong affinity to bind organic thiols 

makes it viable for bio-chemical applications [71]. The LSPR nano-ripple sensor 

can detect biomolecules and biomolecular interactions at the mono-layer scale [65, 

77]. In this work, we detected an antibody-antigen interaction using adsorbate-

induced LSPR-wavelength shift from the nano-ripple gold surface and its 

dependence on the antigen concentration. This sensor can also be employed to study 
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real time reaction dynamics of antibody-antigen, DNA hybridization, toxin-

receptor, biotin-streptavidin, and other biological binding reactions.  

Here, we demonstrate that the gold nano-ripple localized surface plasmon 

resonance (LSPR) based biosensor is a highly sensitive, low cost, and a label-free 

method for detecting the presence of an antigen. A uniform stable layer of an 

antibody was coated on the surface of a nano-ripple gold pattern on a biosensor 

chip followed by the addition of different concentrations of the antigen. A red shift 

was observed in the LSPR spectral peak caused by the change in the local refractive 

index in the vicinity of the nanostructure. The plasmon-resonance intensity of the 

scattered light was measured by a simple optical spectroscope. The gold nano ripple 

sensor shows monolayer scale sensitivity and high selectivity. The LSPR biosensor 

was used to detect antibody-antigen reaction of rabbit X-DENTT antibody and 

DENTT blocking peptide (antigen). The sensor can be further developed to obtain 

real-time analytical-reaction dynamics. Its capability to selectively manipulate bio-

materials with high-sensitivity can lead to clinical and biomedical applications. 

5.1 SEM Image of the Gold Nano-Ripple Substrate 

The nano-ripple pattern fabricated by the fluence of 2x1016 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐/𝑐𝑐𝑐𝑐2 

impinged on the 100nm thin film of gold at an incident angle of 60 degree, had 

height of about 50 nm and wavelength 200 nm. There is about 20 nm of gold layer 

underneath connecting the nano ripples. The SEM image of the nano ripple pattern 

formed by a fluence of 2x1016 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐/𝑐𝑐𝑐𝑐2 is shown in Figure 5.1.  
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Figure 5.1: The SEM image of gold nano ripple structure induced by Ar gas clusters 
at a 60o angle of incidence with the fluence of 2x1016 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐/𝑐𝑐𝑐𝑐2. 

We cleaned the nano ripple gold surface by sonication in acetone followed by 

ethanol and distilled deionized water and dried by a stream of nitrogen gas. The 

first LSPR-scattering spectrum was measured at this point. 

5.2 Protein A coating and LSPR measurements 

The gold nano-ripple pattern formed by gas cluster ion beam irradiation showed 

plasmonic resonance phenomena [66].  To attach and immobilize antibodies to the 

nano ripple structures, we used the procedure by A.Hirlekar [71]. The cleaned nano-

ripple gold was incubated in a solution of (0.002M) dithiobissuccinimide 

propionate (DSP) in dimethylsulfoxide (DMSO) at room temperature. DSP acted 

as a cross-linker that tightly binds protein A to the gold nano surface. It bound to 

gold through its thiol group and the other end attached to an amine group of protein 
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A. After 2 h, the surface was washed with DMSO to remove extra DSP and then 

rinsed with phosphate buffer saline (PBS), pH 7.4. The chip was then dried with 

nitrogen gas. LSPR reading was measured from the nano-ripple gold containing a 

monolayer of DSP cross-linker adsorbed on its surface. In order to functionalize the 

surface with protein A, we soaked the substrate in solution of protein A (1 mg/ml 

of PBS) at 4 ℃ for 24 h. We then dipped the substrate in ethanolamine 

hydrochloride (1 M) (used to block the remaining reacting DPS attachment sites) 

for 1 h. The surface was then washed with distilled water to remove extra 

ethanolamine hydrochloride and dried with nitrogen gas. The monolayer of protein 

A on the surface gave an LSPR spectral shift. 

5.3 Immobilization of Antibody 

The protein A-functionalized gold nanostructure was immersed in a solution of 

antibody (1 mg/ ml in PBS) overnight, washed with PBS, and dried with a stream 

of nitrogen gas. A stable and sterically accessible monolayer of antibody was 

achieved. The LSPR measurement was taken at this point. The uniform antibody 

coating immobilized on the surface gave a red shift to the plasmonic resonance 

wavelength. The antigen was then introduced at different concentrations and the 

shift with each antigen concentration was recorded. 
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5.4 LSPR Peak and Dependence on Antigen Concentration 
 
The substrate was immersed in an antigen concentration of 1 𝜇𝜇g/ml in PBS 

overnight, washed with PBS, dried, and the respective LSPR wavelength was 

measured. Similar procedure was conducted on other similar chip with antigen 

concentration of 2 𝜇𝜇g/ml and 4 𝜇𝜇g/ml. The plasmon peak increased in the 2 𝜇𝜇g/ml 

sample but remained at the same resonance wavelength for the 4 𝜇𝜇g/ml sample, no 

further red shift was observed. 

5.5 Antibody-Antigen Interaction and the Detection 
Mechanism 
 
In order to determine accurate and optimum LSPR spectral shift in response to a 

specific antibody-antigen interaction, it is important to achieve a stable and uniform 

layer of the antibody coating on the nanostructure where the antigen binding sites 

are sterically accessible. Figure 5.2a is a schematic diagram describing how the 

antibody coating was achieved on the substrate keeping antigen binding sites open. 

The red curve is the LSPR spectrum obtained from the antibody monolayer only. 

When the antigen was introduced in the system it caused an LSPR shift (green 

curve) representing the antibody-antigen reaction (Figure 5.2b).  Hence, indicating 

the antigen present was specific for the antibody immobilized on the substrate.          
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Figure 5.2: (a) A schematic diagram of protein A binds with the Fc unit of the 
antibody keeping it sterically accessible for the antigen to attach with its Fab units. 
(b) The resonance curve with the antibody layer (in red) is used as a reference. The 
antigen attachment triggers the LSPR wavelength shift (in green) indicating 
antibody-antigen interaction. 

The IgG antibody consists of three units. The antigen binds to the antibody site at 

two regions called the 𝐹𝐹𝑎𝑎𝑎𝑎 units. To optimize the antibody sites open for the antigen 

to bind, we avoided random alignment of the antibody immobilized on the surface 

[78, 79]. The substrate made a strong bond with the 𝐹𝐹𝑐𝑐 unit of the antibody.  

Since gold is not reactive to the antibody, protein A was used. IgG antibody bound 

to protein A with high affinity through the 𝐹𝐹𝑐𝑐 region. In order to attain maximum 

density of protein A, DSP cross-linker was used to immobilize protein A on the 

gold nano substrate. The disulphide group in DSP cross-linker bound strongly to 

gold. DSP is amine reactive and reacted with the amine groups [80] in protein A 

allowing optimal availability of protein molecule sites bound to the 𝐹𝐹𝑐𝑐 unit of the 

IgG antibody [81]. With the help of the DSP cross-linker, we were able to achieve 

a stable and more reliable layer of protein A over the surface. Table [1] describes 
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the LSPR spectral peaks obtained from DSP-modified gold nano-ripple surface and 

due to protein A immobilization. With every coating the local refractive index of 

the surrounding alters which causes a shift in the LSPR spectral peak. The induced-

LSPR shift due to the adsorbed biomolecules on the plasmonic nanostructure was 

easily monitored using an optical spectroscope. The protein A layer produced a 

shift of 14 nm in the LSPR peak, Figure 5.3.  

 

Figure 5.3: Indicates the resonance peak obtained by the nano gold sample with 
dose 2x1016 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐/𝑐𝑐𝑐𝑐2occurs at 674 nm wavelength (curve in black). By 
functionalizing the surface with the monolayer of DSP cross-linker and protein A 
the LSPR shifts observed were 22 nm and 36 nm respectively.  

Table 1: The LSPR wavelengths with DSP and protein A attachment on the surface 
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Once the antibody coating was immobilized on the nano gold substrate, different 

concentrations of antigen solution made in PBS were allowed to bind to the chip 

and LSPR shifts were observed. We obtained the LSPR spectrum with the antigen 

concentration of 1 𝜇𝜇g/ml, 2 𝜇𝜇g/ml, and 4𝜇𝜇g/ml in PBS as shown in Figure 5.4. 

 

Figure 5.4: The resonance curves with antibody immobilization and three different 
concentrations of 1 𝜇𝜇g/1ml, 2 𝜇𝜇g/1ml and 4 𝜇𝜇g/1ml (in PBS) of antigen is shown.  

Table 2: The LSPR wavelength with the antibody coating is 721 nm and the three 
antigen concentrations shows that the surface saturates with antigen binding beyond 
the concentration of 2 𝜇𝜇g/1ml with LSPR peak at 740 nm. 
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The resonance peaks occur at 734 nm and 740 nm for the concentration of 1 𝜇𝜇g/ml 

in PBS and 2 𝜇𝜇g/ml in PBS respectively. The sensor saturates with the 

concentration of 2 𝜇𝜇g/ml PBS. For 4 𝜇𝜇g/ml the LSPR peak remained at the same 

wavelength of 740 nm. Table [2] gives the resonance shifts with antibody and the 

three antigen concentrations with respect to the bare gold nano-ripple sample. It 

shows that as the number of antigen binding on the nano-ripple gold increases, the 

resonance shift increases. This shift is caused by the increase in the local refractive 

index change. 

 

Figure 5.5: LSPR spectral peak with each monolayer attachment. 

Figure 5.5 shows LSPR wavelength spectral peak shift with each coating. The AFM 

image of the bare nano ripple gold substrate and with the binding of antigen 

concentration of 2𝜇𝜇g/ml in PBS is shown in figure 5.6.  
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Figure 5.6: The AFM image of bare gold nano ripple structure (at the left) and that 
with antigen binding of the concentration of 2 𝜇𝜇g/ml (at the right). 

 

5.6 Conclusion 

The LSPR based nano-ripple sensor fabricated by oblique gas cluster ion beam 

irradiation can be applied for the detection of antibody-antigen reaction. The 

induced local refractive index change due to the monolayer functionalization of 

protein A, the antibody and the antigen on the surface of the gold nano-ripple 

structure triggered a corresponding LSPR-resonance shift that was easily monitored 

by a scattering technique (spectroscope). The resonance shift depends upon the 

concentration of the biomolecules attached on the surface. We observe an increase 

in the LSPR-spectral shift with an increase in the concentration of the antigen 

bonded with the gold nano-ripple. The application of this sensor can be extended 

to other selective bio-molecular recognitions and real time reaction dynamics.  
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5.7 Future Directions of LSPR Sensing 
 

LSPR sensors have made impressive progress in the past decade by developing into 

compact working devices and offering a variety of signal transduction platforms. 

LSPR spectral peak and refractive index RI sensitivity can be tuned by varying the 

material, geometry, and size of the nanostructure. The capability of LSPR 

biosensing of simple configuration, inexpensive instrumentation and real time 

tracking of particles, has made it a powerful medical diagnostic technology together 

with a platform for the most challenging problems in bio clinical research and 

medical science. The research interest in the field is so strong that every year there 

are tons of publications and research development made in the technology and 

better devices are coming forth. Some technological improvements such as 

robustness, high quality substrates, more compactness for portability and 

multichannel detection mechanism can make LSPR sensors a better tool for both 

biomedical research and consumer purposes.  

Multiple sensing channels can have a lot of applications. Simultaneous detection of 

more than one analyte at a time can help in fast probing. Photonic sensor chips in 

collaboration with optical fiber can provide a fast, reliable and multi parameter 

sensing technique for reliable detection of biological species. LSPR sensors are 

advanced to the scale they can detect single molecular adsorption which opens 

exciting prospects for miniaturized biosensing devices. A robust, reproducible 

device with low detection limit, up to single molecules can be achieved with 

combining nano photonic sensor and whispering gallery mode (WGM) resonators.  
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In addition, by incorporating microfluidics into LSPR technology, simultaneous 

delivery of many samples, multiple biomarkers and using a variety of probes at the 

same time has become possible. It is a great advancement in the field of drug 

screening and diagnostics on-chip. The miniaturized size, ability to use more than 

one marker at once, small sample volume, easy-to-use, inexpensive and minimal 

equipment are some important benefits of these devices. By combining this science 

with surface enhanced Raman imaging, an interesting and useful application of 

multiplex biosensing is taking rise and would be a popular field of development in 

future.  

For better medical and laboratory applications the LSPR sensor needs to be able to 

detect biological species in complex solutions such as blood and urine samples. By 

replacing white light spectrometers to LEDS and photodetectors for signal 

amplification and detection, the cost can be greatly reduced for commercial use. 

The LSPR sensing technology hold future challenges of developing into a further 

miniaturized device with multiple sensing parameters, high sensitivity, and 

selective bio recognition system, the ability to detect biomolecules in complex 

fluids, user-friendly interface for more accurate and precise measurements. With 

reusable, easily cleanable uniform substrates, it can be then incorporated in to better 

portable devices for point of care diagnostics and for other cost effective reliable 

commercial applications. 
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       Chapter 6 

Introduction 

Electromagnetic field has a significant impact on ion transport across the cell walls 

of living organisms. Ion transport plays an important role in cell growth and function 

[82]. Increased exposure to electromagnetic radiation (EM) and its effect on health 

and safety is a possible concern. Radiation from all types of electronic devices such 

as cell phones, bluetooth, video games, laptops, television, and iPad may affect the 

humans. Experiments to understand the effect of electromagnetic radiation on living 

cells at the molecular level have been done [83]. Changes in the activity of enzymes, 

ion transportation through cell membranes, pH of the cells, transcription, protein 

transport, concentration of the hormones, and the formation of free radicals have 

been shown.  

The use of magnetism in medicine is ancient. The Egyptian physician and 

philosopher, Avicenna, in the 10th century A.D recommended the use of magnetite 

powder to remove poisonous iron inside the body. Magnetite grains when taken with 

milk would attract the poisonous iron and speed the process of its excretion through 

the intestine. Magnetic force was used to remove iron particles from the eye in a 

similar fashion. Recently, magnetism is used in the fields of cardiology, oncology, 

radiology, dentistry, and neurosurgery. 
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Thousands of molecules take part in the process of cell development which utilize 

the transfer energy across cell membrane to maintain the electrochemical balance 

of the cells. Physical quantities such as pressure, temperature, and chemical 

potential inside the cell, balance the hemostasis of the cell. Recent studies on the 

affect EM fields on various biological systems have shown that low density 

exposure can modify gene and protein expressions in some cell types. At higher 

frequencies, an interaction of some DNA strands with EM signals can lead to strand 

breakage which causes mutations that can possibly cause cancer [84]. However, 

there is an inadequate understanding of weak electromagnetic effects on the 

function of the biological components of living organisms. Over the period of time, 

microorganisms have adapted to the earth’s magnetic field which is about 0.65 G. 

Due to the increased role of magnetic field generators, both DC and AC magnetic 

fields in everyday life, there is an increased exposure to magnetic fields. Even 

extremely low magnetic fields generated by the environmental sources such as 

video-display terminals, high-voltage transmission lines, and other electrical 

appliances may cause an impact on the cell function. 

At the cellular level, the effects of a static magnetic field are not well understood. 

Some studies showed little to no effect on the cells. However, recently, some 

changes in the orientation of the ions and charged particles due to their dipole 

moment has been detected when bacteria are grown in a nutrient broth under a 

magnetic field. This affects the flow of nutrients and ions across the membrane and 

in turn affects the cell growth and survival. One study indicated that certain 
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biomolecules absorb specific frequency ranges and some weak electromagnetic 

frequencies therefore can greatly affect behavior. 

Magnetic field application in the field of medical and physiological science is 

growing significantly. There is no standard measure of a safe magnetic field 

exposure, thus, it is important to research the results of magnetic field exposure on 

living organisms. There are three types of categories of cellular life, Archaea, 

Bacteria, and Eukaryote. Prokaryotic organisms are unicellular simpler structure 

with sturdy cell walls and do not contain organelles or nuclei. They are believed to 

be the first form of life to exist on earth. Bacteria and Archaea are classified as 

prokaryotic organisms. Eukaryotic organisms are complex multicellular structures 

consisting of various organelles and a nuclei. Bacteria are persuasive and abundant. 

Because of its pervasive behavior, it is very important to understand the nature of 

the simplest organism in order to understand the activities and functions of more 

complex like eukaryotic organisms. Bacteria acts as a suitable and simpler model of 

cellular life and can be utilized to develop valuable insight into the physical 

processes taking place inside the cells and further investigation can help in the 

understanding of more complex cells such as the eukaryotic cells.  

Bacteria grows exponentially and its growth rate depends on physical conditions 

such as temperature, nutrient density, oxygen, chemical potential across 

membranes, pressure, and the density of the cell membrane. It is important to 

understand the intensity of the electromagnetic fields that bacteria can withstand 

and bacterial behavior under the influence of the radiation. Chapter 7 provides a 
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brief overview to the cellular structure of a bacteria, ion transportation across the 

membrane, bacterial growth, and thermodynamics. 

In Chapter 8, we compare the growth of two different types of bacteria on the nano-

ripple glass pattern and plain glass slide with and without the effect of a weak 

magnetic field. Some nanostructure materials have very interesting properties and 

features regarding facilitating or impeding cell growth. An understanding of which 

can help us utilize those structure to our benefit in healthcare sciences, research, and 

other industrial purposes. Scientists have developed and designed biocompatible 

and environmentally safe polymer and metal nanostructures with several medical 

and clinical advantages. These can be applied to the fields of agriculture, food 

manufacturing, and industrial applications. There have been research were metal 

nanoparticles have evidently damaged bacterial cell walls by influencing the proton 

and ion transport across the cell membrane of the bacteria. In other cases, bacteria 

form colonies following certain patterns on the nanomaterial that can have different 

functions such as guiding specific metabolic reactions or controlling bacterial 

growth [85].  

Here, we use a self-assembled nano-ripple structure on glass for bacterial growth 

studies. Bacterial orientation and community development on a cellular level was 

demonstrated. The growth pattern of the bacteria follow different patterns under 

different conditions of magnetic field at fixed temperature. We performed this 

experiment with two strains of bacteria. We examined the growth of Escherichia 

coli and Pseudomonas aeruginosa on nano-ripple glass structure under weak 
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uniform, non-uniform, as well as control condition of a magnetic field at room 

temperature.  

In Chapter 9, we investigate the effect of different types of magnetic fields (~5G) 

on the growth rate of bacterial strains on a plain glass slide. It is not well known if 

the magnetic field effects the DNA, cell walls, or other enzymatic activities of the 

bacteria. Standard cultures of Escherichia Coli, Staphylococcus Epidermidis, 

Staphylococcus Aureus, and Pseudomonas Aeruginosa were grown in a series of 

weak alternating, homogeneous, and controlled electromagnetic fields at room 

temperature on a plain glass slide. We obtain the growth curve using our collected 

data and analyze the behavior of the different strains of the bacteria. Further study 

in this direction can be an interesting extension of this work. 
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       Chapter 7 
 

 
Bacteria Cellular Structure and 
Electrodynamics 

 
 
Electromagnetic fields are hypothesized to be one of the causes of cancer and other 

life threatening mutations and gene alterations in the living organisms [82-84]. 

There has not been conducted enough theoretical research in the understanding of 

how magnetic fields affect cell function and growth. There are also useful magnetic 

field applications in medical science, such as the magnetic therapy, nuclear 

magnetic resonance (NMR), and magnetic resonance imaging (MRI).  Infection and 

diseases caused by bacterial incubation in the human body makes it even more 

significant to understand whether bacterial growth is affected by magnetic field 

exposure. How can this information be used in medical science to help the recovery 

process. This information can be helpful in food packaging and storage and other 

agricultural and industrial purposes. Other results in bacteria treated with magnetic 

field comprises cell motility and morbidity, the growth rate, and change in 

antibiotic susceptibility.  

7.1 Eukaryotic and Prokaryotic Cells 

Living organisms are composed of cells that have evolved over the period of time 

and inherited common features that make them capable of utilizing chemical 
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interactions between the organic molecules to produce energy to perform biological 

functions and maintain survival. There are two kinds of living cells, prokaryotic 

and eukaryotic (Figure 7.1). Prokaryotic cell does not have a nucleus and 

organelles. They are also structurally smaller and simpler cells. They exist in the 

shape of sphere, rod, or other simple shapes with a size of about 0.1-2𝜇𝜇𝑚𝑚. Whereas 

eukaryotic cells are larger much complex structures ranging from 10-100 𝜇𝜇𝑚𝑚 in 

diameter.  

Eukaryotic and Prokaryotic cells have several features in common, they both are 

made up of DNA coiled many times around certain proteins called histones. Their 

differences are in the DNA structure. Eukaryotic cells have linear DNA and most 

prokaryotic cells have a single large circular DNA strand, located in an area of the 

cell called the cytoplasm. Also cells have ribosomes interpret the RNA sequence to 

produce proteins. Ribosomes for prokaryotic cells are much smaller in comparison 

with the eukaryotic cells and so many antibiotics can affect prokaryotic ribosomes, 

but not eukaryotic ribosomes. This is why antibiotics can kill the bacteria without 

harming human cells. The interior portion of the cell enclosed inside the plasma 

membrane is called the cytoplasm. It contains of all the membrane bound organelles 

of the eukaryotic cell that have specific functions. Prokaryotic cells do not contain 

membrane-bound organelles, such as the nucleus or a mitochondria. The cytoplasm 

of prokaryotic cells consists of all of its content including the cytosol, ribosomes, 

cytoskeleton and the nucleoid. Nucleoid contains most of the genetic material of 

the cell. And most chemical reactions of the prokaryotic cells take place in the 
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cytosol. Cytosol constitutes most of the soluble proteins of the cell. It contains 

water, carbohydrates, ions, proteins, lipids, and metabolites. The nucleus of the 

eukaryotic cell exists in the cytosol and it contains all of the DNA. The examples 

of eukaryotic cells are plants, animals, algae, and fungi. Prokaryotic cells on the 

other hand are divided into two categories, bacteria and archaea. Bacteria are small 

microorganisms that grow by the process of binary fission. They are most abundant 

in nature and possess the ability to survive in different physical conditions because 

of its accommodative behavior.   

 

Figure 7.1: Prokaryotic cell and Eukaryotic cell (https://www.thinglink.com/scene/565728773106827265). 

7.2 Cellular Membrane and Ion Channels 

All cells are contained in a cell membrane that protects the cell and regulates the 

movement of ions between the extracellular and intracellular spaces. Cell 

membrane consists of phospholipid bilayer, and embedded proteins, and small 
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portions of carbohydrates. It has a thickness of about 7.5 nm-10 nm. Phospholipids 

have both hydrophobic and hydrophilic components and are relatively small 

molecules. The hydrophilic side of the phospholipid bilayer face the outermost and 

innermost sides of the membrane while the hydrophobic side forms the center of 

the layer. Cellular membrane displays selective permeability. Specific ions, 

nutrients, and proteins needed to retain and synthesize molecules to maintain, cell 

function, permeates across the cell membrane through special ion channels and 

porins. While the metabolic waste leaves the cell. 

Ionic composition in the extracellular space is different from the cytoplasm which 

produces an ion gradient across the membrane called the electrochemical gradient. 

Charge distribution across the inner membrane is altered due to the selective 

transport of ions by the ion channels. The direction of flow of the ions depends on 

the ion type, ion concentration, and charge difference across the cell wall. The ion 

flow gives rise to electrical and chemical signals. These signals are important for 

the cell to perform certain functions and for the sensory response of the body. 
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Figure 7.2: Ion Channels (a) channel protein (b) carrier protein 
(https://physiologue.wordpress.com/). 

 

The cell drives out carbon dioxide by taking in oxygen for cellular respiration. 

Oxygen, carbon dioxide, and hydrocarbon are non-polar and hydrophobic 

molecules that can easily cross a lipid bilayer. Sugars and water are small polar 

molecules that can pass through the lipid bilayer but they do not cross the cell 

membrane quickly. There exists an electrochemical gradient of ions across the cell 

membrane, that consists of two parts, the chemical gradient, is due to the difference 

in solute concentration across the membrane, and the electrical gradient, is because 

of the difference in charge across a membrane. Two most common types of 
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membrane transport proteins are channel proteins and carrier proteins (Figure 7.2). 

Carrier proteins grasp nutrients and substances and undergo conformal changes to 

transport their passengers to the other side of the cell membrane. Carrier proteins 

can mediate both passive and active transport. In passive transport no energy is 

consumed while molecules diffuse down the concentration gradient. In active 

transport, energy is needed for the movement of solute particles against the 

concentration gradient. Channel proteins usually have a pore and are ion selective. 

They have a hydrophilic channel that ions or polar molecules tunnel through across 

the hydrophobic lipid bilayer. 

7.3 Bacteria Cell Wall 

Bacteria are a single-celled microorganisms that have well-defined cell wall. The 

cell wall helps protect and preserve the content in the cytoplasm from any damage 

from the surrounding environment. There are two types of bacteria (gram-positive 

and gram-negative) depending on their cell wall structure as shown in Figure 7.3. 

Peptidoglycan is a complex polysaccharide which gives the outer membrane its 

structure and surrounds the inner membrane. It consists of two sugars, N-

acetylglucosamine (NAG) and N-acetylmuramic acid (NAM) which have 

alternating glycolytic bonds. The cell wall of Gram-positive bacteria is composed 

predominantly of the peptidoglycan. Embedded in peptidoglycan layers is a class 

of molecules called teichoic acid that gives the membrane an overall negative 

charge. Gram-negative bacteria have a complex cell membrane structure. It has an 

outer membrane which consists of lipopolysaccharides, carbohydrates that are 



 
 

75 
 

bonded to lipids, in addition to an outer membrane and a thin peptidoglycan. Gram 

negative bacteria have porins that gram-positive bacteria does not have. The outer 

membrane of Gram-negative bacteria invariably contain endotoxins, such as 

lipopolysaccharide (LPS). Not all bacteria have a cell wall. However, they have 

other characteristics of prokaryotic cells and have a prokaryotic ribosome. The cell 

is enclosed by an adhesive layer of polysaccharide or protein called capsule. The 

capsules stick together and make colonies. 

 

 

Figure 7.3: Gram-positive and Gram-negative bacteria (http://www.microbiologyinfo.com/differences-
between-gram-positive-and-gram-negative-bacteria/). 

7.4 Bacterial Growth and Division 

Bacterial cell division is the process by which a bacterial cell divides into two 

daughter cells, each with a copy of the chromosome. Bacteria lack a nucleus. Most 
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bacteria have a single circular chromosome found in the region of the cell called 

the nucleoid. Bacteria grows asexually through binary fission. Cell cytoplasm 

increases during microbial growth and it continues to grow until it reaches a point 

where DNA replication starts. DNA replication occurs in three steps: initiation, 

elongation, and termination. There is the lag phase, where bacteria is adapting the 

new environment and increases in size and mass but has not started cell division.  

The surface area of the cell grows as the cell mass increases during the lag phase 

and separates identical components into two daughter cells. This is the log phase of 

growth where the cells exponentially increase. When the cells reach a maximum 

concentration, cell replication decreases and enters the stationary phase. In the 

stationary phase, the growth and death rate of bacterial cells is in equilibrium. In 

the death phase, individual bacteria die at a uniform rate. Eventually number of 

dead cells outnumber live cells. Bacteria growth rate depends on the physical 

conditions and chemical composition of its environment.  
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Figure 7.4: Bacteria growth curve (http://academic.pgcc.edu/~kroberts/Lecture/Chapter%206/growth.html). 

The generation time of bacteria can be calculated by its growth curve which is 

experimentally determined (Figure 7.4).  By measuring the optical density of 

bacteria with change in time, we can plot a standard growth curve of the bacteria. 

The growth curve indicates the increasing cell number and mass during growth. 

Bacteria require certain physical and nutritional factors to support cellular growth 

such as temperature, osmotic pressure, pH, hydrostatic pressure, moisture, and 

amount of carbon, nitrogen, phosphate and other essential elements in the broth.  

Bacteria divides through binary fission and multiply as 20,21,22,23,…2n where n is 

the number of generations. If 𝑁𝑁𝑜𝑜 is the initial number of cells and n is the number 

of division events of the generating daughter cells, then after reproduction the total 

number would be, 

           𝑁𝑁 = 𝑁𝑁𝑜𝑜2𝑛𝑛                                                       (7.1) 
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Figure 7.5: Bacterial binary fission division (http://byjus.com/biology/binary-fission/). 

Generation time is the time in which bacteria grow double in number. It’s different 

for different bacteria. After an interval of time,Δ𝑡𝑡, we can calculate the number of 

generations and the generation time:  

                    𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 = 𝛥𝛥𝛥𝛥
𝑛𝑛

  where,  𝑛𝑛 = log𝑁𝑁−log𝑁𝑁𝑜𝑜
log 2

                          (7.2) 

However, Equation (7.1) is a simple approach for measuring bacterial growth and 

does not include the time variable to describe the growth curve of the bacteria. The 

number of dividing cells must be expressed as a function of time. Friedrich Widdel, 
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[86] described how the doubling time (td) is inversely related to the number of 

generations 𝑛𝑛 = 𝑡𝑡
𝑡𝑡𝑑𝑑

.  Growth rate can then be represented as: 

                                 𝑁𝑁 = 𝑁𝑁𝑜𝑜2
𝑡𝑡
𝑡𝑡𝑑𝑑�         (7.3) 

Expressing the doubling time reciprical 1/𝑡𝑡𝑑𝑑 by some constant 𝜐𝜐, or the number of 

generations per unit time: 

     
1
𝑡𝑡𝑑𝑑

= 𝜐𝜐         (7.4) 

Since                2 = 𝑒𝑒𝑙𝑙𝑙𝑙2        (7.5) 

Equation (7.3) can be written as  

        𝑁𝑁 = 𝑁𝑁𝑜𝑜(𝑒𝑒ln2)
𝑡𝑡
𝑡𝑡𝑑𝑑� = 𝑒𝑒�

𝑙𝑙𝑙𝑙2
𝑡𝑡𝑑𝑑� �𝑡𝑡                    (7.6) 

 

The doubling time of a particular species is a fixed value 𝜇𝜇: 

               𝑙𝑙𝑙𝑙2
𝑡𝑡𝑑𝑑

= 𝜇𝜇                   (7.7) 

Now we can write 

                           𝑁𝑁 = 𝑁𝑁𝑜𝑜𝑒𝑒𝜇𝜇𝜇𝜇        (7.8) 

It is incumbent to know the cell density in order to count the number of cells in a 

culture volume V.  

                                              Bacterial Cell Density = 𝑁𝑁/𝑉𝑉                            (7.9) 
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Equation (7.8) can be written as: 

                      
𝑁𝑁
𝑉𝑉

= 𝑁𝑁𝑜𝑜𝑒𝑒𝜇𝜇𝜇𝜇

𝑉𝑉
      (7.10) 

An optical spectrophotometer is used for measuring cell density. Light gets 

scattered after passing through the culture by the bacterial cells. Using the optical 

spectrophotometer we can determine the optical density (OD), proportional to the 

light absorption by the cells, 𝑁𝑁
𝑉𝑉

= 𝑂𝑂𝑂𝑂.       

 

Figure 7.5: Spectronic 20 used in measuring optical density of bacteria. 

7.5 Thermodynamic State and Laws 

When a system has no net energy flow it is at thermodynamic equilibrium. Living 

cells have a slight charge on the cell membrane. Any forms of energy such as 

thermal energy or chemical energy is transferrable across the membrane. A single 

biological cell might contain 1014 molecules. Thermodynamic quantities such as 
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temperature, density, energy, entropy and pressure describe the cell structure, 

function and its health. Thermodynamic laws are important in order to understand 

the ability of biological cells to utilize and transform energy in various ways.  

7.5.1 Electrochemical Potential 

The electric force on an ion depends on the ion potential difference across the 

membrane. The equilibrium potential of an ion can be calculated by a simple 

formula known as the Nernst equation. It relates the equilibrium ratio of the 

concentration of ions on both sides of the membrane to the potential difference 

across the membrane. The membrane potential varies according to the functional 

status of the cell. For example, a nerve cell that has a membrane potential of -70 

mV at rest, but when it reaches an excited state the membrane potential increases 

to about +30 mV, where it starts sending signals.  

If c1 is the concentration of the ions outside the cell membrane and c2 is the 

concentration of the ions inside the cell membrane. The Nernst equation is,  

                            U2-U1=RT/ZF ln (c1/c2)                                       (7.11) 

Where U2-U1 is the potential difference across the cell membrane, 

R=NakB=R=8.31441 J/mol-k is the gas constant, Z is the ion valency, T is the 

absolute temperature in Kelvin and faraday constant F=Na𝑒𝑒=96484.56 C/mol. 
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7.5.2 The Equation of Continuity  

The equation of continuity can relate the transport of ions from one region to 

another in a cellular system. As mentioned earlier, there is a slight potential across 

cell membrane that causes the ion/nutrient transport across the membrane which is 

essential for cell function and growth, this potential needs to be maintained 

constantly. If C is the concentration of ions in a length ∆x,                                      

                                           ∂C/∂t=-∂jx/∂x                                       (7.12) 

This is the continuity equation in one dimension where jx is particles per unit length 

per unit time, the current density and t is the time of flow.  

In three dimensions, it is written as:     

                                                ∂ρ/∂t=-∂jx/∂x-∂jy/∂y-∂jz/∂z=-∇.j                               (7.13) 

Where ρ is the charge volume density.    

7.6 Magnetic Field Effects on Ion Transportation 

When there is a potential difference, ion charges begin to flow in the opposite 

direction. Drift velocity is defined as the velocity of an ion experiencing force due 

to an electric field. In a medium, the nutrients velocity is directly proportional to 

their charge, mobility 𝜇𝜇, and the strength of the electric field which is expressed as:  

                 𝑣𝑣𝐷𝐷 = 𝜇𝜇𝑭𝑭 = 𝜇𝜇𝜇𝜇𝑬𝑬         (7.14) 



 
 

83 
 

Considering an electric charge, q, traveling across the membrane in a uniform 

electric field, E, and magnetic field, B. The force acting on the particle is given by 

the Lorentz law [87]: 

    𝑭𝑭 = 𝑞𝑞(𝑬𝑬 + 𝒗𝒗 × 𝑩𝑩)                 (7.15) 

where 𝒗𝒗 is the ion’s instantaneous velocity and 𝐸𝐸⋅𝐵𝐵 = 0. Equation (7.14) then 

yields a correlation between the drift of the ionic molecule and its electromagnetic 

environment. 

              𝒗𝒗𝐷𝐷 = 𝜇𝜇[𝑞𝑞(𝑬𝑬 + 𝒗𝒗 × 𝑩𝑩)]                           (7.16) 

When we use the transverse field vxB=vB always. So E could simply be replaced 

by E+vB, wherever it appears. Thus in the presence of magnetic field the movement 

of ions and nutrients across and within the cell membrane is affected which will 

influence the growth of bacteria. By comparing the initial and final concentrations 

of the bacteria in the broth we can observe and evaluate the rate of change in growth 

of bacteria with and without B-field.   
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Chapter 8 
 
Growth of Bacteria on Nano-Ripple Glass 
Substrate under the Effect of Weak Magnetic 
Fields 

 

Nano-ripple pattern on glass was fabricated by gas cluster ion beam irradiation. 

Comparison of the growth of two bacterial species (Escherichia coli and 

Pseudomonas aeruginosa) on nano-ripple glass pattern and plain glass slide 

showed more growth on the nanostructure. We also studied the effect of (uniform 

and non-uniform) weak magnetic field on the growth of both Escherichia coli and 

Pseudomonas bacteria on the nano-ripple pattern. We observe different behavior in 

the bacterial growth on the glass nano-ripple surface inside and outside the 

magnetic field. Bacterial growth seems to slow down on structures in the presence 

of the magnetic field. Bacteria growing on a nano-ripple pattern over the magnet 

tends to make smaller colonies as compared to the ones grown outside the magnetic 

field. Uniform magnetic field effect shows uniformly distributed and much smaller 

bacterial colonies on the substrate. It was also seen that bacteria grew more 

significantly around the plain glass and nano ripple glass structure than on the 

surface. 
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8.1 Motivation 

Because bacteria are abundant in nature and may often incubate inside the human 

body, it is important to understand their behavior in different environmental 

conditions, as well as the factors that influence the physiology of bacteria. One of 

the major causes of illness and death is bacterial infection and contagion. Microbial 

contamination is a severe issue in healthcare, the food industry, biomedical and 

clinical equipment, and water purification.  

Bacteria play its role in a variety of fields. It can be very harmful at times, and 

medical devices undergo bacterial colonization all the time. Because of this, 

scientists are trying to design antibacterial nanostructure materials. Many 

nanostructures are excellent impeders of bacterial growth and biofilms [88-92]. 

Nanotechnology has many potential applications in treatment and diagnosis of 

diseases and maintaining medical equipment. Some engineered nanostructure 

polymer materials have proven to inhibit the growth of bacteria, and thus act as an 

antibacterial agent or coating [93]. One study showed that nanostructured 

microspheres of silver zinc oxide resists the growth of bacteria and biofilms [94]. 

The arrangement of bacterial colonies and formation of biofilms on nano patterns 

facilitates metabolic reactions [95]. Thus, it is essential to understand the chemical 

and physical interactions between bacteria and nano surfaces. 

On the other hand, the nature of bacteria is very adaptive and to understand how 

they survive under different conditions of density, temperature, pressure, and 

magnetic field is important in medical and clinical science. Microorganisms have 
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adapted to fluctuations in the earth magnetic field over a period of time. However, 

the response of bacteria to other external magnetic fields is still a vast topic of study 

[96, 97]. In space, humans encounter different radiations and electromagnetic 

forces. One of the interests is to study the magnetic field influence on the human 

body in outer space, i.e, when they leave the earth’s magnetic field. 

Electromagnetism has significant importance in understanding living organisms. 

Magnetic signals are received from the brain, heart, isolated nerves and also emitted 

during the process of muscle building. Bacteria grows through binary fission 

process and the microbial growth strongly depends on the ion transportation 

through the cell walls of the microorganisms, their cellular structure, atomic, and 

molecular interactions, enzymatic activities, other protein functions, and neural 

network in the living organisms. All these processes are affected by 

electromagnetic fields. In some animals, some bacteria are magnetotactic, which 

contain magnetic particles, mainly connected to the neural tissues, which steer the 

direction of their movement. The rapid increase in the use of magnetic field devices 

for medical use such as in radiology, cardiology, dentistry, oncology and 

neurosurgery [98], has made it important for us to understand the effect of magnetic 

field on living organisms to further use it for biomedical applications. 

Strong magnetic fields can have strong effects [99, 100], such as the breaking and 

forming of chemical bonds which play a big role in the synthesis of DNA and thus 

cellular growth. However, weak magnetic field effects are not negligible. Although 

such experiments may be hard to conduct, they are of significant importance as 

interaction with magnetic devices cannot be avoided and continuous perturbation 
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may result in permanent biological changes. Hence, the study of biological effects 

of magnetic fields is crucial to understand microbial growth. The perturbative 

effects caused by the weak magnetic field may have an impact on some organisms 

[101, 102]. Since bacteria are single-celled organisms, it is easy to study the effect 

of magnetic field on their growth and impact on the cell structure in order to control 

and treat microbial diseases. It is a study that can be extended later to study other 

cellular structures.  

The aim of this chapter is to study the weak magnetic field influence on the growth 

of Escherichia coli and Pseudomonas aeruginosa on a nano-ripple glass substrate 

in comparison with a plain glass cover slip. Some studies show that the low 

frequency alternating magnetic fields tend to slow down the growth rate of 

Escherichia coli [103-108].  It is interesting to consider the adhesion property of 

Escherichia coli and its growth on a nano-structured glass. The idea was influenced 

by the regeneration of the tissues and functional recovery following pathways set 

by nanostructures such as the spinal nerve cell growth guided by nano tubes or other 

biomaterial designs [109-111]. In our experiment, the bacterial adhesion to the 

nanostructured glass is enhanced because of the structure resists the motion of the 

microorganisms in the nano groves thus limiting their movement. The bacterial 

colonies grow bigger on the nano-ripple glass. However under weak magnetic 

fields, the size of the colonies was reduced. We studied the effect of both the 

homogeneous (uniform electromagnetic field) and nonhomogeneous (non-uniform 

bar magnetic field) magnetic fields on the formation of bacterial colonies on the 
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nano-ripple and plain glass cover slips in comparison with no magnetic field 

influence. 

8.2 Glass Nano Ripple Pattern 

We engineer nano-ripple pattern on a glass cover slip by means of oblique angle 

gas cluster ion beam (GCIB) irradiation [21, 27, 56] (see Figure 8.1) using an Epion 

cluster ion implanter. Clusters of argon gas (each with about 3000 atoms of argon) 

of energy 30 Kev bombard the glass surface at an incident angle of 60°. The off-

normal cluster ions and the surface atoms undergo synergistic interactions which 

cause the forward sputtering of atoms. As a result of forward sputtering and surface 

diffusion of the glass molecules, a nano-ripple pattern is obtained [51, 52, 66]. The 

geometry of the nano-ripple structures is tunable by changing the GCIB irradiation 

fluence [77]. For the cases discussed, we irradiate the glass cover slip with GCIB 

fluence of 5×1016 clusters/cm2. The cluster ion beam flux is kept constant at 

approximately 3.9 ×1012 clusters/cm2/sec. Cluster formation is a complicated 

process and the theoretical descriptions of this process are limited. The phenomena 

of nucleation and growth takes place through the birth of small molecular clusters 

that form and grow by molecular collisions. Cluster-cluster aggregation becomes 

more evident when the number of the clusters are large. The detailed mechanism of 

GCIB induced ripple formation is explained in detail by Tilakaratne et al. in 

reference [33]. Figure 8.2 shows an atomic force microscope (AFM) image of the 

nano-ripple arrays fabricated under selected conditions of 5×1016 clusters/cm2 

GCIB fluence, and 60 degrees GCIB incident angle.  
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Figure 8.1: Schematic diagram of the oblique angle gas cluster ion beam (GCIB) 
irradiation used in the fabrication of nano-ripple glass array structures.  

 

 

Figure 8.2: AFM image of the nano-ripple array on the glass surface obtained by 
GCIB irradiation fluence of 5×1016 clusters/cm2, for an incident angle of 60 
degrees.  
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8.3 Weak Magnetic Field Conditions 

The glass substrates and the plates were first cleaned in an autoclave system in order 

to remove all impurities. Escherichia coli and Pseudomonas aeruginosa were then 

grown on multiple glass nano-ripple structure for three days at room temperature. 

We had three plates of each bacteria growing on a plain glass cover slip for 

comparison. After sufficient growth, we then washed the substrates with phosphate-

buffered saline (PBS) to remove the unattached bacteria from the surface. The 

bacteria were stained using a Gram crystal violet solution. The glass substrates were 

washed once again with the buffer solution to remove excess stain and dried. We 

then covered them with the microscopic coverslip.  The images of the bacteria on 

the plain and nano-ripple structured glass substrates were taken under a microscope 

of 100x magnification.  
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Figure 8.3: Experimental arrangement used for generating desired magnetic field 
environments. (a) and (b) show the bar magnetic field setup. (c) and (d) show the 
uniform magnetic field setup. The uniform magnetic field was generated by 
applying current in the turning coils using a power supply kept at constant voltage.  

 

We studied the growth under weak magnetic field influence as well. One set of 

Escherichia coli plates was placed in the electromagnetic field of ~5 G and one set 

was placed on the bar magnets with range -5 G to 5 G. The configuration of the 

electromagnets and the bar magnets is shown in Figure 8.3. All the plates were kept 

at room temperature. For Pseudomonas aeruginosa, a set of plain and 

nanostructured glass substrates were placed on the bar magnets. 
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8.4 Bacterial Growth under Weak Magnetic Field 
Influence 
 
Escherichia coli grew more on a glass nano-ripple surface than on a plain glass 

slide in the absence of the magnetic field. The nano-ripple pattern seemed to trap 

the microorganism in the gratings. And since more bacteria stuck on the nano 

pattern, we observe more bacterial colonies that are also larger in size as compared 

to ones on a plain glass slide. Figure 8.4 shows microscopic images of Escherichia 

coli colonies on a glass nano-ripple structure and Figure 8.5 shows similar images 

for the plain glass slide. The growth on the plain glass is less and few any colonies 

grew on the plain glass slide.  

 

 

Figure 8.4:  (a), (b), and (c) show the growth of Escherichia coli on three nano-
ripple glass patterns in the absence of the magnetic field. 
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Figure 8.5:  (a) and (b) show the growth of Escherichia coli on two plain glass 
surfaces in the absence of the magnetic field.  

Bacteria was simultaneously grown on nano-ripple pattern inside uniform and non-

uniform weak magnetic fields. Weak magnetic fields do not kill the bacteria, but 

instead affect their growth. Magnetic fields slow down the growth rate as seen by 

the reduced size of bacterial colonies. Figure 8.6 and Figure 8.7 compare the 

bacterial growth on the bar magnets (non-uniform field) and in the uniform 

magnetic field and shows how growing under the two different magnetic fields 

affects the size of the colonies as well. The results are very interesting since the 

magnetic field has a very prominent effect on the growth of the bacteria. 

Under the uniform field, the bacteria spreads on the surface in a uniform fashion 

and colonies are very small. In non-uniform field, the colonies are relatively larger 

but still much smaller in comparison to the growth outside the magnetic field. The 

bacteria are also not uniformly distributed over the surface.                  
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Figure 8.6:  (a) and (b) show the growth of Escherichia coli on two nano-ripple 
glass substrates when grown over the bar magnets. 

 

 

Figure 8.7:  (a) and (b) show the growth of Escherichia coli on two nano-ripple 
glass substrates in a uniform magnetic field. 

 

Magnetic field effects on the growth of Pseudomonas aeruginosa bacteria reveals 

similar results. Under the effect of a magnetic field, bacterial colonies were smaller 

on a glass nano-ripple surface, Figure 8.8. As seen in Figure 8.9, on a plain glass 

surface, the attachment of the bacteria is relatively less. There is more growth on 

nano-ripple structures.  
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Figure 8.8: (a), (b) and (c) show the growth of Pseudomonas aeruginosa on three 
nano-ripple substrates when grown on the bar magnets. 

 

 

Figure 8.9: (a) and (b) show the growth of Pseudomonas aeruginosa on two plain 
glass surfaces in the absence of magnetic field. 

 

However, there was more growth around the glass both in the case of plain or 

nanostructure surface instead of over the surface. Indicating bacteria grow better 

without contact with the glass nano-ripple surface, Figure 8.10.  
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Figure 8.10: Shows significantly more bacterial growth around the glass nano-
ripple structure.  

 

8.5 Conclusions 

Nano-ripple glass patterns formed by gas cluster ion beam irradiation show more 

bacterial growth than on a plain glass slide. The nano-ripple pattern seems to cause 

hindrance to the movement of the bacteria and causes it to stick on the uneven 

surface. Bacterial colonies then start to grow, they are more in number, and larger 

in size on the nanostructure.  

A comparison of nano-ripple grown bacteria has shown different behavior inside 

and outside the magnetic field. The magnetic field seems to suppress bacterial 

growth on the nanostructures in addition to reducing the size of the bacterial 

colonies. Bacteria growing on the nanostructures outside the magnetic field tends 

to make larger colonies. The bacteria overall avoids adhesion to glass and prefers 

growing without contact with the glass surface. 
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This study was done for the rod-shaped Gram-negative bacteria. These effects may 

be different for different bacterial strains. Moreover, extremely weak magnetic field 

strength shows a perturbative effects on the growth rate only, whereas larger fields 

may entirely different effects. 
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Chapter 9 

Influence of Weak Magnetic Field on the 
Growth of Different Bacterial Species 
 
Bacterial adhesion and growth is affected by many factors, including topography 

and material of the surface, associated ion flow, physical conditions of the 

environment, and chemical features. Proliferation of the adherent bacteria and 

synthesis of the EPS matrix is influenced by the presence of a magnetic field. It is 

therefore important for us to understand interaction between biological systems and 

magnetic fields [112, 113]. Bacterial cells are enclosed by a few nanometer thick 

cell membrane which constitutes of ionic channels that regulates ion flow through 

the membrane. The movement of these ions across the membrane forms the basis 

of survival and growth of the cell. Living organisms have been exposed to electric 

and geomagnetic fields since the beginning of life and numerous effects of 

magnetic field impact have been reported on these organisms [102, 106, 107]. 

Apart from earth’s magnetic field, a variety of man-made magnetic fields exist in 

our everyday surroundings. From electrical appliances, high-voltage power lines, 

and weak magnetic fields, such as cell phones, laptops, and other frequently used 

electronic devices. The understanding of biofilm formation and bacterial growth in 

the influence of magnetic field has been of considerable interest in food and 

healthcare industry, as well as in academic research. It was not known until recently 
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that low frequency magnetic and electric fields can have impact on the physiology 

or biology of a cell [84, 96-99, 108]. Both stimulatory and inhibitory effects of 

weak fields on the growth rate has been observed during several investigations 

[101, 103]. Certain cells have magnetic structures and in the presence of a magnetic 

field, their enzymatic activities and RNA machinery may function differently. This 

might result in affecting their growth rate, mutation frequency, and other cell 

factors. It has also been suggested that the magnetic fields inactivate pathogenic 

microbes [104, 105]. A number of studies report the inhibition in the bacterial 

growth under the influence of an electromagnetic field [114-117]. 

We have investigated the details of bacterial adhesion and growth on plain glass 

and nano-ripple glass surfaces in the previous chapter. This study deals with the 

growth of different species of bacteria in a test tube after being treated in different 

conditions of magnetic field. We outline the results of an experimental investigation 

on how weak static, non-homogenous and alternating magnetic fields can affect the 

growth dynamics of bacteria species of Escherichia Coli, Pseudomonas 

Aeruginosa, Staphylococcus Epidermidis, and Staphylococcus Aureus.  

All culture plates including control cultures and the ones in the magnetic field were 

simultaneously grown at room temperature, 20℃. We exposed the four bacterial 

strains for three days in four different magnetic field conditions using liquid 

nutrient broth and agar as the growth medium. The two Gram-positive 

(Staphylococcus Epidermidis, Staphylococcus Aureus) and the two Gram-negative 

(Escherichia Coli, Pseudomonas Aeruginosa)) species previously exposed to the 
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magnetic fields and the controls were then grown in broth cultures in the test tubes 

in the incubator. Growth rate was measured by optical density (OD) measurements 

every one to two hours at 650 nm. Magnetic field conditions prominently affect the 

rate of growth of bacteria originally grown in liquid nutrient broth and agar 

environment differently. The chapter is organized such that we first describe the 

preparation of bacteria culture and the experimental set up used in the study. Later 

section is devoted to discussing the experimental procedure and the results of our 

investigation. In the end main results are summarized. 

9.1 Preparation of Bacteria Culture 

Samples were prepared beginning with the cultivation of mother cultures from 

dehydrated solutions. A small amount of rehydrating medium was then added in 

the containers of the dehydrated bacteria. It was transferred into separate tubes of 

rehydrating medium. A small volume of the solution was then spread onto agar 

plates after the tubes were vortexed assuring proper mixing. The plates were moved 

into a 37 °C incubator to grow. The plates were taken out of the incubator once the 

colonies were visible. A single colony was carefully removed from the plate and 

placed into a tube filled with nutrient broth. The tube was kept in the shaking 

incubator until sufficient growth was seen. Again a small amount of the solution 

was pipetted and spread onto agar plates. The above process of incubation and 

subsequent acquisition of an individual colony was repeated to guarantee 

consistency in the bacteria. This process was conducted for each selected species 

to obtain the mother cultures with limited variance. These mother cultures were 
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used to prepare the experimental and control samples. We ran each species 

separately due to spatial restraints as well as the cumbersomely large number of 

samples. 

9.2 Magnetic field setup  

We accomplished four different magnetic field configurations in order to search for 

varying effects.  

9.2.1 Bar Magnets Configuration 

We accomplished four different magnetic field configurations in order to search for 

varying effects. The first of these was created by aligning alternately a series of 

twelve bar magnets in a line such that each pole is adjacent to the opposite poles as 

shown in Figure 9.1. Each individual bar magnet was approximately 0.75 inches 

wide and 6 inches long, building the total dimension of the rectangular arrangement 

to approximately 9 inches wide and 6 inches long. This magnetic field arrangement 

created a field strength according to position that was in the range of |3G| to |5G|. 

  

Figure 9.1: Bar magnet arrangement  
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9.2.2 Round Magnets 

The second and simplest magnet configuration was made using eight small, 

individual circular, and relatively stronger magnets. These magnets had a diameter 

of approximately 1 and 7/16 inches. Each magnet was numbered individually, and 

kept separate for use and measurements. Because of the simplicity of fields 

generated by each individual round magnet, an approximate field strength can be 

measured without need for ranges of values. The approximate field measurements 

for each round magnet was about 75 G, and the magnet can be seen in Figure 9.2. 

 

Figure 9.2: Round magnets 

9.2.3 Uniform Magnetic field Arrangement 

For the uniform magnetic field setup, we used a series of eight 200 turn coils laid 

in order to achieve a vertical oriented cylinder configuration. One terminal of a 

direct current power supply was plugged into the bottom coil and the other was 

connected to the top coil. This created what was essentially a large solenoid, 
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allowing a nearly uniform field to develop within the interior region of the coils. 

Using a magnetic field sensor, we tuned the DC voltage to a magnetic field of 

approximately 5 G in the center of the solenoid. This uniform magnetic field setup 

can be seen in Figure 9.3. 

 

Figure 9.3: Uniform field configuration 

9.2.4 Oscillating Magnetic field Formation 

The oscillating magnetic field was set up like an electromagnet, similar to the 

configuration used for the uniform field. The difference from the previous setup is 

that it was connected to a programmable power supply, which varied the magnetic 

field with time. The system was set up to alternate between two voltage settings 

every 60 seconds. The two settings were tuned to allow for a near-constant field of 

strengths approximately 0.5 G and 5 G, with 0.5 G being detected when the system 

was on its lowest setting. This slowly varying, oscillatory magnetic field setup can 
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be seen in Figure 9.4. We grew the control bacteria in the same room at the same 

time as the experimental samples to keep the same environmental conditions. 

 

Figure 9.4: Oscillating field configuration 

9.3 Experimental Procedure 

Experimental samples were prepared using a pipette and sterilized plates. Half of 

the plates were remained unfilled while the other half contained agar. Prior to 

inoculation the unfilled plates had a sterilized, flat circular glass coverslip placed 

into the center of the plate. Each set of plates was then inoculated with bacteria 

pipetted from the mother culture, including the plates that did not contain agar. 

After inoculation, sterilized glass cover slips were placed on the site of inoculation 

on the agar plates. The plates with agar have a cover slip on top of the bacteria 

culture and the one without agar plates will grow bacteria on the glass cover slip. 

The two types of media were chosen to illustrate if the bacterial growth depended 
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on the growth media. After each plate was carefully labeled, it was then placed at 

the respective position in the previously described four magnetic field 

environments together with the control samples at room temperature. After three 

days in their respective environments, the plates were then removed in order to be 

processed.  

Each plate was scraped for bacteria carefully targeting from one individual colony, 

which was then inoculated into the nutrient broth in sterile tubes. When the 

measurement process was ready to begin, each sample was vortexed and 50 µl of 

sample from each test tube was inoculated into three fresh test tubes with 5 ml of 

broth. After preparation was complete, the numerous low concentration 

experimental samples were then placed into a shaking incubator set to 37 °C. The 

samples were then periodically removed from the incubator temporarily for taking 

the optical density reading on the optical spectroscope. After each test tube was 

individually measured, the entire set of bacteria was then placed back into the 

incubator until the time of the next scheduled measurement, which was about after 

every two hours approximately. This process of taking periodic measurements 

continued for a 24-36 h depending on the bacterial strain.  

The purpose of the present study was to investigate the sustained effect of different 

weak magnetic field conditions upon the growth rate of bacteria outside the 

magnetic field. The effect of specific magnetic field on the growth pattern of the 

various strains of bacteria was demonstrated as inferred by optical density 

measurements. The device used to take optical measurements of the bacteria was a 

Spectronix 20D+. 13 x 100 mm Pyrex test tubes (with caps) were involved for this 
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experiment in order to fit into the spectrometer. Optical properties of the mixture 

changes as the bacteria grows in a test tube. Broth has low absorbance at 650 nm 

and the increase in optical density is an indicative of bacterial growth. The 

spectrometer was set to take measurements at 650 nm, and calibrated using “blank” 

test tubes only containing broth.  

9.4 Bacterial Growth Curves 

We plotted the growth curves for each bacterial specie which was originally grown 

in different types of magnetic fields, both in nutrient broth and agar on a glass 

coverslip, and was later cultured in the test tubes with the same broth 

simultaneously under the same conditions. These results are also compared with 

the bacterial culture which has never been exposed to magnetic field and is labelled 

as control, hereafter. 

To investigate the detailed effect of magnetic field on bacterial growth, we plot the 

optical density of bacteria as a function of time for almost 36 hours to clearly 

distinguish between the effects of different types of fields on different species. 

9.4.1 Escherichia Coli 

We plot the optical density of Escherichia coli as a function of time (in minutes) in 

Figure 9.5. This figure represents two graphs. Figure 9.5a gives a comparison of 

Escherichia coli originally grown over the agar medium in different fields at room 

temperature and then cultured in broth and the relative growth of all the field 

exposed samples was studied at 37℃. Figure 9.5b gives a similar set of plots for 
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Escherichia coli which were originally grown over the broth in various types of 

above mentioned magnetic fields. 

This figure clearly shows that different magnetic fields differently influence the 

growth depending on the type and strength of the magnetic field. The effect of bar 

magnets was small and the growth was comparable to the control whereas the effect 

of oscillating field is greater and minimum bacterial growth was seen. The growth 

pattern remains unchanged, overall. A general trend of a bacterial growth curve is 

followed by each set. However, the change from the control growth with time 

indicates that the effect of a magnetic field keeps multiplying with bacterial 

generations.  

 

 

Figure 9.5: Escherichia coli growth for all four magnetic field configurations and 
the control for (a) agar and (b) nutrient broth samples.                  
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Figure 9.6: Comparing Escherichia coli growth of agar and nutrient broth samples 
in (a) uniform, (b) bar, (c) round magnet and (d) oscillating magnetic field setup. 

As seen in Figures 9.6, the agar samples and nutrient broth data sets for each 

magnetic field environment were plotted together to compare the effect of growth 

medium in each type of magnetic field separately. The longer lag phase in some 

cases indicate that the bacteria was still adapting to its environment. Bacteria then 

grew exponentially until it reaches the stationary phase. Figure 9.6(a-d) shows a 

clear difference in bacterial growth between nutrient broth and agar. Samples 

grown in agar reached the saturation level significantly faster. The oscillating 

magnetic field exposed bacteria took the longest time to adapt to the periodically 

changing magnetic field environment, hence, a longer lag phase is observed. Also, 
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bacteria grown over the round magnets (relatively strong field) seemed to take more 

time to reach the stationary phase. The difference in the growth curves represents 

the effect of the nature of the medium and, the type and strength of magnetic field 

on the rate of bacterial cell division. 

Initially, the bar magnetic field samples grow with much less variance from the 

control samples but in 6 h, the control samples begin to split off from the bar 

magnetic field curve. A lag phase was seen in a large proportion of the oscillating 

magnetic field samples. This implies a potential temporal effect may have taken 

place before the bacteria adapted to its environment. Bacteria takes longer time to 

adjust the alternating magnetic field. The alternating magnetic field gives 

Escherichia coli the hardest time to acclimate to the new environment because of 

the changing the physical condition in its surrounding. This is why the growth of 

the oscillating field samples is the slowest. It can be seen that the uniform and round 

magnetic field samples experience a smaller but noticeable lag phase. Of course 

oscillating field undergoes the longest lag phase for Escherichia coli. It is noticed 

that the growth rate is slower for the agar samples as compared to the bacteria 

grown in liquid nutrient broth. Justification of this behavior is related to the 

mobility of nutrients in the liquid broth as compared to jelly like agar. This mobility 

keeps increasing the difference in growth rate with time. It is also clearly seen that 

the difference between the control and the magnet-exposed bacterial growth is 

widened more rapidly as compared to the growth rate in a liquid and solid medium. 
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          9.4.2 Staphylococcus Aureus   

Similar kinds of results are obtained for Staphylococcus aureus in the sense that 

magnetic field exposure suppresses the growth overall. However the bacteria seems 

to enter into the stationary phase rather quicker than Escherichia coli. Thus the 

measurement time for these bacterial species was reduced to 24 h.  Figure 9.7 shows 

that for Staphylococcus aureus, the gap among the bacterial growth curves in all 

the four different magnetic field configurations is more distinguishable than 

Escherichia coli. The oscillating field inhibits the growth to a much greater extent 

in comparison with the control. As can be seen, the gap between the two curves is 

large. Probably because the bacteria grows to its maximum level faster and thus the 

impact is more significant in a shorter time and the samples have a larger amount 

of variance to them compared to the other samples. 

 

 

Figure 9.7: Plot of magnetic field treated Staphylococcus aureus, in (a) agar and (b) 
nutrient broth. 
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In Figure 9.7b the growth curve for uniform and bar magnetic fields are almost 

overlapping in the beginning. In after 8 h the behavior is distinguishable. The 

uniform field has a stronger inhibiting influence on the growth. Overall magnetic 

field treated bacteria showed a difference in the growth pattern just 3-4 h. The 

figures also demonstrate that Staphylococcus aureus has greater effect between 

different magnetic fields as compared to Escherichia coli.  

Figure 9.8 shows the difference of growth rate between solid and liquid medium in 

the same magnetic field and compared it with the control. It is interesting to notice 

that Staphylococcus aureus does not show much difference between the behavior 

of agar and nutrient broth in all types of fields. However, nutrient broth growth is 

faster than agar, though small. 
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Figure 9.8: Separately comparing Staphylococcus aureus growth of agar and 
nutrient broth samples in (a) uniform, (b) bar, (c) round magnet and (d) oscillating 
magnetic field setup. 

 

          9.4.3 Staphylococcus Epidermidis 

Figure 9.9 shows similar set of graphs for Staphylococcus epidermidis. Oscillating 

magnetic field exposed bacteria does not always exhibits the least growth. The 

round and oscillating magnetic field growth curves are competing with each other. 

There is an overlap between round and oscillating field curves. One is inhibiting 

the growth by alternating effect and not giving bacteria enough time to adapt to its 

environment and the other is due to higher strength of magnetic fields compared to 

the other samples. The round magnet data from these sets are largely similar with 
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the oscillating field except some slight variance. This result further reinforces the 

previously stated possibility of a potentially temporary effect for the round magnet 

samples as well for the case of Staphylococcus epidermidis bacteria. The data 

therefore strongly agrees with the possibility of a delayed growth rate effect taking 

place in both magnetic field environments. The round magnetic field and oscillating 

magnetic field environments are therefore both appealing subjects for further 

investigation into the effects of weak magnetic fields on Staphylococcus 

epidermidis bacteria.  

Figure 9.10 shows relatively more suppression in growth due to exposure to the 

magnetic fields in agar samples but the separation between nutrient broth and agar 

growth curves was small compared to Escherichia coli. This result is comparable 

to Staphylococcus aureus. It is therefore probable that a difference in the type of 

broth medium causes a difference in magnetic field effect, possibly implying that 

the type of nutrient broth and oxygen level may be just as important a factor in low 

magnetic field environments as the field itself.  
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Figure 9.9: Staphylococcus Epidermidis growth for all four magnetic field 
configurations and the control for (a) agar and (b) nutrient broth samples. 

 

 

 



 
 

115 
 

 

 

Figure 9.10: Comparing Staphylococcus epidermidis growth of agar and nutrient 
broth samples separately in (a) uniform, (b) bar, (c) round magnet, and (d) 
oscillating magnetic field setup.  

                                                  

          9.4.4 Pseudomonas Aeruginosa  

For Pseudomonas aeruginosa we only studied bacteria grown in liquid nutrient 

broth on the glass coverslip. It can be seen that Pseudomonas aeruginosa was not 

influenced by small changes in the field. The similarity of the uniform field to the 

bar magnet data and a small gap with the control sample growth curve further 

verifies the lack of change. Also in Pseudomonas aeruginosa not only does it takes 
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a longer time to start the process of cell division and experiences an extended lag 

phase, it also stays in the exponential phase for a longer time.  

  

Figure 9.11: Pseudomonas Aeruginosa for all four magnetic field configurations 
and the control for nutrient broth samples. 

 

Lastly, we examine the data for the oscillating magnetic field environment. The 

curve for each of the experimental sample sets are very similar except the 

oscillating growth curve, but each set can be seen to deviate from the control after 

a point. The experimental samples continued to grow up until the end of the 

measuring process. The bacteria treated in the oscillating field went to the stationary 

phase faster. The largest difference between control and the magnetic field treated 

samples is seen for the 0-5 Gauss oscillating field and is a good candidate for further 

Pseudomonas aeruginosa investigations. 
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9.5 Histogram 

 

Figure 9.12: Saturation value of growth for (a) Escherichia Coli, (b) 
Staphylococcus Aureus, (c) Staphylococcus Epidermidis and (d) Pseudomonas 
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Aeruginosa in bar, uniform, round and oscillating magnetic fields for nutrient broth 
NB (in blue) and agar (in red). Pseudomonas Aeruginosa was studied in liquid 
medium alone. Control has a normalized value of one for each case. 

 

Figure 9.12, gives a comparison of the suppression in growth of different bacterial 

species in solid (red) and liquid (blue) media originally grown over different setups 

of magnetic field. The growth of the control samples, where each bacteria was 

grown outside the field is normalized to one. A common feature of these curves is 

that the solid medium (agar) has lower maximum growth as compared to the cell 

growth in liquid medium. The saturation values for the bacterial species shows that 

it is not only the strength and type of the magnetic field which matters in the growth 

rate, different bacterial species are affected differently in different magnetic fields 

as well as the medium. Thus the growth depends on the kind of bacteria as well. 

To summarize, it appears that a medium-dependent and magnetic field-dependent 

effect can be seen in the growth rate of all magnetic field exposed bacterial strains. 

The trend for each set of oscillating field is approximately similar to each other. 

9.6 Summary and Overview 

The above study of the growth rates of different magnetic field exposed bacterial 

strains shows that the magnetic field effect is sustained by bacteria even after the 

field is removed. We have found that this sustained effect of weak magnetic field 

negatively affects the growth of the bacterial species. The effect depends on the 

type of the magnetic field and also the environment. There is not much difference 

in the growth when the cultures are exposed to the weak uniform static field. The 
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growth rate for a culture subjected to alternating magnetic fields is significantly 

reduced in comparison with that of the control cultures and compared to other weak 

field influenced bacteria. This result is consistent in all four bacterial strains. 

Overall magnetic field inhibits the growth of bacterial species.  

Bacteria grown in agar over magnets shows slower growth in the same medium as 

compared to the nutrient broth grown magnetic field exposed bacteria. We believe 

this general trend is due to the fluidity of nutrient broth which increases the 

availability of nutrients as compared to jelly-like sold agar medium. This effect is 

more distinguishable in Escherichia coli. The separation in the growth curves of 

different magnetic field growth trends is more pronounced in Staphylococcus 

aureus as compared to other bacterial. Pseudomonas aeruginosa shows minimum 

influence on the growth curves of the different magnetic field conditions except for 

the periodically changing magnetic field. For which it reaches the saturation level 

much faster than the rest. 
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