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Abstract 

Developing new and rapid methods for pathogen detection with enhanced sensitivity and 

temporal resolution is critical for protecting general public health and implementing the food and 

water safety standards. In this research vertically aligned carbon nanofiber nanoelectrode arrays 

(VACNF NEAs) have been explored as a sample manipulation tool and coupled with 

fluorescence, surface enhanced Raman scattering (SERS) and impedance techniques for 

pathogen detection and identification.  

The key objective for employing a nanoelectrode array is that the nano-Dielectrophoresis 

(nano-DEP) at the tip of a carbon nanofiber (CNF) acts as a potential trap to capture pathogens. 

A microfluidic device was fabricated where nanofibers (~ 100 nm in diameter) were placed at the 

bottom of a fluidic channel to serve as a ‘point array’ while an indium tin oxide coated glass 

slide acted as a macroscale counter electrode. The electric field gradient was highly enhanced at 

the tips of the CNFs when an AC voltage was applied. The first study focused on the capture of 

the viral particles (Bacteriophage T4r) by employing  a frequency of 10.0 kHz, a flow velocity of 

0.73 mm/sec, and a voltage of 10.0 Vpp. A Lithenburg type of phenomenon was observed, that 

were drastically different from the isolated spots of bacteria captured on VACNF tips in previous 

study. At the lowest employed virus concentration (1 × 104 pfu/mL), a capture efficiency of 60% 

was observed with a fluorescence microscope. 

The motivation of the second study was to incorporate the SERS detection for specific 

pathogen identification. Gold-coated iron-oxide nanoovals labeled with Raman Tags (QSY 21), 

and antibodies that specifically bound with E.coli cells were utilized. The optimum capture was 

observed at a frequency of 100.0 kHz, a flow velocity of 0.40 mm/sec, and a voltage of 10.0 Vpp. 



The detection limit was ~210 CFU/mL for a portable Raman system with a capture time of 50 

seconds.   

In the final study, a real-time impedance method was employed to detect Vaccinia virus 

(human virus) in the nano-DEP device at 1.0 kHz and 8.0 Vpp giving a detection limit of 2.51 × 

103 pfu/mL. 
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Abstract 

Developing new and rapid methods for pathogen detection with enhanced sensitivity and 

temporal resolution is critical for protecting general public health and implementing the food and 

water safety standards. In this research vertically aligned carbon nanofiber nanoelectrode arrays 

(VACNF NEAs) have been explored as a sample manipulation tool and coupled with 

fluorescence, surface enhanced Raman scattering (SERS) and impedance techniques for 

pathogen detection and identification.  

The key objective for employing a nanoelectrode array is that the nano-Dielectrophoresis 

(nano-DEP) at the tip of a carbon nanofiber (CNF) acts as a potential trap to capture pathogens. 

A microfluidic device was fabricated where nanofibers (~ 100 nm in diameter) were placed at the 

bottom of a fluidic channel to serve as a ‘point array’ while an indium tin oxide coated glass 

slide acted as a macroscale counter electrode. The electric field gradient was highly enhanced at 

the tips of the CNFs when an AC voltage was applied. The first study focused on the capture of 

the viral particles (Bacteriophage T4r) by employing  a frequency of 10.0 kHz, a flow velocity of 

0.73 mm/sec, and a voltage of 10.0 Vpp. A Lithenburg type of phenomenon was observed, that 

were drastically different from the isolated spots of bacteria captured on VACNF tips in previous 

study. At the lowest employed virus concentration (1 × 104 pfu/mL), a capture efficiency of 60% 

was observed with a fluorescence microscope. 

The motivation of the second study was to incorporate the SERS detection for specific 

pathogen identification. Gold-coated iron-oxide nanoovals labeled with Raman Tags (QSY 21), 

and antibodies that specifically bound with E.coli cells were utilized. The optimum capture was 

observed at a frequency of 100.0 kHz, a flow velocity of 0.40 mm/sec, and a voltage of 10.0 



Vpp. The detection limit was ~210 CFU/mL for a portable Raman system with a capture time of 

50 seconds.   

In the final study, a real-time impedance method was employed to detect Vaccinia virus 

(human virus) in the nano-DEP device at 1.0 kHz and 8.0 Vpp giving a detection limit of 2.51 × 

103 pfu/mL. 
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Preface 

The dissertation comprises of the following major sections:  

Chapter 1 ‒ The chapter includes the introduction to biohazards due to pathogens and the 

traditional and new methods employed for detection. It gives a brief introduction to biosensors, 

and two transducing mechanisms are discussed, namely, optical and electrochemical. Further, it 

discusses the concept of nanotechnology; advantages of using vertically aligned carbon 

nanofiber (VACNF) nanoelectrode array (NEA) and nanoparticles (NP) along with literature 

review on their applications. 

Chapter 2 ‒ The chapter is a discussion of the principle of dielectrophoresis (DEP) and electric 

field acting on the bioparticles and the interaction of electric field on bacteria and viruses. It 

elaborates on the simulation of Clausius Mossotti factor and various forces acting on the particle 

under fluid flow and the literature review of applications of DEP. 

Chapter 3 ‒ The chapter discusses the fabrication of the VACNF and assembly of the nano-

DEP device. It includes the fabrication, characterization and applications of VACNF in pathogen 

detection.  It elaborately discusses the setup under a fluorescence microscope and a confocal 

Raman microscope.  

Chapter 4 ‒ An accepted paper, and highlighted as a cover image in Electrophoresis (Special 

Issue of Dielectrophoresis, 2013). This study is about using NEA for electronic manipulation of 

Bacteriophage T4r. A new phenomenon of Lichtenberg Figures has been discovered with viral 

particles on VACNF NEA and comparison of capture profiles of bacteria and viruses on 

VACNF. 

Chapter 5 ‒ An accepted paper, published in Nanoscale. This paper describes the integration of 

nano-DEP device with surface enhanced Raman scattering (SERS) for detection of Escherichia 



xxv 

.coli. This chapter summarizes the importance of SERS in detecting pathogens using direct 

detection scheme. The nanoovals attached to QSY21 (Raman Tag) is attached with E.coli. The 

detection limit found with the portable DEP-SERS technique was about 210 bacteria /mL. 

Chapter 6 ‒ The chapter focuses on pathogen detection using impedance technique. We have 

used Vaccinia virus as a prototype for human viruses. This work explores the real-time 

impedance measurement of Vaccinia virus in a ‘point-and-lid’ dielectrophoretic setup for 

sensitive impedimetric detection of viruses.  

Finally, Chapter 7 summarizes the main conclusions of this work and explains the future 

directions. Appendix includes the supporting information for the discussed sections of the 

journal publications and preliminary results obtained during the course of study.  
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Chapter 1 - Introduction  

 1.1 Importance of Rapid Pathogen Detection 

Waterborne, foodborne, airborne pathogens can be divided into three broad categories: 

viruses, bacteria, and parasites, the latter of which are comprised of protozoa and helminths.1 

These pathogens are transported through the environment, often in low concentrations.2, 3 

However, while these low levels prove challenging for detection, they still may present a 

considerable public health risk.4 According to the Center for Disease Control and Prevention 

(CDC) surveillance reports in 2013,  818 foodborne disease outbreaks were reported, resulting in 

13,360 illnesses, 1,062 hospitalizations, 16 deaths, and 14 food recalls from pathogens such as 

Escherichia coli, Salmonella, Listeria, and noroviruses.5,6 The USDA food safety department has 

recalled several millions of dollars worth of meat, poultry, vegetables and other agricultural 

products because of the presence of harmful bacteria.7,* Despite the strict regulations governing 

consumables, food and water contamination outbreaks continue to increase and pose a serious 

risk for health management. Clearly, it is essential to monitor the foodborne pathogens 

throughout the food processing system from production, through distribution to the point-of -

sale.7 A concentration as low as 10 to 100 colony forming units per milliliter (CFU/mL) of four 

major foodborne pathogens (E. coli O157:H7, Listeria monocytogenes, Salmonella, 

Campylobacter jejuni) can result in illness if consumed.8, 9 This concentration is beyond the 

detection limit of most assays, so more sensitive tests with better detection limits need to be 

developed.10  

                                                 

* The complete details  of the recent (2015) recalled products can be viewed at 

http://www.foodsafety.gov/recalls/recent 
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 1.2 Traditional Detection Techniques: Merits and Limitations 

The traditional method of culturing and colony-counting remains the ‘gold standard’ for 

detection of pathogens. This method is laborious and time-consuming. The detection of  E. coli 

typically takes 24 hours and it may take up to 7 days for detecting L. monocytogenes. The long 

detection time poses the difficulty for quality control and quality assurance in testing of 

perishable foods.11 These procedures also tend to underestimate the actual number of bacteria. 

 Immunology-based methods that involve antigen-antibody reaction (using polyclonal, 

monoclonal or recombinant antibodies) have been useful to detect foodborne pathogens such as 

E. coli, Salmonella, L. monocytogenes, and Campylobacter species. Examples of standard 

immunological assays are enzyme linked immunosorbent assays (ELISA),12 enzyme linked 

fluorescent assay (ELFA)13 and bioluminescent enzyme immunoassays (BEIA).14 In the overall 

detection scheme, there are two significant deficiencies: one is the specificity of the antibody, 

and the second the inability to track the pathogens in real-time (minutes). A variation in the 

above methods can be accomplished by a combination of immunological methods coupled with 

nanoparticles and magnetic beads. One of the most sensitive methods in biology for pathogen 

detection is the polymerase chain reaction (PCR)15-17 that can amplify specific segments of DNA 

and is used to detect and identify bacterial genes responsible for causing diseases.18 The 

advantages of PCR is that it can selectively detect small number of target nucleic acid sequences 

in the sample19 such as target cell lysates.20  It is vital to include appropriate controls for the 

application of this method. Protocols have been well established for the detection of S. aureus, L. 

monocytogenes, Bacillus cereus, C. jejuni using PCR. Alternatives for this technique such as 

real-time PCR has been developed21, but despite all the advantages for detection of microbes, it 
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is very expensive, complicated and requires skilled workers to carry out the tests. In addition, it 

is not suitable for rapid field applications.22 

Since all the traditional methods to detect food and water-borne pathogens fall short of 

the goal, there is a need for simple, rapid, reliable, specific and sensitive technology. 

Additionally, it is important to make the system cheap, portable and integrated with real-time 

analysis. In this dissertation, the research is aimed at successfully integrating nanoelectrode 

arrays in microfluidic devices for separation of bioparticles from the solution using a physical 

phenomenon called dielectrophoresis. Miniaturized biosensor based on nanoelectrode array is 

then used for identification of pathogens in solution.  

The current chapter focuses on the concepts of biosensors and the potential of 

nanomaterials with three primary targets for transducers: fluorescence, Raman, and impedance 

measurement. This will lead us to the introduction of nanoelectrode array (NEA) and 

nanoparticle (NP) based biosensing strategies.  

 

 1.3 Principles and Significance of Biosensors 

The biosensor is an analytical device that incorporates the biological recognition element 

that responds to the target (a chemical or biological)which gives a change in signal that is 

converted into a readable format by the transducer. 

 

Target 
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Figure 1.1: Schematic diagram of biosensor with its components   

The biosensor is made up of five elements shown in Figure 1.1 namely: bioreceptor, 

transducer, amplifier, signal processor and recording and display devices.22 Among these 

components, researchers are interested in the recognition element and the transducer 

optimization to detect pathogens.  

Biorecognition elements such as antibody/antigen23, enzymes, nucleic acids,24 and 

bacteriophages interact specifically with particular target molecules.25 Multiplex detection can be 

done by employing different recognition elements on the biosensors. Following the 

biorecognition step, various transducers are used to convert the physicochemical interactions 

between the probe and the analyte into measurable signals in optical, electrical, or magnetic 

domains, which provide the information of the quantity of the captured molecules that links to 

the original analyte concentration in the sample.26 Among the various metrics used to compare 

different biosensors, selectivity and limit of detection (LOD) are the most important. LOD 

defines the lowest detectable analyte concentration that is significantly different from the blank 

solution. The minium detectable signal  

𝑦𝑑𝑙 = 𝑦𝑏𝑙𝑎𝑛𝑘 + 3𝑠 ………………………………………(1.1) 

where, ybkank is signal from the blank solution and s is the standerd deviation. To 

detemine the detection limit, the slope of the calibration curve (m) is taken into consideration and 

given by, 

𝐷𝑒𝑡𝑒𝑐𝑡𝑖𝑜𝑛 𝐿𝑖𝑚𝑖𝑡 =
3𝑠

𝑚
……………………………………(1.2) 

Selectivity gives a measure of the ability of the system to detect the analyte in the 

presence of other interfering molecules.27 Herein, we focus on fluorescence and surface plasmon 
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enabled spectroscopies as  optical transducers and impedance technique as an electrochemical 

transducer.  

Optical detection method frequently requires labeling the analyte with a molecule that has 

specific optical signal. For example, fluorescent dye molecules can be intercalated into double 

stranded nucleic acids or chemically attached to analyte molecules.28 The label is excited by the 

incident light and returns to its minimum energy state by emitting light at a different wavelength. 

This method is preferred for pathogen detection applications because it provides low detection 

limits, is insensitive to electromagnetic noise and provides multiplexing potential.29, 30 

 Spectroscopic techniques such as infrared spectroscopy,31-33 Raman spectroscopy,34-37 

and surface enhanced Raman spectroscopy38 are utilized for pathogen detection. These methods 

are frequently reported as fingerprint methods and non-destructive techniques. Fourier transform 

infrared spectroscopy (FTIR) was developed by C. Yu et al.39 (2004) and M. Lin et al.40 (2005) 

to differentiate eight microorganisms in apple juice and quantitate of their detection limits. The 

strong absorption by water in the biological samples poses a difficulty in FTIR. Therefore 

Raman spectroscopy is generally preferred because there is no interference from water.  

Raman spectroscopy (RS) is a vibrational spectroscopic method that provides highly 

specific information about material properties. It can be applied to label-free analyte detection 

revealing molecular fingerprints.41, 42 The light scattering from the low-concentration 

suspensions of bacteria such as Erwinia carotovora pv. carotovora (ECC) and Clavibacter 

michiganense (CBM) were detected with a 785 nm laser by Z. Schmilovitch et al. (2005).43 

However, conventional Raman Spectroscopy characterization of microorganisms has poor 

LOD’s because only one in a million photons is inelastically scattered to give a Raman signal. 

Moreover, the intrinsic Raman signals from microorganisms are very weak.37, 44 A similar 



6 

detection technique to fingerprint identification is surface enhanced Raman spectroscopy 

(SERS), where target molecules are kept in the vicinity of the nano-sized metal particles and 

Raman signal from the molecules are enhanced. Several studies of pathogen detection in dry, as 

well as in moist environments were carried out with this fingerprinting technique. More about 

this technique will be discussed in Chapter 5 (page 72).  

Electrochemical detection transducers which are used in pathogen detection rely on 

measuring the change in electrical properties (current or potential) of the pathogen particles 

when attached to/or associated with electrodes.45 The traditional impedance technique usually 

includes an antigen-antibody complex and application of a small voltage of 5.0 to 10.0 mV, 

through the biosensors depending on the process.46 A label-free impedance technique utilizes a 

redox molecule in conjunction with target molecules to measure the change. Advantages of 

impedimetric methods include the capability to monitor large numbers of samples 

simultaneously in a relatively short detection span. Despite the development of impedance 

techniques, more efforts are required to make a portable reagentless system that allows rapid 

detection of foodborne pathogens.46-49 

 

 1.4 Nanomaterials for Pathogen Detection: Advantages and Disadvantages 

To detect concentrations of pathogens typically found in treated and untreated drinking 

water, the biosensor must be selective to recognize the pathogens. The nanomaterials for 

pathogen detection can be advantageous in following ways; 

 (1) They have a large surface area that can be modified with functional groups to aid in binding 

of biomolecules (such as proteins, antibodies, epitope and nucleic acids). This an serve as  a 
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platform by allowing interaction with target molecules (bacteria and viruses) with high 

probability. 

 (2) They possess high electronic and optical properties that can enhance limit of detection of a 

target in a complicated background matrix. All these reasons can eventually help the integration 

of nanomaterials with biomolecules.50-52 

The signal transduction mechanisms typically direct the choice of the nanomaterials in a 

biosensor. Herein, I will focus on nanoparticles and carbon nanomaterials, mainly vertically 

aligned carbon nanofibers (VACNFs), elaborated in Chapter 3 (page 39).  

1.4.1 Nanoparticles for Pathogen Detection based on SERS 

 

Figure 1.2: Schematic representation of the bioconjugation of the nanoparticles with amine 

groups.  

This modification is useful for attaching antibodies to nanoparticles and bacteria, which is 

observed by the change in the absorption peak. (Reprinted with permission from C. Wang, 

J. Irudayaraj, Small 2008, 4, 2204-2208.) 

In the case of noble metals, when the particle size is reduced to the nanometer scale, 

which is comparable to the wavelength of light the collective oscillation of the electrons in the 

particle generates a strong absorption at a specific wavelength known as the localised surface 

A 

B C 
D 
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plasmon resonance (LSPR).53 This generates a high electric field at the surface which leads to 

surface enhanced Raman scattering (SERS). 

SERS obtained with gold nanoparticles of different sizes and shapes (such as gold 

nanorods54 core–shell gold nanoparticles55, popcorn shaped gold nanoparticles56 and star shaped 

nanoparticles57) are employed for pathogen detection. The size and shaped of the nanoparticles 

can be tuned according to the wavelength for highest surface plasmon frequency to increase the 

local resonance electromagnetic field over several orders of magnitude.  

SERS was discovered in 1974 as Fleischman et al.58, 59 observed a large signal 

enhancement by measuring pyridine adsorbed on electrochemically roughened silver. The 

phenomenon of SERS is explained by a combination of an electromagnetic and a chemical 

mechanism related to charge transfer between the substrate and the analyte molecules. SERS 

enables enhancement of weak Raman scattering signals by 108–1014 fold to obtain a fingerprint 

spectra of different analytes down to the single molecule level.60  The amplification of the 

electromagnetic field is highest at places called “hot spots.”61  

The vibrational bands obtained by SERS are much narrower due to the enormous surface 

plasmon resonance. The absorption cross-section of gold nanoparticles is 5–7 orders of 

magnitude higher than that of ordinary dye molecules. Additionally, there has been tremendous 

progress in characterizing and identifying unique fingerprints for ultrasensitive pathogen sensing. 

As a result, one can consider each metal nanoparticle as an optical probe equivalent to several 

million dye molecules, which will help to increase the detection limits tremendously.62  

In Figure 1.2 C. Wang and J. Irudayaraj (2008)54 reported amine-modified gold nanorods 

with different aspect ratios, for simultaneous detection of E. coli and S. typhimurium, at 

concentrations less than 104 CFU/mL. The gold nanorods surface is modified with cysteine 
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hydrochloride and antibodies specific to pathogens. The modification to the surface of nanorods, 

changes the longitudinal plasmon (LP) band absorption (~750 nm), which is measured by UV-

visible spectroscopy. The procedure is illustrated in Figure 1.2A. The peak maximum (λmax) in 

UV-vis is noted when the nanoparticle is attached to antibodies and bacteria (Figure 1.2D). Their 

reported method is simple and useful for multiple detections of pathogens in less than 30 min 

based on changes in LSPR bands.63  

 

Figure 1.3: Fingerprint identification of different bacterial species.  

(A) Scanning electron microscope image of one bacterium on the metal nanoparticle 

surface. (B) TEM of gold metal nanoparticles (C) Fingerprint Raman spectrum of the 

different bacterial species (Reprinted with permission from W. R. Premasiri, D. T. Moir, 

M. S. Klempner, N. Krieger, G. Jones, L. D. Ziegler, J. Phys. Chem. B, 2005, 109, 312-320.) 
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W. R. Premasiri et al.64 (2005) reported a simple yet beneficial method of detecting 

microorganisms on gold nanoparticle aggregate-covered glass chips through Raman spectra 

analysis. They observed that enhancement of intensity factors could be greater than 104 per 

bacterium. As shown in their results, in Figure 1.3, the relative intensity of a band at 1050 cm−1 

and the relative intensity pattern in the 1200–1700 cm−1 region are essential to discriminate 

between closely related bacteria species using SERS spectra. However, the drawback of this 

design is the complex principle component analysis and other statistical methods used to carry 

out the data analysis. Moreover, Jarvis et al.(2003)65 explained that the Raman spectra between 

the same species can be different depending on the position of the nanomaterial attached to the 

bacteria and the environmental conditions used for the experiment.   

The important step in using the nanoparticles in biosensors for pathogen detection is 

bioconjugation of the nanomaterials of different sizes and shapes to microorganisms and  

compatibility of nanomaterial to pathogens. To assign selectivity to these nanomaterials, they are 

modified with various recognition elements such as an antibody to aid the attachment of 

nanoparticles to bacteria. This idea was utilized in attaching E.coli to nanoovals by making them 

biocompatible with polyethylene glycol (PEGs) and selective by attaching antibody to pathogen. 

The procedure will be discussed in Chapter 6 (page 77). 

1.4.2 Nano-DEP  

Dielectrophoresis (DEP) has been used extensively to position, concentrate, sort and 

transport of polarizable particles such as bacteria, viruses, mammalian cells, etc.  The cell 

positioning is used either to create long-term (more than several hours) patterns of cells on a 

substrate or for short-term (minutes) observation of cells in a particular location.  
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Figure 1.4: Point-and-lid geometries used in dielectrophoresis.  

(A) The voltage is applied to the circular gold electrode (point electrode), and indium tin 

oxide coated glass (lid electrode). (B) The cells are positioned on the gold electrode at 

specific distances. (C) The gold electrode embedded in a polymer (point electrode) and 

plexiglass coated with gold (lid electrode). (D) The top of the design where electrodes are 

covered in biocompatible reagents like fibronectin. (Reprinted with permission D. S. Gray, 

J. L. Tan, J. Voldman, C. S. Chen, Biosens. Bioelectron., 2004, 19, 1765-1774). 

 

Different geometric configurations such as interdigitated electrodes (IDE),66 quadrupole 

electrode,67, 68 octupole electrode,69, 70 ring-dot electrodes,71 point-and-lid geometry72 and nDEP 

microwells73 are used in dielectrophoresis for various purposes. We will focus our attention on 

‘point-and-lid geometry’ to study particle-to-particle interactions (shown in Figure 1.4). 

Voldman et al.71, 72, 74 have fabricated micrometer sized point-and-lid geometry for manipulating 

and positioning cells. To incorporate this idea, vertically aligned carbon nanofibers (VACNFs) 

are used in current studies. The miniaturization of the electrode provides a highly focused 
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electrical field that act as potential trap for small bioparticles against large hydrodynamic forces, 

eventually leading to a dense concentration of particles.72 

This technology promises new capabilities to perform novel experiments for sorting and 

concentrating bioparticles at the nanoscale. We anticipate that the bottom-up approach of such 

nano-DEP devices will allow the integration of millions of nanoelectrodes in lab-on-a-chip 

devices and will be useful for manipulating submicron particles.  

Integration of DEP devices in the microfluidic channel along with Raman measurements 

were carried out by K. Kalantarzadeh, et al. (2011) (Figure 1.5A).75 They employed curved 

microelectrodes (Figure 1.5C) patterned on a quartz substrate and integrated with a microfluidic 

channel imprinted in polydimethylsiloxane (PDMS). They investigated tungsten trioxide (WO3) 

and polystyrene nanoparticles suspended in water with surfactants for the direct mapping of their 

spatial concentrations in the device (Figure 1.5B). 

 

Figure 1.5: Integration of Raman detection with microfluidics 

 (A) Schematic of DEP-Raman system layout. (B) The plot of WO3 nanoparticle Raman 

spectra at different DEP frequencies, decreasing in frequency along the z-axis. (C) Curved 
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DEP electrode design and layout. (Reprinted with permission from K. Khoshmanesh, S. 

Nahavandi, S. Baratchi, A. Mitchell, K. Kalantar-zadeh, Biosens. Bioelectron., 2011, 26 (5), 

1800-1814) 

 

F. L. Yang et al. (2013)76 reported an interesting study of integrating DEP and Raman 

measurement. In this experiment (Figure 1.6), the separation of the red blood cells and bacteria 

took place on a chip with interdigitated circular electrodes. This device uses a hybrid 

electrokinetic mechanism, where the bacteria can be effectively gathered at the stagnation area 

(center) due to positive DEP on the SERS-active roughened electrode at a frequency of 800 Hz. 

While at the same frequency, blood cells experienced negative DEP and were excluded away 

from the center. More details on DEP are discussed in Chapter 2 (page 23).  

This reports both fast pDEP and nDEP mechanisms with the detection limit 5 × 103 CFU 

/mL in 3 min. and identification of the bacteria occurs by the fingerprint method as described 

previously. These studies show promise for integrating the nano-DEP device with Raman and 

SERS measurement to detect bacteria and viruses.  
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Figure 1.6: Separation and identification of pathogens using dielectrophoresis with Raman 

scattering. 

(A) Experimental setup of the DEP-Raman chip. (B)  The schematic figure showing the 

operation of the chip. An alternating current (AC) electric field induced dielectrophoresis 

to concentrate bacteria rapidly on the gold surface with the aid of electrohydrodynamic 

drag (EHD) force and positive DEP (pDEP) force. SERS fingerprint of the concentrated 

bacteria is obtained when an optimum laser source is directed on the gold surface. (C) 

Illustration of the fingerprint spectrum from bacteria (D) Scanning electron microscope 

image shows the roughened gold surface at the center electrode. (Reprinted by permission 

from I. Fang Cheng, H-C. Chang, T-Y. Chen, C. Hu and F.-L. Yang, Sci. Rep., 2013, 3.)  
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 1.4.3 Raman Microscopy in Microfluidics 

The integration of Raman spectroscopy with microfluidics manifests challenges 

(described below) in small volume detection, yet it is essential in optimizing the spectral 

collection efficiency. Herein I will discuss the main four parameters critical to obtain a reliable 

Raman spectrum.77 

1. Focal length: A microfluidic device is either made of PDMS, glass or quartz surfaces that 

are several millimeters thick. The focal length must be long enough to penetrate into the fluid 

sample. The objective determines the focal length. Lower magnification lenses will have 

longer focal distances, but the area of view will be larger. Therefore, the Raman intensity per 

unit area will be diminished. For higher objective lenses, a long distance objective will be 

beneficial as it will provide high Raman intensity per unit area.  

2. Detection volume: The depth of focus (also known as the confocal parameter) is estimated 

as twice the Rayleigh range. In order to achieve a small depth of focus, the microscope must 

be operated in confocal mode, where the size of the spectrometer entrance slit is reduced to 

the smallest value compatible with the required signal output.  

3. Excitation wavelength: The intensity of Raman scattering is inversely proportional to the 

fourth power of the wavelength, so it is preferable to use shorter excitation wavelengths. 

However, these produce significant interference and shot noise from the fluorescence signal. 

A 785 nm laser is beneficial because of its low absorption from biological elements and 

reduced noise.  

4. Optical power: High power at a small confocal spot will cause significant damage to the 

thermally liable biological samples. In addition to this, heat can cause turbulence or random 
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movement in the small sample solution. To avoid any artifacts in the detection and signal 

recording it is necessary to use an optimum power so that the sample is not damaged.77 

 1.4.4 Effective Impedance Measurement using Nanomaterials 

Electrical biosensors are based on the measurements of change in currents and/or 

voltages to detect binding on the electrodes. They are divided on the basis of electrical 

measurements either by voltammetric, amperometric, or impedance sensors.46 We will focus our 

attention on impedance measurement. The impedance measurement consists of the application of 

a small amplitude alternating current (AC) signal superimposed on a constant direct current (DC) 

bias to the electrode. The resulting impedance of the system then provides information related to 

interfacial and bulk phenomena.47  

Impedance biosensors are employed in the measurement because of their low cost, 

miniaturization, speed of analysis, freedom from unnessesary labeling, point-of-care diagnosis, 

and to not be influenced by the background color and surrounding lights compared to optical 

methods.46 These sensors have been used for bio-warfare agent detection, consumer test kits, 

bioprocesses monitoring, and water quality testing. One crucial question that arises while 

considering impedance biosensors is whether they have sufficient selectivity for use in real world 

applications because actual samples may contain uncontrolled but significant amounts of non-

target molecules.46 

The electrochemical cell is a complex system and represented as an equivalent circuit for 

modeling the components of the electrode-electrolyte interface. The conventional model called a 

Randles circuit is comprised of the resistance of the electrolyte (Rs) in series with the capacitance 

of the dielectric layer (Cdl), the charge transfer resistance (RCT) and the Warburg impedance (Zw) 

as shown in Figure 1.7A 
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Figure 1.7: Conventional Randle circuit and principle of impedance biosensor 

(A) The Randle equivalent circuit, (B) The typical Nyquist diagram for the AC impedance 

measurements. (C) RCT changes significantly with multiple levels of antibody 

attachment. (Reprinted by permission from A. Manickam, The University of Texas at 

Austin 2012.) 

 

Figure 1.7B shows a typical Nyquist plot.  The plot consists of two parts: a linear portion 

observed at the low-frequency range implying a mass-transfer limited process and a semicircle 

portion observed at the high-frequency range  indicating a charge-transfer limited process. From 

the Nyquist plot, the values of Rs and Rct can be easily determined. The semicircle diameter 

equals to electron transfer resistance RCT. Impedance due to the diffusion of ions to the interface 

from the bulk of the electrolyte is often referred to as Warburg impedance, Zw. The intercept of 

the semicircle with the Zre axis at high frequencies is equal to the solution resistance, Rs. 

Extrapolation of the circle to the lower frequencies yields an intercept corresponding to (Rs + 

RCT). The charge-transfer resistance RCT and the double layer capacitance Cdl are the most 
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important electrical parameters in analyzing the impedance signal change for detection of 

bacteria.78 

Impedance biosensors operate by two mechanisms that will be studied in detail in 

Chapter 6 (page 103). Firstly, impedance biosensors focus on the biorecognition element in the 

biosensor flow chart.79 An increase in the interfacial impedance is observed when biorecognition 

elements and target attach to the electrode, effectively reducing both the electrode area and the 

current reaching the electrode, leading to an increase in Cdl as shown in Figure 1.7C80-85 

Secondly, in addition to using a bio-recognition element, the redox couple [Fe(SCN)6]
3-/4- 

is commonly used in impedance biosensors as shown in Figure 1.8A. L. Yang and Y. Li et al 

(2004)85 have demonstrated an immunosensor for detection of E. coli O157:H7 cells using 

faradaic impedance spectroscopy with an IDA microelectrode. Upon attachment of the bacterial 

cells to the electrode, the interfacial increase in the electron-transfer resistance is observed due to 

the antibody immobilization and binding of E. coli cells. The reaction rate is decreased because 

the charge transfer from the redox couple [Fe(SCN)6]3-/4 is hindered due to the presence of 

antibody and bacteria (Figure1.8 A, panel 3). It is reported that the membranes of natural 

biological cells (thickness −10 nm) show a capacitance of 0.5−1.3 μF/cm2 and a resistance of 

102−105 Ω·cm2.86 The Nyquist plot (Zim vs. Zre) is the best way to visualize and determine the 

charge transfer resistance change shown in Figure 1.8B.85, 87-89  
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Figure 1.8: Principle of the impedance immunosensor  

(A) Constructed by interdigitated array microelectrode:  (1) bare electrode; (2) with 

antibody immobilization; (3) with cell binding. Gray oval, E. coli O157:H7 cell; Y, anti-E. 

coli antibody. (B) Nyquist diagram of electrochemical impedance spectra of the bare 

interdigitated ITO electrode were electrons freely transfer between electrodes (1), after 

antibody immobilization causing some blocking to electrone transfer (2), and after E. coli 

cells binding causing further blocking to electrone transfer (3) in the frequency range from 

1 Hz to 100 kHz. Data points from left to right correspond to decreasing frequency. 

Amplitude voltage, 5 mV; electrolyte, 10 mM [Fe(CN)6]3-/4- (1:1) in 0.01 M PBS, pH7.4; E. 

coli O157:H7, 2.6 × 107cells. (C) Equivalent circuit of electrochemical impedance 

measurement system with the interdigitated array microelectrode (Reprint with permission 

from L. Yang, et al., Anal. Chem. 2004, 76 (4), 1107-1113.) 

 

1 
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 Figure 1.8C, illustrates the electronic equivalent model. The parameters are same as 

described above. Each branch circuit represents the behavior of each set of array electrodes and 

the total current through the electrode surface is the sum of faradaic current (if) and double layer 

current (ic), in the branch circuit, the warburg impedance is considered to be in series with the 

electron-transfer resistance and both of them are connected in parallel with the double layer 

capacitance.  

The researchers have utilized either Cdl or RCT to measure the impedance from pathogens, 

such as bacteria and yeasts, which were mentioned earlier. Interdigitated array microelectrodes 

(IDAM) have been primarily used in the previously reported impedance studies. An ITO IDAM 

chip coated with anti-E. coli antibodies that captured E. coli O157: H7 cells had a detection 

range of 4.36 × 105 to 4.36 × 108 CFU/mL as reported by L. Yang et al. (2004)85 E. C. Alocilja et 

al.(2004)90 reported the detection of 105 to 104 CFU/mL with an open gold IDAM chip 

immobilized with antibodies by salinizing the sensor surface using 3-

mercaptomethyldimethylethoxysilane and a hetero-bifunctional cross-linker, N-(g-

Maleimidobutyryloxy) succinimide ester.  M. Varshney and Y. Li (2009)81 developed a label-

free impedance biosensor based on gold IDAM for the detection of E. coli O157: H7 in food 

samples. Cells were separated and concentrated with the help of magnetic nanoparticle-antibody 

conjugates. The impedance sensor detected a minimum of 7.4 × 104 and 8.0 × 105 CFU/mL of E. 

coli O157: H7 in pure culture and ground beef samples respectively. The same group tried a flow 

cell to detect bacterial cells in a detection volume of 60 nanoliter and were able to detect as little 

as 1.6 × 102 and 1.2 × 103 cells of E. coli O157: H7 cells present in pure culture and ground beef 

samples.91 
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 1.4.4.1 Integration of DEP with Impedance and Pearl Chaining 

 

Figure 1.9: Explanation of formation of pearl chains. 

The formation of particle chains occurs independently of whether the particles are 

experiencing (A) positive or (B) negative dielectrophoresis; in both cases, the dipoles align 

in the same direction to each other. 

 

The combination of impedance with dielectrophoresis is referred to as dielectrophoretic 

impedance measurement (DEPIM). Using IDAM for biosensors probe, there are two 

mechanisms that can be followed. First, is the direct capture of the pathogen on the electrode 

which was reported by R. Gomez-Sjöberg et al. (2005)92 combined dielectrophoresis (DEP) with 

impedance microbiology for the design of an on-site incubation microfluidic biochip device 

embedded with platinum IDAM for the detection of Listeria. DEP was successfully used for the 

concentration of bacterial cells by a factor of 104 to 105, in a detection chamber of 400 picoliter. 

This method causes the formation of ‘pearl chain’ between the electrodes followed by an 

impedance measurement.  
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The pearl chaining is referred to as mutual dielectrophoresis, in which a chain formed by 

dipole-dipole attraction due to the polarization of the particles in a high magnitude of the electric 

field. The interaction force between two similar particles is based on their polarizabilities (Figure 

1.9). This phenomenon was reported by J. Suehiro et al.93 using IDAM to detect E.coli cells . 

The detection limit reported was 105 CFU/mL in 10 min. This phenomenon is observed in the 

current study at high flow rate with virus particles and is discussed in section 4.3.6 (page 63). 

The second way DEP can be used for pathogen detection is by adding specificity to the 

system by immobilizing bio-recognizing elements on IDAM surface. DEP acts as a driving force 

to attach bacteria to the electrode. This method was reported by Suehiro et al.(1999)94, 95 L.Yang 

et al. (2006)96 developed an IDAM based multifunctional microfluidic system for the 

concentration and accurate capture of L. monocytogenes by employing DEP and immobilizing 

anti-Listeria antibodies. 

The present work is the integration of nanomaterials into a microfluidic device for 

pathogen detections using fluorescence, surface enhanced Raman spectroscopy and impedance 

measurements that were described above.  
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Chapter 2 - Principle of Dielectrophoresis  

 2.1 Electrostatic Interaction with Particles 

In order to understand the interactions between particles on the nanometer scale, it is 

worthwhile to examine the underlying processes. The Coulomb’s Law93 states that oppositely 

charged particles attract and like charged particles repel each other.  The magnitude of this force 

is proportional to the product of the magnitudes of the two charges and is inversely proportional 

to the square of the distance between them. The direction of the force is along the line joining the 

two charges (as illustrated in Figure 2.1).
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Q1 and Q2 are the two charges, d is the distance between them, r


 is the unit vector directed from 

Q1 to Q2, and εo is the permittivity of the space between the charges. This is the quantity that 

describes the way in which charges relate to one another through space. The permittivity of free 

space, εo, is 8.8 × 10–12 Farads per meter (F/m).  

If we consider the contribution of Q1 regardless of other charges present, then Q1 

produces a force field that can be plotted in space. An electric field is defined as the electric force 

per unit charge, and Equation 2.1 reduces to 94 
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 2.2 Electric Field Acting on the Particles 

A uniform electric field is generated when a voltage is applied between two parallel large 

electrodes. On the other hand, a non-uniform electric field can be produced if one of the 
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electrodes is very small in physical dimension as compared to the other. 

 
 

Figure 2.1: Different charges between particles  

(A) Two charges, a distance d apart along vector r, will experience a force in accordance 

with Coulomb’s law. This force acts along vector r and is repulsive when the charges have 

the same polarity (as in the example here) or attractive when the charges have different 

polarity. (B) A point charge will generate an electric field from which force field lines are 

produced. (Reprinted with permission from M. P. Hughes, Nanoelectromechanics in 

Engineering and Biology, CRC Press  2002). 

 

Consider a polarizable particle exposed to an electric field. The applied electric field 

causes the formation of a dipole within the material and an accumulation of charges at the 

surface.95 If the electric field is uniform, then Coulomb forces on the charges on both sides of the 

particle are equal and opposite, therefore, they cancel out and there is no net force on the particle 

(illustrated in Figure 2.2C).96 

 However, if the field is non-uniform (that is, varying in magnitude across the region 

occupied by the particle), then Coulomb forces on the opposite sides will be unequal, and there 

will be a net force acting on the particle (illustrated in Figure 2.2A, B). 
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Figure 2.2: Formation of dipoles in the particles  

(A) The particle is barely polarizable as the surrounding environment so resulting dipole is 

colinear but with an opposite direction to E


0 (B) the particle is very polarizable as 

compared to the surrounding environment, the resulting dipole is in direction of E


0 (C) the 

particle is equally polarizable as the surrounding environment, hence no net dipole acts on 

the particle. (Adapted from MEMS World – Electrostatics, Part II: Dielectric sphere in a 

surrounding electrical field) 

 

This is called the dielectrophoretic force (FDEP) and movement of the particle under this 

force is called dielectrophoresis (illustrated in Figure 2.3A).97-99 However, the particle is neutral 

(containing no excess charge), and there is a uniform electric field inside it. The DEP force 

(FDEP) acting on the spherical particles by the non-uniform electric field is given by: 

𝐹𝐷𝐸𝑃 = 2𝜋𝜀𝑚𝑟3𝑅𝑒[𝐾(𝜔)]∇𝐸2………………….…………… (2.3) 

where r is the radius of the particle, εm is the permittivity of the suspending medium, E2 is the 

gradient of the square of the applied electric field, and Re[K(ω)] is the real component of the 

complex Clausius-Mossotti (CM) factor. The importance of the CM factor will be explained in 

more detail in Section 2.4.  

A B C 



26 

The Clausius–Mossotti factor, K(ω) is given as, 

………………………………… (2.4) 

which is dependent on the applied frequency (due to the frequency dependence of the complex 

permittivities), which can take values between +1 (when 𝜀𝑝
∗ ≫ 𝜀𝑚

∗  ) to -0.5 (when 𝜀𝑝
∗ ≪ 𝜀𝑚

∗  )97,100 

The complex permittivity is given as 

f
j





2

*  ………………….………………..… (2.5) 

 

Figure 2.3: Principle of Dielectrophoresis. 

The figure consists of two electrodes configuration consisting of a small size electrode 

(point electrode) and the large electrode (lid electrode) electric field lines. A polarizable 

particle is place in the middle of the two electrodes. (B) The plot of real part of the Clausius 

Mossotti (CM) factor (Re[K(ω)]) and log of frequency (Hz) to show the positive 

dielectrophoresis (pDEP) region (above 0) and negative dielectrophoresis (nDEP) region 
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(below 0). (Reprinted with permission M.P. Hughes, H. Morgan, F. J. Rixon, Eur Biophys 

J, 2001, 30 (4), 268-72.) 

 

Since (FDEP) is a vector, the direction of the force will change with the change in sign (illustrated 

in Figure 2.3B). If Re[K(ω)] is positive, then the force acts in the direction of the  high field and 

is referred to as the positive dielectrophoresis (pDEP). However, if the value of Re[K(ω)] is 

negative, then the value of the force is negative, and the particle is repelled from regions of a 

high electric field. In such case, it is referred to as negative dielectrophoresis (nDEP).   

 

 2.3 Dielectric Manipulation of Bioparticles 

DEP has been widely used to manipulate biological particles such as bacteria,101 

viruses,102,103 spores,104 yeasts,105,106 , protozoas97 and other eukaryotic cells107 types, as well as 

proteins,108 nucleic acids,98 and other biomolecules. These bioparticles have a complicated 

internal structure and an inhomogeneous composition as compared to that of a solid 

homogeneous spherical particle. To account for their heterogeneous structure they are modeled 

by using a smeared-out multishell model to predict the DEP behavior of bioparticles, in 

particular, E. coli, and Vaccina virus. This kind of estimation will be very helpful when one 

wants to separate or manipulate a single bioparticle from a heterogeneous mixture. 

 2.3.1 Anatomy of Bacteria 

All bacterial cells contain a cell wall, cell membrane, cytoplasm, ribosomes and the 

chromosome. The average bacterium is 2 μm long and 0.5 μm in diameter, with a cell volume of 

0.6 – 0.7 μm3. The cell envelope is composed of the plasma membrane and cell wall. The 
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bacterial cell wall has peptidoglycan that is located immediately outside of the cytoplasmic 

membrane.  

Peptidoglycan is made up of a polysaccharide backbone consisting of alternating N-

acetylmuramic acid (NAM) and N-acetylglucosamine (NAG) residues in equal amounts. 

Peptidoglycan is responsible for the rigidity of the bacterial cell wall and the determination of 

cell shape. It is relatively porous and is not considered a barrier for small substrates.  

 

Figure 2.4: Schematic diagram of bacterium  

It consists of main characteristics of DNA, flagella and cell wall that further consists of four 

layers of outer lipopolysaccharide and protein layer, periplasmic space, peptidoglycan, and 

plasma membrane. (A part of the image is reprinted with permission from Clipart.com)  

 

The plasma membrane is composed of a phospholipid bilayer and thus has all of the 

general functions of a cell membrane such as acting as a permeability barrier for most molecules 
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and serving as the location for the transport of molecules into the cell.  The bacterial DNA is not 

enclosed inside of a membrane-bound nucleus but instead resides in the bacterial cytoplasm 

(Figure 2.4).110 This is important to note because the Clausius–Mossotti factor, K(ω) depends on 

the structure of the bacteria.100,111 

 2.3.2 Anatomy of Virus 

Viruses hold a unique classification in the world of microbiology. They are organisms 

that are not based on a cellular structure.112 The anatomy of a virus is very different from that of 

cellular organisms (Figure 2.5).  

Viruses are incapable of replicating independently. They are also not able to produce 

their own energy, nor can they make proteins. Most viruses are too small to be seen using 

standard light microscopes. Viruses are typically between 20 and 300 nm in diameter.112 Viruses 

are often described as having different shapes, such as brick-shaped, rod-shaped, or spherical 

shaped, etc. The outer layer of the virus is made of a protein called capsid shown in Figure 2.5A. 

Simplest of the viruses is Bacteriophage, which is a bacterial virus that infects the 

bacterial species Escherichia coli. The transmission electron microscope (TEM) image of 

bacteriophage resembles the schematic diagram (Figure 2.5B). The bacteriophage consists of a 

capsid that contains several subunits that are known as capsomeres. The geometrical 

arrangement of the capsomers gives a virus its physical structure and shape. The capsid proteins 

serve to protect the genetic material on the inside of the virus. They also serve to control the 

attachment of the virus to receptors on the cell that the virus will attempt to invade. 

 Some viruses have another structure surrounding the capsid. This structure is known as 

an envelope and is a lipoprotein membrane that is partially derived from the host cell that the 

virus is invading (Figure 2.5C). All viruses contain a core that is comprised of either DNA or 
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RNA, but never both. The central core of the genetic material is surrounded up by a protective 

protein coat.112 During infection, the phage particle recognizes and binds to its host (E. coli) by 

the tail fibers causing DNA in the capsid of the phage to be injected through the tail into the 

cytoplasm of the bacterial cell. The new DNA from phage overtakes the function of the bacteria 

cell, DNA, and all different parts of the phages are produced within the bacterial cell. 

 

Figure 2.5: Schematic and transmission electron microscope images of the viruses.  

(A) Schematic image of the DNA bacterial virus (bacteriophage) consisting of a protein 

head with DNA and tail. (B) TEM image of bacteriophage showing similar characteristics. 

(C) Schematic diagram of a Poxviridae family having a rounded brick shaped consisting of 
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the envelope of endoplasmic reticulum, lipoprotein membrane envelope, and DNA. (D) 

TEM image of Vaccinia virus showing similar characteristics) (Reprinted with permission 

picture Bacteriophage Life Cycle, from the laboratory Planet blog, and Introduction to 

Viruses that Infect Humans: The DNA Viruses from Microbiowiki.com) 

 

This is followed by cell lysis, releasing the cell contents, including virions that have been 

assembled, into the environment. This is called as a lytic cycle.113 The information on the 

production of the viruses in the laboratory is given in Appendix A.1 (page 163) and enumeration 

of the viruses with double layer agar technique is given in Appendix A.2 (page 165).  The 

Vaccinia virus is a large, complex, enveloped virus belonging to the poxvirus family. The 

dimensions of the virion are roughly 360 × 270 × 250 nm (Figure 2.5D), containing double-

stranded DNA genome. The DNA is encapsulated with a lateral body and palisade layer. The 

virus is enveloped with a lipid bilayer membrane consisting of lipoproteins.114   

 

 2.4 Predicting Clausius Mossotti factor using Homogeneous Sphere Model 

To predict the DEP response of E. coli cells,115 it is convenient to model it as a 

sphere covered with two shells (inner shell: cytoplasmic membrane, outer shell: cell wall) as 

shown in Figure 2.6. The shell model can be solved from the inside shell (shell 4) to the outside 

shell (shell 3 and shell 2) given by Equation 2.6, 2.7, and 2.8. Different scenarios of the 

dependence of CM factor based on the conductivity of the medium can be inferred using the 

Equation 2.8 and the values presented in Table 2-1.  

The parameters used for the calculation of εeff
* 

for virus cells can be found from 

previous reports,116-120 that are listed below in Table 2-2. 
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Figure 2.6: Two shell sphere model for bacteria  

E.coli with radius of 1 μm with cell wall conductivity 0.5 S/m, permittivity 60, and thickness 

20 nm, cell membrane conductivity 5 × 10-8 S/m, permittivity 10, and thickness 5 nm, and 

cytoplasm conductivity 0.1 S/m, permittivity 60.  

 

Solving for the shell 4 (cytoplasm) and shell 3 (cell membrane) using Clausius – Mossotti 

factor Equation 2.4 and the values of permittivities of cytoplasm and cell membrane along with 

their thickness is obtained from Table 2.1. The following equation was used to obtain complex 

permittivity of ε34, 

………………………………… (2.6) 

Solving for shell 34 (from Equation 2.6) and shell 2 (cell wall), to obtain ε234 
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Finally, combining the 3 shells, (i.e. shell 4 (cytoplasm), shell 3 (cell membrane) and shell 2 (cell 

wall) with medium to obtain the final equation for Clausius Mossotti factor,  

  
1234

1234
234

2






CMf ………………….……………………. (2.8) 

 

Table 2-1: E.coli parameters for calculating Re[K(ω)]115 

 

Shell No. E.coli Parts Parameters Values 

4 Cytoplasm Conductivity 

Relative permittivity 

σ4 = 0.1 S/m 

ε4 = 60 

3 Cell membrane Conductivity 

Relative permittivity 

σ3 = 5 × 10-8 S/m 

ε3 = 10 

Thickness (a2) = 5 

nm 

2 Cell Wall Conductivity 

Relative permittivity 

σ2 = 0.5 S/m 

ε2 = 60 

Thickness (a1) = 20 

nm 

1 Suspension 

(Water) 

Conductivity 

Relative permittivity 

σ1 = 2 × 10-4 S/m 

ε1 = 80 

 Simulated shape of E.coli Sphere Radius = 1 μm 
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The only parameter that can be varied is the conductivity of the suspending medium 

and in most of the DEP experiments, water or buffer is preferred as the suspending medium.  

 

Figure 2.7: Schematic of two shell- model approach for calculating effective 

permittivity (εeff
*

) of Vaccina virus. 

 

Similar kinds of predictions about the CM factor can also be performed for smaller 

bioparticles like Vaccinia virus. In the case of viruses, the model is simpler due to the absence 

of a cell wall and cell membrane, as shown in Figure 2.7. The parameters for the Vaccinia 

virus are tabulated in Table 2.2. CM factor vs. different frequencies of the AC voltage at 

various suspending medium conductivities of the E. coli cells and Vaccinia virus are shown 

in Figure 2.8 Suspending medium conductivities of 0.1, 0.01, and 0.001 S/m were selected, in 

this case. 

 

 2.5 Other Forces Acting on the Bioparticles Fluidic Flow 

 2.5.1 Viscous Drag and Sedimentation Force 

The viscous drag is responsible for retarding the motion of any particle moving through 

anything other than a vacuum.121 The velocity at which the particles move is directly related to 
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the magnitude of the force propelling them through the medium and inversely related to the 

viscosity of the medium. 

 

Table 2-2: Parameter values used for theoretical predictions of Re[CM(ω)] for 300 nm 

Vaccina virus116  

Shell No. 
 

Component 
 

 

Parameter 
 

 

Value 
 

3 
 

Bulk 

 

 

Relative permittivity(ε3) 

 

 

65 

 

   

Conductivity (σ3) 

 

 

1.6 × 10
-1 

S/m 

 

2 
 

Membrane 

 

 

Relative permittivity (ε3) 

 

 

10.3 

 

   

Conductivity (σ2) 

 

 

 

0.19 × 10
-9 

S/m 

 
   

Thickness 

 

 

20 nm 

 

1 
 

Suspension medium 

 (DI water) 

 

 

Conductivity (σ1) 

 

Relative permittivity (ε1) 

 

 

Variable S/m 

 

80 

 
 

 

For a spherical particle of radius r, the Stokes’s law describes the terminal velocity (v) of 

a particle through a medium by 

……………………………………… (2.9) r

F
v

6
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Small bio-particles (<200 nm) will not precipitate because of the Brownian motion  

making them float in the medium.122 The larger bioparticles such as 250 nm diameter such as 

Herpes viruses and Vaccinia viruses, which are somewhat denser than water, can sink over 

time.100 The magnitude of sedimentation force is given by Equation 2.10, where p and m 

are the densities of the particle and medium, respectively, v is the particle volume, and g is 

the gravity.123

 

 

Figure 2.8: The plot of the real part of Clausius Mossotti factor Re[K(ω)] and log 

frequency (Hz) for viable E.coli and Vaccinia virus at different medium conductivities. 

The plot helps in estimation of the frequencies that are useful in the separation of one of the 

bioparticle from a heterogeneous mixture of bacteria and virus. 

 

………………………………………. (2.10)
 gvF pm )(  sediment
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The sedimentation force on the small colloidal particles is minimal compared with other 

forces and can be neglected.100 

 2.5.2 Brownian Motion and Diffusion 

As the particle size is reduced, the effects of the Brownian motion become 

increasingly significant. Brownian motion is the random motion of the particle. To move an 

isolated particle in a specific direction, the forces like electrohydrodynamic force and 

dielectrophoretic force (DEP) must be high.  The magnitude of the Brownian motion will be 

highest when the other forces are not acting on the isolated particle. The particle 

displacement due to Brownian motion follows a Gaussian distribution profile  and is 

calculated by the root mean square of the particle displacement, Xrms, is given by124 

 
…………………………………….. (2.9)

 

where D is the diffusion coefficient and T is the temperature. The diffusion coefficient is 

given by the Stokes-Einstein Equation where dp is the diameter of the particle, µ is the 

viscosity of the medium, and kB is Boltzmann constant.125

  

………………………………………. (2.10)

 

The diffusion force is used to describe the behavior of the particles in solution 

moving from a high to low concentration region.  

DTX rms 2

p

B

d

Tk
D

6
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The above equations imply that the resulting particle movement depends on the size 

and density of the particle, viscosity of the medium, and temperature, which affect Brownian, 

sedimentation, and diffusion forces. The relative strengths of these forces are overcome by 

the high electrohydrodynamic drag force in the direction of flow and dielectrophoretic force, 

which will be considered extensively in future studies.  
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Chapter 3 - Fabrication and Characterization of Vertically Aligned 

Carbon Nanofiber (VACNF) Nanoelectrode Array (NEA)  

 3.1 Introduction 

The electrodes that have one of the critical dimensions smaller than 25 μm are called 

ultramicroelectrodes and are used for development of fast electron transfer reaction electronics.127 

Nanoelectrode array (NEA) scheme is attractive because of increased temporal and spatial 

resolution, high sensitivity, and less background noise. However, reliable methods to fabricate 

these electrodes are still lacking. Carbon nanofibers (CNFs) NEA are explored in this research.  

CNFs are cylindrical or conical structures that have diameters varying from tens to 

hundreds of nanometers and lengths ranging from less than a micron to millimeters. A  nanofiber 

consists of stacked curved graphite layers that form cones or cups stacked on each other often 

referred to as herringbone or fishbone structures (Figure 3.1).128,129 The primary characteristics 

distinguishing the nanofibers from the nanotubes is the stacking of graphene sheets of varying 

shapes, causing differences in the mechanical strength and the electric properties.99 The 

difference in the angle (α) between the fiber’s axis and the graphene sheet at the sidewall, with 

the CNF is α > 0.130-132 The whole surface area at the sidewall of CNFs can be activated due to 

the free edge sites.100  

The fiber’s diameter can be varied anywhere from 50 nm to 300 nm and even wider, 

through variation of several parameters. The nanofibers oriented perpendicular to the substrate 

are commonly called vertically aligned carbon nanofibers (VACNFs).133 Due to the well-

defined graphitic structures, VACNF present similar chemical properties as conventional carbon 

electrodes with a flexible surface chemistry, excellent biocompatibility, and wider potential 

window. The fabrication of NEA using VACNFs described by J.Li., et al.101-107 is used in this 
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research. 

 

Figure 3.1 Carbon nanofiber nanoelectrode array 

(A) Schematic of VACNF internal structure depicting the stacked graphene cups and  the 

angle between the fiber axis and the graphene sheets (B) SEM image of VACNF random 

array (C) Embedded CNF tips exposed on a silicon chip. 

 

 3.2 Fabrication of Carbon Nanofiber NEA 

The fabrication of the CNF NEA involves four major steps is given as (1) Contact metal 

(chromium, Cr)  and catalyst (nickel, Ni) deposition on a silicon (Si) (100) substrate, (2) plasma 

enhanced chemical vapor deposition (PECVD) of vertically aligned CNFs, (3) SiO2 encapsulation, 

(4) chemical mechanical polishing (CMP) and reactive ion etching (RIE) to expose the tips of 

embedded CNFs. The sequences of steps involved in the fabrication process are shown in Figure 

3.2. The experimental details of each step are discussed below.102, 108 
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Figure 3.2: Schematic diagram of the steps involved in the fabrication process of VACNF 

NEA.  

(A) Ion beam sputtering of Chromium (100 nm) and Nickel (22.5 nm). (B) Plasma 

Enhanced Chemical Vapor Deposition (PECVD) using C2H2 and NH3 gases at 775ºC. (C) 

Encapsulation of VACNFs with SiO2 using TEOS-CVD. (D) Chemical mechanical 

polishing of the VACNF chip using 0.05 μm of alumina slurry and exposure to reactive ion 

etching to expose the CNF tips. (E) SEM image of freestanding “as-grown” vertically 

aligned CNFs (45ºview) after PECVD. (F) SEM image (perpendicular) of CNFs after 

being encapsulated by SiO2 using TEOS-CVD. (G) SEM image of an embedded CNF NEA 

after reactive ion etching and mechanical polishing. (Reprinted with permission from J. Li, 
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Q. Ye, A. Cassell, H. T. Ng, R. Stevens, J. Han, M. Meyyappan, Appl. Phys. Lett., 2003, 82, 

2491-2493.)   

 3.2.1 Contact Metal and Catalyst Deposition 

The first step in the fabrication process is the sputter coating a 1 cm × 2 cm Si substrate 

with Cr and Ni as shown in Figure 3.2A. A Gatan ion beam sputter coater was used to perform 

this step.  Si substrates were sonicated in ethanol 100% for 10 min and dried at 100º C and 

coated with 100 nm of Cr and 22.5 - 20 nm of Ni using an ion beam sputter with energy of 10.0 

keV. During the deposition, the sample was rotated at 30 rpm, tilted at 5º and rocked at a rate of 

12º/s. The coating rate was adjusted to 1.0 Å/s for Cr and 0.6 Å/s for Ni, so as to prevent 

overheating of the metal source. The purpose of coating Cr, Ti (10 nm, Merkulov, I. V., et al.103) 

layer is that it acts as an adhesion layer and contact layer that connects millions of nanoelectrodes 

(NEs) and also prevents the formation of Ni silicide. Ni acts as a catalyst for the growth of carbon 

nanofibers (CNFs).  

 3.2.2 Plasma Enhanced Chemical Vapor Deposition (PECVD) for VACNF growth 

After the metal layers were deposited, a random array of VACNFs can be grown on the 

coated silicon wafer using an Aixtron Black Magic PECVD system as shown in Figure 3.1 and 

Figure 3.2B. The main purpose of using plasma enhancement was to reduce the activation energy 

for a deposition process. The gas showerhead was used to produce a uniform gas flow 

distribution over the entire substrate surface. First, coated Si chips were loaded in the chamber 

that goes through two cleaning cycles using Nitrogen (999 sccm) as a cleaning gas.  The Ni 

catalyst on Si chips coated in the previous step was annealed at 500º C for 60 s in vacuum with a 

base pressure of ~0.11 mbar.  Then, the wafer was exposed to acetylene (C2H2) that acts as a 

source of carbon and ammonia (NH3) serves as an etching and reducing gas with flow rates of 
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63-70 and 250 sccm, respectively and with the processing pressure of 5.48 - 5.61 mbar. The 

sample was then heated to 775 º C while the DC plasma (520 V and 40 W drive) was applied. 

At this temperature, plasma conditions, and 20 min deposition yields a VACNF array with fiber 

diameters of 50-100 nm and the length of ~5 μm, as verified by the SEM as shown in Figure 

3.1B. Each CNF was vertically aligned and freestanding on the surface of the Si substrate.  

Some detailed experiments were done by Merkulov, et al.103 and they concluded that the 

morphology of well-separated VACNFs had a strong dependence on the gas mixture used in 

PECVD a function of the C2H2/NH3 ratio. With relatively small acetylene content, isolated 

VACNFs with kinks and significantly damaged walls were produced, and with higher acetylene 

content, the VACNF were straighter with significantly less damage to the walls. The tip-type 

carbon nanofiber growth mode was observed, where a catalyst is detached from the substrate and 

remains at the tip of the growing nanostructure.109 The nucleation and growth of graphene layers 

were found to be assisted by a dynamic, repetitive formation and restructuring of monoatomic 

step edges at the nickel surface. The initial diameter of the nanoparticles, d, is roughly 

determined from mass conservation of the catalyst, that is, d = (3/2tD2)1/3, where D is the 

diameter of the catalyst dot and t is its thickness.109, 110 However, as the Ni is coated with a film 

the diameter of the catalyst during the procedure is not determined, in this case. This becomes 

crucial during the fabrication of patterned VACNF where Ni catalyst is deposited in a particular 

area using e-beam lithography.111 The parameters that constitute this multidimensional space 

include 1. total pressure, 2. total gas flow, 3. carbon source to etchant gas flow ratio, 

e.g.,C2H2/NH3, 4. substrate temperature, 5.  plasma power.  
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 3.2.3 Silicon Dioxide (SiO2) Encapsulation 

The as-grown CNF substrate was coated with silicon dioxide (SiO2) using chemical vapor 

deposition (CVD) system in order to insulate the bottom Cr layer, provide robustness to VACNF, 

and stability of the hydrophilic environment. As shown in Figure 3.2C. CVD involves the 

adsorption, desorption, evolution, and incorporation of vapor species at the surface of a growing 

film. Since the heat is the primary energy source for reactions to occur, the CVD process is also 

often referred to as thermal CVD.112 The home built tube furnace from Thermo Electron 

Corporation was used at the base pressure of <100 mTorr, the chamber (with as-grown CNF 

chip) was heated to 720ºC.106 Tetraethyl orthosilicate (TEOS, a precursor for SiO2) was 

deposited at a vapor pressure of ~250 mTorr or 6 hrs and ~350 mTorr for 6 hrs. SiO2 forms a 

conformal film, filling the free space between the individual fibers, as well as the substrate. To 

ensure complete coverage of the carbon nanofibers (CNFs), the CVD process was continued for 

12 hr as shown in Figure 3.2F.  

 3.2.4 Mechanical Polishing and Reactive Ion Etching (RIE) 

The excess SiO2 and part of the CNFs were removed by the combination of mechanical 

polishing to planarize the substrate using a slurry of abrasive material in an alkaline or acidic 

solution and reactive ion etching (RIE) techniques. Polishing was performed manually using 0.05 

µm Alpha micropolish alumina (Buehler, Lake Bluff, IL) for 2.5 hrs smooth wafer surface with a 

high degree of flatness. The final wafer surface was a black shiny mirror-like finish.  RIE (Nano-

Master, NRE3000) was then used to etch away SiO2 from the top and expose the tips of CNFs as 

shown in Figure 3.1D. Oxygen (10 sccm) and CHF3 (2 sccm) gasses at 200 W and 250 mTorr 

were used to etch the dielectric surface. The density of the exposed CNF tips can be easily 

controlled by the etching time. Electrical resistance at the surface of the nanoelectrode array 
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(NEA) chip was measured using two-point probes of a handheld multimeter to monitor the 

progress of the etching and the number of exposed CNFs. Routine practice is to repeat the 

polishing/etching procedure with the NEA chip until the resistance measured using a multimeter 

was between 500-1000 . The SEM image of exposed VACNF tips as shown in Figure 3.1C. 

 

 3.3 Electrochemical Measurements 

 3.3.1 Electrochemical Set-up 

To characterize the carbon nanofiber nanoelectrode array (CNF NEA), a direct current (DC) 

cyclic voltammetry (CV) were performed using CHI440A (CH Instruments) in a standard 3-

electrode set-up. 

Figure 3.3: Characterization of the VACNF 

(A) Shows 3-electrode set-up using a Teflon cell with the working electrode at the bottom.  

(B) Cross-sectional schematic of the same cell (C) Representative cyclic voltammetry curve of 

VACNF tips exposed.  

 

A typical electrochemical experimental set- up is shown in Figure 3.3A. A Teflon cell 

with a 3 mm inside diameter O-ring that makes a seal with a NEA chip and serves as a working 
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electrode (W.E), Pt wire as a counter electrode (C.E) and Ag/AgCl (sat'd KCl) as the reference 

electrode (R.E). Figure 3.3C is the typical CV plot obtained with a scan rate of 50 mV/s and peak height il.  

 

 3.4 Carbon Nanofiber Applications  

Nanoelectrodes are mainly used because of the advantage of high signal to background 

ratio. The background current mainly from the capacitive charging/discharging current at the 

electrode/electrolyte interface and thus proportional to the surface area (A) of the inlaid 

electrode, i.e., where Cd is the specific capacitance at the interface.113  

ACi db

0 ………………………………………………. (3.1) 

In most common voltammetry measurements, the magnitude of the peak current of the 

redox signal is the sum of two terms: a linear diffusion as described in the Cottrell Equation and 

a nonlinear radial diffusion  
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where n is the number of electrons involved in the reaction with one electroactive species, ipeak is 

the peak current, F is the Faraday constant, C0 is the concentration of electroactive species, D0 is 

the diffusion coefficient, t is time, and r is the electrode radius. As the radius is decreased below 

25 μm, the second term increases and dominates the signal, which is typically observed in 

ultramicroelectrodes (UME).113 
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The signal-to-background ratio will be improved by 1000 times when going from 200 μm 

to 200 nm when electrode size is decreased. At the same time, the electrode also responds 1000 
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times faster giving high temporal and spatial resolution that scales inversely with the electrode 

radius. Therefore, the sensitivity can be dramatically improved by reducing the size of the 

electrodes to the nanoscale. For practical applications, hundreds of nanoelectrodes are desired to 

be attached to each microelectrode as a local nanoelectrode array in order to increase the 

statistical reliability.114, 115 

 3.4.1 Nanoelectrode Array for Pathogen Sensing 

The two-dimensional (2D) finite element modeling of positive dielectrophoresis was 

employed to simulate the high dielectrophoretic force at the tips of VACNF by Arumugam, P. U. 

et al.116 The simulation was performed using a linear array of 12 CNF NEs at 26 Vpp, and a flow 

velocity of 10 mm/s is shown in Figure 3.4.  

 

Figure 3.4: Modeling of pDEP trapping on CNF NE array.  

The dashed lines show the trajectories of 1 μm diameter particles under the influence of 

Stokes drag force of a 10 mm/s flow and dielectrophoretic forces by a 10 MHz AC voltage 

of 26 Vpp. (Reprinted from P. U. Arumugam, H. Chen, A. M. Cassell, J. Li,  J. Phys. Chem. 

A, 2007, 111, 12772-12777.) 

 

The particles of 1.0 μm in diameter were injected at various heights simulating E. coli. 

The trajectories show that all particles injected below 12 μm height were trapped while others 
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(including those near the 20 μm high ceiling) were deflected downwards in the presence of the 

high electric field. The efficiency of trapping with this design was significantly greater due to the 

high electric field generated at the tip of CNF. The electric field calculated around a 

nanoelectrode (NE) tip shows a maximum of ~1.2 × 1014 V2 /m2 that is 200 times higher than 

that of the micro- “points-and-lid” device. At the flow velocity of 10 mm/s that is extremely high 

than used in micro- “points-and-lid” device (0.1-0.5 mm/s) and interdigitated device (0.04-2 

mm/s), resulted in capture reflecting the higher trapping efficiency.110, 116  

 

 3.5 DEP device Fabrication 

Fabrication of device involves five major steps:106, 117 

 (1) Embedded VACNF NEAs were made by the method described earlier (see section 3.2). 

 (2) SU-8-2002, a negative tone photoresist (Microchem, Newton, MA) of ~2.0 μm in thickness 

was used to develop patterns on the planarized nanoelectrode array (NEA). The substrate was 

cleaned by rinsing with acetone several times, blow-dried in the air and dehydrated at 

150º C for 20 min in an oven (Fisher Scientific). SU-8 2002 was spin coated on the NEA 

chip at 2800 rpm speed for 40 sec using a spin coater. It was soft-baked at 95ºC for 75 sec on a 

hot plate, exposed to UV light (22.8 mW/cm2) for 4.64 sec through a Mylar mask in soft 

contact mode to define a 200 µm × 200 µm active area, post baked for 90 sec on a hot plate 

at 95º C, developed in SU-8 developer, and washed with isopropyl alcohol (IPA) and dried 

using a stream of Nitrogen gas.  

(3) SU-8-2010, a negative tone photoresist (Microchem, Newton, MA), for thicker coating of 

~18 μm in thickness was deposited on a 2 cm × 4 cm ITO-coated glass electrode by spin 

coating SU-8 2010 at 1350 rpm speed for 40 sec. It was then soft baked at 95ºC for 4 min on 

a hot plate, exposed to UV light (28.4 mW/cm2) for 8.83 sec through the second Mylar mask to 
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define the microchannel and circular chamber, post baked for 4 min at 95ºC on a hot plate. 

The remaining steps were the same as explained for NEAs. Finally, two holes were drilled 

from glass side using a 0.75 mm diameter diamond drill bit at the two ends of the 

microchannel and then a section (1 cm x 2 cm) of ITO-glass electrode containing the 

microchannel was diced to eliminate edge-beads, which may interfere with the bonding 

process.  

(4) SU-8 patterned NEA and ITO-glass electrodes were cleaned with isopropyl alcohol (IPA) to 

remove dust particles. Alignment markers on both the substrates were used to align them under a 

regular tabletop microscope with a 4X objective lens and then a mechanical force was 

applied to hold the substrates together. Subsequently, the substrates were placed in a vacuum 

oven (Curtin Matheson Scientific, Inc) which was preheated to  175 ºC. It was evacuated 

and held at 25 Torr for ~40 min for the substrates to bond with each other. 

(5) Electrical connections to the electrical pads on the NEA and ITO-glass were made using 

conductive silver epoxy (MG Chemicals, Ontario) and thirty gauge wire. Microbore tubing was 

connected to a 1 ml glass syringe to the DEP device using sleeves, ferrules and fittings 

(Upchurch Scientific Inc, WA). A syringe pump (NE-1000, New Era Pump Systems, Inc) was 

used to control the flow rate during the experiment. 

 3.5.1 DEP Device Set-up 

To observe the fluorescence signal, the device was placed under a Carl Zeiss microscope, 

using the 4X objective to visualize the active region. The Hamilton syringe 1 ml was connected 

with the device using microbore tubing and a constant velocity of the solution allowed to flow 

into the device using a syringe pump. To avoid biofouling within the device, it was necessary to 

flow 5% BSA solution at a very low speed (~ 0.10 μl/min) and then washed with water at (~5.0 
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μl/min). To avoid any bubbles in the system, the microbore tube was filled with the fluid under 

use and then connected to the device.  

 

 

Figure 3.5: Set-up of microfluidic chip under microscope 

(A) Shows the schematic image of the microfluidic chip consisting of CNF chip and ITO 

glass surface along with the glass connectors and microbore tubing. The microfluidic chip 

can be set under a microscope where the objective of the microscope is focused on the 200 

μm × 200 μm area.  (B) Actual set-up of the device connected with tubing settled under 50 X 

objective of Carl Zeiss FS 2 plus microscope. (Reprinted with permission from F. R. 

Madiyar, L. U. Syed, C. T. Culbertson, J. Li,  Electrophoresis, 2013, 34, 1123-1130.) 
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Chapter 4 - Manipulation of Bacteriophages by Dielectrophoresis on 

Carbon Nanoelectrode Array† 

 4.1 Introduction 

Rapid detection of pathogens like bacteria and viruses is of great importance for 

monitoring water and food quality, the early detection and diagnosis of diseases, countering 

bioterrorism attacks and other applications. Successful detection requires the manipulation and 

capture pathogenic particles for further analysis. Optical tweezers,118 
acoustic forces,119 

and 

surface interactions
 
have been used to manipulate bioparticles physically. Another attractive 

approach is the use of electrical force such as electrophoresis (EP) and dielectrophoresis (DEP) 

to manipulate cells.116, 120-122 DEP is of particular interest for capturing pathogenic particles 

stably in isolated locations of a device. Pohl described the fundamental principles of DEP in 

1970s.123 It deals with the motion of a dielectric particle due to polarization effects in a 

nonuniform electric field.
 

DEP discriminates particles based on their intrinsic dielectric 

property that, to some extent, adds selectivity in the manipulation of one type of bioparticle 

from a heterogeneous mixture. DEP has been extensively used as a nondestructive and 

noninvasive technique to detect and separate bacteria,
 

discriminate between live or dead 

bacteria depending on the conductivities and permittivities of the cell membrane and 

medium124,
 
identify isogenic mutants of E. coli differing exclusively in one mutant allele,125 

and capture and lyse smaller particles like viruses.126 

Conventionally DEP has been performed using patterned interdigitated electrodes (IDE) 

                                                 

†  Reproduced in part by permission of the John Wiley and Sons, F. R. Madiyar, L. U. Syed, C. T. 

Culbertson, J. Li, Manipulation of bacteriophages with dielectrophoresis on carbon nanofiber 

nanoelectrode arrays, Electrophoresis, 2013, 34, 1123-1130. DOI: 10.1002/elps.201200486. 
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and the collection of bacteria mainly takes place at the edges of the electrode.127, 128 
However, 

in many applications one needs to manipulate single cells and preferably capture those cells 

isolated spots instead of allowing them to aggregate. Another problem associated with the IDE is 

that the electrodes are laid at the bottom of the fluidic channel, and the E
2 

decreases 

rapidly further away from the channel bottom.
 
To deal with these problems, 

reversible dielectrophoretic capture and release of a single E. coli employing NEA in 

“points-and-lid” geometry was developed.116 
Fabrication of well-controlled NEAs using 

VACNFs embedded in insulating materials on Si substrates has been reported earlier.
 

The 

exposed tips of VACNFs serve as a point’s array electrode and a large transparent 

indium-tin-oxide (ITO) electrode at the top acts as the lid. Recently, it has been 

reported that precise e-beam lithographically patterned VACNFs can be fabricated as 

embedded NEAs on individually addressed micropads on the 4” wafer scale.111 
This extends 

the use of embedded VACNF NEAs for either single or multiplex detection. 

This chapter discusses the fabrication of microfluidic device utilizing exposed tips of 

embedded VACNFs as active nanoelectrodes in a selected area to capture virus 

Bacteriophage T4r.117 The active area is defined by a 2-m thick SU-8 photoresist to 

minimize the distance between the nanoelectrodes (NEs) and the virus cells flowing through 

the channel. It has been reported that the electric field can be enhanced with a non-planar 

structure with high aspect ratios (~100) as offered by fiber-like NEs.129, 130 
The enhanced E-

field at NEs in solution was also observed.106, 116, 131 
We demonstrate here that the attractive 

nanoscale “point-and-lid” design and the increased enhancement in the electric field gradient 

lead to effective capture of virus at a high flow velocity up to 1.6 mm/sec.117 
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 4.2 Experimental Details 

 4.2.1 Materials and Reagents 

To make the assembly for bacteriophage culture, conical flasks (50 mL, Pyrex®), rubber 

stopper with holes (O.D= 3.15mm) with tubes (O.D= 3.12mm) was obtained from Fisher 

Scientific. Bacteriophage T4r and E.coli B stock solutions were obtained from Carolina 

Biological Supply Company (121150) and Bacteriophage T1 was obtained from ATCC (11303-

B1), Amicon® Ultra 0.5 centrifugal filter devices (UFC510096) were obtained from Millipore, 

SYBR® Green I Nucleic Acid Gel Stain was obtained from Lonza (50513), D-mannitol (Fisher 

BP686500) and 0.2 µm sterilized filter units from Corning. 

 4.2.2 Bacteriophage Culture and Labeling 

       The bacteriophage culture was carried out in an assembly consisting of two conical 

flasks (50ml, Pyrex®) connected with rubber stoppers and glass tubes (O.D. = 3.12 mm). The 

first flask was used for culturing and the second one for trapping any overflow of the media and 

allowing passage of outgoing air. The flasks and tubes were wet-sterilized at 121˚C for 20 min., 

and rubber stoppers were dry-heat sterilized at 160˚C for 4 hr. After cooling, 30 ml of the 

sterilized nutrient peptone broth was added into the flask, incubated at 37˚C for 12 hr. The broth 

remained clear to confirm the sterility. The stock solutions (~ 3 ml) of Bacteriophage T4r and 

host bacterium E. coli B on a Tryptone Agar slant was obtained from Carolina Biological Supply 

Company (Burlington, NC). Bacteriophage T1 were obtained as pellets from ATCC (Manassas, 

VA) with the same E. coli B as host bacterium. About 15 ml of nutrient peptone broth medium 

(Fisher, Pittsburg, PA) was added to the bacterial agar slant and incubated at 37˚ C for 12 hr. The 

concentration of the bacteria was measured with a counting chamber (Hausser Scientific 

Partnership, Horsham, PA) and found to be ~2.25 × 109 CFU/ml.  Next, 0.1 ml of cultured E. 
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coli was used to inoculate 30 ml of sterile medium in the first flask and incubated for ~2 hr. at 

37˚C for bacteria to reach mid logarithmic phase. 1 ml of high titer solution of Bacteriophage 

(phage) at a concentration of 1 × 109 pfu/mL was added into the host bacteria solution. The virus-

host culture was periodically examined by checking the turbidity of the solution. Lysis of the 

bacteria in the medium began after an hour of incubation, as indicated by frothing in the solution. 

Turbidity of the solution decreased as the lysis progressed and eventually turned clear after 3 hr. 

The solution was filtered with a 0.2 µm filter from Fisher (Pittsburg, PA) to remove live bacteria 

or bacterial debris. The phage culture was stored in the refrigerator at 4˚C with chloroform to kill 

and to ensure that no live bacteria were in the solution, as suggested by the vendor.  

The cultured bacteriophages were characterized with both microbiological and 

microscopic methods. Double layer agar (DLA) method was used to determine the titer of the 

phages (see Supporting Information Fig. S1). All culture broths and agar were sterilized at 121˚C 

for 20 min. Transmission electron microscope (TEM) images were taken with FEI CM 100  

(Philips,  Eindhoven, Holland) with an AMT digital capturing system to illustrate the size and 

shape of Bacteriophage T4r and Bacteriophage T1 (see Supporting Information Fig. S2). In 

TEM sample preparation, 5 μl of phage suspension and 5 μl of 2% uranyl acetate onto a 400-

mesh copper grid coated with a carbon film. The droplet was partially dried after 45 secs and the 

grid was air-dried before measurements. 

Washing and labeling were carried out by centrifugation using Amicon® Ultra 0.5 

centrifugal filter devices (Millipore, Billerica, MA). Phage suspensions were also centrifuged 

and re-dispensed into lower volumes to make up the lost phages during removal of the medium 

and the following washing procedures. In general, 400 µl of phage solution was added in the 

filter device consisting of a detachable inner filter tube and a larger outer tube and the set was 
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placed in the centrifuge (Minispin® plus, Eppendorf, Hauppauge, NY) at 14,000 rpm for 5 min. 

The device was then separated, and the solution in the outer tube was discarded. The inner filter 

tube was flipped upside down and placed in a new outer tube. The set was centrifuged at 14,000 

rpm for 10 min to spin down the concentrated phage solutions into the outer tube. 400 l of Tris-

EDTA (TE) buffer was then added to dilute the phage solution. The washing steps were repeated 

three times to remove the remains of the nutrient peptone media.  

The phages were labeled with SYBR® Green I nucleic acid gel stain (Lonza, Rockland, 

ME). A commercial stock solution of 10,000X concentration in dimethylsulfoxide (DMSO) was 

thawed in dark at room temperature. A 500X working solution was prepared by diluting with TE 

buffer. For the optimal staining, 1 ml of the phage solution and 500 µl of the SYGR® green-I 

working solution were mixed at 80˚ C in dark conditions for 10 min. After which, the samples 

were allowed to cool down for 5 min. The excess dye was removed and washed three times with 

TE buffer using the above described centrifugal filter device. The labeled phages were dispensed 

in double deionized water (Barnstead Easypure II, Thermo Scientific Asheville, Pittsburg, PA) 

containing 280 mM D-mannitol (Fisher, Pittsburg, PA). The addition of mannitol was found 

necessary to enhance the efficiency of pDEP capture of virus particles 132, 133. The final 

concentration of the phages for the normal DEP experiments was ~5 × 109 pfu/mL except in 

some concentration-dependent experiments. All the solutions were filtered with 0.2µm filtration 

membrane and sterilized at 121˚C for 20 min. 

Transmission electron microscope images of the Bacteriophage T4r and Bacteriophage 

T1 were taken by dropping 5 μl of phage suspension was added onto a 400-mesh copper grid 

together with 5 μl of 2% uranyl acetate for staining The droplet partially wicked off after 45 s 
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and the grid was air-dried. The grids were examined by TEM (FEI CM 100 Transmission 

electron microscope with AMT digital capturing system). (see Appendix Figure A.3, page 167) 

For fluorescence labeling, phages were centrifuged to concentrate to make up for the lost 

phages during washing and removing the medium, using Amicon® Ultra 0.5 centrifugal filter 

devices (UFC510096). 400 µl of phage solution was added in the filter device and placed in the 

centrifuge (Minispin® plus, Eppendorf) at 14000 rpm for 5 min. The device was separated and 

the solution obtained in the tube was discarded. To obtain a concentrated solution of phage, the 

filter unit was replaced in the tube upside down and was centrifuged at 14000 rpm for 10 min. 

The solution was collected and washed three times in the similar way using Tris-EDTA (TE) 

buffer to remove all the remains of the nutrient peptone media. Labeling of phages was carried 

out using SYBR® Green I Nucleic Acid Gel Stain obtained from Lonza (50513). The commercial 

stock solution of 100X in DMSO was thawed in dark at the room temperature. A working 

solution of 500X was prepared by diluting with TE buffer. For optimal labeling, 1 mL of the 

phage solution and 500 µl of the SYGR® green-I working solution was mixed and heated at 80˚ 

C in the water bath in dark for 10 minutes. The samples were then allowed to cool for 5 min. To 

remove the excess dye, the solution was centrifuged with centrifugal filter devices and washed 

three times with TE buffer. The labeled phages were dispersed in an aqueous solution containing 

280 mM D-mannitol (Fisher BP686500). The final concentration of the phages for the 

experiment was about ~5 × 109 pfu/mL. All the solutions were with filtered with 0.2µm  filters 

and sterilized at 121˚C for 20 min. 
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Figure 4.1: Schematic representation of the device  

(A) Scanning electron microscope image of the exposed tips CNF from the silicon dioxide 

bed. (B) Electrical connections made on the device that is connected to an AC function 

generator. (C) Optical microscope image was taken under 4X magnification showing that 

the channel is filled with labeled bacteriophage solution. (D) Schematic diagram of the 

active area of interest of 200 µm × 200 µm, showing the hydrodynamic drag force (FDRAG) 

along the particle flow direction and the dielectrophoretic force (FDEP) perpendicular to the 

flow direction solution captures  facilitates in  particle when the voltage is turned on. 

(Reprinted with permission from F. R. Madiyar, L. U. Syed, C. T. Culbertson, J. Li,  

Electrophoresis, 2013, 34, 1123-1130.) 
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 4.3 Experimental Considerations 

 4.3.1 Fluorescence Experiment Set-up 

The setup used for DEP-facilitated virus collection was similar to the earlier study on 

DEP capture of bacteria by Syed et al.106  Briefly, the 200 µm × 200 µm active area on the 

microfluidic chip was focused 50X on an upright fluorescence optical microscope (Axioskop 

2 FS plus; Carl Zeiss) shown in Figure 4.1. This microscope was equipped with Axio Cam 

MRm digital camera and filter set with the excitation wavelength of 485 - 520 nm and an 

emission wavelength of 515-565 nm (filter set 17, Carl Zeiss). The fluorescence videos were 

recorded at an exposure time of 0.5 s using multi-dimensional acquisition mode in the Axio-

vision 4.7.1 release software (Carl Zeiss MicroImaging, Inc) for 95 sec. During this period,  

no voltage (Voff) was applied in the initial ~10 sec, fixed AC voltage at different frequencies  

was applied (Von) for the next ~75 sec, and no voltage was applied (Voff) in the last ~10 sec. 

The movement of Bacteriophage T4r cells was visually monitored using a microscope at 

different frequencies (f) of the sinusoidal AC voltage, and at different flow velocities and 

concentrations of bacteriophage. The linear flow velocity within the focal depth from the NEA 

surface in the 200 µm × 200 µm area was calculated using the videos. Videos were analyzed 

using interactive measurement module in Axio Vision 4.7.1 release software (Carl Zeiss) to 

quantify the increase in intensity in the active region before and after capture. 
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 4.3.2 Frequency Optimization 

 

Figure 4.2: Frequency-dependent capture of the bacteriophages.  

(A) Kinetic study at different frequencies showing the variation in capture intensity with 

the frequency. (B) Maximum capture efficiency was observed at a frequency of 10 kHz, at 

the voltage of 100 Vpp and a flow velocity of 0.73 mm/sec. (Reprinted with permission from 

F. R. Madiyar, L. U. Syed, C. T. Culbertson, J. Li,  Electrophoresis, 2013, 34, 1123-1130.) 

 

The trapping of the Bacteriophage T4r was achieved using NEA in a microfluidic chip.  It 

was not possible to observe a single bacteriophage at ~5 × 109 pfu/mL, but the capture of the 

virus was fast indicated by rapidly increasing light haze on the NEA. Occasionally phages 

collected on top of each other causing the continual increase in the brightness as more viruses are 
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trapped with time.   Hence, the fluorescence intensity, before and after capture used for the data 

analysis. Pseudo color is used to represent the fluorescence emission.  The length of the DEP 

time was set to reach the saturation of the captured phages on the nanoelectrode. The positive 

DEP was observed in the frequency range from 1 kHz to 100 kHz at applied bias Vpp of 10V 

shown in Figure 4.2 The highest capture was seen at 10 kHz and capture fluorescence intensity 

decreased as the frequency was increased further. 

 4.3.3 Voltage Optimization 

 

Figure 4.3: Plot of ΔF and voltage  

It shows that the linear increase in the capture of the bacteriophages with an increase in 

voltage. (Reprinted with permission from F. R. Madiyar, L. U. Syed, C. T. Culbertson, J. 

Li,  Electrophoresis, 2013, 34, 1123-1130.) 

The high capture of the phage particles was seen at Vpp of 10V when the voltage was 

linearly increased from 2V to 10 V shown in Figure 4.3 

  

A 
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 4.3.3 Particle Velocity Optimization 

The flow velocity was gradually increased from 0.05 mm/sec to 3.0 mm/sec, the high 

capture of the phages was seen at 0.5mm/sec shown in Figure 4.4 

 

Figure 4.4: Variation in the capture was seen at different flow velocities at frequency 10 

kHz and voltage 10Vpp AC bias.  

(A) Kinetic study of different flow velocity. Fluorescence intensity is plotted versus the time 

showing the variation in capture intensity with flow rate. (B) The plot of difference in the 

fluorescence intensity at the lowest point versus the flow velocity, showing that the capture 

depends on the flow rate, and gradually decreases as the flow rate is increased. (C)-(E) are 

the snapshots at the highest capture at a flow velocity of 0.33, 0.73 and 2.72 mm/sec. 

(Reprinted with permission from F. R. Madiyar, L. U. Syed, C. T. Culbertson, J. Li,  

Electrophoresis, 2013, 34, 1123-1130.)  

A B 

C

  

D E 
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 4.3.5 Concentration Dependence of the Capture 

To determine the lowest concentration that can be captured at the optimum flow rate of  

 

Figure 4.5: Study of the kinetics of capture at different concentration keeping the 

frequency of 10 kHz and AC bias of 10 Vpp.  

 A plot is showing that the capture of the Bacteriophage T4r drops monotonically as the 

concentration was decreased. (B) Kinetic study of Bacteriophage T1 at the lowest 

concentration of 1 × 104 pfu/mL showing isolated virus particles being captured at the 

exposed CNF. (Reprinted with permission from F. R. Madiyar, L. U. Syed, C. T. 

Culbertson, J. Li,  Electrophoresis, 2013, 34, 1123-1130.)  
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0.73 mm/s with frequency of 10 kHz and bias of 10V, the concentration of the virus was serially 

diluted with aqueous 280 mM D-mannitol solution shown in Figure 4.5 

 

 4.3.6 Capture pattern of Virus and Bacteria 

 

Figure 4.6: Capture pattern of pathogens on VACNF 

(A) Schematic diagram of the differences in the capture of the pathogens on VACNF where 

virus forms Lichtenberg Figures and bacteria. (Reprinted with permission from F. R. 

Madiyar, L. U. Syed, P. U. Arumugam and J. Li, in Advances in Applied Nanotechnology 

for Agriculture, eds. B. Park and M. Appell, American Chemical Society, Washington DC, 

2013, vol. 1143, ch. 6, pp. 109-124)  

Different capture patterns between bacteria and bacteriophage virus were observed on 

VACNF shown Figure 4.6. From the modeling, simulation, and experimental studies, it is clear 

that there are differences between the DEP effects on bacteria and virus particles. The size of the 
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particle relative to the spatial distribution of the electrical field strength at the nanoelectrode tip 

is the main reason for different capture profiles. 

It is noted that, in FEM simulation, the particles were assumed small compared to the 

scale of field non-uniformity and the inter-particle interaction was neglected. However, the 

electric field drops rapidly at the nanoelectrode (see Figure 4.6A), the particles cannot be treated 

as points and the electric field variation across the particle has to be taken into account. The 

strong polarization to smaller-sized virus particles is expected to greatly increase the inter-

particle interaction. As a result, the captured virus particles may behave as extended 

nanoelectrode tips to capture other particles, forming chain-like lighting patterns shown in Figure 

4.6C. In contrast, a relatively large bacterial cell screened the electric field at the NE tip, and 

limited capturing only one cell per NE site (see Figure 4.6B). These factors may also account for 

the discrepancies in the optimum AC frequencies for pDEP between calculated CM factors and 

experimental results. Refined FEM simulation and CM model is needed to develop precise 

understanding of the DEP processes at nanoscale.134 

 

 4.4 Discussion 

The capture of the sub-micrometer particles have been already demonstrated on the 

planar electrodes which provide the electric field of E2=1017V2m-3 135 to capture TMV virus,136 

herpes simplex virus.137, 138 It has previously demonstrated by Syed. et al.106  the capture of 

bacteria E. coli Dhα5 (~2 µm) by the positive DEP force on bacteria at a frequency of 100 kHz 

and applied Vpp of 10 V on NEA microfluidic chip. This work is further taken forward by 

decreasing the particle size and demonstrating that NEA provides a sufficient electric field to 

capture the nanoscale particles using bacteriophages (200 nm). DEP force on the particle depends 
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on the radius of the particle (~r3), which is decreased by 100 times if the particle size is 

decreased to the nanometer range. From Equation 2.3, DEP force also depends on the gradient of 

the square of the electric field, hence increase field will help to increase the DEP force on the 

particle and capture lead to the higher efficiency of capture.  

The flow of the labeled Bacteriophage T4r was first examined at low magnification (with 

a 10X objective lens) as shown in Figure 4.1C. The streaks represent the movement of individual 

bacteriophage particles carried by the hydrodynamic flow of the media during the exposure time. 

The figure gives a good indication of the distribution of the particles as they enter the narrow 

straight channel (500 m in width) into the larger circular microchamber (2 mm in diameter) and 

back into the narrow channel at the other side. Only a fraction of the bacteriophage particles 

passes above the active NEA area. It should be noted that the VACNF NEA in this study consists 

of randomly distributed CNF tips with an average spacing of >1 m (as shown in Figure 4.1A), 

though such arrays can be fabricated into regular patterns using more expensive e-beam 

lithography processes.139 Fluorescence videos of the labeled virus over the 200 µm × 200 µm 

active NEA area were recorded at higher magnification (with a 50X objective lens). At high 

capture density, it was difficult to distinguish individual bacteriophages. Thus the capture 

efficiency was first quantified using the increase in the integrated fluorescence intensity (F) 

over the 200 µm × 200 µm active NEA area during the kinetic DEP process after the AC voltage 

was applied.  

Key factors affecting DEP capture include flow velocity, frequency, voltage, and 

concentration. As shown in Figure 4.4 A, the integrated fluorescence intensity rose to a 

saturation level (Fmax) in less than 10 secs as a 10 Vpp AC voltage was applied on the DEP 

device while a 5 × 109 pfu/mL Bacteriophage T4r solution was flowing through the channel at a 
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velocity (varying from 0.085 to 3.06 mmsec. Interestingly, a plot of the captured amount vs. 

the flow velocity showed a maximum at 0.73 mmsec (see Fig. 4.3B). At  0.73 mm/sec, the 

maximum captured bacteriophage particles (as represented by Fmax) approximately increased 

within a linear fashion, indicating that the capture process was limited by the mass transport. 

However, at  0.73 mmsec, the captured amount decreased vs. , clearly due to a different 

mechanism.  

When a virus particle is flowing in the microfluidic channel, the lateral hydrodynamic 

drag force, FDrag acting on the particle linearly increases with as shown in Equation 2.9.  This 

drag force competes with the DEP force (FDEP) to determine whether a virus particle will be 

captured at the NE point or continue flowing downstream. It is not surprising that fewer virus 

particles are retained at the active area of the NEA at the highest flow rates. It is noteworthy that 

the relative direction of FDEP vs. FDrag changes with the particle’s position at the NEA, defined 

by the nonuniform distribution of E2. As we described in the finite element modeling (FEM) 

simulation in a previous work 116, the DEP force is dominated by the vertical component (caused 

by Ez
2) when the particle is more than 3 m above the NEA. At such distances, the particles are 

nearly orthogonal to the lateral FDrag, and this facilitates the downward deflection of the particles 

even at high . Once they come down at the NE points, a larger lateral DEP force (caused by 

Ex
2) will dominate, which cancels the lateral FDrag and leads to the capture of the virus particle 

at the NEA surface. As  is increased beyond a certain threshold value, fewer particles are 

brought sufficiently close to the NE points so that they can be captured.  

Interestingly, the captured virus particles showed very different patterns as a function of 

flow rate in the captured frames of the fluorescence video. At  0.73 mmsec, isolated bright 

spots were seen, likely corresponding to individual virus particles (Figure 4.4 C). At  0.73 
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mmsec, however, the captured frames showed fractal-like lightning patterns (Figure 4.4 D & 

Figure 4.4 E). These patterns are called Lichtenberg figures  and are commonly generated under 

conditions where a high electric field is produced between a point and planar electrode separated 

by a dielectric containing charged or polarizable materials as is the case here. More discussion of 

the topic is given in Section 4.3.6 (Page 63). The generation of such patterns requires a relatively 

high concentration of polarizable particles and so is seen only when the particle flux is 

sufficiently high.  Even though similar “pearl-chain-like” patterns were observed by Suehiro et 

al. in DEP trapping of E. coli cells between interdigitated microelectrodes140, our previous DEP 

studies showed that only isolated E. coli cells were captured at the NE sites 106, 116. The larger 

size and higher internal conductivity of bacteria may have screened the high electric field at the 

NE tip and reduced the electrical interaction with additional cells.  

From Equation 2.4, the DEP force depends on the frequency of the AC bias through the 

complex CM factor. This force is associated with each bioparticle’s structure and molecular 

composition and may be used to capture particular bioparticles at specific frequencies and to 

separate them from other types of bioparticles. Figure 4.2 shows the frequency dependence of 

DEP capture of Bacteriophage T4r from 100 Hz to 1 MHz, measured with fixed AC voltage (at 

10 Vpp) and flow velocity (at 0.73 mmsec). Similar kinetic curves were obtained at all 

frequencies after application of Vpp. The capture action was observed over a wide frequency 

range from ~500 Hz to 100 kHz with the maximum capture efficiency at about 10 kHz. This 

optimum frequency is much lower than 100 kHz to 1 MHz observed in previous studies with E. 

coli bacteria. Considering that mannitol had to be added to adjust the permittivity and 

conductivity of the media (i.e. water) 132, 133, it is clear that the small virus particles 
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(Bacteriophage T4r, 80-200 nm in size) have very different CM factor from much larger 

bacterial cells (E. coli, ~1-2 m in size). 

The magnitude of E2 is another critical factor that depends on both the DEP device 

design and the amplitude of the applied AC voltage (represented by Vpp). As shown in Figure 

4.3, the amount of captured Bacteriophage T4r particles linearly increased with the applied Vpp 

at all three flow velocities. However, the DEP capture became unreliable at Vpp < 6 V and no 

capture was observed for the 75 secs after Vpp was dropped to 4 V. This may be attributed to the 

fact that the DEP force is smaller than the combination of drag force and Brownian motions at 

low electric field strengths. To ensure the efficient capture, all other DEP experiments in this 

study were carried out with 10 Vpp. 

The ultimate goal of this study is to develop a rapid sample preparation method for 

further identification of specific virus particles that can be integrated with other methods on a 

microfluidic device. Ultimately, the capture and analysis of single virus particles is desired. To 

assess this potential, a study of the concentration dependence of DEP capture was carried out 

first by diluting the normal 5 × 109 pfumL Bacteriophage T4r solution to 5.5 × 108 pfumL and 

then to 2.5 × 107 pfumL, respectively. As shown in Figure 4.5 A, the magnitude of F during 

DEP capture monotonically decreases as the virus solution was diluted. The kinetics of DEP 

capture also became slower with dilution and F was not able to reach a saturated level after 

about 75 secs of DEP period.  

More interestingly, the DEP kinetics dramatically changed when a very dilute solution of 

Bacteriophage T1 (8.7 × 104 pfumL) was passed through the DEP device. At such low 

concentrations, the DEP capture was found to be fully limited by mass transport. The capture of 

individual virus particles onto the NEA was observed as random single events and the number of 
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captured virus particles linearly increased with time over the ~30 secs timeframe (as shown in 

Figure 4.5 B). Similar results were obtained at various flow velocities from 0.59 to 0.94 mmsec. 

The representative snapshot in Fig. 5c displays the streaks over the active NEA area when the 

AC voltage was off, indicating the distance that the phage particles moved at 0.87 mmsec flow 

velocity in the 0.2 s exposure time. The longest streak was used to calculate the accurate flow 

velocity of the particles within the focus depth (~0.6 m 106) from the NEA surface. In contrast, 

the snapshot in Figure 4.5 D, shows focused isolated spots corresponding to the captured virus 

particles at exposed tips of CNF after the voltage was turned on for ~30 secs. The captured virus 

particles were clearly separated from each other and can be precisely counted. The calculation 

indicates that up to 60% of virus particles flowing through the active NEA area were captured at 

0.87 mmsec flow velocity. It is noted that the DEP device design in this study was focused on 

understanding of fundamental phenomena rather than achieving optimum capture efficiency. The 

capture efficiency can be significantly enhanced by fabricating elongated active NEA area across 

the full width of a straight microfluidic channel so that all virus particles are forced to pass 

through the strong electric field. Nevertheless, the reported results clearly demonstrate that, with 

proper design, the NEA based DEP device can capture virus particles at concentrations 

potentially approaching 1-10 CFU/mL. By coupling with highly sensitive detection methods 

(such as surface enhanced Raman spectroscopy), it is very promising to develop an ultrasensitive 

portable microfluidic system for rapid viral pathogen detection. 

Comparing the above virus capture results to the previous reports on the DEP capture of 

E. coli cells with similar NEA devices 106, 116, four novel observations were made: (1) the 

optimum AC frequency was found to be ~10 kHz for virus as compared to 100 kHz to 1 MHz for 

E. coli. (2) The DEP capture of virus particles was observed even at ~8.9 × 104 pfumL, more 
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than 4 orders of magnitude is lower than the concentration (~1 × 109 CFU/mL) used in previous 

E. coli studies. (3) The capture efficiency was quantitatively assessed to be 60% from the reliable 

data at a low virus concentration (~8.9 × 104 pfumL). (4) The formation of Lichtenberg figures 

by the captured virus particles after being captured at high flow velocities ( 0.73 mmsec) with 

high virus concentration. The general capture efficiency of virus particles was found to be much 

higher than that for E. coli cells. This was quite surprising since the ratio of DEP force to drag 

force was expected to drop significantly as E. coli cells were replaced with ~10 times smaller 

virus particles. However, the observed higher DEP capture efficiency for smaller virus particles 

can be well explained with the highly focused electric field at the CNF NEA tip whose size is 

closer to that of virus particles than bacteria. As shown by the FEM simulation in our previous 

study 116, the magnitude of E2 is highly focused at the nanoelectrode tip with an elongated 

distribution in a vertical direction like a spear. The magnitude of E2 dropped quickly from ~1.2 × 

1014 V2m-2 at the center of a disk-shaped nanoelectrode to ~1.8 × 107 V2 m-2 at ~600 nm above 

116. E2 dropped by the same magnitude in lateral direction only ~50 nm from the outside the edge 

of the nanoelectrode 116. Such highly focused electric fields provide the extremely large 

magnitude of E2 which generates the desired DEP force to capture bioparticles. However, it is 

only available within hundreds of nanometers from the nanoelectrode tip. This length scale is 

comparable to the size of the virus particles but much smaller than that of E. coli cells. As a 

result, the large E2 likely interacts with entire virus particles but only affects small portions of 

E. coli cells. The DEP force relative to the particle volume thus was higher in virus than in 

bacteria. Further study with FEM simulation by incorporating the localized E2 at the 

nanoelectrode is necessary to quantitatively assess the size dependence. Mathematical models 

may be applied in the future to determine the contour of Ez
2and Ex

2 near the capture region to 
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better understand how the vertical and lateral components of the field effect the capture of virus 

particles.  These simulations will also be used to define the transition from “trapping zone” for 

Lichtenberg patterns and “capture zone” for the isolated spots pattern.141 

 

 4.5 Conclusion 

In summary, it can be concluded that the high electric field gradient at the CNF NEA tip 

can generate strong DEP force to capture virus particles. It is more effective to capture virus 

particles than larger bacterial cells due to the comparable sizes of virus and CNF tip. Single virus 

particles can be observed as they are captured at isolated spots at the 200 × 200 m2 active NEA 

surface as a low concentration (8.9 × 104 pfumL) was flowing by. At this condition, up to 60% 

of the total virus particles can be captured. At high concentrations (~ 1 × 109 pfumL), the DEP 

capture shows two possible mechanisms depending on the flow velocity. Isolated virus particles 

were observed at low flow velocities (< 0.73 mmsec) while virus particles form Lichtenberg 

figures in the flow direction at high flow velocities ( 0.73 mmsec). The DEP method with NEA 

can be used as a rapid microfluidic sample preparation module for further specific analyzes. 
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Chapter 5 - Integration of Nanostructured Dielectrophoretic Device 

and Surface-Enhanced Raman Probe for Highly Sensitive Rapid 

Bacteria Detection‡ 

 5.1 Introduction 

 5.1.1 Approaches to SERS Pathogen Detection  

              Nanotechnology has thus been extensively explored due to the potential of developing 

miniaturized nanosensors with enhanced detection speed and sensitivity. In this work, we 

integrate two nanotechnologies into a portable system, i.e. (1) a nanoelectrode array (NEA) 

embedded in a fluidic chip for highly localized dielectrophoretic (DEP) capture/concentration of 

bacteria, and (2) a surface enhanced Raman spectroscopy (SERS) probe for specific bacteria 

identification. We demonstrated this method could be potentially developed into a highly 

sensitive portable system for rapid in-field pathogen detection. 

            SERS employs considerably enhanced electromagnetic fields in the vicinity (<10 nm) of 

a nanostructured metal substrate surface to interact with molecules adsorbed on the substrate 

surface.142, 143 The Raman scattering intensity may be enhanced up to 14 to 15 orders of 

magnitude at certain hot spots.144 Various SERS methods have been developed for the powerful 

non-destructive spectroscopic investigation of molecular structures.142, 143 In addition, SERS can 

identify specific vibrational frequencies of the chemical functionalities in complex aqueous 

                                                 

‡ Reproduced in part by permission of the Royle Society of Chemistry, F. R. Madiyar, S. Bhana, L. 

Z. Swisher, C. T. Culbertson, X. Huang, J. Li, ‘Integration of a nanostructured dielectrophoretic 

device and a surface-enhanced Raman probe for highly sensitive rapid bacteria detection’ 

Nanoscale, 2015,7, 3726-3736. 
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biological samples with convenient visible and near infrared laser probes. There is an active 

interest in developing portable SERS systems for pathogen detection.145, 146 There are two general 

approaches for SERS based pathogen detection as discussed below.145  

 5.1.1.1 Direct Detection 

The first is direct detection of the intrinsic vibrational fingerprint of a pathogen by 

bringing them in proximity to a metallic nanostructure (e.g. colloidal nanoparticles,65 nano-

clusters,147 sandwich structures of gold film and nanoparticles148 and controlled nanostructured 

substrates149). Using this approach, in 1989, Holt et al. published the first SERS analysis of 

bacteria. They collected SERS data from a photosynthetic bacterium cell wall.150 Since then, the 

method has gained the attention of research groups worldwide. Both qualitative and quantitative 

information on bacteria strains, subspecies and even complex biofilms have been reported as 

well as in vitro and in situ SERS detection of bacteria. The detection of E. coli using SERS has 

been published extensively in the last decade.  

The latest publications in this area are promising for future implementation of SERS 

detection of the real sample microorganism analysis. Zeiri et al. (2004) have shown that if silver 

colloids are produced in the present of bacteria, these particles enter the inner of the cell and 

fingerprint spectra can be observed. They additionally reported that fingerprint spectra from the 

same bacteria species (here E. coli) varied with different laser excitation wavelengths.151 

Kahraman et al. (2007) compared two bacterium species with SERS with the motivation of 

revealing the dependence of the fingerprint spectra on the on the laser wavelength and SERS 

media metal on the fingerprint spectra.152, 153  Wigginton et al. (2010) reported a membrane filter 

for the concentration of pathogens for SERS detection.154  Premasari, et at. (2005) proposed a 
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novel barcode Raman data processing procedure that can distinguish in the solution different 

species of the bacteria stained with gold nanoparticles.155, 156  

However, the direct identification of pathogens requires a highly controlled SERS 

substrate in combination with reproducible spectral data, as pathogen identification is 

accomplished by processing data using statistical algorithms that analyze minute differences in 

the Raman spectra. This turns out to be very challenging due to two factors: (1) the high 

dependence of SERS signal on the surface structure, size/shape of the nanostructured substrate, 

the excitation laser wavelength, and the configurations of pathogen binding on the nanostructure 

surface;157, 158 and (2) the fast exponential decay of the electromagnetic field away from the 

nanostructure surface.159  All these variables lead to a lack of consistency and poor 

reproducibility of the SERS measurements.  

 5.1.1.2 Detection using Nanotags 

The second approach is an indirect detection method using a SERS nanotag as a 

quantitative reporter.146 The SERS nanotag is a complex structure consisting of a nanoscale 

metallic substrate attached to a molecule with a strong, unique Raman fingerprint. The pre-

fabricated nanotag complex ensures that the reporter molecules are in close contact with metal 

nano-substrates to give a high surface enhancement. In addition, the nanotags are co-

functionalized with biorecognition molecules (such as antibodies, aptamers, etc.) which 

specifically bind to the pathogens.  As a result, the high SERS signal is only obtained from the 

particular pathogen and not from other microorganisms. The precise identification of a pathogen 

can thus be achieved without relying on multivariate analysis. Several previous reports have 

demonstrated the use of 4-mercaptobenzoic acid160, [5,5′-dithiobis(succinimidyl-2-

nitrobenzoate)] (DSNB),146, 161 tetramethylrhodamine isothiocyanate (TRITC) and QSY21 dye162 
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as effective Raman markers. Walter et al. (2011) published the detection of E. coli in a SERS 

flow-system.163 They showed the qualitative evaluation of different subspecies by chemometrics. 

A database of multiple spectra was generated, and the results were gathered without the use of 

labeling molecules. Temur et al.164 (2010) carried out a quantification of E. coli in the range of 

101 CFU/mL - 105 CFU/mL by using gold nanoparticles coated with the label 5,5’-dithiobis-2-

nitrobenzoic acid (DTNB) on a sandwich immunoassay. 

 5.1.1.3 Detection of Microorganisms in Microfluidic Flow Environment 

The implementation of flow cells to SERS analysis became increasingly important in the 

past decade as the high sensitivity of the method matches the small volumes involved in the 

microfluidic analysis. It is known that a higher reproducibility can be achieved in flow systems 

than under static conditions due to the higher precision of the analyte dosage and better heat 

dissipation of flow systems. Berthod et al. (1987) reported one of the first experiments making 

use of flow-injection for SERS analysis for the determination of pigments in microorganisms.165  

Following the same idea, Strehle et al.166 (2007) have developed a flow cell for the online SERS 

measurement of crystal violet. They were able to analyze separate sample volumes down to 60 

nanoliter, underlining the potential of this approach in case of limited size. SERS detection of 

Saccharomyces cerevisiae, Escherichia coli F-amp and Bacillus subtilis for was obtained in a 

spectroscopic-microfluidic flow cell using silver nanoparticles as SERS media.167                         

Considering all these works, it becomes obvious that the combination of SERS and microfluidic 

with immunoassay techniques offers the possibility to capture specific antigens selectively on 

well-defined spots in the flow cell. Earlier this idea was proven by Guven et al. (2011) in an 

SERS-based sandwich immunoassay using antibody-coated magnetic nanoparticles for E. coli 

with a limit of detection (LOD) of 8 CFU/mL.168 
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In this study, we focus on the specific detection of E. coli strain Dhα5 using the SERS 

reporter QSY21 that is co-functionalized with polyclonal antibodies on anisotropic oval-shaped 

iron oxide-gold (IO-Au) core-shell nanoparticles. The irregular shape and thickness of the Au 

shell provides a significant enhancement factor for SERS.169, 170 In order to further lower the 

detection limit and simplify the sample preparation, the E. coli are concentrated by 

dielectrophoresis (DEP) into a 200 µm × 200 μm area inside a fluidic channel where the Raman 

laser beam is aligned and focused on NEA made of vertically aligned carbon nanofibers 

(VACNFs)111 at the bottom of this area versus a macroscopic indium tin oxide (ITO) transparent 

electrode at the top form the DEP device in a “point-and-lid” geometry171. As we demonstrated 

before, a moderate AC voltage applied to the NEA, and the ITO electrode can adequately capture 

bacteria106, 116 or viral particles117, 134 due to the significantly enhanced electric field at the 

exposed VACNF tips. In the integrated system, we demonstrated the use of this fast, active and 

reversible concentration technique to bring bacteria into the field of view of a fixed Raman 

probe. Highly sensitive SERS detection has been demonstrated with both of a confocal Raman 

microscope and a portable Raman system as a very dilute bacteria solution is passed through the 

fluidic chip. 

 

 5.2 Experimental Details 

  5.2.1 Materials and Reagents  

Indium Tin Oxide (ITO) glass was purchased from Delta Technologies (Loveland, CO), 

SU-8 2010 and SU-8 2002 photoresist was purchased from Microchem (Newton, MA), 

conductive silver epoxy from MG Chemicals (Ontario), and microfluidic fittings from Upchurch 

Scientific Inc. (Oak Harbor, WA). QSY21 was purchased from Life Technologies (Grand Island, 
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NY, USA).  Carboxypoly (ethylene)-thiol (HOOC-PEG-SH, MW 5000) and methoxy-PEG-thiol 

(mPEG-SH, MW 5000) were purchased from Laysan Bio Inc. (Arab, AL, USA). E. coli DHα5 

were purchased from Life Technologies (18265-017, Grand Island NY, USA). FITC conjugated 

rabbit anti-E. coli Rabbit primary antibody was purchased from AbD Serotech, (Raleigh, NC, 

USA), and Alexa 555 conjugated goat anti-rabbit secondary antibody was purchased from 

Invitrogen (Carlsbad, CA, USA).172 

 5.2.2 Iron Oxide Nanoparticle Preparation with PEGs 

QSY21 adsorbed IO-Au NOVs was stabilized with HOOC-PEG-SH and mPEG-SH 

following the previously reported methods.169 For ligand conjugation with Alexa 555 conjugated 

goat anti-rabbit (secondary antibody), 100 µL IO-Au NOV SERS nanotags, 3 mg 1-Ethyl-3-(3-

dimethylaminopropyl) carbodiimide (EDC) and 3 mg sulfo- N-hydroxysuccinimide (sulfo-NHS) 

were added to pH 5.5 MES buffer to make solution volume to 500 µL. The mixture was vortexed 

for 15 min and spun down at 10,000 rpm for 10 min. The pellet was re-dispersed in 200 μL of 1 

X Phosphate Buffered Saline (PBS, pH 7.4), followed by the addition of 20 µL of 0.2 mg/mL of 

the secondary antibody. The solution was vortexed for 2 h at room temperature to complete the 

coupling reaction, and then stored at 4˚C. Prior to use, the solution was centrifuged and washed 

with 1X PBS buffer 3 times to remove non-conjugated antibodies.  

 5.2.3 Conjugated Sample Preparation of Bacteria and Iron Oxide Nanoovals 

Frozen E. coli DHα 5 stock was thawed and grown in Luria-Bertani (LB) medium in a 

sterile culture tube and incubated overnight at 37˚ C to reach a cell concentration of 2.5 × 109 

CFU/mL. The cells were centrifuged at 5000 rpm for 5 min, the supernatant LB media was 

discarded, the pellet was  resuspended and washed in 1.0 mL 1X PBS thrice to eliminate the 

remaining ingredients of the LB media.  A bacteria solution of 2.5 × 109 CFU/mL was incubated 



78 

with 50 μl FITC conjugated rabbit anti- E. coli Ab (AbD Serotech, Raleigh NC, USA) at 330 

μg/mL for 1 h at 4˚ C. The cells were then centrifuged, washed with deionized (DI) water and 

diluted to a final concentration of 9.5 × 104 CFU/mL. The bacteria and antibody-conjugated IO-

Au NOV SERS nanotag solutions were mixed at a ratio of 1.05 × 105 the NOVs to one 

bacterium. The solution was vortexed for 3 min and incubated overnight at 4˚C. To ensure that 

only bacteria-conjugated NOVs are spun down, the spin speed was kept low around 2000 rpm 

for 10 min and this process was repeated three times and finally the bacteria were suspended in 

DI water.   

The NOV surfaces were then coated with a mixture of carboxy-polyethylene glycol-thiol 

(HOOC-PEG-SH, MW 5000) and methoxy-polyethylene glycol-thiol (mPEG-SH, MW 5000) in 

order to make NOVs biocompatible, stabilize the QSY21 adsorption, and to introduce carboxylic 

acid groups at the surface for covalent attachment of a Alexa 555-labelled secondary antibodies 

through amide bond formation. The E. coli-specific primary antibody (labeled with FITC for 

fluorescence validation) was then bound to the secondary antibody on IO-Au SERS NOVs to 

form the completed SERS nanotag. Before each experiment, these SERS nanotags were mixed 

with the bacteria sample to allow for the attachment of the nanotag to E. coli bacteria through 

specific immunochemistry. The structure of QSY21 and its typical Raman spectrum is shown at 

the center of Figure 5.1 Raman bands at 1333, 1584 and 1641 cm−1 are from the xanthene ring 

stretching vibrations of the molecule. The strongest characteristic band is seen at 1496 cm-1.  The 

signal from the QSY21 attached to the NOV nanotag for this band demonstrates an enhancement 

factor of 4.9 × 104 over a 0.1 mM solution of QSY21162 and thus is used in this study for the 

quantitative measurement. Figure 5.1 B and C show TEM images of IO-Au SERS NOVs and 

those bound onto E. coli. On average, there are hundreds of NOVs bound to each E. coli, which 
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gives a Raman signal sufficient to be detected at the single cell level. The confocal fluorescence 

microscopy image of Alexa 555 dye-labeled secondary antibody from the E. coli cells clearly 

illustrates the uniform coating of NOVs on E. coli DHα5 through specific immunochemical 

binding.  

 

Figure 5.1: Functionalisation procedure of nanoovals with QSY21 and antibodies  

(A) Schematic procedures for preparation of QSY 21 derivatized iron oxide-gold core-shell 

nano-ovals (IO-Au NOVs) as nanotags for SERS measurements and their attachment to E. 

A 

B C D 
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coli bacterial cells through a FITC-labeled primary antibody and a Alexa 555 labeled 

secondary antibody. TEM images of (B) the starting IO-Au NOVs and (C) E. coli DHα5 

bacterial cells attached with antibody-functionalized IO-Au NOVs. (D) Confocal 

fluorescence image of Alexa 555 in E. coli DHα5 bacterial cells attached with antibody-

functionalized IO-Au NOVs. Alexa 555 was attached to the secondary antibody. (Reprinted 

with permission from F. R. Madiyar, S. Bhana, L. Z. Swisher, C. T. Culbertson, X. Huang, 

J. Li, Nanoscale, 2015, 7, 3726-3736.)   

 

 5.2.4 TEM Characterization of Modified Nanoovals 

Transmission Electron Microscope (TEM) images of the NOVs and bacteria 

functionalized with the NOVs were taken by adding 5 μL of suspension to a 400-mesh copper 

grid and dried at room temperature overnight. The grids were examined by TEM (FEI CM 100 

with AMT digital capturing system). Figure. 5.1 summarize the procedure to prepare the SERS 

nanotag nanoovals (NOVs) that bind to E. coli DHα 5. In brief, the NOVs were synthesized from  

spherical IO nanoparticle cores (~23 nm diameter) onto which an irregular-shaped Au shell was 

deposited, forming NOVs with the outer dimension of 35 to 50 nm to provide a large SERS 

enhancement factor.169, 170 

 

 5.3 Enhancement Factor Assessment 

The SERS enhancement factor (SERS-EF) is one of the most important parameters that 

characterize the ability of a given substrate to enhance the Raman signal for SERS applications. 

The comparison of SERS intensities and SERS-EF values across different substrates is a 

common practice to unravel the performance of a given substrate.173 The enhancement factors 
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from the different Raman Tag molecules are discussed in future works. Here, we consider the 

calculation of the Raman enhancement of QSY 21 only.  

From  Figure 5.2 we can see that the solution of 0.1 mM solution in water had no Raman 

signals but when attached to gold nanoparticles ( 60 nm diameter) or nanoovals evidently 

showed the increase in the fingerprint of Raman signal of QSY 21 is enhanced. We are interested 

in looking at 1496 cm -1 peak because it is used for calculation of enhancement factor. We have 

assumed an average surface area of the sphere as compared to the surface area of the oval 

because the discrepancy in the shape of nanoovals. The enhancement factor we obtained from 

the nanoovals is denoted as > 3.51 × 104 because the bulk solution Raman intensity was as 

compared to the background is which about <8.361 cps.  

Table 5-1: Enhancement Factor Calculation of the QSY 21 

 

Parameters Explanation Nano ovals (60nm) with 

QSY 21 

𝑁𝑏𝑢𝑙𝑘
= 𝐶𝑏𝑢𝑙𝑘 

# of molecules sampled in the bulk solution 

(0.1mM) 

0.1mM 

𝑁𝑠𝑒𝑟𝑠
= 𝐷𝑏𝐶𝑝4πr2 

# of molecules sampled in Nano oval solution. 

Cp   =Particle concentration GNPs (6 × 10 10/ml) 

Db is boding density  0.5 nmol /cm2 

3.39 

Db is bonding density 

0.5 n mol/cm2 

I Bulk Intensity of Bulk solution <8.361 cps 

I SERS Intensity of  Surface enhanced spectrum 9956.10 cps 

EF Enhancement Factor > 3.51 × 10 4 

 

 

 

EF = 
9956.10

8.361 
 × 

0.01  × 106 ( 
𝑛𝑚𝑜𝑙

𝐿
) × (

𝐿

1000𝑚𝐿
)

0.5 
𝑛𝑚𝑜𝑙

𝑐𝑚2   × 6× 10 
10𝑁𝑃𝑠

𝑚𝐿
 × 4 × 3.14 × ( 4 × 10−6)2𝑐𝑚2
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Figure 5.2 Comparison of the Raman Intensities of QSY 21 in water (------ Black line), with 

60 nm gold nanoparticles (---- Red line) and 60 nm nanoovals (---- Blue line).  

(F. R Madiyar et al. unpublished work) 

 

 5.4 Confocal Raman Spectrophotometer Experiments 

 5.4.1 Fluorescence- and Raman- DEP Experimental Set-up 

Fluorescence-DEP experiments were carried out on an upright fluorescence optical 

microscope (Axioskop 2 FS plus; Carl Zeiss) in reflection mode with 50 X objective focused at 

200 µm × 200 µm active area. Labeled bacteria E. coli DHα5 conjugated to the NOVs suspended 

in D.I water was injected into the channel to carry out DEP experiments. A filter set for Alexa 

555 with an excitation wavelength of 540-552 nm and emission wavelength of 567-647 nm 

(filter set 20HE, Carl Zeiss) was used in connection with an Axio Cam MRm digital camera to 
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A B 

C 

record fluorescence videos at an exposure time of 0.7 s using a multi-dimensional acquisition 

mode in  

 

Figure 5.3: Schematic of the microfluidic dielectrophoretic device under a Raman 

microscope for bacteria detection.   

(A) The overall experimental setup of a confocal Raman microscope equipped with a 780 

nm laser and a 10X objective lens. (B) Enlarged schematic view of DEP capture of the 

bacteria bind with oval-shaped SERS nanotags for the Raman detection with a portable 

Raman probe. (C) Optical microscope image was taken under 4X magnification showing 

the microfluidic channel and the active square at the center. (Reprinted with permission 

from F. R. Madiyar, S. Bhana, L. Z. Swisher, C. T. Culbertson, X. Huang, J. Li, Nanoscale, 

2015, 7, 3726-3736.)     
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The Axio-vision 4.7.1 release software (Carl Zeiss MicroImaging, Inc). An upright Thermo 

Scientific DXR™ confocal Raman microscope equipped with a 10 X objective (spot size of 3.1 

μm) and 780 nm laser, with Omnic 8 software for data acquisition and analysis. The experiments 

required to tune the stage of the microscope for optimum focus. The VACNF in the microfluidc 

chip were taken as baseline to focus on the active area (shown in Appendix B.5, page 175).  A 

full spectral range of 3500-50 cm-1 with an accuracy of 5 cm-1 was captured with a cooled CCD. 

Parameters were set at 5 mW laser power, 50 µm slit width, 1 s exposure time for all 

experiments.172 

 5.4.2 Frequency Optimization 

Each DEP experiment was performed in a span of  85 s during which no voltage (Voff) 

was applied in the initial ~10 s, followed with a fixed AC voltage at specific frequency in the 

next ~50 s  (Von), and then no voltage bias again (Voff) in the last ~25 s. Videos were recorded 

during each experiment. To perform the control experiments, the NOVs were conjugated with 

the secondary antibody (labelled with Alexa 555) and bacteria are conjugated with the primary 

antibody (labelled with FITC) were independently passed through the microfluidic channel. The 

results were monitored using the fluorescence microscope to determine the optimum frequency 

of the AC voltage. Fluorescence videos and Raman spectra were taken throughout the course of 

the experiment. Ten different spots from the active area were taken at each variable i.e. 

frequency, voltage, flow velocity, and concentration to ensure a proper statistical sampling. 

Background and the fluorescent light were subtracted using Omnic 8 software. In addition, the 

exact linear flow velocities within the focal depth of the microscope from NEA surface in the 

200 µm × 200 µm active area were calculated from the recorded videos. To validate and 
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optimize the conditions, DEP capture was first monitored under a confocal Raman microscope at 

various frequencies. 

5.4.3 Particle Velocity Optimization 

 

Figure 5.4 Assessing DEP capture of 5.3 × 105 CFU/mL E. coli cells with fluorescence and 

Raman measurements at various flow velocity and AC frequency. 

(A) The study of flow velocity at fixed frequency (100 kHz) and voltage (10 V
pp

). (B) 

Representative Raman spectra of QSY-21 and (C-E) corresponding snapshots from the 

fluorescence videos after 50 s of DEP capture of IO-Au NOV labeled E. coli cells at flow 

velocity of 0.21 mm/sec (red star), 0.33 mm/sec (blue star), and 2.43 mm/sec (green star). 

(F) The study of AC frequency at fixed flow velocity (0.33 mm/sec) and voltage (10 V
pp

). (G) 

Representative Raman spectra of QSY-21 after 50 s of DEP capture of IO-Au NOV labeled 

E. coli cells at 50 kHz (green star), 100 kHz (red star), and 1,000 kHz (blue star). 
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(Reprinted with permission from F. R. Madiyar, S. Bhana, L. Z. Swisher, C. T. Culbertson, 

X. Huang, J. Li, Nanoscale, 2015, 7, 3726-3736.)     

 

The conditions were optimized for DEP capture under a confocal Raman microscope at 

various flow velocities. The pDEP capture experiments were carried out at flow velocities (ν) 

ranging from 0.11 to 2.43 mm/sec using a fixed AC voltage of 10 Vpp and frequency of 100 

kHz. The number of captured bacteria initially increased with increasing flow rate until a 

maximum was reached at 0.33 mmsec (corresponding to volume flow rate of 0.5 μl/s). Further 

increases in flow velocity resulted in a decrease in capture efficiency.172 

 5.4.4 Voltage Optimization and Real-Time Capture 

To determine the limit of detection by this system the concentration of the bacteria was 

changed from 10 to 1 × 109 CFU/mL and the kinetic curves of DEP capture at a low E. coli 

concentration of 5.4 × 103 CFU/mL were performed. Biological materials are very sensitive to 

the high electric field, and voltage study becomes necessary to determine the best condition for 

the capture of the bacteria without destroying the structure. In this study, the voltage was 

systematically changed from 3 V- 10 V. 
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Figure 5.5: Assessing DEP capture of 5.3 × 105 CFU/mL E. coli cells with fluorescence and 

Raman measurements with varying voltage and time. 

 (A) The study of voltage at fixed flow velocity (0.33 mmsec) and AC frequency (100 kHz). 

(B) Representative Raman spectra of QSY-21 after 50 s of DEP capture of IO-Au NOV 

labeled E. coli cells at 3 Vpp (green star), 6 Vpp (red star), and 10 Vpp (blue star). (C) The 

kinetic curve during DEP capture of 4 × 103 CFU/mL IO-Au NOV labeled E. coli cells. (D) 

Schematic diagram to illustrate the 3.1 µm laser focal spot size relative to the bacterial 

size). (Reprinted with permission from F. R. Madiyar, S. Bhana, L. Z. Swisher, C. T. 

Culbertson, X. Huang, J. Li, Nanoscale, 2015, 7, 3726-3736.)     

 

 5.4.5 Assessment of DEP capture in Complex Matrix Samples 

Chicken broth, soil solution, and apple juice were used to test the viability of detecting 

bacteria in complex samples. Kroger chicken chunks in broth (141g, Cincinnati, OH) was 

C D 

B 
A 
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purchased from the local grocery store and the ingredient label indicated the presence of chicken 

chunks, water, less than 2 % of salt, modified corn starch and sodium phosphate. The soil sample 

was obtained from the lawn near Chemistry Department on Kansas State University campus and 

was soaked 50 mL of DI water overnight. About 2 g chicken chunks and 5 g solid soil were 

washed by DI water and vortexed for 2 min for four times and finally resuspended in 50 mL DI 

water. Mott’s 100 % Apple juice (8 oz. Plano, TX) was obtained from the local grocery store, 

and the ingredients include water, concentrated apple juice, and ascorbic acid. 5 mL of apple 

juice (as purchased) was diluted to 10 mL with DI water to make the stock solution. Before 

spiking the solutions with E.coli cells, the solutions were centrifuged at 14,000 rpm for 10 min 

and the supernatant was passed through 0.22 μm sterile syringe filters (EMD Millipore, Billerica, 

MA). After processing, the solutions were cloudy indicating that the samples were not 

completely cleared from the matrix and used for pH and conductivity measurements. E.coli 

DHα5 was added to these solutions to a concentration of 5 × 105 CFU/mL. The conductivity of 

the solutions before and after addition of the bacteria was noted.172 

 

 5.5 Portable Raman- DEP Experiments 

 5.5.1 Portable Raman- DEP Experimental Set-up 

The second system was a portable Raman system (Pro Raman L, Enwave Optronics. Inc.) 

with a CCD detector cooled to -60ºC with  spectral range from 3,300 cm-1 to 100 cm-1 shown in 

Figure 5.7 Parameters including 325 mW laser power, 1 s exposure time and 100 µm probe 

diameter at focus were fixed for all experiments. A function generator (Model 33120A, Hewlett-

Packard, Palo Alto, CA, USA) was used to generate different frequencies (f) of the sinusoidal 
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AC voltage. A syringe pump (NE-1000) from New Era Pump Systems (Farmingdale, NY, USA) 

was used to produce various flow velocities. 

 

 

Figure 5.6: Assessing DEP capture of E. coli cells with fluorescence and Raman 

measurements in different complex matrices.  

(A) The kinetic curve of DEP capture of E. coli cells in a chicken broth at 10 Vpp, 0.44 

mmsec flow velocity, and 150 kHz AC frequency. (B) Representative Raman spectra of 

QSY-21 in the chicken broth after 50 s of DEP capture of IO-Au NOV labeled E. coli cells. 

(C) The kinetic curve of DEP capture of E. coli cells in a soil solution at 10 Vpp, 0.44 

B 
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mmsec flow velocity, and 150 kHz AC frequency. (D) Representative Raman spectra of 

QSY-21 in soil solution after 50 s of DEP capture of IO-Au NOV labeled E. coli cells. The 

measurements from a blank matrix, NOV spiked matrix (1.4 × 1010 NOVs/ mL), and NOV-

bacteria spiked matrix (5 × 105 CFU/mL) were presented in each panel. (Reprinted with 

permission from F. R. Madiyar, S. Bhana, L. Z. Swisher, C. T. Culbertson, X. Huang, J. Li, 

Nanoscale, 2015, 7, 3726-3736.)     

 

 5.5.2 Frequency and Flow Velocity Optimization 

To demonstrate the potential capability of this method for use in a portable system, similar 

studies including flow velocity and frequency optimization were carried out with a portable 

Raman instrument (ProRaman L, Enwave Optronics. Inc.) in a manner analogous to the earlier 

studies using the confocal Raman microscope. 

The results between these two Raman systems were very consistent, with the maximum 

flow velocity at 0.4 mm/sec (0.55 μl/s) and the maximum frequency of 100 kHz (see Figure. 

Appendix B.2 A and B,  for confocal Raman microscope results, page 172). However, the probe 

diameter at the focal point in the portable Raman system is about 100 μm (Figure Appendix B.3, 

A and B is the portable Raman microscope results and Appendix B.3: figure C is a schematic of 

the 100 μm probe focused on DEP capture area, page 173), which is much larger than the 3.1 μm 

size in the confocal Raman microscope (Figure 5.5D). This allows signals to be collected from 

many more bacteria and yields better statistics, but the laser intensity is lower as it is spread over 

a larger area. These two factors need to be balanced for the optimum performance. DEP capture 

kinetic curves over longer time (~250 s) at higher concentration (5 × 106 CFU/mL) show a 
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similar nearly linear increase in fluorescence and Raman signals over DEP time (see Figure 

Appendix B.4, page 174). 

 

 

Figure 5.7: Portable Raman Spectrophotometer 

(A) The portable Raman Instrument (Pro Raman L, Enwave Optronics Inc.) and (B) the 

alignment of the microfluidic device under 100 µm probe. (Reprinted with permission from 

F. R. Madiyar, S. Bhana, L. Z. Swisher, C. T. Culbertson, X. Huang, J. Li, Nanoscale, 2015, 

7, 3726-3736.)     
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 5.6 Discussion  

 5.6.1 Assessing the Attachment of the Nanoovals to Bacteria 

Figure 5.1 summarizes the procedure to prepare the SERS nanotag nano-ovals (NOVs) 

that bind to E. coli DHα 5. In brief, the NOVs were synthesized from spherical IO nanoparticle 

cores (~23 nm diameter) onto which an irregular-shaped Au shell was deposited, forming NOVs 

with the outer dimension of 35 to 50 nm to provide a large SERS enhancement factor.169, 170 The 

NOV surfaces were then coated with a mixture of carboxy-polyethylene glycol-thiol (HOOC-

PEG-SH, MW 5000) and methoxy-polyethylene glycol-thiol (mPEG-SH, MW 5000) in order to 

make NOVs biocompatible, stabilize the QSY21 adsorption, and to introduce carboxylic acid 

groups at the surface for covalent attachment of a Alexa 555-labelled secondary antibodies 

through amide bond formation. The E. coli-specific primary antibody (labeled with FITC for 

fluorescence validation) was then bound to the secondary antibody on IO-Au SERS NOVs to 

form the completed SERS nanotag. Before each experiment, these SERS nanotags were mixed 

with the bacteria sample to allow for the attachment of the nanotag to E. coli bacteria through 

specific immunochemistry. The structure of QSY21 and its typical Raman spectrum is shown at 

the center of Figure 5.1. Raman bands at 1333, 1584 and 1641 cm−1 are from the xanthene ring 

stretching vibrations of the molecule.174 The strongest characteristic band is seen at 1496 cm-1.   
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Figure 5.8: Assessing DEP capture of 5.3 × 105 CFU/mL of IO-Au NOV labeled E. coli 

DHα5 cells with fluorescence and the portable Raman system  

(A) at varying AC frequency and (B) at varying flow velocity. The optimum frequency of 

100 kHz and optimum flow velocity of 0.40 mm/sec were observed. (C) Schematic diagram 

of 100 µm diameter laser probe focused on the active DEP area of the microfluidic device. 

(D) The kinetic DEP capture curves measured at an AC frequency of 100 kHz and a 

voltage of 10 Vpp while 5 × 106 CFU/mL IO-Au NOV labeled  E. coli DHα5 cells flowing 

through the DEP device at 0.40 mm/sec flow velocity. (Reprinted with permission from F. 

R. Madiyar, S. Bhana, L. Z. Swisher, C. T. Culbertson, X. Huang, J. Li, Nanoscale, 2015, 7, 

3726-3736.)     
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The signal from the QSY21 attached to the NOV nanotag for this band demonstrates an 

enhancement factor of 4.9 × 104 over a 0.1 mM solution of QSY21162 and thus is used in this 

study for the quantitative measurement. Figures 5.1B and 5.1C show TEM images of IO-Au 

SERS NOVs and those bound onto E. coli. On average, there are hundreds of NOVs bound to 

each E. coli, which gives a Raman signal sufficient to be detected at the single cell level. The 

confocal fluorescence microscopy image of Alexa 555 dye-labeled secondary antibody from the 

E. coli cells (Figure 5.1D) clearly illustrates the uniform coating of NOVs on E. coli DHα5 

through specific immunochemical binding.  

 5.6.2 Assessment of Raman Detection and DEP Optimization 

 To validate and optimize the conditions, DEP capture was first monitored under a 

confocal Raman microscope at various flow velocities (Figure 5.4 A) and AC voltage 

frequencies (Figure 5.4 F). The results were compared side-by-side with the video of Alex 555 

(in the functionalized secondary antibody) under a fluorescence microscope following our 

previously established method.106, 117 The Raman intensity is the signal at the Raman shift of 

1496 cm-1 corresponding to the peak of the QSY21 reporter. Figure 5.4 B and Figure 5.4 G are 

representative Raman spectra of QSY21 at different flow velocities and AC frequencies. The 

representative snapshots from a fluorescence video during DEP capture of the NOV-bound 

bacteria within the 200 µm × 200 µm active NEA area are shown in Figure 5.4C to E.  

Similar to our previous report on E. coli capture27, the AC voltage Vpp was turned on for 

50 s while the bacteria/IO-Au NOVs solution was passed through the channel. The bacteria were 

collected at randomly distributed VACNF tips that have the highest  Both the fluorescence 

and SERS signals associated with the captured bacteria were found to increase nearly linearly 

with time. The difference between the integrated fluorescence intensity (ΔF) at the end of the 50 
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s capture period with that right before application of the capture voltage was used to 

quantitatively determine the DEP capture efficiency. The pDEP capture experiments were 

carried out at flow velocities (ν) ranging from 0.11 to 2.43 mmsec using a fixed AC voltage of 

10 Vpp and frequency of 100 kHz. The number of captured bacteria initially increased with 

increasing flow rate until a maximum was reached at 0.33 mmsec (corresponding to the 

volumetric flow rate of 0.5 L/s).  Further increases in flow velocity resulted in a decrease in 

capture efficiency. The trend agrees well with our previous study.27   An image of the final video 

frame taken for the capture efficiency experiment using the 0.33 mmsec flow rate is shown in 

Figure 5.4D. The bright spots represent single captured bacterium. Raman intensity follows the 

same trend as the fluorescence measurements. At ν ≥ 0.33 mmsec (Figure 5.4A), the number of 

captured E. coli DHα5 cells decreased because fewer cells can sustain the higher drag force of 

the fluidic flow. Only a small number of cells retain captured.  

Because of the dependence of FDEP (Equation 2.4 and Equation 2.5) of the permittivity of 

a particle, each type of bio-particle has an optimum DEP frequency depending on its internal 

composition and structure. As shown in Figure 5.4F, both fluorescence and SERS intensity 

indicate optimum DEP capture of the NOV-labelled E. coli DHα5 cells at ~100 kHz with fixed 

peak-to-peak voltage  of 10 Vpp and a flow velocity of 0.33 mmsec. The optimum frequency was 

the same as that for bare E. coli DHα5 cells106, indicating that the attachment of IO-Au NOVs on 

the bacteria surface did not alter their overall DEP properties. In contrast, in Figure Appendix 

B.1 (page 171), shows that the NOVs alone were not captured via DEP forces at ~100 kHz.  

Rather they were obtained weakly at an optimum frequency of 10 kHz. The possibility that the 

measured SERS signal was from free NOV nanotags, therefore, was excluded. Combining these 
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observations, it is clear that SERS detection with NOV nanotags is viable and highly sensitive 

for monitoring the DEP capture of labeled E. coli DHα5 cells. 

The magnitude of ∇E2 depends on both of the DEP device design and the amplitude of 

the applied AC voltage. Low voltage capture is preferred for bioparticles to prevent potential 

cellular damage. Figure 5.5A shows results with the voltage varying between 3 to 10 Vpp while 

other parameters were fixed at the optimized conditions, i.e. flow velocity of 0.33 mm/sec and 

frequency of 100 kHz. The DEP capture indicated by SERS and fluorescence signals increased 

monotonically with the voltage and showed strong capture at 10 Vpp. However, a large SERS 

signal was observed even at 6 Vpp (Figure 5.5B and C). 

Figure 5.5C shows the kinetic curves of DEP capture at a low E. coli concentration of 5.4 

× 103 CFU/mL. Both of the fluorescence and SERS signals slowly increase after the voltage was 

turned on since the number of available bacteria was limited by the mass transport.  The bacteria 

were immediately released when the AC voltage was turned off. Thus, the device can be 

repeatedly used. The kinetic curve based on the SERS signal was further converted into the 

number of captured E. coli cells by dividing the measured SERS intensity by the average SERS 

intensity from a single NOV-labelled E. coli cell that was measured in a separate quartz cell 

counting chamber.  The Raman intensity of the individual bacterium was measured using a 

Petroff-Hausser counting chamber made of quartz. The bacteria sample was diluted so that the 

individual bacterium was far apart and fixed in position. The excitation laser was focused on the 

cells one by one for confocal Raman measurements. The obtained average Raman intensity of an 

individual bacterium was 32.5 ± 4.6 a.u., showing a small variation due to the random fluctuation 

in the number of attached IO-Au NOV nanotags.  The Raman kinetic curve showed a nearly 

step-wise increase as single E. coli cells were captured.  As illustrated in Figure 5.5D, the small 
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size of the laser spot (3.1 μm in diameter) likely limited the maximum number of measurable 

bacteria to only ~4 within this spot. Clearly, a single E. coli cell can be easily detected with this 

device as long as they can be brought under the laser probe.  

 5.6.3 Assessment of DEP capture in complex matrix samples  

In order to demonstrate the capability of the DEP capture and SERS detection of bacterial 

cells in complex samples, E. coli cells were spiked with chicken broth, apple juice and soil 

solution for testing. Complex matrices present different challenges due to the presence of 

inorganic and organic substance that may interact with the bacterial cells, antibodies, or SERS 

nanotags, making it different from the pure bacteria solutions. Additional preparation procedures 

including washing, centrifugation and filtration (with 0.22 m membrane) of the complex 

samples were applied before they were spiked with 5 × 105 CFU/mL E. coli cells. These 

commonly used sample preparation procedures are necessary to eliminate larger particles that 

can clog the microchannels. The conductivity of bacteria in distilled water (pH 6.8) was 1.22 × 

10-4 S/m. The conductivity of the commercial chicken broth (pH 7.22) was 0.45 S/m. The 

presence of salt in the chicken broth caused the high conductivity but was mostly removed 

during sample preparation. After the sample processing procedures, E. coli DHα5 cells were 

added and resulted in a conductivity of 1.7 × 10-3 S/m (pH = 7.13). The soil solution (pH = 4.58) 

had a conductivity of 0.027 S/m in the raw sample, which dropped to 2.35 × 10-4 S/m (pH = 6.8) 

after the preparation and E. coli spiking. For the apple juice, the conductivity was 0.155 S/m in 

the raw sample (pH = 2.95) and became 0.158 S/m (pH = 2.81) after the sample preparation and 

addition of E. coli cells. 

Figure 5.6 shows the real-time Raman measurements during DEP capture of 5 × 105 

CFU/mL E. coli DHα5 cells spiked in the complex matrices at the frequency of 150 kHz and the 
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flow velocity of 0.44 mmsec. To judge non-specific binding of the NOVs to the complex 

matrices, the conjugate NOV nanotags were added to chicken broth in a control experiment. 

Another controlled study was done with the processed complex matrices alone. Clearly, E. coli 

DHα5 cells can be captured by DEP and detected with SERS using the NOV nanotags in both 

chicken broth and the soil solution. The interference and nonspecific signal of the matrices were 

negligible. Systematic optimization by varying the frequency and flow velocity in these two 

complex matrices are presented in Appendix B.2 (page 172). The results were very similar to 

those in distilled water (Figure 5.4), only with the optimum AC frequency at 150 kHz in chicken 

broth in contrast to 100 kHz in distilled water and the soil solution. These are distinct from that 

of the conjugated NOVs spiked in respective matrices at a concentration of 1.4 × 1010 NOVs/ 

mL. However, the p-DEP capture of the bacteria was not observed in apple juice. This may be 

due either to the denaturation of the antibodies in the strong acidic solution (pH = 2.81 in the 

processed apple juice) preventing specific attachment of NOVs to bacteria or to the high 

conductivity of the apple juice resulting in negative value in Re[K()]. 

 5.6.4 Assessment of Detection Sensitivity in a Portable System  

To demonstrate the potential capability of this method for use in a portable system, 

similar studies including flow velocity and frequency optimization were carried out with a 

portable Raman instrument (ProRaman L, Enwave Optronics. Inc.) in a manner similar to the 

earlier studies using the confocal Raman microscope.  The results between these two Raman 

systems were very consistent, with the maximum flow velocity at 0.4 mm/sec (0.55 l/s) and the 

maximum frequency of 100 kHz (Appendix B.3 A and B). However, the probe diameter at the 

focal point in the portable Raman system is about 100 μm (Appendix B.3C and inset of Figure 

5.9), which is much larger than the 3.1 m size in the confocal Raman microscope (Figure 5.5D). 
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This allows signals to be collected from many more bacteria and yields better statistics, but the 

laser intensity is lower as it is spread over a larger area. 

 

Figure 5.9: The Raman intensity after 50 s of DEP capture from the bacteria solution with 

the concentration varying from 5 CFU/mL to 1.0 × 109 CFU/mL.  

The Raman measurements were carried out by focusing the laser beam within the 200 µm 

× 200 µm active DEP area with a ProRaman L portable Raman system (Enwave 

Optronics).Inset shows that 100 μm diameter laser focal spot aligned with 200 μm × 200 μm 

active DEP area. (Reprinted with permission from F. R. Madiyar, S. Bhana, L. Z. Swisher, 

C. T. Culbertson, X. Huang, J. Li, Nanoscale, 2015, 7, 3726-3736.)    

 

These two factors need to be balanced for the optimum performance. DEP capture kinetic 

curves over longer time (~250 s) at higher concentration (5 × 106 CFU/mL) show a similar 

nearly linear increase in fluorescence and Raman signals over DEP time (AppendixB.3 D). 

Figure 5.9 summarizes the SERS intensity of the captured NOV-labelled E. coli using the 

portable Raman setup while the E. coli concentration was varied from ~10 to 1 × 109 CFU/mL. 
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The intensity of the QSY21 marker at the Raman shift of 1496 cm-1 could be clearly separated 

from the carbon nanofiber signals at 1350cm-1 (D-band) and 1600cm-1 (G-band), respectively. 

The Raman intensity was found to be a linear function of the logarithm of bacteria concentration 

when the concentration C is above ~100 CFU/mL as follows: 

(Raman Intensity) portable = 108.8 × log C – 214.7……………………………… (5.1) 

Fluorescence Intensity  = 1224 × log C – 2650 …………………………………….. (5.2) 

where RI was the increase in Raman intensity collected from a 100 m diameter DEP area and 

FI the increase in the integrated fluorescence intensity over the 200 m × 200 m active DEP 

area, respectively, after 50 s of DEP capture. It is surprising that the RI signal is proportional to 

logC rather than directly proportional to C. The exact mechanism responsible for generating this 

relationship is not clear at this stage, but there are two possibilities to consider: (1) the rapid 

decay of the electric field at positions further away from the VACNF tip may generate a highly 

non-uniform DEP force (proportional to E2) that does not act equally on all cells in the whole 

solution volume between the NEA and ITO electrodes; or (2) the first captured bacteria may 

significantly screen the electric field and quickly lower the total DEP force on other cells in the 

solution. Overall, the larger size of the laser focal spot (100 m in diameter) allowed the 

collection of Raman signals from a larger number of captured bacteria. However, further 

increasing the Raman probe size to 300 m gave a lower sensitivity, mainly due to lower 

excitation laser intensity as the power was spread out over a larger area.  

For bacteria concentrations below the critical value C0 = ~100 CFU/mL, no measurable 

signal above the background, i.e.  (RI)blank = ~36 a.u., was detected. No captured bacterial cells 

were detected during the applied DEP period, which was limited by the slow mass transport of 

bacteria to the active area. However, the Raman intensity increased as more bacteria were passed 
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into the device at higher concentrations. The detection limit logCdl was determined using 

calibration curve as follows:  

logCdl = logC0 + 3blank/m …………………………………... (5.3) 

where blank (~11.7) is the standard deviation of the Raman signal for bacteria concentration 

below C0 and m = 108.8 is the slope of the calibration curve. Thus, the concentration detection 

limit was determined to be ~210 CFU/mL. For fluorescence measurement the blank (~9.1) is the 

standard deviation of the fluorescence signal for bacteria concentration below C0 (C0 = ~500 

CFU/mL, no measurable signal above the background) and m = 1224 the slope of the calibration 

curve. Thus, the concentration detection limit for fluorescence measurements was determined to 

be ~827 CFU/mL (Appendix B.4) 

The optimum flow velocity of 0.4 mmsec corresponded to a volumetric flow rate of 0.55 

L/sec. For a 50 s DEP period, ~6 bacteria passed through the fluidic channel at the 

concentration detection limit of 210 CFU/mL.  Even if the capture efficiency were only 15%, at 

least one bacteria would be captured, and this event would be detectable by SERS with this 

portable system. In the current DEP design, the 200 m width of the active NEA array is much 

smaller than the total channel width (i.e. the 2 mm diameter circular chamber, see Figure 5.2C) 

for the ease of aligning the NEA area within the fluidic channel. There detector design is, 

therefore, far from optimized since many bacterial cells may pass through the active DEP area 

and not be captured. In the future, the channel size and the active DEP area will be reduced close 

to the Raman probe size so that all bacteria will be forced to pass through the active DEP zone so 

that they can be captured for Raman measurement. In addition, the DEP capture time can be 

increased from 50 s to several minutes to ensure more bacterial cells are captured. With such 
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optimization, the concentration detection limit is expected to be lowered by a factor of 10, to ~10 

CFU/mL.172  

 

 5.7 Conclusion    

In conclusion, the integration of a DEP chip for bacteria concentration and SERS 

detection for specific microorganism identification has been demonstrated. The DEP based on a 

VACNF NEA acts as an  effective and  reversible electronic manipulation technique to rapidly 

concentrate bacteria into a micro area from the solution flowing through the microfluidic 

channel. A highly sensitive SERS nanotag based on QSY21 adsorbed on IO-Au NOVs provides 

greatly enhanced Raman signals and specific recognition of E. coli DHα5 cell through highly 

selective immunochemical binding using two specific antibodies.  The SERS signal measured 

with both of a confocal Raman microscope and a portable Raman system during DEP capture 

was fully validated with fluorescence measurements under all DEP conditions. This detection 

method yields a concentration detection limit of 210 CFU/mL using the portable Raman system, 

and 827 CFU/mL by fluorescence microscope, which can be further improved. The results 

demonstrated the potential to develop a compact portable system for rapid and highly sensitive 

detection of specific pathogens in fields.172 
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Chapter 6 - Integration of Nanostructured Dielectrophoretic Device 

with Impedimetric Detection of Vaccinia Virus 

 6.1 Principle of Impedimetric Detection  

The change in bio-molecular interactions occurring near the electrode-electrolyte 

interface can be measured using impedance. For this technique, typically, a small signal 

perturbation (AC voltage) is applied across the electrode system, and the resulting current 

that flows through the system is measured. The magnitude and phase response are 

measured at different frequencies, and hence impedance spectrum is obtained over a wide 

frequency range (1 mHz to 1 MHz). 

Electrical impedance (Z) is defined as V(t)/I(t) the ratio of an incremental change in 

voltage to the resulting change in current.  

)2sin(

)2sin(
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o ………………………………………… (6.1) 

Where Vo and Io are the maximum voltages and current signal, f is the frequency, t is time, φ is 

the phase shift between the voltage-time and current-time functions. The impedance is a complex 

value affected by multiple factors, which is described either by the modulus |Z| and the phase 

shift φ or alternatively by the real part, ZR, and the imaginary part, ZI, of the impedance. When 

the current and the potential are in phase ( =0), Equation 6.1  is simply the expression of 

Ohm’s law, and the impedance as a resistor. 

 6.1.1 Principle and Application of Microbiology Impedance 

Electrical impedance measurement of microbial growth was put forward by G.N.Stewart 

in 1899.175 In impedance microbiology, the change is typically measured directly or inderectly  

using a pair of electrodes submerged in the growth medium or the reactant solution. A pair of 
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metal electrodes is immersed in the medium that is inoculated with the testing bacteria. The 

bacterial metabolism causes the release of ionic metabolites from the live cells, and these 

reactions lead to the change in the impedance that is recorded with time. The decrease in 

impedance is attributed to, (1) the energy metabolism, through which bacteria consumes oxygen 

and sugars to produce carbon dioxide, lactic acid, carbonic acid, and ions released during this 

stage. (2) the ion exchange through the cell membrane. Ions (such as K+ and Na+) are actively 

transported across ion channels embedded in the cell membrane, which serves to regulate the 

membrane potential and the osmotic difference between the interior and exterior of the cells.  

In the indirect technique, electrodes are immersed in a separate solution (usually a 

potassium hydroxide solution) instead of the inoculated growth medium. The gasses (mainly 

CO2) produced from bacterial metabolism are absorbed by the potassium hydroxide solution, 

which leads to a decrease in the conductance of the alkaline solution, which can be measured. 

The Figure 6.1A shows the two electrodes submerged in the culture medium for bacteria growth. 

In Figure 6.1B, the impedance is stable in the lag phase of bacteria growth cycle. The impdance 

starts decreasing with the initiation of the log phase of the bacteria and later reached the plateau 

phase when ~ 108 CFU/mL bacteria are grown and all the resources in the medium have been 

metabolized. 

In Figure 6.1C, a simple equivalent circuit is illustrated consisting of a resistor and a 

capacitor in series to represent the behavior of the impedance test system when two electrodes 

are immersed in a conductive medium. Here, Cdl is the double layer capacitor of each electrode 

and Rs is the solution resistor. Based on the equivalent circuit, when an alternating sinusoidal 

potential is applied to the system during test, the impedance (Z) of the system is a function of its 

resistance (Rs), capacitance (Cdl) and the applied frequency (f), as expressed in Equation 6.2. 
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Figure 6.1: Impedance measurement in microbiological set-up 

(A) A typical setup of a two-electrode system for impedance measurement. (B) Schematic 

plot of the growth curve of bacteria and corresponding impedance change. (C) A simplified 

equivalent circuit for a two-electrode system. Cdl and Rs represent the double layer 

capacitance of the electrode and the solution resistance respectively. (D) The plot of 

Impedance vs. Frequency. Rs is the medium resistive region. Cdl is the double layer 

capacitive. The applied amplitude was 5.0 mV and the cell number of S. typhimurium 
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detection was 1.1 × 103 CFU/mL. (Reprinted with permission from Biosens. Bioelectron., L. 

Yang, et al., 2003). 
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The Figure, 6.1D shows that Rs of the medium decreases when bacteria metabolize large and 

uncharged molecules into small and charged particles in the medium but the Cdl is unchanged. 

The value of double layer capacitance depends on many factors including electrode 

potential, temperature, ionic concentration, type of ions, and electrode surface properties (e.g., 

electrode roughness, adsorption, etc.). The impedance measurement depends on the applied 

frequency. The low-frequency range from 10 Hz – 10 kHz is called the double layer capacitive 

region. In it the total impedance decreases as the frequency increases. The double layer 

capacitance (Cdl region) becomes the primary source contributing to the total impedance, so the 

medium resistance can be ignored. At the high-frequency range, 500 kHz – 1 MHz, the 

impedance becomes independent of the frequency, the double layer capacitance is negligible, and 

the total impedance due to Cdl nears zero. Thus, the only contribution to the total impedance at 

high frequencies is the medium resistance. This region is defined as the resistive region in which 

the conduction of ions in the medium dominates the signal. The impedimetric detection of 

metabolites originated from bacterial growth is also known as ‘impedance microbiology’. This 

technique is applied in a variety of fields: detection and monitoring of microorganisms, detection 

of antibiotics, analysis of clinical and pharmaceutical microbiology and sampling environmental 

specimens.176-180 
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 6.1.2 Impedance Based Biosensing 

Impedance based biosensors take advantage of the changes between electrode and 

electrolyte interface caused by one of two different mechanisms—one measuring double layer 

capacitance (Cdl) and the other charge transfer resistance (RCT). 

Mechanism 1: The attachment of a biorecognition element to the electrode can decrease the 

capacitance (Cdl) due to the increase in the thickness of the double layer. This is called a non-

Faradic impedance measurement. The biorecognition element is anchored on the electrode, and 

when the target molecule attaches to the biorecognition element, Cdl is decreased and results in 

impedance change.  

Mechanism 2:  The attachement of the bacterial cells to a biorecognition element on the 

electrode surface can be monitored by the presence of a redox couple [Fe(CN)6]
3-/4. The charge 

transfer resistance (RCT) is the parameter measured by the biosensor. This is called a Faradic 

impedance measurement. The attachment of bacterial cells retards the interfacial charge transfer 

kinetics and increases the RCT.  A Nyquist plot (Zim vs.Zre) is the best way to visualize and 

determine the RCT change.  

 6.1.3 Advantages of Impedance Based Sensing 

The following two sections will elaborate on the advantages and challenges concerning 

impedance based sensing.  

High Sensitivity: Impedance measurement is highly sensitive to the molecular 

interactions near  the electrode surface.  

Label-free detection: Impedance relies on the inherent properties of molecules, and it 

does not require the use of labels. This makes impedance-based sensing suitable for detection of 

specific molecules, such as proteins, which are difficult to label. 
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Real-time detection: In impedance experiments it is possible to study the evolution of 

the interface impedance with biomolecular interactions as a function of time. The real-time 

detection allows us to understand reaction mechanisms and helps us to better estimate the analyte 

concentration. 

Ease of Integration: Since the impedance is fully electronic in nature, sensors can be 

readily incorporated into the standard electronic integrated circuits (ICs). The use of ICs has 

greatly revolutionized the field of electronics by enabling one to build extremely compact, highly 

complex, and densely packed electronic systems with excellent yield and reliability. The 

possibility of creating integrated impedance biosensors which are portable, cost-effective and 

able to be used for point-of-care applications is exciting. 

 6.1.4 Challenges in Impedance Measurements 

There are three primary challenges when measuring impedance of biomolecules: 

Non-specific binding: Biomolecules are usually present in complex matrices, and the 

direct attachment of the target on the electrode can lead to large errors unless the target is 

separated from the matrices and interfering molecules. To address this challenge, passivation of 

the electrode must be carried out using Bovine Serum Albumin (BSA) or other self-assembled 

monolayer molecules that act as blocking (passivation) molecules. 

Surface cleaning: In order to get rid of the attached molecules on the electrode, active 

cleaning cycles are required. For the purpose of impedance measurement on a gold electrode, 

strong acidic chemicals like Piranha solutions or Aqua Regia are used. For the current method of 

impedance measurement on the carbon electrode, the device is washed with Clorox solution 

(1%) for 15 min, deionzed water for 15 min, and isopropanol (50 %) for 15 min to remove the 

debris of the Vaccinia virus.  
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Variation in the biomolecules conditions: The interface impedance varies with the type 

of biomolecules used. These can differ in size, structure and ionic states under various electrolyte 

concentrations and pH conditions, making it difficult to theoretically predetermine the magnitude 

of impedance change. In order to mitigate the effect of variations, it is advisable to make use of 

real-time detection, in which we measure the changes in impedance rather than the absolute 

values.  

The current study is significantly different from the mechanisms mentioned above in the 

following ways: 

1. To maintain linear response during impedance measurement processes, usual 

impedance measurements are preceded with small amplitude AC voltage. This 

method has a poor signal to noise ratio at higher voltages and is not suitable for 

obtaining sensitive measurements. In contrast, it has been proven that the carbon 

nanofiber NEAs can operate at high voltages (10 to 200 mV) showing good 

linearity.181 This helps to eliminate stochastic errors, provides high stability and 

improves the signal-to-noise (S/N) ratio. The impedance of Vaccinia virus 

requires a significantly larger voltage amplitude as compared to other 

bioimpedance techniques where small amplitude is applied. 

2. Neither biomolecules (i.e., antigen-antibody complex) nor redox molecules were 

considered for this study, hence the measurement of Vaccinia virus with 

impedance was considered label-free. Instead, the high electric field generated at 

the nanoelectrode due to ‘point-and-lid’ geometry acted as a driving force to 

attract particles towards the nanoelectrodes. The capture of the virus on the 
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nanoelectrode caused the changes in properties at the electrode−electrolyte 

interface, thus affecting both Cdl and RCT.  

 

 

Figure 6.2: Schematic diagram of ‘point-and-lid geometry’ with vertically aligned carbon 

nanofiber (VACNF) and indium tin oxide (ITO).  
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(A) The frequency and voltage applied to vertical carbon nanofiber tips exposed and ITO 

as a control sample (B) Virus solution is passed through the device. FDRAG is electro-

hydrodynamic force acting on the virus in the direction of the flow. FDEP is 

dielectrophoretic force acting vertically downwards to the tips of the electrode. The 

increase in impedance due to the capture of the virus in the high electric field on the tips 

(FDEP). (C) The real-time increase in impedance due to the capture of the virus on the 

nanoelectrode. (D) The release of the viruses causes a decrease in impedance. 

 

 6.2 Experimental Details 

 6.2.1 Virus Cell Culture and Labeling 

Stocks of Vaccinia virus (Copenhagen strain, VC-2) were amplified by infecting HeLa 

cells knocked-down for an antiviral protein kinase, PKR (HeLa PKR-KD) to achieve optimal 

yield.  Cells were cultured in a 37˚C incubator in the presence of 5% CO2 in Dulbecco’s 

Modified Eagle’s Medium (DMEM) supplemented with 5% Fetal Bovine Serum (FBS) and 25 

µg/ mL Gentamicin. All virus work was performed in a BSL-2 laboratory equipped with two 

biosafety cabinets by trained personnel in Professor Stefan Rothenburg’s Lab. Twenty 100 mm 

tissue culture plates were seeded with a single monolayer of HeLa PKR-KD cells and were 

infected at a low multiplicity of infection (estimated at around 0.001). For every infection, 

growth media was removed from each plate of cells, and a volume of virus inoculum was added 

to cover the bottom of the plate (3.0 mL /100 mm plate). The virus was allowed to adsorb to the 

cells for one hour before the inoculum was removed, and fresh media was replaced in the plates. 

The infections were allowed to incubate at 37˚C for 48-60 hr. Infected cells were then collected 

from each plate, pelleted by low-speed centrifugation (350 g), washed once with 10.0 mL 
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phosphate-buffered saline and pooled into a single tube to be pelleted again by centrifugation at 

low speed. The buffer was then removed, and the pellet was frozen and stored at -20˚C.   

The cell pellet was warmed to 4˚C and resuspended in 10.0 mL of pH 8.0 10 mM Tris-

HCl buffer. Cells were lysed and homogenized in a 40.0 mL sterile glass Dounce homogenizer. 

The procedure was repeated twice with sonication for 2 min at 50% power in a cup sonicator. All 

steps were performed at 4˚C to maintain viral integrity. The lysate was spun down at low-speed 

(350 g) to form pellet of cell debris and discarded.  The supernatant contained viruses was 

further processed for purification. 

The virus-containing supernatant was first purified through a 36% sucrose gradient 

buffered in 10.0 mM Tris-HCl, pH 8.0, using a Beckman-Coulter ultracentrifuge (SW 28 

swinging bucket rotor) at 33,000 g for 80 min at 4˚C. After centrifugation, the supernatant was 

discarded, and the virus pellet was collected in 1.0 mL 10.0 mM Tris-HCl, pH 8.0. The virus 

suspension was then sonicated again using the cup sonicator at 50% power for 2 min to disrupt 

viral aggregates and any remaining cellular debris. A second centrifugation step using a 25-40% 

sucrose gradient (in 10.0 mM Tris-HCl, pH 8.0) at 26,000 g for 50 min was done to collect virus 

particles, which formed a visible band near the middle of the sucrose gradient, while allowing 

heavier cell debris to form a pellet at the bottom of the tube. The sucrose gradient was prepared 

by overlaying a 25% sucrose solution in a 40% sucrose solution and then using a Gradient 

Master (BioComp) to mix them into a gradient. The collected virus was then pelleted in a final 

centrifugation step diluted in 1.0 mM Tris-HCl, pH 8.0 at 33,000 g for 60 min and the virus 

pellet was resuspended in 1-2 mL 1.0 mM Tris-HCl buffer, aliquoted in 1.5 mL tubes and stored 

at -80˚C. 

 6.2.1.1 Vaccinia Virus Inactivation 
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Before inactivating the virus sample, a small amount was removed to obtain the original 

titer by plaque assay. The remaining sample was spread on the bottom of a sterile 100.0 mm dish 

and placed 3-8 cm directly below a UV bulb (234 nm). The plate was manually rocked to 

distribute the virus solution under the UV light for 10 min and was then collected and stored in a 

1.5 mL tube at -80˚C. Virus inactivation was confirmed by plaque assay before the sample was 

moved out of BSL-2 containment and further work done. 

 6.2.1.2 Vaccinia Virus Quantification and Imaging 

Vaccinia virus prepared for these experiments was titered by standard plaque assay on 

RK-13 cells expressing two Vaccinia virus genes that promoted viral replication by inhibiting 

antiviral responses in these cells (Rahman, MM, 2013). Briefly, serial dilutions of the original 

stock (live) and the UV-inactivated virus solution was used to infect 12-well plates of the cells. 

The number of plaques formed in each dilution was counted to find the original stock 

concentration in  plaque-forming units per milliliter (pfu/mL). Each infected monolayer of cells 

was overlaid with 1% carboxy-methyl cellulose dissolved in dulbecco’s modified eagle’s 

medium (DMEM) supplemented with 5% fetal bovine serum (FBS) to prevent virus 

dissemination and isolate the forming plaque. Plaque assays were run for three days to obtain an 

optimal visualization of formed plaques for live viruses and confirm the lack of plaques in UV-

inactivated samples. The media was removed from each well and 1% crystal violet in a 20% 

ethanol solution was added to visualize the virus plaques. Crystal violet is only taken up by 

living tissue, allowing identification of the clear infected cells. The plaque counting assay is 

shown in Figure Appendix C.1 (page 176). The transmission electron microscope (TEM) 

imaging of the Vaccinia virus was carried out by adding 5.0 μl of phage suspension to a 400-

mesh copper grid with 5.0 μl of 2% uranyl acetate.  The droplet wicked off after 45 sec and the 
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grids were then air-dried.  The grids were examined by TEM (FEI CM 100 transmission electron 

microscope) with AMT digital capturing system as shown in Appendix C.2 (page 177) 

 6.2.1.3 Vaccinia Virus Labeling with Fluorophores 

Labeling of the viruses was carried out with DiO lipophilic dye (Life Technologies) that 

stains the outer envelope of the virus and Propidium iodide dye that stains the nucleic acids. The 

5.0 mM stock solution was prepared by sonicating solid DiO dye in pure ethanol for 15 min. 

Before making the working solution, it was essential to ensure the solid DiO dye remained 

dissolved in the ethanol. The 50 µM working solution was prepared by diluting with water. All 

these procedures were carried out at room temperature in a dark room to prevent exposure of 

fluorophores to the light. For optimal labeling of the virus, 200.0 µl of  the virus solution was 

added to 50 µl of 50.0 µM working solution of DiO dye at 37ºC for 2 hr in an incubation oven. 

To remove excess dye, the viruses were spun at 14,000 rpm for 5 min in a centrifuge (Minispin® 

plus, Eppendorf) using Amicon® Ultra 0.5 centrifugal filter devices (UFC 510096) with 0.5X 

PBS buffer. To obtain concentrated virus solution the filter unit was disassembled and placed in 

the tube upside down to spin at 14,000 rpm for 10.0 min. The solution was collected and washed 

two times in a similar way to remove the dye residue. The final wash was carried out using 

aqueous 280 mM D-mannitol (Fisher BP686500) solution. The concentration of the viruses for 

the experiment was ~3 × 106 pfu/mL (except for the concentration tests). The nucleic acid (DNA) 

of the viruses was labeled with 50 µl 20.0 µM of Propidium Iodide (PI) aqueous solution. All the 

solutions were filtered and sterilized with 0.20 µm at 121˚C for 20 min. 

 6.2.2 Experimental Setup 

200 µm × 200 µm area in the microfluidic chip was focused under 50X on an upright 

fluorescence optical microscope (Axioskop 2 FS plus; Carl Zeiss).  This microscope was 
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equipped with Axio Cam MRm digital camera and filter set with an excitation wavelength of 

485-20 nm and an emission wavelength of 515-565 nm (filter set 17, Carl Zeiss) for DiO dye and 

an excitation wavelength of 640-20 nm and an emission wavelength of 690-50 nm (filter set 60, 

Carl Zeiss) for PI dye. The fluorescence videos were recorded at an exposure time set to 0.5 sec 

using multi-dimensional acquisition mode in the Axio-vision 4.7.1 release software (Carl Zeiss 

MicroImaging, Inc.) for 85 sec. During which, no voltage (Voff) was applied in the initial ~16 sec, 

fixed AC voltage at different frequencies was applied (Von) for ~54 sec, and no voltage was 

applied (Voff) in the last ~15 sec. The response of Vaccinia Virus cells was monitored using a 

fluorescence microscope at different frequencies (f) of the sinusoidal AC voltage, at different 

flow velocities and concentration of Vaccinia virus. The exact linear flow velocity was 

calculated within the focal depth of the microscope from NEA surface in the 200 µm × 200 µm 

by using the videos. Videos were analyzed using interactive measurement module in Axio vision 

4.7.1 release software (Carl Zeiss) to quantify the fluorescence intensity in the active region 

before and after capture. 

 

6.3 Discussion 

 6.3.1 Assessing the Labeling of Vaccinia Virus 

Viruses labeled with two different dyes were observed under a fluorescence microscope. 

The first DiO dye stains the lipophilic membrane of the viruses manifesting green fluorescence. 

The second dye is a cell-impermeable Propidium Iodide (PI).  When the membrane is ruptured, 

the DNA escapes into the solution intercalating with PI dye, increasing red fluorescence by 500-

fold (as shown Figure 6.7A). The virus solution was observed in a Petroff-Hausser counting 
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chamber (Hausser Scientific Partnership, Horsham, PA) to ensure that fluorescence from 

lipophilic membrane stained with DiO was observed.  

 6.3.2Assessment of Impedance Detection and DEP Optimization 

To validate and optimize the conditions, DEP capture was visually monitored under a 

fluorescence microscope at various flow velocities (Figure 6.3A) and voltages (Figure 6.3B) 

following our previously established method.106, 117 The representative snapshots from a 

fluorescence video during DEP capture of the Vaccinia virus within the 200 µm × 200 µm active 

NEA area are shown in Figures 6.3C to E. Impedance was measured using the Solartron 1260 

SMaRT software and data was analyzed using Origin data analysis software.  

Similar to our previous report on the bacteriophage capture27, the AC voltage Vpp was 

turned on for 54 sec while the virus solution was passed through the channel. The viruses were 

collected on randomly distributed VACNF tips Both the fluorescence and impedance signals 

associated with the captured viruses were found to increase linearly with time. The difference 

between fluorescence signal (fsignal) and fluorescence background (fbackground) resulted in the 

integrated fluorescence intensity (ΔF) at the end of the 54 sec capture period. Similarly, the 

difference between final impedance signal (ZF) and the intial impedance signal (ZO) and its ratio 

with intial impedance signal resulted in percentage change of impedance [% (ZF -ZO)/ ZO]. The 

pDEP capture experiments were carried out at the flow velocities (ν) ranging from 0.11 to 8.2 

mm/sec (Figure 6.3A) at fixed AC voltage of 8 Vpp and the frequency of 1.0 kHz. The number of 

captured viruses initially increased with increasing flow rate until a maximum was reached at 

0.401 mmsec (corresponding to the volumetric flow rate of 1.0 L/s).  Further increase in flow 

velocity resulted in a decrease in capture efficiency. This trend agrees well with our previous 

study.27   An image of the final video frame taken using the 0.401 mmsec flow rate is shown in 
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Figure 6.3D. In the snapshots, the bright spots represent single virus particles. The percentage 

change in impedance measurement follows the same trend as the fluorescence measurements.   

 

Figure 6.3: Assessing DEP capture of 3.0 × 106 pfu/mL Vaccinia Virus with fluorescence and 

impedance measurements at various flow velocities.  

(A) The study of flow velocity at fixed AC frequency (1 kHz) and voltage (8 V
pp

). (B) 

Systematic study of the voltage at fixed flow velocity (0.401 mm/sec) and fixed AC 

frequency (1 kHz) (C-D) Corresponding snapshots from the fluorescence videos after 75 s 

of DEP capture of Vaccinia virus at fixed frequency (1 kHz) at (C) 0.1 mm/sec (D) 0.401 

mm/sec  and (E) 2.10 mm/sec.  
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Figure 6.4: Assessing DEP capture of 3.0 × 106 pfu/mL Vaccinia Virus with fluorescence and 

impedance measurements at various AC frequencies.  

(A) The study of AC frequency at fixed flow velocity (0.401 mm/sec) and voltage (8 V
pp

). (B-

D) Corresponding snapshots from the fluorescence videos after 75 s of DEP capture of 

Vaccinia virus at flow velocity of 0.401 mm/sec at (B) 50.0 Hz, (C) 1.0 kHz, (D) 500.0 kHz. 

 

At ν ≥ 0.401 mm/sec (Figure 6.3A), the number of captured Vaccinia virus decreased 

because only those viruses near to the VACNF tips were able to be captured, while the rest of the 
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viruses remained in the fluid flow because of the higher hydrodynamic drag force (FDRAG) as 

compared to the dielectrophoretic force (FDEP). 

The magnitude of ∇E2 depends on both the DEP device design and the amplitude of the 

applied AC voltage. Low voltage capture is preferred for bioparticles to prevent potential cellular 

damage. Figure 6.3B shows results of the voltage varying between 3 to 10 Vpp while other 

parameters were fixed at the optimized conditions, i.e. flow velocity of 0.401 mm/sec and 

frequency of 1.0 kHz. The DEP capture indicated by impedance and fluorescence signals 

increased monotonically with the voltage and showed high capture at 10 Vpp. However, a large 

impedance signal was observed even at 4 Vpp. To prevent virus particle rupture at high voltages, 

the voltage amplitude was kept lower than 10.0 Vpp. The experiments were carried out at 8.0 Vpp 

to get a reliable change in impedance. 

Relating to particle permittivity dependence of FDEP (Equation 2.3 and 2.4), each type of 

the bio-particle has an optimum DEP frequency determined by its internal composition and 

structure. As shown in Figure 6.4A, both fluorescence intensity, and impedance show optimum 

DEP capture of the Vaccinia virus at ~50.0 Hz with a fixed peak-to-peak voltage of 8 Vpp and a 

flow velocity of 0.401 mm/sec. The optimum frequency of the Vaccinia virus is different from 

the bacteriophage virus (10 kHz) used in a previous study. This can be attributed to structure 

composition of Vaccinia virus, which is composed of an outer lipophilic membrane with inner 

polarizable nucleic acids as compared to bacteriophage T4r which is comprised of protein capsid 

with DNA. The optimum frequency for the capture of the Vaccinia virus was at 50 Hz, but this 

weakened the reversible nature of the pDEP capture. This is confirmed by the impedance 

measurement that did not reach its initial value of background after the voltage was turned off. 

This condition led to excessive background impedance and fluorescence intensity. Hence, 1.0 
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kHz was adopted in all future experiments because reversibility of impedance measurements was 

observed with reasonable change.  

Figure 6.5 shows the kinetic curves of pDEP with virus concentrations between 3.0 × 103 

to 3.0 × 106 pfu/mL. The impedance and fluorescence measurements were taken simultaneously 

to replicate real-time capture. 

 

Figure 6.5: Real-time impedance detection of the Vaccinia virus on VACNF.  

(A) The impedance of Vaccinia virus is measured in real-time. In the experiment, a small 

voltage 0.5 Vpp was applied for 15 sec and the capture of the virus takes place in 60 sec at 8 

Vpp. The decrease in impedance takes place when voltage is turned back to 0.5 Vpp, causing 

the release of the virus from the VSCNF tips.  
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In the real-time experiment, a voltage of 0.5 Vpp was applied for 16 sec which served as 

the background impedance. After 16 sec, the voltage was increased to 8.0 Vpp for 54 sec. During 

this period, the viruses were captured on the tips of the VACNFs lead to increase in impedance. 

After 54 sec, the voltage was turned back to 0.5 Vpp and the captured viruses were immediately 

released bringing the impedance back to its initial condition. The control experiment was 

performed using 280 mM Mannitol solution. Even without virus particles, an increase in 

impedance was displayed under identical conditions used in the experiment (black line in Figure 

6.5). This experiment indicates that pDEP capture on VACNF tips is reversible and limited by 

the mass transport of viruses to the active region. The additional cell debris and species present 

in the solution are also affected by the high electric field, giving background impedance. The 

reversible nature of the pDEP after the optimization of the parameters allows us to reuse the 

device several times. 

 6.3.3 Assessment of Limit of Detection 

To demonstrate the potential capability of the impedance method, a concentration- 

dependent study was employed to determine the limit of detection. The factors that affect limit of 

detection during DEP capture are the exogenous molecules in the sample solution, the molecules 

that attach to the nanoelectrode nonspecifically, and the capture time. The latter two factors can 

be manually controlled by increasing the capture time and by washing the chamber with a series 

of solutions (i.e., 1% Clorox solution, 50% isopropanol, double D.I water and 280 mM mannitol 

solution) to reduce the background impedance.  

Figure 6.6 summarizes the percentage of impedance change of the captured Vaccinia 

virus when the concentration varies from ~3 × 103 to 3 × 106 pfu/mL. The experiments were 

carried out for 54 sec at a flow rate of 0.401 mm/sec with the frequency of 1.0 kHz and a voltage 
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of 8.0 Vpp. The percentage impedance change was found to be a linear function of the logarithm 

of virus concentration when the concentration, C, was above ~ 300 pfu/mL as follows: 

                             
∆𝑍

𝑍0
= 12.1 × 𝐿𝑜𝑔 𝐶 − 8.09…………….……..…………. (6.3) 

where ∆Z is the difference in final (ZF) and the intial impedance (ZO), hence ΔZ/ZO is the 

percentage impedance change collected over the 200 m × 200 m active area, after 54 sec of 

pDEP capture. At low concentration, the impedance has direct relationship to the log 

concentration as seen in previous DEPIM studies94, but the mechanism is not yet completely 

understood. The rapid decay of the electric field at positions further away from the VACNF tip 

may generate a highly non-uniform DEP force (proportional to E2) that does not  equally 

impose on all the cells across the whole solution volume between the nanoelelctrode array 

(NEA) and the indium tin oxide coated glass (ITO) electrode. For virus concentration below the 

critical value C0 = ~300 pfu/mL, no measurable signal above the background, i.e.  (I)blank = ~ 

14.53 ohms, was detected. No virus particles were captured during the applied DEP period, 

which was limited by the slow mass transport of virus to the active area. However, the 

impedance intensity increased as more viruses were passed into the device at higher 

concentrations. The detection limit logCdl was determined using the equation as following:  

logCdl = logC0 + 3blank…………….………………. (6.4) 

where blank (~3.77) is the standard deviation of the impedance signal from the viruses 

concentration below C0 and m = 12.1 is the slope of the calibration curve. Thus, the 

concentration detection limit was determined to be ~ 2.58 × 103 particles/ mL. It is conceivable 

that at high concentrations the impedance becomes stable and achieves a plateau phase because 

the capture is limited by the available sites on the VACNF tips in a microfluidic channel. It 
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appears that the exposed active area in 200 μm × 200 μm gets completely saturated as the 

concentration increases.  

 6.3.4 Assessment of Electroporation of Vaccinia Virus under High Electric Field 

The electric field parameters, such as amplitude, length, shape, number of repeats and 

interval between the electric pulses, have several effects on the membrane of the bioparticles.182, 

183 If the bioparticles are exposed to the high electric field for longer periods of time, the pores 

become permanent, resulting in leaking of the nucleic acids. This is called irreversible 

electroporation and it is widely used for nucleic acid extraction.184-187 Electrical rupture of the 

membrane to extract nucleic acids is advantageous as compared to conventional methods such as 

freeze-thaw, sonication, chemical lysis, and heat application because of the high risk of nucleic 

acid denaturation and breakage.188 The electrical method of rupture is effective to avoid all these 

issues when extracting nucleic acids from the cells.  

 

Figure 6.6: The concentration study with impedance change.  
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The impedance change after 54 sec of pDEP capture of virus solution with the 

concentration varying from 3.0 × 108 pfu/mL to 3.0 × 103 pfu/mL. 250 mM Mannitol 

solution without viruses was used as a control sample. 

 

At this stage, I am interested in the preliminary observation of rupture of the viruses at 

very high electric field values produced at the tips of VACNFs. In electroporation experiments 

Propidium Iodide (PI)--a membrane impermeable dye--stains the nucleic acid of Vaccinia virus. 

It was used along with DiO dye that stains the lipophilic membrane of the virus. The working 

solution of 50 µM  DiO dye in DI water was kept at 37 º C for 2 hours in an incubation oven with 

a 200 μL virus solution to sufficiently stain the lipophilic membrane giving out green 

fluorescence. For labeling the virus DNA, 50 µl 20.0 µM of Propidium Iodide (PI) aqueous 

solution was employed. In the intact Vaccinia viruses, the DNA dye cannot penetrate inside the 

cells. Hence, no red fluorescence will be observed. The schematic diagram is shown in Figure 

6.7A. 

During the experiment, DiO dye-labeled viruses at a concentration of  3.0106 pfu/mL in a 

solution containing PI dye were passed with a velocity of 0.401 mm/sec into a microfluidic 

chamber. The Vaccinia particles were captured in the active region when the voltage was turned 

to 8.0 Vpp, with the frequency of 50.0 Hz, and the flow velocity was reduced to 0.05 mm/sec for 

60 sec. The high electric field assisted in breaking the lipophilic layer of the virus and extracting 

nucleic acid DNA into the solution. In Figure 6.7B, the green fluorescence from the DiO dye 

confirms the capture of the virus at 0.401 mm/sec, 8.0 Vpp.  As the capture began, the extraction 

of DNA followed simultaneously, PI dye in solution intercalated with the extracted DNA 

increasing its fluorescence (~500 folds) giving out intense red fluorescence during the capture 
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period. The control experiment of 50 µl 20.0 µM of Propidium Iodide (PI) in 280 mM mannitol 

solution showed absence of fluorescence in the microfluidic channel. 

 

6.4 Conclusion 

 

Figure 6.7: Real-time electroporation of Vaccinia virus 

(A)  The Vaccinia virus is stained with two fluorophores; DiO dye stains the outer lipophilic 

membrane and Propidium Iodide (PI) stains the DNA. (B) 3.0 × 106 pfu/mL under flow 
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velocity of 0.401 mm/sec at 8.0 Vpp with 50.0 Hz, for 65 sec. During the high voltage 

application, the flow of the solution was stopped that assists in lysing the virus that is 

confirmed by the red fluorescence produced by Propidium Iodide (PI) dye intercalated 

with double-stranded DNA of the virus.  280 mM Mannitol was employed as a blank. 

 

In conclusion, the successful development of a virus capture and impedance change 

measurement device using pDEP on VACNF has been demonstrated. The pDEP based on a 

VACNF NEA acts as an effective and reversible electronic manipulation technique to rapidly 

concentrate viruses into a micro-area from the solution flowing through the microfluidic channel. 

Integration of this system to electronically measure the impedance of the viruses is efficient and 

cost-effective in the detection of virus concentrations in a given sample. The high electric field at 

the tips of the VACNFs is capable to rupture the lipophilic membrane and extract the DNA. This 

device with a dual function as a concentrator and DNA extractor can be a prospective device for 

future downstream processing and testing of biological samples.  
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Chapter 7 - Conclusion and Future Outlooks 

The goal of this dissertation was to develop rapid diagnostic biosensors with low limits of 

detection and identification for pathogens using vertically aligned carbon nanofibers (VACNFs). 

This goal has been achieved through the combined work presented in chapters 4, 5 and 6 using 

fluorescence, surface enhanced Raman scattering (SERS) and impedance biosensors.  

As part of this effort, Chapter 3 described the basic fabrication procedures for VACNFs 

microfluidic chips. There were two main steps where one need to be cautious during fabrication 

of the device: the exposure of VACNF tips by reactive ion etching (RIE) which can be monitored 

by CV and final step bonding the exposed VACNF tips on a silicon wafer with indium tin oxide 

(ITO) coated glass slide using a vacuum oven to fabricate a microfluidic device. Robust 

protocols were established to obtain a replicable and consistent microfluidic device.  

Chapter 4 discusses the Bacteriophage T4r detection on VACNFs using fluorescence 

measurements. A very different capture profile was observed with Bacteriophage T4r compared 

to a previous study134 of the E. coli bacterial cell. The size Bacteriophage T4r is similar to 

VACNF tips (~100 nm). When captured it displayed unique lightening-like patterns called 

Lichtenberg figures. The lowest concentration of bacteriophage detected was 1 × 104 pfu/mL.  

The identification of specific pathogens using surface enhanced Raman with QSY21 

coated nanotags was explored in chapter 5. The complex structure of the nanoovals 

functionalized with QSY21 and primary antibodies specific to the E.coli was used to selectively 

capture the E.coli cells labeled with secondary antibodies from the solution. The detection limit 

was found to be 210 CFU/mL by portable Raman spectrophotometer. Complex matrix samples 

of chicken broth, apple juice, and soil solution were used to explore the applications of the 

device.  
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Finally, to create a label-free system, electrochemical impedance measurements were 

performed to detect Vaccinia virus, as described in chapter 6. Vaccinia virus capture was 

performed directly on the VACNF tips due to its strong electric field.  

 The future prospects include the fabrication of SERS biosensors for viruses using 

VACNFs. We have explored different Raman tags, such as 4-MBA and DSNB with details 

described below.  

 

 7.1 Other Schemes of Surface Modification of the Gold Nanoparticles 

 7.1.1 GNP functionalized with 4-MBA 

The functionalization of the gold nanospheres was carried out by the addition of 0.5 mM 

4-MBA dissolved in ethanol for 24 h. The solution was spun down at 1000 rpm for 10 min and 

washed with 1:4 ratio of ethanol and water. The bonding density of MBA was found to be 0.5 

nmol/cm2.189 The enhancement factor calculation of the MBA was done using a confocal Raman 

microscope at 10 X magnification. The intensity of a 0.5 mM bulk solution in ethanol was 

0.1115 and intensity of MBA SERS was found to be 0.4436. One example of the enhancement 

calculation for QSY21 is shown below: 

   

 

 

 

 

 

𝐸𝐹 =  (𝐼𝑠𝑒𝑟𝑠/𝐼𝑏𝑢𝑙𝑘) × (𝑁𝑏𝑢𝑙𝑘/𝑁𝑠𝑒𝑟𝑠)……………….…………… (7.1) 

EF = 
671.98

15.38 
 × 

0.01  × 106 ( 
𝑛𝑚𝑜𝑙

𝐿
)  × (

𝐿

1000𝑚𝐿
)

2.0 
𝑛𝑚𝑜𝑙

𝑐𝑚2   × 6 × 10 
10𝑁𝑃𝑠

𝑚𝐿
 × 4 × 3.14 × ( 4 𝑋 10−6)2𝑐𝑚2

 ………..…... (7.2) 
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Table 7-1: Calculation scheme and comparison of enhancement factors of 4-MBS, DSNB 

and QSY 21  

(F. R. Madiyar et al. unpublished work) 

 

 7.1.2 GNP functionalized with DSNB   

5, 5´-dithiobis (succinimidyl-2-nitrobenzoate) (DSNB) was selected for this study 

because the literature showed the successful use of the bifunctional chemical. DSNB can be used 

for immobilizing antibodies on the surface of nanoparticles as well as NO2 functional groups act 

as a Raman marker.  

 

Figure 7.1: Scheme for attaching Raman marker onto the gold nanoparticles. 
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For attaching DSNB to gold nanoparticles and attachment with an antibody. (Reprinted 

with permission from Shiv K. Sharma, University of Hawaii Systems, Office of Research 

Services Honolulu, HI 96822 2010.) 

 

The protocol (illustrated in Figure 7.1) has been developed for using SERS-based 

immunoassay using gold nanoparticle probe for femtomolar detection of Prostate Specific 

Antigen (PSA) by Grubisha, et al.190 DSNB was used as the bifunctional Raman marker to 

connect the gold nanoparticles (32 nm) to the monoclonal antibodies to PSA.  

This scheme was explored for detection of viruses in the microfluidic device using 

DSNB. 

 7.1.2.1 Synthesis of DSNB 

DSNB (5,5′-dithiobis (succinimidyl-2-nitrobenzoate)) synthesis was carried out as 

previously described.191 Briefly, 0.50 g of 5, 5′-dithiobis (2-nitrobenzoic acid) (DNBA), 0.52 g 

of 1, 3-dicyclohexylcarbodiimide (DCCD), and 0.29 g of N-hydroxysuccinimide (NHS) were 

sequentially added to 50 mL tetrahydrofuran in a 500 mL round-bottom flask equipped with a 

drying tube. After magnetic stirring for 24 hours at room temperature, the solution was filtered 

and then roto evaporated to remove the solvent. The product was then recrystallized as a yellow 

powder with acetone/hexane solvent.  Figure 7.2A shows the Raman spectra of DSNB solid, in 

acetonitrile (ACN) and on 60 nm gold nanoparticles indicating 1347 cm-1 is highest peak. The 

powder spectrum is dominated by (NO2) at 1341 cm−1. Other strong bands in the spectrum are at 

1568 cm−1 (assigned to an aromatic ring mode) and at 1066 cm−1 (a succinimidyl N–C–O stretch 

overlapping with aromatic ring modes). The Raman spectrum matches that reported in the 

literature by Poter, M., et al.146 Figure 7.2B shows the acetonitrile itself has a peak at 1349 cm-1 
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which can interfere with the DSNB Raman signal. We still need to consider the enhancement 

factor (EF) of DSNB that is given in table 7.1 

 

 

 

 

 

 

 

 

 

Figure 7.2: Raman spectrum of DSNB in solid form, in acetonitrile solution and DSNB 

functionalized on gold.  

(A) The Raman spectra of DSNB solid (black line) DSNB in acetonitrile (red) and DSNB 

attached to gold nanoparticles (blue). (B) A close-up of the Raman spectra of Acetonitrile 

liquid (black) and DSNB in acetonitrile (red) showing 1374 cm-1 peak present in both 

chemicals. (F. R. Madiyar et al. unpublished work)  

 

 7.1.3 pH effects on Functionalization of Gold Nanoparticles to the Bacteria  

DSNB (5,5′-dithiobis (succinimidyl-2-nitrobenzoate)) is useful because it has an aromatic 

NO2 group that has intrinsically high Raman scattering cross section due to symmetric stretching 

of the NO2 group. DSNB attaches to the gold nanoparticles readily due to disulfide moiety and 

thiolate adhered layer. The succinimidyl group is used to bind covalently the primary amine on 

the antibody.  
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 7.1.3.1 Procedure for attaching bacteria to gold nanoparticle using DSNB 

Frozen E. coli DHα 5 stock was thawed and grown in LB medium in a sterile culture tube 

and incubated overnight at 37˚ C to reach a cell concentration of 2.5 × 109 CFU/mL. The cells 

were centrifuged at 5000 rpm for 5 min, the supernatant LB media was discarded and the pellet 

was resuspended and washed in 1.0 mL 1X PBS thrice to eliminate the remaining ingredients of 

the LB media.  The bacteria solution of 2.5 × 109 CFU/mL was incubated with 50 μl FITC 

conjugated rabbit anti- E. coli Ab (AbD Serotech, Raleigh NC, USA) at 330 μg/mL for 1 h at 4˚ 

C. The cells were then centrifuged, washed with deionized (DI) water and diluted to a final 

concentration of 9.5 × 104 CFU/mL.  

 7.1.3.2 Preparation of gold nanoparticles with DSNB and secondary antibody 

The procedure followed to attach DSNB (5,5′-dithiobis (succinimidyl-2-nitrobenzoate)) 

to bacteria was elaborated given in Yakes.B., et al.192 Briefly, 10 μl of  0.1 mM solution of 

DNSB in acetonitrile was mixed with 1.0 mL 60 nm gold nanoparticles for 8 hours at room 

temperature (28ºC). The solution was centrifuged at 8000 rpm to remove the extra DSNB 

molecules, and the secondary antibody (Alexa 555 conjugated goat anti-rabbit secondary 

antibody) was added into the solution for 14 hours. To block the sites, 100 μl of 10% BSA was 

added to the mixture for 7 hours in 2 mM Borate buffer. After the reaction was completed, a 

solution with gold nanoparticle, DSNB, and antibody, was spun down and resuspended in borate 

buffer with 1 μl of 1% BSA in 1000 μl borate buffer. 50 μl DSNB and antibody-coated 

nanoparticles (6 × 1010 particles/mL) was added to 100 µl of bacteria solution to observe the 

attachment of the nanoparticles to bacteria. Figure 7.3 shows the transmission electron 

microscope image after this procedure. It is not convincing from the image that the gold 



133 

nanoparticles have attached to the bacteria due to antigen – antibody reaction or  capillary forces 

when drying.   

 

Figure 7.3: Attachment of DSNB coated 60 nm Gold nanoparticle onto a bacterial cell.  

(F. R. Madiyar et al. unpublished work). 

 

So to confirm that the conditions used in the procedures were correct, we attached nanoparticles 

to 1.0 µm latex particles using the same procedure. It is known that the succinimidyl group is 

active in the buffer of pH 9.0 for approximately 10 min.193  

For this experiment, latex beads coated with primary amine groups were purchased from 

the Sigma Alrich (St. Louis, MO). To attach DSNB to gold nanoparticles, the above procedure 

was followed. 1 mL of GNP 60 nm  was mixed 40 µl of 50 mM borate buffer (pH 8.3) and 10 µl 

of 0.1 mM DSNB in ACN for 10 min. Then the solution was centrifuged for 5000 rpm for 4 min 

to remove the extra DSNB  molecules and 20 µl of amine coated latex beads (5 × 1010 particles/ 

mL). Other pH values used were 9 and 9.5.  The transmission emission microscope images 

revealed that when the reaction was carried out in solution of  pH 8.5 (Figure 7.4A) no 
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attachment occurred, in a pH 9.0 solution  (Figure 7.4B) some attachment was seen, and in a pH 

9.5 solution (Figure 7.4C) attachment was greatest. 

 

Figure 7.4: Assessing attachment of gold nanoparticles (60 nm) coated with DSNB to latex 

beads at different pH. 

(A) pH 8.5 (B) pH 9.0 (C) pH 9.5 (F. R. Madiyar et al. unpublished work). 

 

These results set the baseline from which to choose the conditions for bonding primary 

antibody to the succinimidyl group at pH 9.5. When comparing the enhancement factor of DSNB 

to QSY21 from Table 7.1(page 129), DSNB has enhancement factor of 1.81 × 10 1 as compared 

to QSY21  which has an enhancement factor of  >3.51 × 104. As the enhancement factor of 

DSNB is lower than QSY21, in future experiments QSY21 will be explored for SERS detection 

of viruses in the dielectrophoretic scheme in a microfluidic device.  

 

 7.2 Integrated Micro-Total Analysis Systems 

In the past five years (2010-2015) the level of integration of microfluidic devices has 

increased considerably for pathogen detection.194, 195 The reason is that chemical analysis on the 
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nanoliter scale is well suited for five research in the life sciences sector, where there is increased 

interest in the chemical profile of low-abundance cellular material DNA (genomics),196 RNA 

(transcriptomics),197 proteins (proteomics),198 metabolites (metabolomics),199 and lipids 

(lipidomics).200 The principal advantage of microfluidic integration is that the miniaturized 

architecture that allows for dilution and minimized loss of the sample.201 In addition, 

contamination becomes negligible because the sample remains in the chip for the entire duration 

of the experiment instead of being transferred between bench top instruments.202-204 The ideal 

micro-total analysis system is one that incorporates every aspect of a quantitative analysis; 

sample preparation (e.g. cell sorting, extraction, reagent metering, mixing, reactions, purification, 

preconcentration), sampling, eliminating interferences (separation techniques) and detection.205-

208

  

Figure 7.5: Schematic for an explanation of nucleic acid electrochemical biosensor 

integrated with dielectrophoresis. 

(A) Schematic of the dielectrophoresis to capture the particles on tips of VACNF due to the 

high electric field (FDEP). (B) Snapshot of virus capture and electroporation of virus labeled 

with propidium iodide dye. (C) Schematic of the nucleic acid electrochemical biosensor, in 

which the probe is functionalized on the tips of VACNF. When the voltage of 1.05 V is 

applied to the working electrode guanine (probe) and cytosine bases from RNA/ DNA 
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(pathogens) hybridized when there is an exact match.  This causes a flow of electrons to the 

designated working electrode. (Reprinted with permission from 

http://www.earlywarninginc.com/technologies.php) 

 

For pathogen detection to be rapid and reliable, the combination of dielectrophoresis and 

nucleic acid electrochemical biosensors in one chip design can be employed. Dielectrophoresis 

can be used for capture, separation and electroporation of the pathogens and extract the nucleic 

acids (Figure 7.5 A and B). Early Warning Inc. developed the identification of pathogen by DNA 

on VACNF scheme.  

In which, DNA and RNA was used as nucleic acid receptors. Guanine is natural 

constituent of DNA and RNA. The sensor takes advantage of guanine’s oxidation activity at 1.05 

volts and aids in electrochemical signal transduction. This scheme has been explored by Early 

Warning Inc. and the working principle is described below.  

The VACNF can be used as working electrode and its tips can be chemical functionalized 

with DNA (single stranded) bioprobes that contain 30 or more base sequences that make them 

extremely specific for the particular pathogen or individual species such as E.coli O157:H7 

(Figure 7.5C). When the single strands of RNA from the sample (pathogens) approaches to 

contact the bioprobes, only complementary strands hybridize to form double helixes. After the 

hybridization of the strands take place, 1.05 volts is applied across the electrodes. The current 

signal is observed and recorded only when guanine reacts with cytosine during hybridization. 

The magnitude of the electrical current is related to the amount of RNA in the sample and 

subsequently to the concentration of the pathogen in the sample. If there is no hybridization from 

the absence of the target pathogen, absence of current signal is observed.209 This scheme is 
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schematically shown in Figure 7.5. When guanine oxidizes after hybridization, the flow of 

electrons is extremely low making the resulting electrical current difficult to measure. A 

Ruthenium bipyridine mediator which also oxidizes at 1.05 volts can amplify the signal by 

transferring guanine electrons to the electrode surface and improving the measurement 

accuracy.210-212 Both guanine and Ruthenium bipyridine lose electrons through oxidization when 

electrical potential voltage is applied. When the voltage scan is reversed, Ruthenium bipyridine 

will regain its electrons but guanine will not. As a Ruthenium bipyridine can oxidize and reduce 

repeatedly and form a baseline to measure the incremental current from guanine alone. The 

electrical current from Guanine and Ruthenium bipyridine combined in a first scan is much 

greater than Guanine alone which needs to be distinguished from the background noise for the 

presence/absence detection threshold.208 Further studies are required for integration of VACNF 

in a microfluidic channel with the DNA hybridization for pathogen detection. 
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Appendix A- Culture, Enumeration of Bacteriophages and 

Dielectrophoresis Experiment using Microelectrode Gap.  

 Appendix A.1: Set-up and Culture of Bacteriophages  

The cultures were grown in sterilized flasks.  Flask A was used for growth of culture, and 

the flask B was used to trap any overflow of the media and allowed passage for outgoing air. The 

flasks and tubes were wet-sterilized at 121˚C for 20min, and rubber stoppers were dry-heat 

sterilized at 160˚C for 4 hours. After cooling, 30 mL of the sterilized nutrient tryptone broth was 

added to the flask, incubated at 37˚C for overnight. The clear broth in the flask is used to test the 

sterility of the assembly.  

Bacteriophage T4r and E.coli B stock solutions were obtained from the Carolina 

Biological Supply Company (121150), and Bacteriophage T1 was obtained from ATCC (11303-

B1).  The host E.coli B was grown in a sterile culture tube of nutrient peptone broth medium and 

incubated overnight at 37˚ C. The concentration of the bacteria obtained was ~2.25 × 109 

CFU/mL  0.5 mL of overnight culture of E.coli B was used to inoculate 30 mL of the sterile 

medium in the flask A and incubated for ~2 hours at 37˚C for bacteria to reach mid logarithmic 

phase. 1 mL of high titer solution of Bacteriophage T4r (phage) 1 × 109 pfu/mL was added to the 

sensitive bacteria solution. Periodic examination of the virus-host culture was done to check the 

turbidity of the solution. Lysis of the medium began with an hour and indicated by frothing in the 

solution. Turbidity of the solution decreases as the lysis progresses and eventually turns clear in 

three hours. The solution is filtered by filter 0.2 µm from Fisher (09-719C) to remove any live 

bacteria or bacterial debris. The phage culture was stored in the refrigerator at 4˚C with 

chloroform to kill and to ensure none of the bacteria is in the solution. For the determination of 
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the titer of the phages, done double layer agar (DLA) method was used. All culture broths and 

agar was sterilized at 121˚ for 20min.  

 

Figure A. 1: Culture of BacteriophageT4r set-up  

(F. R Madiyar et al. unpublished work). 
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Appendix A.2: Double layer agar quantification of Bacteriophages 

 

Figure A. 2: The counting of bacteriophage is carried out by double layer agar (DLA) 

method  

(Reprinted with permission from supplementary information of F. R. Madiyar, L. U. Syed, 

C. T. Culbertson, J. Li,  Electrophoresis, 2013, 34, 1123-1130.) 

Total Number of plaques formed 112 in 10-7 dilution culture 

Concentration 1.12 × 109 pfu/mL 

 

The counting of the Bacteriophage T4r by double layer agar (DLA) method. A high titer 

of the phages was serially diluted with nutrient peptone broth by tenfold at each step. DLA plates 

were prepared by mixing the 100 µl of overnight culture of bacterial host (E. coli B) and 1 mL 

diluted phage in molten soft agar and pouring the mixture on top of the base layer agar. Plates 
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were incubated overnight at 37˚ C till the plaques were formed. The infective titers of the phages 

were calculated by the number of plaques formed on the assay plates. Assay dilutions of 10-5 to 

10-9 were sufficient to determine the titer. The purple-pink color was due to gram staining of E. 

coli B. The transparent spots are plaques formed on the base layer agar.  The number of plaque 

on the plate which could be clearly counted with reliable statistics was used for the concentration 

calculation. 
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 Appendix A.3: Transmission Electron Microscope of Bacteriophages 

 

Figure A. 3: Transmission electron microscope images of the two types of bacteriophages 

used in this study. 

(A) Bacteriophage T4r (B) Bacteriophage T1. (Reprinted with permission from 

supplementary information of F. R. Madiyar, L. U. Syed, C. T. Culbertson, J. Li,  

Electrophoresis, 2013, 34, 1123-1130.) 
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 Appendix A.4: Results of SYBR GREEN –I labeling 

 

Figure A. 4: After labeling of the Bacteriophage T4r with SYGR Green –I, the excitation 

and fluorescence emission spectra showing excitation wavelength 490 nm and emission 520 

nm.  

(Reprinted with permission from supplementary information of F. R. Madiyar, L. U. Syed, 

C. T. Culbertson, J. Li,  Electrophoresis, 2013, 34, 1123-1130.) 

Excitation λmax : 493.92 nm    Emission λmax: 521.03 nm  
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 Appendix A.5: Dielectrophoresis Experiment with Microelectrode Gap 

To check the dielectrophoresis of bacteriophages T4r the experiment was initially carried 

out using microelectrode. The gap between electrodes is 2.0 μm that is connected with gold 

contact pad seen in Appendix Figure A6. A 20 μl drop was added on top of the microelectrodes 

and flattened it with cover slip or PDMS well is used to make solution stay on top of the 

microelectrodes. The voltage was applied using the pins connected to gold pads seen Figure A5 

D using a function generator. 

 

Figure A. 5: Microelectrode Gap set-up 

 (A) Optical image of the microelectrode gap. (B) Scanning electron microscope image of 

microelectrode gap. (C) Schematic of the connections of microelectrode gap (D) Image of 

the set of microelectrode gap.  

(F. R Madiyar et al. unpublished work) 

  



170 

 Appendix A.6: Assessing of the Capture of Bacteriophages in Microelectrode 

Gap 

The capture of bacteriophage on the microelectrode gap was successful when voltage is applied 

at the particular frequency. The appendix A.6A. is a plot was obtained by plotting the 

fluorescence intensity at the captured area versus the log of the frequency. When voltage of 10 

Vpp was applied at the frequency of 5.0 kHz in static condition the capture can be observed under 

optical fluorescence microscope as the phages were labeled with SYBR GREEN I.  The 

snapshots in Figure Appendix A.6 B and C evidently show the phages were captured at the gap.  

 

Figure A. 6: Assessing the capture of bacteriophages at microelectrode gap.  

(A) The plot of fluorescence intensity maximum at the captured area versus log frequency, 

showing 5.0 kHz is the optimum frequency for capture at a voltage of 10 Vpp. (B) Moreover, 

(C) is the snapshots when no voltage is applied (No capture) and when frequency and 

voltage are applied (Capture). (F. R Madiyar et al. unpublished work) 
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Appendix B-Supplementary Information of Chapter 5  

 

Figure B. 1: The difference in DEP capture efficiency of IO-Au NOV labeled E. coli DHα5 

cells and free IO-Au NOV solution, as monitored by the fluorescence intensity change after 

50 s of DEP capture. The concentration of IO-Au NOV labeled E. coli DHα5 cells is 5.3 × 

105  CFU/mL and the concentration of free IO-Au NOV solution is equivalent to the 

amount of NOVs in the 9 × 105 CFU/mL of labeled E. coli sample. The DEP experiments 

were carried out at the varying frequency from 1 kHz to 1000 kHz while other parameters 

are fixed: voltage (10 Vpp) and flow velocity (0.33 mm/s). The capture of free IO-Au NOV at 

100 kHz is negligible. (Reprinted with permission from supplementary information F. R. 

Madiyar, S. Bhana, L. Z. Swisher, C. T. Culbertson, X. Huang, J. Li, Nanoscale, 2015, 7, 

3726-3736.)     
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Figure B. 2: Assessing DEP capture of IO-Au NOV labeled E. coli DHα5 cells in complex 

matrices by fluorescence and the confocal Raman measurements. The DEP capture of 5 × 

105 CFU/mL of E. coli DHα5 cells spiked in the chicken broth (A) at varying AC frequency 

and (B) at varying flow velocity. The optimum conditions are 150 kHz in frequency and 

0.44 mm/sec in flow velocity. The DEP capture of 5 × 105 CFU/mL of E. coli DHα5 cells 

spiked in soil solution (C) at varying AC frequency and (D) at varying flow velocity. The 

optimum conditions are 100 kHz in frequency and 0.44 mm/sec in flow velocity. . 

(Reprinted with permission from supplementary information F. R. Madiyar, S. Bhana, L. 

Z. Swisher, C. T. Culbertson, X. Huang, J. Li, Nanoscale, 2015, 7, 3726-3736.)     
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Figure B. 3: Assessing DEP capture of 5.3 × 105 CFU/mL of IO-Au NOV labeled E. coli 

DHα5 cells with fluorescence and the portable Raman system (A) at varying AC frequency 

and (B) at varying flow velocity. The optimum frequency of 100 kHz and optimum flow 

velocity of 0.40 mm/sec were observed. (C) Schematic diagram of 100 µm diameter laser 

probe focused on the active DEP area of the microfluidic device. (D) The kinetic DEP 

capture curves measured at an AC frequency of 100 kHz and a voltage of 10 Vpp while 5 × 

106 CFU/mL IO-Au NOV labeled  E. coli DHα5 cells flowing through the DEP device at 

0.40 mm/sec flow velocity. (Reprinted with permission from supplementary information F. 

R. Madiyar, S. Bhana, L. Z. Swisher, C. T. Culbertson, X. Huang, J. Li, Nanoscale, 2015, 7, 

3726-3736.)     
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Figure B. 4: The increase in the Raman (left) and fluorescence (right) intensity after 50 s of 

DEP capture of E. coli cells from the bacteria solution as the concentration varying from 5 

CFU/mL to 1.0 × 109 CFU/mL. The Raman measurements were carried out by focusing the 

100-m-diameter laser beam within the 200 µm × 200 µm active DEP area with a 

ProRaman L portable Raman system (Enwave Optronics). The fluorescence intensity was 

integrated over the whole 200 µm × 200 µm active DEP area with the CCD videos recorded 

using Carl Zeiss microscope (50X objective at excitation wavelength of 540-552 nm and 

emission wavelength of 567-647 nm). (Reprinted with permission from supplementary 

information F. R. Madiyar, S. Bhana, L. Z. Swisher, C. T. Culbertson, X. Huang, J. Li, 

Nanoscale, 2015, 7, 3726-3736.)   
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Figure B. 5: Focusing of the vertically aligned carbon nanofiber Raman signal on confocal 

Raman microscope by the controlled motion of Z stage (F. R. Madiyar et al. unpublished 

work). 
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Appendix C- Supplementary Information for Chapter 6 

 

Figure C. 1: Standard plaque assay on RK-13 cells in a 12-well plate of the cells for 

counting the number of plaques formed in each dilution and calculating back to the total 

plaque-forming units per milliliter (pfu/mL) of the original stock. (Foram R. Madiyar, 

Sherry Basset, Luxi Swisher, Christopher T Culbertson, Stefan Rothenberg and Jun Li; 

“Nano-Dielectrophoresis capture and Electroporation of Vaccinia virus by Impedance 

Method. (F. R. Madiyar et al. unpublished work). 

 

  

pfu/ml = (pfu/well) × (1/dilution factor) × (1/ml of inoculum)  

Plaque forming unit = 1 infection particle 

Count plaques in lowest dilution having between 5-100 pfu/well 

For VC-2: 

6 pfu/well x (1/10
-7

) x (1/0.3ml inoculum) = 2.0 × 10
8

 pfu/ml 

VC-2, untreated 
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Figure C. 2: Transmission Electron Microscope Image of Vaccinia virus with average 

diameter of 312 nm ± 0.5 nm. (Foram R. Madiyar, Sherry Basset, Luxi Swisher, 

Christopher T Culbertson, Stefan Rothenberg and Jun Li; “Nano-Dielectrophoresis 

capture and Electroporation of Vaccinia virus by Impedance Method. (F. R. Madiyar et al. 

unpublished work). 

  

100 nm 
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Figure C.3: Real-time fluorescence capture of Vaccinia virus are various concentrations 3 × 

103 pfu/mL (blue),  3 × 104 pfu/mL (red), 3 × 106 pfu/mL (black). (Foram R. Madiyar, 

Sherry Basset, Luxi Swisher, Christopher T Culbertson, Stefan Rothenberg and Jun Li; 

“Nano-Dielectrophoresis capture and Electroporation of Vaccinia virus by Impedance 

Method. (F. R. Madiyar et al. Unpublished work). 
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Figure C. 4: Real-time electroporation of the Vaccinia virus 

The lipophilic membrane of the viruses is stain with DiO dye that can be observed using 

filter 3 in Carl Zeiss microscope (black), after electroporation the DNA of the virus is 

stained with cell impermeable SYTOX 59 dye (red) and the SYTOX 59 dye in 280 mM 

Mannitol solution as a control (blue). (Foram R. Madiyar, Sherry Basset, Luxi Swisher, 

Christopher T Culbertson, Stefan Rothenberg and Jun Li; “Nano-Dielectrophoresis 

capture and Electroporation of Vaccinia virus by Impedance Method. (F. R. Madiyar et al. 

Unpublished wor)). 
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