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ABSTRACT 

 

 

IMMUNOSENSORS USING METALLIC NANOPARTICLE-BASED SIGNAL 

ENHANCEMENT FOR BACTERIAL DETECTION AND TUBERCULOSIS DIAGNOSIS 

 

 

By 

 

 

Yun Wang 

 

Escherichia coli O157:H7 is one of the main foodborne/waterborne bacterial pathogens that 

can cause human illnesses with threat to public health. To control the spread of the contaminated 

food/water and minimize the harm to public health, rapid and sensitive detection methods need 

to be implemented. However, standard culture method requires two to four days to obtain results. 

The application of nanomaterials has drawn interest in the biosensor research to develop timely 

and low cost detection systems. Because of their unique characteristics, nanoparticles have been 

used to enhance biosensor sensitivity by increasing the target molecule capture efficiency or by 

amplifying detection signals. In this dissertation research, nanoparticle-based biosensors were 

designed for the rapid detection of E. coli O157:H7 in broth. Magnetic nanoparticles (MNPs) 

were conjugated with monoclonal antibodies to separate target E. coli O157:H7 cells from 

samples. Gold nanoparticles (AuNPs) conjugated with polyclonal antibodies were then 

introduced to the MNP-target complexes to form MNP-target-AuNP. By measuring the amount 

of gold nanoparticles through an electrochemical method, the presence and the amount of the 

target bacteria were determined. Based on this biosensor using AuNPs as labels for signal 

amplification, a tri-nano electrochemical immunosensor was developed by using three 

nanoparticles for the rapid detection. The gold nanoparticles (AuNPs) were conjugated with lead 



  

sulfide (PbS) nanoparticles as electrochemical reporters via oligonucleotide linkage. AuNPs 

were also functionalized with polyclonal anti-E. coli O157:H7 antibodies in order to bind the 

target bacterial cells which were captured and separated from the sample by antibody-

functionalized MNPs. Because each AuNP was linked to multiple PbS nanoparticles, each 

binding event to the target resulted in substantial amplification. The signal of PbS was measured 

on screen-printed carbon electrode (SPCE) by square wave anodic stripping voltammetry 

(SWASV). Results showed that the biosensor could detect E. coli O157:H7 in the range of 10
1
 to 

10
6 

colony forming units per milliliter (cfu/ml) with a signal-to-noise ratio ranging from 2.77 to 

4.31. With sample preparation being minimized, results were obtained within 1 h from sample 

processing to final readout. Tuberculosis (TB) is considered as one of the most widely spread 

infectious diseases, with estimated 8.8 million new cases and 2 million deaths annually. The 

biosensor developed in this dissertation research was also applied for TB diagnosis. Gold 

nanoparticles with anti-IFN-γ antibody were conjugated to oligonucleotides terminated with 

cadmium sulfide (CdS) nanoparticles. At the same time, AuNPs were conjugated with anti-IP-10 

antibody and oligonucleotides terminated with PbS nanoparticles. Therefore, the electrochemical 

signals of cadmium and lead indicated IFN-γ and IP-10, respectively. By introducing MNPs with 

antibodies to IFN-γ or IP-10 and AuNP conjugates, IFN-γ and IP-10 were detected separately in 

buffer and simultaneously in both buffer and plasma. The results showed that IFN-γ in the range 

of 0.01 IU/ml to 10 IU/ml and IP-10 in the range of 0.01 ng/ml to 100 ng/ml were detected in 1 

h. Due to its rapidity, high sensitivity and multiplex detection capability, this tri-nanobiosensor 

has potential applications in public health, biodefense, and food/water safety monitoring.      



  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Copyright by 

YUN WANG 

2014 



 v 

ACKNOWLEDGEMENTS 

 

I sincerely thank everyone who has supported and contributed to this research. I would like 

to especially thank Dr. Evangelyn Alocilja, my advisor, for her guidance on this research. 

Throughout my doctoral study, her support and encouragement has been absolutely crucial to my 

graduate career and my growth as a scientist. She has been a friend and given me a lot of helpful 

suggestions. I am also very grateful for having an exceptional advisory committee and wish to 

thank Dr. Shantanu Chakrabartty, Dr. John Gerlach and Dr. Renfu Lu. I have learnt a lot from 

their advices on my research. I would like to thank Dr. Gerald Mazurek at CDC for his support 

on the Tuberculosis detection research. I would also like to thank A-CAPPP program for 

providing fund for my research.  

I would also like to extend my sincerest gratitude to my friends and family for all their 

support and encouragement during my Ph.D pursuit, in particular my parents who are constant 

source of support. I would have never made it this far alone. Everything I have accomplished has 

been a combination of the support from all those in my life. 

 

Yun Wang 

 



 vi 

TABLE OF CONTENTS 

 

LIST OF TABLES ......................................................................................................................... ix 

LIST OF FIGURES ....................................................................................................................... xi 

Chapter 1 : Introduction .................................................................................................................. 1 

1.1 Hypothesis ............................................................................................................................ 3 

1.2 Objectives ............................................................................................................................. 3 

1.3 Innovations ............................................................................................................................ 4 

Chapter 2 : Literature review .......................................................................................................... 5 

2.1 Pathogenic bacterial target: Escherichia coli O157:H7 ........................................................ 5 

2.2 Related research on E. coli O157:H7 detection .................................................................... 6 

2.2.1 Enzyme-linked immunosorbent assay (ELISA) ............................................................ 7 

2.2.2 Immunomagnetic separation .......................................................................................... 8 

2.2.3 Polymerase chain reaction (PCR) .................................................................................. 9 

2.2.4 Biosensors .................................................................................................................... 11 

2.3 Tuberculosis (TB) ............................................................................................................... 12 

2.4 Related research on TB diagnosis ....................................................................................... 13 

2.4.1 Tuberculin skin test ...................................................................................................... 13 

2.4.2 Interferon-gamma release assays (IGRAs) .................................................................. 14 

2.4.3 Diagnostic microbiology .............................................................................................. 15 

2.4.4 Chest radiograph .......................................................................................................... 15 

2.5 Cytokine biomarkers for disease diagnosis ........................................................................ 15 

2.5.1 Interferon-gamma (IFN-γ) ........................................................................................... 18 

2.5.1.1 Diseases diagnosis by IFN-γ biomarker ................................................................ 19 

2.5.1.2 Detection methods for IFN-γ ................................................................................. 20 

2.5.2 C-X-C motif chemokine 10 (CXCL10) ....................................................................... 23 

2.5.2.1 Diseases diagnosis by IP-10 biomarker ................................................................. 23 

2.5.2.2 Detection methods for IP-10 .................................................................................. 24 

2.5.3 Other cytokines and chemokines ................................................................................. 26 

2.5.3.1 Diseases diagnosis ................................................................................................. 27 

2.5.3.2 Detection methods ................................................................................................. 29 

2.6 Nanoparticle based biosensors ............................................................................................ 31 

2.6.1 Gold nanoparticles ....................................................................................................... 32 

2.6.2 Bio-barcode biosensors ................................................................................................ 34 

2.6.3 Nanotracers .................................................................................................................. 36 

2.7 Conclusions and outlook ..................................................................................................... 37 

Chapter 3 : Gold nanoparticle-labeled biosensor for detection of E. coli O157:H7 ..................... 39 
3.1 Introduction ......................................................................................................................... 39 

3.2 Materials and methods ........................................................................................................ 40 
3.2.1 Reagents and materials ................................................................................................ 40 
3.2.2 Bacterial culture ........................................................................................................... 41 



 vii 

3.2.3 Apparatus ..................................................................................................................... 41 

3.2.4 Synthesis of nanoparticles ............................................................................................ 42 
3.2.5 Functionalization of nanoparticles ............................................................................... 43 
3.2.6 Detection of target pathogenic bacteria ....................................................................... 44 

3.2.7 Electrochemical measurement ..................................................................................... 46 
3.3 Results and discussion ........................................................................................................ 46 

3.3.1 Magnetic separation of target E. coli O157:H7 ........................................................... 46 
3.3.2 AuNP-labeled biosensor for detection ......................................................................... 48 

3.4 Conclusion .......................................................................................................................... 52 

Chapter 4 : PbS nanotracer-labeled biosensor for detection of E. coli O157:H7 ......................... 53 
4.1 Introduction ......................................................................................................................... 53 
4.2 Materials and methods ........................................................................................................ 54 

4.2.1 Reagents and materials ................................................................................................ 54 
4.2.2 Bacterial culture ........................................................................................................... 56 
4.2.3 Apparatus ..................................................................................................................... 56 

4.2.4 Synthesis of nanoparticles ............................................................................................ 57 
4.2.5 Functionalization of nanoparticles ............................................................................... 59 

4.2.6 Detection of target pathogenic bacteria ....................................................................... 60 
4.2.7 Electrochemical measurement ..................................................................................... 62 
4.2.8 Specificity Test ............................................................................................................ 62 

4.3 Results and discussion ........................................................................................................ 63 
4.3.1 Functionalization of nanoparticles ............................................................................... 63 

4.3.2 PbS-labeled biosensor for detection ............................................................................. 68 
4.3.3 Specificity test .............................................................................................................. 72 

4.4 Conclusion .......................................................................................................................... 73 

Chapter 5 :  Nanotracer-labeled biosensor for single cytokine detection ..................................... 75 

5.1 Introduction ......................................................................................................................... 75 
5.2 Materials and methods ........................................................................................................ 77 

5.2.1 Reagents and materials ................................................................................................ 77 

5.2.2 Cytokine dilutions ........................................................................................................ 79 
5.2.3 Apparatus ..................................................................................................................... 79 

5.2.4 Synthesis of nanoparticles ............................................................................................ 79 
5.2.5 Functionalization of nanoparticles ............................................................................... 81 

5.2.6 Detection of the targets ................................................................................................ 82 
5.2.7 Electrochemical measurement ..................................................................................... 83 

5.3 Results and discussion ........................................................................................................ 84 
5.3.1 Characterization of nanoparticles................................................................................. 84 

5.3.2 Biosensor detection ...................................................................................................... 89 
5.4 Conclusion .......................................................................................................................... 94 

Chapter 6 : Multiplex biosensor for detection of IFN-γ and IP-10 cytokines .............................. 96 

6.1 Introduction ......................................................................................................................... 96 
6.2 Materials and methods ........................................................................................................ 97 

6.2.1 Reagents and materials ................................................................................................ 97 

6.2.2 Cytokine dilutions and human plasma ......................................................................... 98 



 viii 

6.2.3 Apparatus ..................................................................................................................... 99 

6.2.4 Synthesis of nanoparticles ............................................................................................ 99 
6.2.5 Functionalization of nanoparticles ............................................................................. 101 
6.2.6 Effect of IFN-γ and IP-10 concentration.................................................................... 102 

6.2.7 Electrochemical measurement ................................................................................... 104 
6.3 Results and discussion ...................................................................................................... 104 

6.3.1 Electrochemical characterization of nanotracers ....................................................... 104 
6.3.2 Functionalization of nanoparticles ............................................................................. 106 
6.3.3 IFN-γ and IP-10 detection .......................................................................................... 106 

6.3.4 Effect of IFN-γ and IP-10 concentration.................................................................... 109 
6.4 Conclusion ........................................................................................................................ 114 

Chapter 7 : Conclusion and future work ..................................................................................... 116 

APPENDIX ................................................................................................................................. 121 

REFERENCES ........................................................................................................................... 204 
 

 

  



 ix 

LIST OF TABLES 

 

Table 1-1. Research contribution of this dissertation project to the literature. ............................... 4 

Table 3-1. Statistical analysis comparing samples and blank (t test) for AuNP-labeled biosensor.

....................................................................................................................................................... 52 

Table 4-1. Statistical analysis comparing bacterial samples and blank for PbS-labeled biosensor.

....................................................................................................................................................... 71 

Table 5-1. Statistical analysis comparing samples and blank for IFN-γ detection in single 

cytokine detection. ........................................................................................................................ 93 

Table 5-2. Statistical analysis comparing samples and blank for IP-10 detection in single 

cytokine detection. ........................................................................................................................ 94 

Table A-1. Differential pulse voltammetry data for Figure 3-5.................................................. 122 

Table A-2. Differential pulse voltammetry data for Figure 3-6.................................................. 126 

Table A-3. Data for Figure 3-7. Normalized signals. ................................................................. 129 

Table A-4. Data for Figure 4-4d. Current peaks for three tubes. ................................................ 130 

Table A-5. Square wave voltammetry data for Figure 4-5a. ...................................................... 131 

Table A-6. Data for Figure 4-5b. ................................................................................................ 138 

Table A-7. Data for Figure 4-6. .................................................................................................. 139 

Table A-8. Square wave voltammetry data for Figure 5-5a. ...................................................... 140 

Table A-9. Square wave voltammetry data for Figure 5-5b. ...................................................... 146 

Table A-10. Data for Figure 5-6a. .............................................................................................. 152 

Table A-11. Data for Figure 5-6b. .............................................................................................. 153 

Table A-12. Data for Figure 5-6b insert. .................................................................................... 154 

Table A-13. Square wave voltammetry data for Figure 6-2a. .................................................... 155 

Table A-14. Square wave voltammetry data for Figure 6-2b. .................................................... 161 

Table A-15. Square wave voltammetry data for Figure 6-2c. .................................................... 167 

Table A-16. Square wave voltammetry data for Figure 6-3a. .................................................... 173 



 x 

Table A-17. Square wave voltammetry data for Figure 6-3b. .................................................... 179 

Table A-18. Square wave voltammetry data for Figure 6-3c. .................................................... 185 

Table A-19. Data for Figure 6-4a. .............................................................................................. 192 

Table A-20. Data for Figure 6-4b ............................................................................................... 193 

Table A-21. Square wave voltammetry data for Figure 6-5. ...................................................... 194 

Table A-22. Data for Figure 6-6a. .............................................................................................. 201 

Table A-23. Data for Figure 6-6b. .............................................................................................. 202 

Table A-24. Data for Figure 6-7. ................................................................................................ 203 

 

  



 xi 

LIST OF FIGURES 

 

Figure 2-1. IFN-γ and IP-10 responses to specific M. tuberculosis antigens. Unit of y-axis is 

pg/ml (Adapted from Kellar et al., 2011). .................................................................................... 18 

Figure 2-2. Bio-barcode biosensor assay: (a) nanoparticle preparation; (b) DNA detection 

(Adapted and modified from Nam et al., 2004). ........................................................................... 35 

Figure 2-3. Nanotracer biosensor for DNA detection (Adapted and modified from Zhang et al., 

2010). ............................................................................................................................................ 37 

Figure 3-1. Schematic of the AuNP functionalization. Gold nanoparticles were firstly modified 

with protein A. Then the antibody was conjugated onto the AuNPs through the linkage of protein 

A. At last, BSA was added to block the uncoated surface. ........................................................... 44 

Figure 3-2. Schematic of the AuNP-labeled biosensor for E. coli O157:H7 detection. Target cells 

in a sample were captured by MNP-mAb conjugates and separated by a magnet. Then the cells 

were labeled with AuNPs. The MNP-mAb-cell-pAb-AuNP complexes were transferred onto a 

SPCE chip connected to a potentiostat for electrochemical measurement. .................................. 45 

Figure 3-3. TEM image of polyaniline (PANI) coated magnetic nanoparticles. .......................... 47 

Figure 3-4. Schematic of the conjugation of PANI-coated MNP and antibody. The MNP coated 

with PANI conjugated to antibody through the interaction between the negatively charged Fc 

fragment of the antibody and the positively charged PANI. ........................................................ 48 

Figure 3-5. Differential pulse voltammetric sensorgram of the AuNPs. The sensorgrams of 

AuNPs in 100 μl 1 M HCl and a blank (100 μl 1 M HCl) are presented.  AuNPs show a current 

peak at 0.3 V. ................................................................................................................................ 49 

Figure 3-6. Sensorgrams of AuNP-labeled biosensor for E. coli O157:H7 detection. Peak current 

for AuNPs at ~0.3V increases with increasing cell concentration. ............................................... 50 

Figure 3-7. Peak current vs. cell concentration of the AuNP-labeled biosensor for E. coli 

O157:H7 detection. The signal shows a linear relationship between 10
1
 to 10

6
 cfu/ml. .............. 51 

Figure 4-1. Synthesis of PbS nanoparticles with mercaptoacetic acid. ........................................ 58 

Figure 4-2. Schematic of the PbS-labeled biosensor for the detection of E. coli O157: H7. The 

target cell in a sample was captured by the MNP-mAb and separated by a simple magnet. Then 

the target cell was labeled with pAb-AuNP-PbS. The MNP-mAb-E. coli-pAb-AuNP-PbS 

complex was  transferred onto a screen-printed carbon electrode (SPCE) chip connected to a 

potentiostat. PbS nanoparticles were dissolved and deposited onto the SPCE chip for 

electrochemical measurement. ...................................................................................................... 61 



 xii 

Figure 4-3. TEM image of (a) AuNPs and (b) PbS nanoparticles. (c) Determination of the 

amount of polyclonal antibody for the preparation of pAb-AuNP-PbS. Each tube contained 

AuNP (pH 9.2) and varying amount of polyclonal antibody: 0, 4, 8, 12, 16, and 20 µg/ml (left to 

right). Third tube from left (8 μg/ml) is red in color but shows some aggregates. Fourth (12 

μg/ml) to sixth tubes from left are red in color and show no aggregates. ..................................... 64 

Figure 4-4. Verification of the formation of pAb-AuNP-PbS conjugates: (a) before 

centrifugation; (b) tubes with supernatant after centrifugation; (c) tubes with precipitate after 

centrifugation; (d) current peak of lead
 
in the supernatant after centrifugation. Tube 1: PbS 

nanoparticles only; Tube 2: PbS nanoparticles mixed with EDC and NHS only; Tube 3: PbS 

nanoparticles mixed EDC, NHS and pAb-AuNP- oligonucleotides. ........................................... 67 

Figure 4-5. Sensorgram and signal vs. concentration. (a) Typical sensorgram of square wave 

voltammetry (bacterial concentration is at 10
4
 cfu/ml); (b) relationship between current peak and 

bacterial concentration. (Insert: relationship between peak current and concentration of blank, 

10
0
, 10

3
 and 10

6
 cfu/ml. The units of x- and y-axis are the same as Figure 4-5b.) ....................... 69 

Figure 4-6. Box plot of the E. coli O157:H7 detection using the PbS nanotracer-based biosensor.

....................................................................................................................................................... 72 

Figure 4-7. Specificity test results of the biosensor with four non-target bacteria: E. coli O55:H7, 

E. coli C3000, S. enteritidis and B. anthracis. Positive control (E. coli O157:H7), negative 

control (no pAb-AuNP-PbS added to the sample), and blank (no bacteria) are also presented. .. 73 

Figure 5-1. Schematic of the NT-labeled biosensor for IFN-γ detection. The target in a sample 

was captured by MNP-cAbs and separated by a magnet. Then the target was labeled with dAb-

AuNP-CdS. The MNP-cAb-target-dAb-AuNP-CdS complexes were transferred onto a SPCE 

chip connected to a potentiostat. The CdS nanoparticles were dissolved and deposited onto the 

electrodes on the SPCE chip for electrochemical measurement. .................................................. 83 

Figure 5-2. TEM images of CdS nanoparticles. The CdS nanoparticles appear close to spherical 

shape with an average diameter of about 5 nm. ............................................................................ 85 

Figure 5-3. UV/Vis spectra of: (a) AuNPs and dextrin, (b) CdS nanoparticles, (c) dAb-AuNP-

oligo-CdS conjugates, (d) PbS nanoparticles and (e) dAb-AuNP-oligo-PbS conjugates. ............ 86 

Figure 5-4. Determination of the amount of detection antibody for the preparation of dAb-AuNP-

NT. (a) Anti-IFN-γ antibody: each tube contained AuNP (pH 9.2) and varying amount of 

antibody: 0, 2 and 10 μg/ml (left to right). The two left tubes are blue with aggregate. The third 

tube from left (10 μg/ml) is red in color but shows some aggregate. (b) Anti-IP-10 antibody: each 

tube contained AuNP (pH 9.2) and varying amount of antibody: 0, 8, 12, 16, 24 and 28 μg/ml 

(left to right). The sixth tube from left (28 μg/ml) is red in color with much less aggregate on the 

bottom of the tube compared to the others. ................................................................................... 88 

Figure 5-5. Typical sensorgrams of using nanotracers-labeled biosensor for the detection of 

single cytokine: (a) sensorgram of IFN-γ detection (IFN-γ concentration: 0.1 IU/ml), and (b) 

sensorgram of IP-10 detection (IP-10 concentration: 10 ng/ml). For IFN-γ detection, a current 



 xiii 

peak of cadmium appeared at -0.87 V in the square wave voltammetric stripping scan from -1.2 

V to 0 V. A current peak of lead appeared at -0.67 V for the detection of IP-10. ........................ 90 

Figure 5-6. Electrochemical measurement results of single cytokine detection in buffer solution: 

(a) relationship between the current peak and IFN-γ concentration, and (b) relationship between 

the current peak and IP-10 concentration (Insert: signal to noise number (SNN) at different IP-10 

concentration). .............................................................................................................................. 92 

Figure 6-1. Schematic of the NT-labeled biosensor for the multiple analyte detection of IP-10 

and IFN-γ. Two kinds of MNPs, MNP-anti-IFN-γ and MNP-anti-IP-10, captured the two targets 

and separated them from a sample matrix when magnetic field was applied. Then, the targets 

were labeled with AuNP-NTs so that anti-IFN-γ-AuNP-oligo-CdS attached to IFN-γ and anti-IP-

10-AuNP-oligo-PbS attached to IP-10. After magnetic separation, the NTs attached to the targets 

were dissolved in nitric acid and introduced to the surface of SPCEs for electrochemical 

measurement. .............................................................................................................................. 103 

Figure 6-2. Typical sensorgram of square wave voltammetry for: (a) PbS alone, (b) CdS alone 

and (c) CdS and PbS. .................................................................................................................. 105 

Figure 6-3. Specificity test of the biosensor: (a) the detection of IFN-γ alone, (b) the detection of 

IP-10 alone, and (c) the detection of both the targets. In all experiments, MNP-anti-IFN-γ and 

MNP-anti-IP-10 conjugates were used for target separation, and anti-IP-10-AuNP-PbS and anti-

IFN-γ-AuNP-CdS conjugates were introduced to the captured target/targets. ........................... 108 

Figure 6-4. Relationship between peak current and target concentration of multiple cytokine 

detection in buffer solution. (a) Signals for IFN-γ at different concentration, and (b) signals for 

IP-10 at different concentration. ................................................................................................. 110 

Figure 6-5. Typical sensorgrams of multiple cytokine detection in 10% plasma. For the detection 

of IFN-γ, the current peaks of cadmium at around -0.8 V increase with increasing IFN-γ 

concentration. For the detection of IP-10, the current peaks of lead at around -0.62 V increase 

with increasing IP-10 concentration. .......................................................................................... 112 

Figure 6-6. Relationship between peak current and target concentration of multiple cytokine 

detection in 10% plasma. (a) Signals for IFN-γ at different concentration, and (b) signals for IP-

10 at different concentration. ...................................................................................................... 113 

Figure 6-7. The calibration curves of peak current vs. target concentration of the multiple 

cytokine biosensor for the detection of IFN-γ and IP-10 in 10% plasma. *The unit of IFN-γ 

concentration is IU/ml, and the unit of IP-10 concentration is ng/ml. ........................................ 114 

 



 1 

Chapter 1 : Introduction 

 

Escherichia coli O157:H7 is one of the Shiga toxin-producing foodborne/waterborne 

bacteria which cause human illness. Several multistate outbreaks of E. coli O157:H7 in the 

United States in recent years (CDC, 2013; CDC, 2012a; CDC, 2011a; CDC, 2009; CDC, 2007) 

indicated that it is a serious threat to public health. To effectively prevent the outbreaks, rapid 

and sensitive detection methods are needed to enable timely response to the bacterial 

contamination in food and water. Conventional standard plating method requires days to get 

results, which may delay the control of the spread of pathogens before indentifying the bacteria. 

Faster enzyme-linked immunosorbent assays (ELISA) are commonly used, but several hours are 

still needed. Polymerase chain reaction (PCR) is sensitive and specific, but the enrichment step is 

desired to obtain the sensitivity. In addition, multiple steps for handling the samples such as 

DNA extraction require trained personnel to operate. Based on this information, E. coli O157:H7 

is chosen as the bacterial target in this research. 

Tuberculosis (TB) is an air-transmitted infectious disease cause by bacterium called 

Mycobacterium tuberculosis with millions of estimated new cases annually, which is the second 

cause of death among the infectious diseases worldwide, only after HIV (WHO, 2011). Early 

diagnosis will greatly assist in the prevention of its spread and the treatment of infected 

individuals. Tuberculin skin test takes 48 to 72 hours to decide whether a person is infected. 

Another common method, blood test, which is also called as interferon-gamma release assays 

(IGRAs), may be affected by many factors (Kellar et al., 2011; Pai et al., 2008). Diagnostic 

microbiology takes around 24 h to confirm TB infection, and only laboratories with certain 

competence can provide the test services (American Thoracic Society, 2000). Chest radiograph 
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checks chest abnormalities along with skin test or blood test, but the accuracy of this method is 

not insured because the majority of pulmonary tuberculosis infections are clinically and 

radiographically unapparent (American Thoracic Society, 2000; Dannenberg, 1992). According 

to recent research (Ruhwald et al., 2007; Kellar et al., 2011), interferon gamma-induced protein 

10 (IP-10) was released in a high level in blood in response to the M. tuberculosis antigens. 

Based on the IGRAs, IP-10 could be an adjunct biomarker to IFN-γ for better performance of the 

TB diagnosis. In order to develop a rapid and sensitive diagnostic method, IP-10 and IFN-γ 

cytokines are chosen as protein targets and TB biomarkers in this research for single analyte and 

multiple analyte detection.  

This dissertation describes the development of electrochemical immunosensors based on 

nanoparticles for the detection of E. coli O157:H7 and the diagnosis of tuberculosis. Chapter 2 

presents a review of the literature relevant to this research including current detection methods of 

E. coli O157:H7, diagnosis approaches of tuberculosis, disease biomarkers and their detection 

methods, and nanoparticle-based biosensors. Chapter 3 describes the development of an 

electrochemical immunosensor for E. coli O157:H7 detection using gold nanoparticles (AuNPs) 

for target labeling and signal generation. Chapter 4 describes nanotracers (NTs, nanoparticles of 

heavy metals)-conjugated gold nanoparticles for the bacterial detection based on the AuNP 

labeling. This biosensor was applied to detected IFN-γ and IP-10 separately, which is presented 

in Chapter 5. Chapter 6 describes the multiple analyte detection using the NT-based biosensor 

for the detection of IFN-γ and IP-10 simultaneously. Some discussion and the conclusion of this 

dissertation are addressed in Chapter 7, as well as recommendations for future work. 
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1.1 Hypothesis 

The hypothesis of this research is that nanotracer (NT)-conjugated AuNPs can be used for 

sensitive and rapid detection of bacterial cell surface antigens and proteins. 

1.2 Objectives 

The overall goal of this research is to develop a sensitive and rapid detection method using 

nanoparticle-based immunosensor for bacterial detection and TB diagnosis. The nano-biosensor 

is based on antibody conjugated magnetic nanoparticles for target separation, gold nanoparticles 

for target labeling, nanotracers for signal amplification and electrochemical measurement for 

signal acquisition. According to the overall goal, the detailed objectives are: 

1. To develop an AuNP-labeled biosensor (design 1) for bacterial detection. To demonstrate 

that the basic MNP-target-AuNP system is feasible, the biosensor with magnetic separation and 

only AuNP label is used for detecting the bacterial target. 

2. To modify the gold nanoparticles with both antibody and NT-terminated oligonucleotides 

(oligos). 

3. To use an NT-labeled biosensor (design 2) to detect E. coli O157:H7 and determine the 

main parameters of the biosensor such as sensitivity. 

4. To demonstrate that the NT-labeled biosensor can detect cytokines (IFN-γ or IP-10, 

separately) and determine the main parameters such as the sensitivity of the cytokine detection. 

5. To demonstrate that the NT-labeled biosensor can detect both cytokines (IFN-γ and IP-

10) at the same time (multiple analyte detection) and determine the main parameters of the 

biosensor such as sensitivity. 
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1.3 Innovations  

The key novelty of this research lies in the employment of NTs in immunosensor for 

pathogenic bacterial detection and multiple cytokine detection for TB diagnosis. So far, there has 

been no report on using nanotracer amplification in immunosensor. The advantage of using the 

immunosensor for the detection is to minimize the manipulation of samples. For bacterial 

detection, there is no need for pretreatment such as DNA extraction. For cytokine detection, the 

immunosensor enables the direct detection of the cytokines. The advantage of using NTs in the 

biosensor is signal amplification with short detection time and low cost. The detection system is 

sensitive, rapid, low cost, and simple to manipulate. A summary of the presented research is 

listed in Table 1-1, and a comparison with the current literature illustrates the novelty and 

scientific contribution (Zhang et al., 2010; Ding et al., 2009; Nam et al., 2004; Hill and Mirkin 

2006; Jenison et al., 2001; Bonham et al., 2013)  

 

Table 1-1. Research contribution of this dissertation project to the literature. 

Subject References 

Multiple analyte detection This work 
Zhang et al., 

2010 

Jenison et 

al., 2001 

Signal amplification using nanotracers in 

biobarcode-based biosensor  
This work 

Zhang et al., 

2010 

Ding et al., 

2009 

Gold nanoparticle functionalization with 

antibodies and oligonucleotides 
This work 

Hill and 

Mirkin 2006 
 

Biosensor for the detection of IP-10 This work 
Bonham et 

al., 2013 
 

IFN-γ and IP-10 multiplex detection in buffer 

and plasma using biosensors 
This work   

Direct detection of  E. coli O157:H7 cell using 

nanotracer signal amplification 
This work   
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Chapter 2 : Literature review 

 

2.1 Pathogenic bacterial target: Escherichia coli O157:H7 

Escherichia coli O157:H7 (abbreviated as E. coli O157:H7) is one of the major foodborne 

and biodefense bacterial agents. It was firstly identified as a pathogen in 1982 when there were 

47 infection cases in two hemorrhagic colitis outbreaks (Santos Mendonça et al., 2012). It 

belongs to E. coli species, which is a gram-negative, rod-shaped bacterium. The “O” is 

designated by the somatic (cell wall) antigen, and the “H” refers to the flagella antigen (Santos 

Mendonça et al., 2012). Though most stains of E. coli are harmless, the O157:H7 is among the 

strains which cause disease by producing Shiga toxin (Kudva et al., 1997). It is also referred as 

one of the enterohemorrhagic Escherichia coli (EHEC) which is a defined subset of Shiga toxin-

producing E. coli (STEC; Griffin and Tauxe, 1991). 

The Shiga toxin-producing E. coli (STEC) have been isolated from ruminant and 

nonruminant animals such as cattle, goats, sheep, deer, poultry, dogs and elk, but most of STEC 

serotypes are nonpathogenic and asymptomatic to animals except several serotypes which cause 

disease in pig and calves (Kudva et al., 1997). E. coli O157:H7 was reported only in cattle, sheep 

and deer (Kudva et al., 1997). The clinical manifestation of EHEC-caused disease in human can 

progress from hemorrhagic colitis to hemolytic-uremic syndrome or thrombotic 

thrombocytopenic purpura (Griffin and Tauxe, 1991; Kudva et al., 1997). The ability of EHEC to 

attach to intestinal epithelial cells and colonize the human gut greatly contributes to them causing 

disease in human (Welinder-Olsson and Kaijser, 2005). 

Food products contaminated during cultivation or handling, such as raw or cooked poultry 

and meat, dairy products and fresh vegetables are the major sources of human infections. Direct 
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contact with infected farm or companion animals or their faeces is another way of the 

transmission of E. coli O157:H7 (Locking et al., 2001, Schets et al., 2005). Contaminated water 

is one infection source as well (Schets et al., 2005, Chalmers et al., 2000). The pathogen is also 

transmitted from one person to another. There were many outbreaks which endangered public 

health caused by E. coli O157:H7 in recent years in the United States. A nationwide outbreak of 

E. coli O157:H7 which came from spinach caused 205 confirmed illnesses and three deaths in 

2006 (FDA, 2007). In 2007, frozen ground beef contaminated with E. coli O157:H7 caused 40 

infection cases in eight states and 21.7 million pounds of meat products were recalled (CDC, 

2007). In 2009, 72 human infections have been reported from 30 states which were associated 

with raw prepackaged cookie dough (CDC, 2009). Moreover, 60 persons from 10 states were 

infected in 2011. Romaine lettuce was the likely the source of this outbreak (CDC, 2011a). There 

were other two outbreakds happened in 2011 with smaller impact (CDC, 2011b; CDC 2011c). In 

2012, 33 persons from 5 states infected with E. coli O157:H7 were reported, linked to organic 

spinach and spring mix blend (CDC, 2012a). Most recently, 33 individuals from 4 states in U.S. 

were infected with the outbreak strain of E. coli O157:H7, and ready-to-eat salads were the likely 

sources of this outbreak (CDC, 2013). In order to reduce the harm to public health, the methods 

of early detection, diagnosis and control of the spread are needed.  

2.2 Related research on E. coli O157:H7 detection 

The conventional culture plating method of detection is time consuming. It is based on the 

multiplication of bacteria in liquid media. Then the detection and identification of bacteria are 

carried on by transferring them to solid selective culture media and analyzing metabolic 

properties or serotyping (Ibenyassine et al., 2008). It usually takes two to four days to get the 

information on the pathogen contamination and concentration. In some cases, pre-enrichment is 
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required (Ibenyassine et al., 2008), which extended the detection time even more. In order to 

prevent an outbreak of E. coli O157:H7, early identification of the pathogen is critical for 

controlling the spread and avoiding human contact. More convenient, sensitive and rapid 

methods are desired. The major methods presently used are immunoassays and polymerase chain 

reaction (PCR). The immunoassays include enzyme-linked immunosorbent assay (ELISA) and 

methods based on immunomagnetic separation.  

2.2.1 Enzyme-linked immunosorbent assay (ELISA) 

ELISA is an immunochemical test involving enzymes, antibodies and antigens. It employs 

the catalytic ability of enzyme and immunological reactions between the antibodies and antigens. 

In most cases, the assay involves two antibodies, one of which captures a target antigen and the 

other is coupled with enzyme to bind the analyte (antibody-antigen complex). The signal is 

generated by catalytic reaction of the enzyme which modifies its substrate to elicit a 

chromogenic or fluorescent signal. Sandwich and competitive ELISA are two common forms of 

ELISA. Sandwich ELISA introduces a detection antibody (secondary antibody) binding to target 

antigens after the capture of target antigens. Usually, the secondary antibody is labeled with an 

enzyme. Competitive ELISA utilizes the principle of competitive immunoassay in which the 

weaker signal is generated for the higher concentration of antigen (Goldsby et al., 2003). Padhye 

and Doyle (1991) reported an ELISA for the detection of E. coli O157:H7 in food. The 

procedure took 20 h from the enrichment of samples to detection assay. The sensitivity of the 

assay was 0.2 to 0.9 cell per gram of food for beef and dairy products. Johnson et al. (1995) used 

ELISA to detect E. coli O157:H7 in meat and investigated the specificity of the method. In 

recent years, other techniques have been incorporated with ELISA for more rapid and sensitive 

detection. By employing Russell’s viper venom factor X activator (RVV-XA) as the enzyme 
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label in a standard sandwich immunoassay, a microsphere coagulation ELISA was reported 

which could detect 10
3 

per ml E. coli O157:H7 within 3 h (Strachan and Ogden, 2000). Park et 

al. (2012) developed an immunostrip on immuno-chromatographic membrane based on 

chemiluminescent ELISA method. E. coli O157:H7 in the range of 1.1×10
3
-1.1×10

7
 colony 

forming unit per milliliter (cfu/ml) was detected within 16 min. Moreover, a microsystem using 

ELISA method which comprised immunomagnetic extraction chip, retention and horseradish 

peroxidase (HRP) chip and fluorescence detection chip was designed and fabricated to detect E. 

coli O157:H7 in soil samples (Sen et al., 2011). The limit of detection of this microsystem is 10
6
 

cfu/ml. Compared to the culture plating method, ELISA lessens the detection time. However, 

traditional ELISA method still takes at least several hours, and the sensitivity and specificity 

needs to be improved. 

2.2.2 Immunomagnetic separation 

Immunomagnetic separation is not a complete procedure of detection but a method of 

separating the target from the sample matrix, which can be coupled with various detection 

methods (Dudak and Boyaci, 2008). The immunomagnetic separation method employs antibody-

coated magnetic beads to capture the target bacteria and remove the bacteria from the solution. 

The target bacteria are concentrated and components which may interfere with the analysis are 

removed (Dudak and Boyaci, 2008). This separation method is very useful for detecting target 

bacteria in food matrices. Setterington et al. (2011) studied antibody-conjugated magnetic 

nanoparticles for the extraction and concentration of microbial pathogens including E. coli 

O157:H7. This procedure required only 35 min without enrichment steps and could be combined 

with detection method following the separation. A method of detecting E. coli in water samples 
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by using antibody-coated paramagnetic beads and quantum dot-labeled secondary antibodies was 

described (Dudak and Boyaci, 2008), and the lowest concentration of the bacteria detected was 

8.9×10
1
 cfu/ml within 2 h. Decory et al. (2005) reported using immunomagnetic beads for E. 

coli O157:H7 capture and sulforhodamine B-containing liposome nanovesicles for fluorescent 

signals. It took 8 h to detection 1 cfu/ml of the bacteria in various aqueous matrices. Moreover, 

an ELISA-based method integrated with an immuno-magnetic separation was reported (Cho and 

Irudayaraj, 2013) to detect 3 cells/ml of E. coli O157:H7 in 2 h. In this method, gold 

nanoparticles (AuNPs) were conjugated with various antibody components to form a network 

which bound to the cells and allowed HRP-labeled antibodies to bind to the network complex 

and enhanced the signal. There are many other detection methods involving immunomagnetic 

separation (Yang et al., 2013; Zhu et al., 2011; Tu et al., 2011; Laczka  et al., 2011; Varshney et 

al., 2007; DeCory et al., 2005).  Immonoassays have been developed to be sensitive methods for 

bacterial detection. The sensitivity and selectivity of the assays greatly depends on antibodies. In 

most cases, viable cells, which are the most concerned in food contamination, cannot be 

differentiated from dead cells. 

2.2.3 Polymerase chain reaction (PCR) 

Polymerase chain reaction (PCR) has been widely used for pathogenic detection. It is a 

technique of amplifying the target DNA. There are three main steps: denaturation, annealing and 

extension. For identifying the DNA of bacteria, usually the extraction of DNA from the cells is 

required. Ibenyassine et al. (2008) reported a PCR procedure for the detection of E. coli 

O157:H7 in contaminated vegetables. It took 24 h to get the result, including enrichment. 

Bonetta et al. (2011) reported a PCR protocol for detecting multiple bacteria. They could detect 3 

cfu/l E. coli O157:H7 in spiked surface water samples. This method included the enrichment of 
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samples. Multiplex PCR (m-PCR) is a technique to amplify multiplex targets by using several 

sets of primers specific to different targets in one tube, which enabled simultaneous identification 

of gene sequences. A study isolated E. coli O157:H7 from food samples of animal origin (meat 

and cheese) using immunomagnetic separation and detected virulence genes by m-PCR (Ertas et 

al., 2013). Because enrichment cultures were prepared from food samples before the magnetic 

separation and the DNA extraction was conducted following the isolation, this method took at 

least two days. Guan et al. (2013) also reported m-PCR for the detection of E. coli O157:H7 

along with several foodborne pathogens. After overnight enrichment, 670 cfu/ml of E. coli 

O157:H7 could be detected in pork inoculated with the pathogens. Quantitative polymerase 

chain reaction (q-PCR, also called real-time PCR) which detects and quantifies targets is another 

PCR technique commonly used for E. coli O157:H7 detection. Bacteria from raw milk were 

concentrated by centrifugation coupled with chemical and enzymatic treatment, and then the 

DNA was extracted. The exacted DNA was quantified with a 5′ nuclease q-PCR assay, and 1 

cfu/ml E. coli O157:H7 from a 10 ml sample was detected in less than 3 h (Paul et al., 2013). 

Viable but non-culturable (VBNC) E. coli O157:H7 on the surface of lettuce and spinach plants 

was detected by q-PCR combined with propidium monoazide (PMA) dye which covalently 

linked to DNA of dead bacteria and prevented the amplification of the DNA (Dinu and Bach, 

2013). This assay had a detection limit of 10
3
 cfu/g leaf. In recent years, many research have 

reported using PCR for the detection (Kumar et al., 2013; Delannoy et al., 2012; Elizaquivel et 

al., 2012; Yoshitomi et al., 2012; Miszczycha et al., 2012; Fedio et al., 2011; Bonetta et al., 

2011; Haugum et al., 2011). Compared with culture plating method, PCR reduced the time for 

detection. Several studies compared PCR with ELISA (Alexandre et al., 2001; Fratamico and 

Strobaugh, 1998). According to the results, PCR is more sensitive and specific than ELISA. 
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However, it usually requires a pre-enrichment of samples to obtain the sensitivity (Bonetta et al., 

2011; Moganedi et al., 2007). The general detection time is 24 h when enrichment is counted. 

2.2.4 Biosensors 

A biosensor is “a compact analytical device incorporating a biological or biologically-

derived sensing element either integrated within or intimately associated with a physicochemical 

transducer” (Turner, 1996). Sensing element and transducer are the two most important 

components of a biosensor. The sensing element recognizes the specific target through bio-

reactions such as antibody-antigen, enzyme-substrate and probe-DNA recognition. These bio-

reactions generate some properties such as electric and optical signals which can be directly 

measured by transducers or can be converted into measurable quantities through some 

transducing materials. Because of their sensitivity, rapidity and low cost compared with some 

conventional methods and possible portability, biosensors are considered promising analytical 

devices for the detection of various targets. Many configurations of biosensors have been 

reported for the detection of E. coli O157:H7. According to sensing materials, there are 

immunosensors (Radke and Alocilja, 2005; Wang et al., 2010; Luo et al., 2010; Tan et al., 2011; 

Barreiros dos Santos et al., 2013), immunosensors with enzyme (Yang et al., 2004; Park et al., 

2008; Linman et al., 2010; Li et al., 2012) and DNA sensors (Liu et al., 2008; Wang et al., 2009; 

Sun et al., 2009; Bahsi et al., 2009; Jiang et al., 2013; Anderson et al., 2013). For example, gold 

electrodes were modified by anti- E. coli antibodies via a self-assembled monolayer (SAM) of 

mercaptohexadecanoic acid, and the target bacteria were introduced to the electrode surface 

(Barreiros dos Santos et al., 2013). A detection limit of 2 cfu/ml was reported. Li et al. (2013) 

developed a sandwich electrochemical immunosensor which was constructed by fullerene (C60), 

ferrocene (Fc) and thiolated chitosan (CHI–SH) composite nano-layer with Au-SiO2 



 12 

nanocomposites which were modified by antibody. The captured target E. coli O157:H7 cells 

were labeled with glucose oxidase (GOD) loaded Pt nanochains (PtNCs), and cyclic 

voltammetric (CV) measurement in glucose solution was performed to obtain the 

electrochemical signals. Fifteen cfu/ml E. coli O157:H7 could be detected with a detection time 

of about 1 h. Anderson et al. (2013) described a biosensor involved magnetic microparticles for 

separating target DNAs and gold nanoparticles (AuNPs) functionalized with various 

oligonucleotide reporters. Electrochemical signal was obtained from AuNPs and fluorescent 

signals were obtained through three different oligonucleotide reporters. The target at a 

concentration of 5 cfu/ml was detected using the electrochemical measurement and 5×10
4
 cfu/ml 

was detected using the fluorescent reporters. Compared to conventional methods, biosensors 

report the results much faster, usually within hours. The detection limit of most reported 

biosensors is generally at the level of 10
2
 cfu/ml. The sensitivity of the biosensors is under 

improvement since the bacterial infection could be caused by as low as 10 organisms (CAST, 

1994). 

2.3 Tuberculosis (TB) 

Tuberculosis (TB) is considered as one of the most widely spread infectious diseases, with 

8.8 million new cases and 2 million deaths annually as estimated by WHO (WHO, 2006). It is 

the second cause of death among the infectious diseases worldwide, only after HIV (WHO, 

2011). The disease is caused by the bacillus Mycobacterium tuberculosis, and transmitted in the 

air from persons sick with pulmonary TB expel bacteria to other persons (WHO, 2011). 

Symptoms of the disease include fever, chills, flu-like symptoms, gastrointestinal symptoms, 
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weakness and fatigue at the early stage, while more severe symptoms are persistent cough, chest 

pain, breathing difficulty, weight loss and progressive shortness of breath.  

TB diagnosis is critical not only because the disease is widely spread, but also because there 

are difficulties for preventing and curing the disease due to drug resistance and latent TB. The 

drug resistance which results in the failure of treatment has been a large concern since nearly 

300,000 new cases of multidrug-resistant TB (MDR-TB) emerged annually (WHO, 2006). At the 

same time, the contact with persons with latent TB (no symptoms) causes infections. There are 

over 50 million people who are latently infected with MDR strains of TB, which shows the 

severity of the two problems combined. Besides these two, there are several other constrains 

worldwide for TB control. They are synergism between human immunodeficiency virus (HIV) 

and M. tuberculosis infection, inadequate diagnostic tools, long and arduous treatment regimens, 

ineffective vaccine, HIV pandemic and poverty (WHO, 2006). Facing the threat of TB, 

diagnostic methods with high sensitivity, rapidity and low cost will greatly help in control, which 

will ensure the early diagnosis, proper quarantine, early treatment and even the diagnosis of 

latent TB.  

2.4 Related research on TB diagnosis 

2.4.1 Tuberculin skin test 

The conventional method of TB diagnosis is tuberculin skin test (TST). It has been used to 

diagnose tuberculosis (TB) and latent Mycobacterium tuberculosis infection for almost a century 

(Mazurek et al., 2007). It is based on the principle that mycobacterial antigens cause infiltration 

of antigen-specific lymphocytes and the elaboration of inflammatory cytokines (Anderson et al., 

2000). The test is performed by injecting a small amount of tuberculin purified protein derivative 

(PPD), which is a mixture of proteins from M. tuberculosis culture, into epidermal layer of skin. 
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A person taking the test returns within 48 to 72 hours to be checked to assess cell-mediated 

hypersensitivity to M. tuberculosis antigens in order to decide whether the person is infected 

(Mazurek et al., 2007; CDC, 2012b). The test has the limitation that laboratory contamination, 

technician and sampling errors, and vaccination with live-attenuated virus can cause false-

positive results (Mazurek et al., 2007; American Thoracic Society, 2000). 

2.4.2 Interferon-gamma release assays (IGRAs) 

Another method of TB diagnosis is blood test, which is also called as interferon-gamma 

release assays (IGRAs). It is useful for detecting both latent infection and overt disease (Kellar et 

al., 2011). Interferon-gamma (IFN-γ) is a 15.5 kDa protein (Dijksma et al., 2001). IGRAs detect 

IFN-γ release after the incubation of whole blood or peripheral blood mononuclear cells 

(PBMCs) with M. tuberculosis antigens such as early secretory antigenic target-6 (ESAT-6) and 

culture filtrate protein-10 (CFP-10), by using ELISA to measure differences in the concentration 

of IFN-γ or enzyme-linked immunosorbent spot (ELISPOT) assay to measure differences in the 

number of cells which produce IFN-γ (Kellar et al., 2011; Mazurek et al., 2007; Yilmaz et al., 

2012). The basis of the test is that when T cells sensitized with tuberculosis antigens encounter 

mycobacteiral antigens, they produce IFN-γ at a high level (Anderson et al., 2000; Pai et al., 

2004). This in vitro assay has been commercialized that two assays. The QuantiFERON-TB 

assay (Cellestic Limited, Carnegie, Victoria, Australia) and T-SPOT.TB assay (Oxford 

Immunotec, Oxford, UK) have been developed (Pai et al., 2004). The IGRAs are rapid since they 

can evaluate multiple antigens and assay parameters (Mazurek et al., 2007). The sensitivity of 

IGRAs is high in low TB-endemic countries, but the sensitivity is lower in high TB-endemic 

countries (Kellar et al., 2011; Pai et al., 2008). The lack of diagnostic standard with which to 

confirm the presence of latent infection also affects the sensitivity of IGRAs (Kellar et al., 2011).  
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2.4.3 Diagnostic microbiology  

The microbiology tests are methods of detecting the presence of mycobacteria. It includes 

the detection, isolation and identification of mycobacteria (American Thoracic Society, 2000). A 

common method uses acid-fast bacilli (AFB) on a sputum smear or other specimen as an 

indication of TB disease (CDC, 2011d). It is an easy procedure to give the first evidence of the 

presence of mycobacteria (American Thoracic Society, 2000). The AFB in stained smears is 

examined microscopically. Culture of a sample is prepared to confirm the TB disease because 

the microscopy checks the AFBs which include some AFBs that are not M. tuberculosis. The 

growth of the mycobacteria takes 1-3 weeks in broth, while it takes 3-8 weeks on solid media 

(Morgan et al., 1983; American Thoracic Society, 2000). Only laboratories with certain 

competence can provide the test services (American Thoracic Society, 2000).  

2.4.4 Chest radiograph 

Chest radiograph is a method to check chest abnormalities. Lesion which appears in the 

lungs may suggest TB. This method is usually used with TST or blood test to determine whether 

it is a pulmonary TB in a person who is positive in the tests but has no symptoms of disease. 

However, the accuracy of this method is not insured because the majority of pulmonary 

tuberculosis infections are clinically and radiographically unapparent (American Thoracic 

Society, 2000; Dannenberg, 1992). 

2.5 Cytokine biomarkers for disease diagnosis 

Cytokines are protein molecules released by numerous cells (e.g. lymphocytes and 

macrophages), and they affect the behavior of other cells with receptors for them (Janeway et al., 

2001). This group includes immunomodulators, growth factors, adipocytokines, extracellular 
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matrix (ECM) proteins and cytokine regulatory proteins (Huang et al., 2012). They play an 

important role in cell-to-cell communication and cellular signaling, activation, growth and 

differentiation (Chowdhury et al., 2009). They act as the mediators of inflammation in immune-

system response to implanted grafts, cell communicating pathogen invasion and tumor growth 

and proliferation (Brunet, 2012; Huang et al., 2012). Their prominent role in many diseases is the 

basis of using them as biomarkers for disease diagnosis. The understanding of the role could also 

enable their potential therapeutic use in clinical conditions, either by direct use, blocking or 

indirect modulation of pathways (Chowdhury et al., 2009). 

Chemokines are a special family of cytokines. They are small chemoattractant proteins that 

stimulate the migration and activation of various cells, including neutrophils, monocytes, 

lymphocytes, eosinophils, fibroblasts, and keratinocytes (Borish and Steinke, 2003; Janeway et 

al., 2001). They participate in immune response: recruiting and activating leukocytes and 

initiating wound healing (e.g. inflammatory chemokines). They also have the functions of 

homeostatic, lymphocyte trafficking, hematopoiesis, antigen sampling in secondary lymphoid 

tissue and immune surveillance (Borish and Steinke, 2003; Moser and Loetscher, 2001). There 

are four subfamilies of chemokines: C, CC, CX3C and CXC (Romagnani and Crescioli, 2012).  

It is critical to evaluate cytokine expression levels in biomarker discovery and development 

process (Huang et al., 2012). Keller et al. reported that the measurement of multiple 

proinflammatory and anti-inflammatory cytokines, chemokines, and growth factors associated 

with M. tuberculosis antigen infection could improve TB diagnosis (Kellar et al., 2011). They 

found that using whole blood from patients stimulated with M. tuberculosis antigens greatly 

increased the release of cytokines such as IFN-γ, IL-2, Il-6, IL-8, IP-10, TNF-α and etc. IFN-

gamma-inducible protein 10 (IP-10/CXCL10) is an 8.7 kDa protein secreted by cells such as 
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monocytes and endothelial cells in response to IFN-γ (Luster et al., 1985). Among the cytokines 

which respond to M. tuberculosis antigens infection, it was produced in nanogram amount, 

which clearly differentiated the samples from patients and the samples from controls as shown in 

Figure 2-1 (Kellar et al., 2011). Kellar et al. suggested IP-10 as one of promising indicators for 

TB diagnosis (Kellar et al., 2011). Ruhwald et al. also reported that IP-10 was released in a high 

level in response to the M. tuberculosis antigens (Ruhwald et al., 2008). The detection rate of 

assessing both IFN-γ and IP-10 is 90% compared to 83% and 81% for IP-10 or IFN-γ alone, 

respectively. Their results indicated that IP-10 could be an adjunct maker to IFN-γ for better 

performance of the TB diagnosis (Ruhwald et al., 2007; Kellar et al., 2011). Other studies also 

revealed that IP-10 could be a potential maker for TB diagnosis (Azzurri et al., 2005; Okamoto et 

al., 2005; Kabeer et al., 2010; Goletti et al., 2010). Therefore, IFN-γ and IP-10 as two important 

biomarkers are emphasized here, and other cytokines and chemokines are also introduced. 
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(a) (b) 

Figure 2-1. IFN-γ and IP-10 responses to specific M. tuberculosis antigens. Unit of y-axis is 

pg/ml (Adapted from Kellar et al., 2011). 

 

2.5.1 Interferon-gamma (IFN-γ) 

The basis of collective designation of interferons (IFN) is their capacity to induce antiviral 

activity against a broad spectrum of mammalian viruses (Meager 2002; Stewart, 1979). There are 

type I (IFN-α and IFN-β) and II (IFN-γ) interferons. The classification is according to receptor 

specificity and sequence homology (Schroder et al., 2004). IFN-γ is encoded by a chromosomal 

locus different from type I IFNs (Schroder et al., 2004). It is primarily α-helical (Ealick et al., 

1991; Dijksma et al., 2001). The structure includes two dimmers related by a noncrystallographic 

twofold axis in the asymmetric unit (Ealick et al., 1991). IFN-γ is secreted by various cells, such 
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as CD4+ T helper cell type 1 (Th1) lymphocytes, CD8+ cytotoxic lymphocytes, NK cells, B 

cells and professional antigen-presenting cells (Frucht et al., 2001; Janeway et al., 2001; Bach et 

al., 1997). The functions of IFN- γ include immune responses driven by Th1, induced regulatory 

T (Treg) cell activity to control natural immune system responses and cellular proliferation and 

apoptosis (Schroder et al., 2004; Brunet, 2012). It is an important cytokine responsible for cell 

mediated immunity.  

2.5.1.1 Diseases diagnosis by IFN-γ biomarker 

IFN-γ is associated with various diseases. Studies have revealed many diseases which could 

be indicated by the level of IFN-γ according to its functions and important role in immune 

responses.  

IGRAs for IFN-γ TB diagnosis is a successful employment of IFN-γ biomarker. Besdies, 

Billman-Jacobe et al. reported that the IFN-γ is a biomarker to indicate the infection of Johne’s 

disease (Billman-Jacobe et al. 1992). Assays for the detection of IFN-γ have been used for 

Johne’s disease diagnosis in animals (Robbe-Austerman et al., 2006a and 2006b). One 

commonly used method of leprosy disease diagnosis is peripheral blood mononuclear cell 

(PBMC)-based IFN-γ release assays (Geluk et al., 2010). Geluk et al. analyzed several cytokines 

for their potential in leprosy diagnosis and concluded that IFN-γ based whole blood assay 

combined with IL-12 is sensitive (Geluk et al., 2010). Qari et al. reported that IFN-γ in patients 

with sickle cell disease significant increased (Qari et al., 2012), which indicated that IFN-γ could 

be used as a biomarker for the diagnosis of sickle cell disease. Moreover, IFN-γ was associated 

with chronic graft-versus-host disease in children (Rozmus et al., 2011). IFN-γ is a biomarker for 

cancer diagnosis as well. Peripheral blood lymphocytes (PBL) of breast cancer patients and 
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healthy controls were analyzed, and IFN-γ was showed to correlate with the disease (Konjevic et 

al., 2011).  

IFN-γ have been reported to associated with many other diseases such as malignant 

melanoma, renal cell carcinoma (Rudman et al., 2011), interstitial lung disease (Truchetet et al., 

2011), oral lichen planus (Liu et al, 2009), non-small cell lung cancer (Borgia et al., 2009), 

chronic rhinosinusitis (Niederfuhr et al., 2008), Crohn's colitis (Ljung et al., 2007), relapsed 

multiple myeloma (Richardson et al., 2004), Listeria monocytogenes infection (Kim et al., 2001), 

Epstein-Barr virus infection (Imashuku et al., 1998) and chronic beryllium disease (Tinkle et al., 

1997). 

2.5.1.2 Detection methods for IFN-γ 

Enzyme-linked immunosorbent assay (ELISA) is a commonly used method for IFN-γ 

detection. Berg reported a “one site” ELISA which used a single monoclonal antibody to capture 

the target and carried an enzyme-horseradish peroxidase. The assay could detect human IFN-γ at 

the concentration of <0.5 u/ml (Berg, 1994). Bouyon et al also reported a “one site” ELISA for 

the detection of recombinant human IFN-γ. The detection limit of this assay is 1.26 ng/ml 

(Bouyon et al., 2003). A sandwich ELISA was employed to detect IFN-γ with the detection limit 

of 6.9 ng/l (Borg et al., 2002). Robbe-Austerman et al. used ELISA for IFN-γ detection as well 

(Robbe-Austerman et al., 2006a and 2006b). In addition, as mentioned before, the 

commercialized IGRA, the QuantiFERON-TB assay (Cellestic Limited, Carnegie, Victoria, 

Australia) measures the concentration of IFN-γ using ELISA technique.  

Enzyme-linked immunospot (ELISPOT) assays are based on ELISA. The difference is that 

ELISPOT measures release of cytokines from single cells instead of measuring the total amount 

of cytokines released from all cells in an ELISA assay (Cox et al., 2006). The method has been 
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reported for the detection of IFN-γ and IFN-γ secreting cells (Czerkinsky et al., 1988; Schmitte 

et al., 1997; Karlsson et al., 2003; Yang et al., 2012). T-SPOT.TB assay (Oxford Immunotec, 

Oxford, UK) is a commercialized IGRA based on ELISPOT (Pai et al., 2004) 

Cytokine flow cytometry (CFC) is a method using anticytokine antibodies as markers in 

flow cytometry. The technique employs intracellular staining of cytokines (Maecker 2004). It is 

used for the detection of IFN-γ and IFN-γ secreting cells (Karlsson et al., 2003; Maecker et al., 

2005; Maecker et al., 2008; Tilley and Menon, 2000). 

IFN-γ has the ability to induce nitric oxide production in cells (Farrar and Schreiber 1993). 

Malu et al. reported a bioassay for mouse IFN-γ detection by measuring nitric oxide which is 

produced by macrophages following the induction of inducible nitric oxide synthase (iNOS) by 

IFN-γ. The assay could detect IFN-γ in the range of 0.03~0.25 U/ml (Malu et al., 2003).   

Immunofluorescence is another approach for IFN-γ detection. A protocol based on the 

ability of IFN-γ to induce major histocompatibility (MHC) class II antigens (Ia antigens) was 

developed (Schreiber, 2001). The expression of Ia antigens by human or murine cells cultured 

with IFN-γ was tested and quantified by immunofluorescence and flow cytometry. 

 Other methods including “antiviral assays” (AVA) for measuring the IFN potency and 

“reporter gene assays” based on the cloning of IFN responsive genes are also introduced 

(Meager, 2002). Moreover, arrayed imaging reflectometry was reported for IFN-γ detection 

(Carter et al., 2011). 

Several studies reported the detection of IFN-γ using biosensors. Dijksma et al. developed 

an electrochemical immunosensor. IFN- γ was adsorbed on a self-assembled monolayer (SAM) 

of cysteine or acetylcysteine on electropolished polycrystalline gold electrodes. The detection 

limit of this biosensor is 0.02 fg/ml (1 aM) with a dynamic range of 0-12 pg/ml (Dijksma et al., 
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2001). Bart et al. described an immunosensor prepared by immobilizing anti-IFN-γ antibodies on 

a self-assembled monolayer (SAM) of acetylcysteine, deposited on polycrystalline gold. The 

signal was measured by a multi-frequency impedance method. The biosensor could detect IFN-γ 

in the range of 10
−18

 to 10
−9

 M (Bart et al., 2005). An optical thin film biosensor was developed 

to detect multiple cytokines including interleukin (IL)-6, IL1-β, and IFN-γ. IFN-γ at the 

concentration of 437 ng/l was detected in 40 min (Jenison et al., 2001). Moreover, Liu et al. 

reported an electrochemical DNA aptamer-based biosensor which could detect IFN- γ in the 

range of 0.06 nM to 10 nM (Liu et al., 2010). Min et al. also reported aptamer-based quartz 

crystal microbalance (QCM) biosensors (Min et al., 2008). In this study, the RNA-aptamer-based 

biosensor could detect 100 fM IFN- γ, and DNA-aptamer-based one could detect 1 pM in sodium 

phosphate buffer. Ten pM was detected by the DNA aptamer in fetal bovine serum. Tuleuova 

and Revzin described an aptamer based biosensor for IFN-γ detection as well (Tuleuova and 

Revzin, 2010). In addition, a surface plasmon resonance (SPR) biosensor was tested for the 

detection of IFN-γ (Stigter et al., 2005). The dextran-coated SPR sensor could detect 250 ng/ml 

IFN-γ in plasma. Whelan and Zare described a single-cell immunosensor which used human 

monocytic cell line U-937 to detect IFN-γ (Whelan and Zare, 2003). In summary, the detection 

limit of biosensor is comparable to ELISA which could detect 44 pg/ml of IFN-γ (Siawaya et al., 

2008). However, biosensor with the ability of detecting multiple analytes at the same time will 

be more competitive for disease diagnosis than conventional ELISA, since the addition of 

adjunct biomarkers (other cytokines) to IFN-γ may improve the performance of diagnosis for 

some diseases (Ruhwald et al., 2007; Kellar et al., 2011). 
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2.5.2 C-X-C motif chemokine 10 (CXCL10)  

CXCL10 is also known as interferon gamma-induced protein 10 (IP-10). It belongs to CXC 

chemokine subfamily. It is an 8.7 kDa protein secreted by cells such as monocytes and 

endothelial cells in response to IFN-γ (Luster et al., 1985). It plays a critical role in inflammation 

and chemotaxis (Romagnani and Crescioli, 2012). Therefore, one section is allotted to IP-10 as 

an example of important chemokines.  

2.5.2.1 Diseases diagnosis by IP-10 biomarker 

Besides mentioned as a potential biomarker for TB diagnosis, IP-10 was also reported to 

indicate human immunodeficiency virus (HIV) and cytomegalovirus (CMV, Kasprowicz et al., 

2011). Interleukin (IL)-6, IL-8, IP-10, TNF-a, vascular endothelial growth factor (VEGF) and 

macrophage inflammatory protein (MIP)-3a increased in patients with nasopharyngeal 

carcinoma (NPC), a malignant neoplasm of the head and neck (Chang et al., 2011). The level of 

IP-10 changed during the IFN-α2b therapy for melanoma, indicating that IP-10 could be a 

biomarker for monitoring the treatment of melanoma (Yurkovetsky et al., 2007). Abu El-Asrar et 

al. reported that IP-10 might be involved in the pathogenesis of proliferative diabetic retinopathy 

(PDR) and proliferative vitreoretinopathy (PVR), which indicates that IP-10 is a potential 

biomarker for diagnosis of the diseases (Abu El-Asrar et al. 2006). It is reported that hodgkin 

lymphoma (HL) is associated with the secretion of cytokines including IP-10 (Ma et al., 2008). 

Dengue fever is a tropical diseases caused by the infection of dengue virus. The infection results 

in the increased expression of IP-10 (Martha Salgado et al., 2010). The measurement of IP-10 

amount could be a potential indication of the infection. The infection of human cytomegalovirus 

(HCMV) causes significant morbidity in lung transplant recipients (LTRs). A study showed that 

increased IP-10 level was associated with the infection and might be used as reporter of the 
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infection (Weseslindtner et al., 2011). Thirty nine respiratory viruses were detected in patients by 

Sumino et al., associated with increased level of IP-10. The results implied that IP-10 might be 

used as a biomarker for respiratory viral infection (Sumino et al., 2010). Renal allograft injury 

secondary to subclinical and clinical tubulitis causes the allograft fibrosis and loss. Ho et al. 

indicated that IP-10 might be a useful supplementary noninvasive screening test for tubulitis in 

renal transplant patients (Ho et al., 2011). For studying the rhinovirus- and RS virus-induced 

acute exacerbation of childhood wheezing, IP-10 concentration was found to be significantly 

elevated in rhinovirus-induced wheezing compared with controls (Kato et al., 2011). Lokensgard 

et al. (2001) found that in response to nonproductive infection with herpes simplex virus, 

microglia produced considerable amount of IP-10. The results suggested that the chemokine has 

direct antiviral activity in neurons while it also helps in antiviral defense of the brain and the 

amplification of immune responses during neuroinflammation (Kato et al., 2001).  

In addition, IP-10 was also reported as a potential biomarker for Leptospira infection 

(Lowanitchapat et al., 2010), acute kidney injury (Vaidya et al., 2008), severe acute respiratory 

syndrome (SARS)-coronavirus infection (Law et al., 2005), knee osteoarthritis (Saetan et al., 

2011), cancers (Liu et al., 2011), urolithiasis (Suen et al., 2010), cerebral malaria (Armah et al., 

2007), hepatitis C virus infection (Zeremski et al., 2007) and Epstein-Barr virus infection (Nakai 

et al., 2012). 

2.5.2.2 Detection methods for IP-10 

ELISA is a commonly used method for IP-10 detection. Takahata et al. mentioned 

approaches to detect IP-10, including ELISA (Takahata et al., 2003). They measured IP-10 in 

colostrum and sera using a sandwich ELISA. In this research, the expression of IP-10 in cellular 

components of human milk was measured by reverse transcription polymerase chain reaction 
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(RT-PCR), which determined IP-10 mRNA level. IP-10 expression in mammary gland tissues 

was determined by immunohistochemistry with immunohistochemical staining (Takahata et al., 

2003). Caproni et al. also reported ELISA for IP-10 detection (Caproni et al., 2004).  

Immunofluorescence is another major method. Chang et al. used Bio-Plex® Suspension 

Array System (Bio-Rad Laboratories, Hercules, CA) to determine the concentration of multiple 

cytokines including IP-10 (Chang et al., 2011). The system is a commercialized product based on 

beads with optical properties and conjugated with antibodies (e.g. immunofluorescence), which 

is used for the analysis of multiple proteins, peptides, and nucleic acids. Another commercialized 

product, xMAP technology (Luminex Corp.) which is based on a sandwich immunoassay and 

fluorescent beads was used for cytokine detection including IP-10 (Yurkovetsky et al., 2007). 

Aliberti et al. employed immunofluorescence for IP-10 detection as well (Aliberti et al., 2001).  

IP-10 produced during a delayed-type hypersensitivity (DTH) reaction was detected using 

immunocytochemical staining (Kaplan et al., 1987). In another study on delayed cellular immune 

responses, IP-10 was detected by immunocytochemical detection in immunoperoxidase studies 

of formalin-fixed frozen skin sections with an affinity-purified rabbit anti-IP-10 antibody, and 

the expression of IP-10 was analyzed by Northern Blot (Gottlieb et al., 1988). 

A multiplex-25 bead array cytokine assay was developed, which was able to detect IP-10 at 

the concentration of 3 pg/ml (Heijmans-Antonissen et al., 2006). The measurement was done by 

microbead-based flow cytometry system.  

Exhaled breath condensate (EBC) analysis which assesses cytokines in the airways based on 

chemiluminescence was used for IP-10 detection (Matsunaga et al., 2009). Another 

chemiluminescence based assay was described by Sack et al. The chemiluminescence substrate 

system was coupled with membrane-bound antibody array (Sack et al. 2005). 
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There are limited reports on IP-10 detection using biosensors. Bonham et al. (2013) 

described an electrochemical biosensor for label free detection. The sensing element was a 21-

residue polypeptide binding element derived from the naturally occurring receptor CXCR3. This 

polypeptide was covalently linked to a DNA strand which hybridized to an anchor DNA strand 

with a distal methylene blue redox reporter. The binding of IP-10 to the polypeptide reduced the 

electron transfer between the methylene blue and electrode, and resulted in change in current 

accordingly. The biosensor could detect ~60 pM of IP-10.  

2.5.3 Other cytokines and chemokines 

Cytokines derived from antigen-presenting cells (APCs) especially affect the cellular 

infiltrate and damage to resident tissue characteristic of inflammation (Borish and Steinke, 

2003). Examples of the production of these cytokines are: 1) the processing of antigens by APCs 

and then presenting to T-helper lymphocytes; 2) the triggering of producing cytokines through 

the innate immune system by monocytes: this class of cytokines includes tumor necrosis factor 

(TNF), and several interleukin (IL) molecules (e.g. IL-2, IL-4, IL-5, IL-6, IL-7, IL-10, IL-12 and 

IL-15; Borish and Steinke, 2003); and 3) the secreting by macrophages in response to pathogens: 

these cytokines include interleukin-1 (IL-1), interleukin-6 (IL-6), interleukin-12 (IL-12), TNF-α 

and chemokine interleukin-8 (IL-8; Janeway et al., 2001). Tumor necrosis factors mainly have 

effect on antitumor immune responses, cachexia in chronic infections, vascular leakage and toxic 

shock (Borish and Steinke, 2003; Tracey et al., 1987; Beutler and Cerami, 1989). Interleukins 

(ILs) are “molecules secreted by, and acting on, leukocytes” (Janeway et al., 2001). They have 

the functions of activating T lymphocytes (IL-1), mediating T-cell activation, growth, and 

differentiation (IL-6), activating and inducing proliferation, cytotoxicity, cytokine production of 

NK cells (IL-12 and IL-15), stimulating B-cell growth and differentiation (IL-15), and activating 
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cytotoxic immunity (IL-2, IL-4, IL-5, IL-6, IL-7, IL-10, IL-12, and IL-15; Borish and Steinke, 

2003). These are important cytokines for disease diagnosis. Besides TNFs and ILs, other 

cytokines for disease diagnosis are also introduced in this section.  

2.5.3.1 Diseases diagnosis 

IL-2 was associated with chronic graft-versus-host disease in children as well as IFN-γ and 

IL-4 (Rozmus et al., 2011). IL-2 was indicated as a potential biomarker for the differentiation, 

classification and improved understanding of the pathogenesis of interstitial lung disease (Beirne 

et al., 2009). IL-2 was also reported as a biomarker to preterm birth (Matoba et al., 2009), 

coronary artery disease (Alber et al., 2006), relapsed multiple myeloma (Richardson et al., 2004), 

chronic beryllium disease (Tinkle et al., 1997), hepatocellular carcinomas (Ikeguchi et al., 2005), 

lung diseases such as cystic fibrosis and chronic obstructive pulmonary disease (Eickmeier et al., 

2010), colorectal cancer (Burgdorf et al., 2009), prostate cancer (Christensen et al., 2009), 

asthma (Brasier et al., 2008) and colonic schistosomiasis (Hamed et al., 2011). 

In a study of the rhinovirus- and respiratory syncytial (RS) virus-induced acute exacerbation 

of childhood wheezing, IL-5 was found to be significantly elevated in the rhinovirus induced 

wheezing compared with RS virus induced wheezing (Kato et al., 2011). IL-5 may be used as a 

biomarker in the determination of the viral infection. IL-5 was also a potential biomarker of 

interstitial lung disease (Beirne et al., 2009), preterm birth (Matoba et al., 2009), chronic 

rhinosinusitis (Niederfuhr et al., 2008), colorectal cancer (Burgdorf et al., 2009) and asthma 

(Brasier et al., 2008). 

Monokine-induced by IFN-c (MIG) can be detected as one of the reporters of human 

immunodeficiency virus (HIV) and cytomegalovirus (CMV), besides TB (Kasprowicz et al., 

2011). 
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Besides IP-10, interleukin (IL)-6, IL-8, TNF-a, vascular endothelial growth factor (VEGF), 

and macrophage inflammatory protein (MIP)-3a level increases in patients with nasopharyngeal 

carcinoma (NPC), which indicates the illness (Chang et al., 2011). 

In order to diagnose complex regional pain syndrome type 1 (CRPS1), also known as reflex 

sympathetic dystrophy (RSD), Heijmans-Antonissen et al. suggested that IL-6, IL-8, TNF-α, 

monocyte chemoattractant protein (MCP)-1, macrophage inflammatory protein (MIP)-1β, IL-10, 

and IL-12 could be used as biomarkers (Heijmans-Antonissen et al., 2006).  

Yurkovetsky et al. found that IL-1α, IL-1h, IL-6, IL-8, IL-12p40, IL-13, granulocyte colony-

stimulating factor, MCP-1, MIP-1α, MIP-1h, IFN-α, TNF-α, epidermal growth factor, VEGF, 

and TNF receptor II in serum were found to be significantly higher in patients with resected 

high-risk melanoma compared with healthy controls (Yurkovetsky et al. 2007). They also found 

the changes of the level of cytokines during the treatment of the disease. Their results indicated 

that assessing the biomarkers is useful for detecting melanoma and monitoring the therapy of 

melanoma patients.  

MCP-1 and stromal cell-derived factor 1 (SDF-1) are two cytokines participating in the 

pathogenesis of proliferative diabetic retinopathy (PDR) and proliferative vitreoretinopathy 

(PVR). They might be potential biomarkers for the diseases as well as IP-10 (Abu El-Asrar et al. 

2006). 

IL-12 was reported to enhance the sensitivity of leprosy disease diagnosis, combined with 

IFN-γ based whole blood assay (Geluk et al., 2010). 

Hodgkin lymphoma (HL) is associated with cytokines including fractalkine, Interleukin 1 

receptor, type II (IL1R2), IL-25, IP-10, migration inhibitory factor (MIF), Chemokine (C-C 

motif) ligand 5 (CCL5, also called RANTES), and thymus and activation regulated 
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chemokine(TARC). Among these cytokines, the level of IL1R2, MIF, and TARC was 

significantly elevated in patient plasma compared with healthy controls, which implied their 

potential as biomarkers for HL diagnosis. 

MIP-1α, RANTES and MCP-1 have been also reported to be associated with severe acute 

respiratory syndrome (SARS)-coronavirus infection (Law et al., 2005). 

MCP-1/CCL2 was a potential biomarker for prostatic growth dysregulation and benign 

prostatic hyperplasia as reported (Fujita et al., 2010).  

A study indicated that IL-18 is increased in the brains of Alzheimer's disease patients (Ojala 

et al., 2009). 

1L-8, MIP-I beta, platelet-derived growth factor bb (PDGFbb), IL-I ra, Fas ligand (Fas-L), 

sTNF-RI, and sTNF-R2 may be potential biomarkers in predicting mortality in cerebral malaria 

(Armah et al., 2007). 

IL-6, IL-15,  IL-8, IL-13, IL-1 alpha, IL-1 beta showed potential as biomarkers for Chronic 

Fatigue Syndrome (CFS), reported by Fletcher et al. (2009). 

2.5.3.2 Detection methods 

ELISA is commonly used for cytokine detection. Tumor necrosis factor (TNF)-α, 

interleukin (IL)-12 and IL-18 were detected using ELISA, as reported by Takahata et al. 

(Takahata et al., 2001 and 2003). The detection limit is 5 pg/ml, 2 pg/ml and 12.5 pg/ml, 

respectively. Caproni et al. detected IL-4, IFN-γ, IL-13, eotaxin, macrophage inflammatory 

protein (MIP)-1α, thymus and activation regulated chemokine (TARC) and IP-10 using ELISA 

(Caproni et al., 2004). O’Connor et al. developed an assay for multiple cytokines detection based 

on ELISA, which analyzed the samples on multiple proinflammatory cytokine ELISA kits 

(O’Connor et al., 2004). 
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Immunofluorescence assays are used for cytokine detection, including chemokine detection. 

Interleukin (IL)-2, IL-4, IL-6, IL-8, IL-10, Tumor necrosis factors (TNF)-α and chemokine (C-C 

motif) ligand 5 (CCL5 or RANTES) were detected using Bio-Plex® Suspension Array System 

(Bio-Rad Laboratories, Hercules, CA), reported by Chang et al. (2011). Multiple cytokines 

including chemokines could be detected use xMAP technology (Luminex Corp.), reported by 

Yurkovetsky et al. (2007). Macrophage inflammatory protein (MIP)-2 and MIP-1α were detected 

using immunofluorescence (Aliberti et al., 2001). 

Exhaled breath condensate (EBC) analysis could detect IL-4, IL-17, TNF-α, RANTES (or 

CCL5), MIP-1α, MIP-1β, IL-8 and TGF-β, as reported by Matsunaga et al. (2009). The 

chemiluminescence substrate system coupled with membrane-bound antibody array mentioned 

before was used for the detection of 80 cytokines including chemokines (Sack et al. 2005).  

Biosensors are reported for cytokine detection. A bioluminescence based biosensor was 

developed for the detection of TNFα (Gross and Piwnica-Worms, 2005). The detection of 1 

ng/ml TNFα was reported. In another study, TNFα detection was performed using a microspot 

fluorescence immunoassay on photonic crystal surfaces by Cunningham (2010). The lowest 

concentration of TNFα detected was 1.6 pg/ml. In addition, Ganesh et al. reported a fluorescence 

sandwich immunosensor for the detection of TNFα (Ganesh et al., 2008). Chou et al. described a 

sandwich type immunoassay based surface plasmon resonance (SPR) biosensors for the 

detection of IL-6 with the detection limit of 1.3 ng/ml (Chou et al., 2010). The immobilization of 

DNA and protein on arrayed electrodes for the potential simultaneous detection of BRCA1 gene 

and IL-12 was reported by Harper et al. (2007). An optical thin film biosensor was employed for 

the detection of multiple cytokines. Four ng/l for IL-6, 31 ng/l for IL1-β, and 437 ng/l for IFN-γ 

were reported as the detection limits (Jenison et al., 2001). Moreover, a label-free 

http://apps.webofknowledge.com.proxy1.cl.msu.edu/OneClickSearch.do?product=WOS&search_mode=OneClickSearch&colName=WOS&SID=1AmPAogF69N4jEP9K6@&field=AU&value=Cunningham,%20BT
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electrochemical impedance biosensor was described for the detection of IL-12 with a detection 

limit of < 100fM (La Belle et al., 2007). Dou et al. reported an electrochemical immunosensor 

for the detection of human IL10, which could detect the target from 0.001 ng/ml to 50 ng/ml 

(Dou et al., 2012). Additionally, IL-6, IL-8 (Chemokine), IL-10 and TNF-α were detected using 

a magnetic lab-on-a-chip biosensor, which incorporated magnetic sample preparation and 

detection by embedded GMR-type magnetoresistive sensors (Schotter et al., 2009). Vega et al 

reported a surface plasmon resonance biosensor for observing the receptor/ligand interaction of 

CXCR4/CXCL12 chemokines (Vega et al., 2011). A biochemically modified field effect 

transistor (BioFET) sensor using antibody fragment molecules was developed for minimally 

invasive detection of MIG (or CXCL9) as an early warning system in transplant rejection, as 

described by Eteshola et al. (2010). Fractalkine (CX3CL1) could be detected by using a surface 

plasmon resonance biosensor with its receptor (CX3CR1). The kinetics of the binding was 

measured (Fong et al., 2002). In addition, Krasnikova et al. used a biosensor for studying 

monocytic chemotactic protein-1 (MCP-1, Krasnikova et al., 2011). 

2.6 Nanoparticle based biosensors 

Nanoparticles with special optical, electrical, magnetic or catalytic properties have drawn 

the interest in their use in biotechnological systems, diagnosis systems and biological imaging 

systems. Because of their large surface-volume ratio, they have much more binding sites than 

larger particles. They are excellent for signal amplification for biosensors. Research showed that 

unfavorable lateral interactions between proteins attached to the nanoparticles which caused 

protein deactivation are reduced due to increasing curvature of nanosized materials compared to 

flat surfaces (Asuri et al., 2006). For example, magnetic nanoparticles have large surface area 

than magnetic particles in normal size. Therefore, there are more binding sites for biomolecules 
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such as antibodies for target capture. They provide enhanced capture capability when they are 

used for immunomagnetic separation. They are commonly applied in biosensors for separating 

targets (Zhang et al, 2010; Zhang et al., 2009; Setterington et al., 2011; Li et al., 2011; Anderson 

et al., 2013). At the same time, some nanoparticles have encoding capabilities from variable 

physical properties such as size, shape and composition. Therefore, they could be used for 

multiple analyte detection (Sanvicens et al., 2009). 

2.6.1 Gold nanoparticles    

Gold nanostructures create widespread interest for employing them in biosystems because of 

their characteristics such as surface plasmon resonance (SPR), the ease of bioconjugation and 

potential noncytotoxicity (Darbha et al., 2008). Gold nanoparticles (AuNPs) have the optical and 

electrical properties (e.g. electron beam contrast) and biocompatibility, which are widely used in 

detection and diagnostic technologies such as immunblotting, immunochromatography and flow 

cytometry. They are used for labeling target molecules especially biomolecules because of their 

biocompatibility and the capability of enhancing signals. They can interact with incoming visible 

or near-infrared spectroscopy (NIR) photons so that they are excellent substrates to detect 

molecules with surface-enhanced Raman scattering (SERS, Murphy et al., 2008). Moreover, they 

have been used in the detection of DNA, proteins, antibodies, glucose and toxic metal ions based 

on their aggregation (Murphy et al., 2008). The gold nanoparticles in spherical shape can be 

easily produced by chemically reducing gold salts (Busbee et al., 2003). Gold (III) chloride 

trihydrate and dextrin were used for the synthesis of gold nanoparticles under alkaline conditions 

(Anderson et al., 2011). As reported, gold nanoparticles have been used for signal amplification 

in biosensors. A quartz crystal microbalance (QCM) DNA biosensor using AuNPs as signal 

amplifier was developed for the detection of Bacillus anthracis (Hao et al., 2011). The target 
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DNA hybridized with a thiol DNA probe which was immobilized on the QCM gold surface, and 

then AuNPs conjugated with another thiol-DNA fragment which was complementary to the free 

end of the target DNA were introduced to the target. Therefore, the increased mass due to the 

hybridization of AuNP-probe to the target DNA resulted in the further decrease in resonance 

frequency of the QCM biosensor. Wang et al. (2013) reported an impedimetric electrochemical 

DNA biosensor which also used AuNPs as signal amplifiers. In their design, probe ssDNA were 

immobilized on a gold electrode as well as linked to AuNPs. The electrode and AuNPs were in 

close contact in the absence of target DNA, enabling a low electron transfer resistance. After the 

target DNA and the probe hybridized, a rigid duplex formed which caused a larger electron 

transfer resistance due to the increase in the distance between the electrode and AuNPs. The 

target DNA from 5 fM to 500 pM was detected. Jiao et al. (2013) also reported an 

electrochemical biosensor based on AuNP signal amplification recently. Aptamers which are a 

class of synthetic single-stranded DNA (ssDNA) or RNA oligonucleotides with target specificity 

were used as the sensing element to detect the protein target thrombin in this research. The 

binding of the target to the aptamers resulted in the release of AuNPs and a decrease in 

chronocoulometric signal. Using the optical properties of AuNPs, Gnedenko et al. (2013) 

amplified the signal of a surface plasmon resonance biosensor by approximately 30-fold 

compared to the biosensor without AuNPs. A sandwich structure of antibody-target-AuNP 

(conjugated with a secondary antibody) formed to provide the sensitivity. Various designs of 

biosensors based on AuNP signal amplification has been reported in recent years (Xu et al., 

2013; He et al., 2013; Fan et al., 2012; Thiruppathiraja et al., 2011; Ahn et al., 2011; Hall et al., 

2011). 

http://www.sciencedirect.com.proxy1.cl.msu.edu/science/article/pii/S0003267012015991


 34 

2.6.2 Bio-barcode biosensors    

Bio-barcode assay is a DNA amplification method based on oligonucleotide-modified 

particles. The assay provides the PCR-like sensitivity for detection without the need for 

enzymatic amplification (Nam et al., 2004). Gold nanoparticles were modified with DNA probes 

(pDNAs) complementary to the target DNA (tDNA) and oligonucleotides complementary 

(cbDNAs) to barcode oligonucleotides (bDNAs). Magnetic microparticles (MMPs) were 

modified with oligonucleotides which are complementary to the target DNA and recognize a 

different region of the target (different from the region that DNA probes on gold nanoparticles 

recognize), shown in Figure 2-2a (Nam et al., 2004). The typical bio-barcode assay and the 

detection process are explained in Figure 2-2b (Nam et al., 2004). Modified MMPs were added 

to the detection samples for hybridization with target single-stranded DNA. Then modified gold 

nanoparticles were introduced. After hybridization, magnetic field pulled the MMPs to the field 

to separated reacted and unreacted components. The barcode DNAs were released at the end and 

assessed by scanometric method which is a chip-based measurement using silver enhancement. 

The whole assay is usually 3 to 4 h (Nam et al., 2004). many studies applied the concept of bio-

barcode for the detection of nucleic acid targets, proteins and pathogen bacteria (Thaxton et al., 

2005; Tang et al., 2007; Hill et al., 2007). 
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(a) 

 

(b) 

Figure 2-2. Bio-barcode biosensor assay: (a) nanoparticle preparation; (b) DNA detection 

(Adapted and modified from Nam et al., 2004).  
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2.6.3 Nanotracers 

The bio-barcode assay requires the release of barcode DNAs, microarray-based 

immobilization of oligonucleotides on a chip and silver enhancement for light scattering 

measurement, which cumulatively increase the detection time and the cost. Nanotracers (NTs) 

which are nanoparticles of heavy metals were reported for the detection of multiple targets, and 

they showed the ability of enhancing signals for electrochemical measurement (Zhang et al., 

2010; Wang et al., 2003). Some studies investigated the utilization of NTs’ encoding capabilities. 

Ding et al. and Zhang et al. attached NTs to the gold nanoparticles through the linkage of DNA, 

and conducted electrochemical measurement to obtain the signals for DNA detection, which 

required less time and cost but still kept the high sensitivity (Ding et al., 2009; Zhang et al., 

2010). Figure 2-3 presents a biosensor using NTs for signal amplification (Zhang et al., 2010). 

Gold nanoparticles were conjugated with pDNA and bDNA terminated with NTs. The pDNA 1 

hybridized with tDNA 1, and the pDNA 2 on AuNPs hybridized with tDNA 2. The NTs 

provided electrochemical signals for the detection. Therefore, the signals of two NTs encoded 

the detection of two different targets. By employing this biosensor, 0.5 ng/ml of the insertion 

element (Iel) gene of Salmonella enteritidis was detected using CdS NTs, and 50 pg/ml of the 

pagA gene of Bacillus anthracis using PbS NTs.  
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Figure 2-3. Nanotracer biosensor for DNA detection (Adapted and modified from Zhang et al., 

2010).  

 

2.7 Conclusions and outlook 

Many technologies have been developed to identify the threat to public health. To detect the 

foodborne and waterborne pathogen E. coli O157: H7, ELISA, PCR and biosensors were 

investigated to provide more sensitive and rapid approaches compared to conventional culture 

plating methods. For diagnosing infectious diseases such as TB to enable timely and effective 

prevention and treatment, research has progressed in the aspects of clinical tests, biomarker 

recognition, latent TB identification and etc. However, methods which require easy manipulation 

and low cost with possible in-field test capabilities are still areas to explore. Biosensors show the 



 38 

potential of achieving the goal. Introducing nanotechnology into biosensors further improves the 

sensitivity of biosensors due to the properties such as large surface to volume ratio, signal 

amplification and encoding abilities of nanomaterials. Currently, miniatured nano-sized 

transducers and biomolecule-functionalized nanomaterials for labeling have been employed to 

improve biosensor performance. DNA-based nano-biosensors still need multiple treatments of 

samples such as DNA extraction from bacteria. Immunosensors which rely on antigen-antibody 

recognition are easier to handle, though the specificity of immunosensors should be considered.  

Metallic nanoparticles have the property of registering at certain potential during 

electrochemical measurement. Research on surface modification also enables them to conjugate 

with biomolecules. In addition, due to their large surface area for binding biomolecules, these 

particles are utilized in electrochemical biosensors. The synthesis, functionalization and signal 

generation methods of these nanoparticles need investigation when used in biosensing systems 

for sensitive, rapid, portable and multiplex detection.   
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Chapter 3 : Gold nanoparticle-labeled biosensor for detection of E. coli O157:H7 

 

3.1 Introduction 

The rapid detection of pathogenic bacteria is critical to public health, biodefense, and 

food/water safety. Escherichia coli O157:H7 is one of the major foodborne and biodefense 

bacterial agents. Because conventional culture plating methods for E. coli O157:H7 take two to 

four days to obtain results, the development of rapid detection methods is important. Biosensors 

are emerging technologies that have the potential for getting rapid results and that can be 

employed in the field. There are many configurations and approaches in the research and design 

stage, which include antibody-based systems (Luo et al., 2010; Radke and Alocilja, 2005; 

Setterington et al., 2011; Tan et al., 2011; Wang et al., 2010), enzyme-based detection (Linman 

et al., 2010; Park et al., 2008) and DNA-based sensors (Sun et al., 2009; Wang et al., 2009). In 

addition to speed, biosensors have the potential to generate highly sensitive results. This is 

especially critical as many bacterial infections could be caused by as low as 10 organisms 

(CAST, 1994).  

The application of nanomaterials in biosensors has drawn interest to enhance sensor 

sensitivity either by increasing the capture efficiency of the target molecules or by utilizing the 

optical and electronic properties of the nanostructures to amplify signals. Magnetic nanoparticles 

were employed for separating targets for bacterial detection (Li et al., 2011; Setterington et al., 

2011; Zhang et al., 2010). Gold nanoparticles were used for signal amplification (Hao et al., 

2011; Zhang et al., 2010). Polymeric nanoparticles were also introduced for signal amplification 

(Jiang et al, 2011; Setterington and Alocilja, 2011). Electrochemical biosensors can be used for 

nanoparticle-based detection. The electrochemical measurement provides advantages such as low 



 40 

detection limits, a wide linear response range, and good stability and reproducibility (Faridbod et 

al., 2011). 

In this chapter, an electrochemical biosensor using antibody-modified nanoparticles for the 

detection of E. coli O157:H7 was developed. Two novel nanoparticles were utilized in the 

biosensor design: 1) polymer-coated magnetic nanoparticles (MNPs) to separate the target 

bacteria from the sample matrix and 2) carbohydrate-capped gold nanoparticles (AuNPs) to label 

the separated target by forming a sandwich structure and generate the signal. The signal of 

AuNPs for the corresponding target was measured by differential pulse voltammetry (DPV) on a 

screen printed carbon electrode (SPCE) chip. The biosensor enabled rapid pathogen detection in 

45 min from sample preparation to final readout of results. 

3.2 Materials and methods 

3.2.1 Reagents and materials 

Two kinds of nanoparticles were synthesized: magnetic nanoparticles (MNPs) and gold 

nanoparticles (AuNPs). Aniline, iron (III) oxide nanopowder, ammonium persulfate, methanol, 

and diethyl ether were used for the synthesis of the MNPs. Gold (III) chloride trihydrate 

(Aldrich, MO) and dextrin (Fluka, MO) were used for the synthesis of gold nanoparticles under 

alkaline conditions (Anderson et al., 2011).  

Magnetic nanoparticles were functionalized with monoclonal anti-E. coli O157:H7 

antibodies (mAbs) obtained from Meridian Life Science, Inc (Saco, ME). Gold nanoparticles 

were conjugated with polyclonal anti- E. coli O157:H7 antibodies (pAbs) from Meridian Life 

Science, Inc (Saco, ME). Protein A from Staphylococcus aureus was used as the linkage agent 

for AuNP and antibody conjugation.  
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Triton-X100, phosphate buffered saline (PBS), casein, bovine serum albumin (BSA) and 

sodium phosphate (dibasic and monobasic) were obtained from Sigma-Aldrich (St. Louis, MO). 

PBS buffer (0.01 M, pH 7.4), PBS buffer with 0.05% (w/v) Triton-X100, phosphate buffer (0.1 

M sodium phosphate, pH 7.4), PBS buffer with 0.01% casein, PBS buffer with 0.1% (w/v) BSA 

were prepared with deionized water from Millipore Direct-Q system. PBS buffer and phosphate 

buffer were used in preparing nanoparticle-antibody (Ab) conjugates and in washing. PBS buffer 

with casein or BSA was used to block nanoparticle surface against nonspecific binding. PBS 

buffer with Triton-X100 was used for washing off unbound or nonspecifically bound reactants 

after capture.  

3.2.2 Bacterial culture 

Escherichia coli O157:H7 Sakai strain was obtained from the Nano-Biosensors Lab 

collection at Michigan State University. The colonies from frozen (stored at –70°C) culture were 

grown on trypticase soy agar (BD Biosciences, MD) plates. A single colony was isolated and 

inoculated in tryptic soy broth (BD Biosciences, MD) and grown overnight at 37°C. One 

milliliter of the liquid culture was transferred to another tube of tryptic soy broth and incubated 

overnight at 37°C. One milliliter of this liquid culture was transferred to a new tube of broth and 

incubated at 37°C for 6 hr before each experiment. The serial dilutions of bacterial culture were 

prepared using 0.1% (w/v) peptone water (Fluka-Biochemika, Switzerland) before each 

experiment. Viable cells were enumerated by microbial plating on Sorbitol MacConkey agar 

(SMAC, BD Biosciences, MD). 

3.2.3 Apparatus  

Electrochemical measurement was performed with a potentiostat/galvanostat (263A, 

Princeton Applied Research, MA) with a software operating system (PowerSuite, Princeton 
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Applied Research, MA) on a computer connected to the potentiostat. The measurement was 

performed by introducing each sample onto a screen-printed carbon electrode (SPCE) chip 

(Gwent Inc. England). The SPCE chip consisted of a working electrode (carbon) and a counter 

and reference electrode (silver/silver chloride electrode).  

3.2.4 Synthesis of nanoparticles 

Polyaniline (PANI) coated magnetic nanoparticles were synthesized according to a 

published method (Setterington et al., 2011). Fifty milliliters of 1 M HCl, 10 ml of water and 0.4 

ml of aniline monomer were mixed in a flask, and then 0.65 g of iron (III) oxide nanopowder 

were added to the solution to maintain a final γ-Fe2O3: aniline weight ratio of 1: 0.6. The 

mixture was put in a beaker filled with ice and sonicated for 1 h. The solution was stirred while it 

was still on ice. During the stirring, ammonium persulfate (1 g of ammonium persulfate in 20 ml 

deionized water) was added to the solution slowly for 30 min. The solution was stirred for 

another 1.5 h. After the reaction, the solution was filtered using 2.5 µm filter paper and washed 

with 20% methanol. Hydrochloric acid (1 M) was used to wash until the filtrate became clear, 

followed by washing with 10 ml 20% methanol. The filtrate was filtered again using a 1.2 μm 

filter paper. Twenty percent methanol solution was added to the filter. The HCl and methanol 

wash was repeated. The nanoparticles on the filter paper were left under a fume hood to dry for 

24 h at room temperature and stored in a vacuum desiccator after drying. 

 Gold nanoparticles were synthesized under alkaline conditions following the approach 

published by Anderson et al (Anderson et al., 2011). Briefly, 20 ml of dextrin stock solution (25 

g/l) and 20 ml of sterile water were mixed in a 50 ml sterile orange cap tube (disposable). Five 

milliliters of HAuCl4 stock solution (8 g/ml) were then added, and the pH of the solution was 



 43 

adjusted to 9 with sterile 10% (w/v) Na2CO3 solution. The final volume was brought to 50 ml 

with pH 9 water. The reaction was carried out by incubating the solution in a sterile flask in the 

dark at 50 ºC with continuous shaking (100 rpm) for 6 h. A red solution was obtained at the end 

of the reaction. The final concentration of AuNP was 10 mg/ml.  

3.2.5 Functionalization of nanoparticles 

Magnetic nanoparticles were functionalized with a monoclonal antibody (mAb) to E. coli 

O157:H7 (Setterington et al., 2011). MNPs (2.5 mg) were suspended in 150 µl of 0.1M 

phosphate buffer, and sonicated for 15 min. Monoclonal anti-E. coli O157:H7 antibody (2.5 

mg/ml, 100 μl) was added to the suspension, and mixed on tube rotator for 5 min. Twenty five 

microliters of PBS buffer (0.1 M) were added. Then the conjugation was carried on for 55 min 

on the tube rotator. The MNPs were separated from the solution by magnetic separation, and 

blocked by adding 250 µl of 0.1 M tris buffer with 0.01% casein for 5 min incubation. This step 

was repeated three times, and the suspension was put on tube rotator for 1 h hybridization at the 

last time. Finally, the MNPs were magnetically separated and resuspended in 2.5 ml of 0.1M 

phosphate buffer. The MNP-mAb conjugate was stored at 4º C before use.  

Gold nanoparticles were conjugated with a polyclonal antibody to E. coli O157:H7 (pAb) 

through the protein A linkage. Two hundred microliters of AuNPs were put into a 2 ml 

microcentrifuge tube and sonicated for 10 min. Then the suspension was centrifuged for 6 min at 

13,000 rpm. The supernatant was removed after centrifugation. To modify the surface of the 

AuNPs, protein A (0.25 mg/ml) in PBS buffer was used to resuspend the AuNPs. The 

conjugation was conducted by rotating the mixture for 1 h. The modified AuNPs were separated 

from the suspension by centrifugation for 6 min at 13,000 rpm. The nanoparticles were washed 

by adding 200 µl of 0.01 PBS buffer and centrifuged. After removing the supernatant, 100 µl of 
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1 mg/ml antibody and 100 µl PBS buffer were added to the tube and mixed for 1 h by rotating. 

After separating the AuNP-antibody (AuNP-pAb) conjugates, 200 µl of PBS buffer with 0.1% 

(w/v) BSA were added to the tube. The mixture was rotated for 30 min. Finally, the AuNP-pAb 

conjugates were separated from the suspension by centrifugation, and the final suspension of the 

conjugates in PBS buffer was stored at 4º C. The procedure of AuNP functionalization is shown 

in Figure 3-1. 

 

Figure 3-1. Schematic of the AuNP functionalization. Gold nanoparticles were firstly modified 

with protein A. Then the antibody was conjugated onto the AuNPs through the linkage of protein 

A. At last, BSA was added to block the uncoated surface.  

 

3.2.6 Detection of target pathogenic bacteria 

Detection of the target pathogen is presented in Figure 3-2. Blank control for the tests was 

peptone water in the same volume as the sample. Firstly, 400 µl of PBS buffer, 50 µl of cell 

dilution (or peptone water for the blank) and 50 µl of MNP-mAb conjugates were combined in a 

2 ml sterile tube. After 15 min incubation, PBS buffer (55 µl, 0.01 M) with 0.1% BSA was added 

to the mixture as a blocking agent. Then, the MNP-E. coli complexes were magnetically 

separated from the solution and resuspended in 450 µl of PBS buffer. Secondly, the AuNP-pAb 
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conjugates were introduced to the system, followed by 15 min incubation. After washing the 

complexes once with 0.01 M PBS buffer, the complexes were resuspended in 500 µl of PBS 

buffer with 0.05% Triton-X100, and let stand for 3 min. Finally, the complexes were suspended 

in 500 µl of PBS buffer. One hundred microliters of the suspension were plated on SMAC for 

cell counting. The rest was magnetically separated from the supernatant (400 µl). 

 

Figure 3-2. Schematic of the AuNP-labeled biosensor for E. coli O157:H7 detection. Target cells 

in a sample were captured by MNP-mAb conjugates and separated by a magnet. Then the cells 

were labeled with AuNPs. The MNP-mAb-cell-pAb-AuNP complexes were transferred onto a 

SPCE chip connected to a potentiostat for electrochemical measurement. 
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3.2.7 Electrochemical measurement 

The target bacteria were detected by measuring the electrochemical signal of AuNPs. Each 

sample from section 3.2.6 (complexes magnetically separated from supernatant) was incubated 

for 5 min in 100 μl 1 M HCl and then introduced to the SPCE chip. An oxidation potential of 1.4 

V vs. Ag/AgCl was applied to the working electrode. After oxidation, a differential pulse 

voltammetric (DPV) measurement was performed. The scan was conducted from 1.5 V to -1.5 

V. The potential and currents were recorded. All measurements were performed at room 

temperature. Each sample was measured three times. At least three samples for each 

concentration of bacteria were tested.   

3.3 Results and discussion 

3.3.1 Magnetic separation of target E. coli O157:H7 

The Fe2O3 nanoparticles were coated with PANI for direct immobilization of anti-E. coli 

O157:H7 antibody. Figure 3-3 presents the transmission electron microscope (TEM) image of 

the PANI-coated magnetic nanoparticles. Because the coating resulted in polymer layers in 

uneven thickness, the coated MNPs show diameters ranging from 50 to 100 nm. At the same 

time, there are some small particles which are uncoated Fe2O3 nanoparticle core shown in the 

image with the average diameter of 20 nm. 

Electrostatic interaction has been used to modify the PANI-coated MNPs with antibody. The 

interaction between the negatively charged Fc fragment of antibody molecules and the positively 

charged PANI contributes to the conjugation (Pal and Alocilja, 2009). Figure 3-4 is the 

schematic of the interaction between the PANI-coated MNPs and the antibody. 
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The culture dilutions and the MNP-cell-AuNP samples (captured cells) were plated on 

SMAC for cell counting, and the MNP capture efficiency (CF) was calculated for each test using 

Equation 3-1 as shown below. 

CF=(log10 Ccap / log10 Ccul) ×100%                                                             (3-1) 

Where Ccap is the number of captured cells obtained from plate counting and Ccul is the number 

of cells in culture from plate counting with the unit of cfu/ml. An average of 97.2% ± 2.86% was 

obtained, which indicated that the capture using MNPs was very efficient. 

 

Figure 3-3. TEM image of polyaniline (PANI) coated magnetic nanoparticles.  
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Figure 3-4. Schematic of the conjugation of PANI-coated MNP and antibody. The MNP coated 

with PANI conjugated to antibody through the interaction between the negatively charged Fc 

fragment of the antibody and the positively charged PANI.  

 

3.3.2 AuNP-labeled biosensor for detection 

Figure 3-5 shows a typical sensorgram of AuNPs in 100 μl 1 M HCl on SPCE. A control 

(blank) of only 100 μl 1 M HCl is also presented. It was found that from 1.5 V to 0 V, there were 

three current peaks shown during the DPV measurement. Compared the AuNP sensorgram with 

the blank, there are two peaks at potential higher than 0.6 V for both AuNP sample and the 

blank. Since reduction reaction happened during the DPV test, the incomplete peak shown in this 

voltammetry at around ~1.3 V and the peak at ~0.6 V may be resulted from the two-step four-

electron reduction of O2 to H2O through H2O2 (Britto et al., 1999; El-Deab et al., 2003). For 

AuNP sample, the reduction of H2O2 to H2O was hindered due to the possible bond between Au 

and peroxide (Rosca et al., 2013), and a smaller peak was observed at ~0.6 V. A potential at 1.4 

V was applied to the working electrode to oxidize the AuNPs to gold ions before DPV. 

Therefore, the gold ion was reduced to Au during the DPV, which shows a peak at 0.3 V 

compared to the blank without AuNPs. According to this characteristic peak, samples with 
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bacterial cells which were labeled with AuNPs had the same peak during the DPV measurement. 

Figure 3-6 shows typical DPV sensorgrams for the detection of E. coli O157:H7 at different cell 

concentrations (10
2
, 10

4
, and 10

6
 cfu/ml). The sensorgrams show curves similar to the sample 

with only AuNPs shown in Figure 3-5. For the analysis, peak current to the left (representing 

AuNPs) around 0.3 V was chosen for signal reporting. As shown in the sensorgrams, peak 

current for AuNPs increased with increasing cell concentration. Figure 3-6 confirms the 

formation of the MNP-cell-AuNP complex. The amount of target cells detected was proportional 

to the amount of AuNPs. 

 

Figure 3-5. Differential pulse voltammetric sensorgram of the AuNPs. The sensorgrams of 

AuNPs in 100 μl 1 M HCl and a blank (100 μl 1 M HCl) are presented.  AuNPs show a current 

peak at 0.3 V. 
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Figure 3-6. Sensorgrams of AuNP-labeled biosensor for E. coli O157:H7 detection. Peak current 

for AuNPs at ~0.3V increases with increasing cell concentration. 

 

A linear relationship between signal to noise ratio (SNR) and cell concentration is shown in 

Figure 3-7, with an R
2
 value of 0.953. The SNR was calculated as the peak current of AuNPs for 

each concentration divided by the peak current of the blank. The SNR for 10
1
, 10

2
, 10

3
, 10

4
, 10

5
 

and 10
6
 cfu/ml are 1.28, 1.56, 1.69, 1.73, 2.12 and 2.36, respectively. A statistical analysis using 

t test was conducted and the results are presented in Table 3-1. As shown, cell concentration at 

10
1
 cfu/ml is not significantly different from the blank, with a P value of 0.0546 (which is close 

to critical value of P=0.05). The P value for other concentrations shows that the samples are 

significantly different from the blank. Therefore, the lowest cell concentration detected is 10
2
 

cfu/ml with strongly significance and 10
1 

cfu/ml with weakly significance. These results verify 
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that MNP-mAb-cell-pAb-AuNP is an effective approach to highly sensitive detection. 

Furthermore, the antibody-antigen binding complex structure would provide an enhanced 

specificity to the detection. The specificity of the biosensor was tested by evaluating the mAb 

using western blot by Cloutier (Cloutier, 2012). Among the seventy five bacteria tested, 

including E. coli O157:H7 strains and non-E. coli O157:H7 bacteria, an inclusivity of 94% and 

an exclusivity of 69% was obtained (Cloutier, 2012). The inclusivity was calculated as the 

number of positive tests identified by the antibody divided by the actual total positive test 

number, while the exclusivity was calculated as the negative tests identified divided by the actual 

total negative test number. 

 

Figure 3-7. Peak current vs. cell concentration of the AuNP-labeled biosensor for E. coli 

O157:H7 detection. The signal shows a linear relationship between 10
1
 to 10

6
 cfu/ml. 
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Table 3-1. Statistical analysis comparing samples and blank (t test) for AuNP-labeled biosensor. 

Concentration (cfu/ml) 10
1
 10

2
 10

3
 10

4
 10

5
 10

6
 

P value
a 0.0546 0.0212 0.0044 0.0054 0.0079 0.0007 

a 
P value was calculated by a one-tailed paired t test. The critical value, P=0.05. 

 

3.4 Conclusion 

A gold nanoparticle-labeled biosensor has been developed for the sensitive and rapid 

detection of E. coli O157: H7. The lower limit of detection is at 10
2
 cfu/ml with a dynamic range 

of 10
2
 to 10

6
 colony forming units per milliliter (cfu/ml) within 45 min. Furthermore, sample 

preparation requires minimal effort. This biosensor has the potential of being used for in-field 

detection of bacterial contamination in food products (e.g. ground beef, vegetables, and juices) 

and water systems as it is simple to use and quick to results. The biosensor is also a promising 

technology for point-of-care screening of diseases and environmental determination of harmful 

biological agents. Based on the detection using AuNP-label, further signal amplification will be 

available by employing the biomolecule-attachment property of the AuNPs. 
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Chapter 4 : PbS nanotracer-labeled biosensor for detection of E. coli O157:H7 

 

4.1 Introduction 

Nanomaterials have been utilized in sensing technologies due to their large surface-to-

volume ratio and their optical, electrical, magnetic and catalytic properties (Sanvicens et al., 

2009; Claussen et al., 2012). Biosensors for rapid and sensitive detection have involved the use 

of nanostructures, including nanoparticles, in various forms. With the current development of 

nanofabrication technologies, conductive nanostructures are used for enhanced transducing such 

as one dimensional or scalable nanoelectrode arrays (Claussen et al., 2012; Triroj et al., 2011; 

Liu et al., 2009; Singh et al., 2012). Moreover, magnetic nanoparticles are commonly used for 

separating target analyte from its sample matrix (Setterington et al., 2011; Li et al., 2011). 

Another major application of nanomaterials is signal amplification (Joung et al., 2008; Jiang et 

al., 2011; Zhang et al., 2010; Hao et al., 2011; Wang and Alocilja, 2012).  

There are many studies on signal amplification using nanomaterials. For example, a bio-

barcode assay by Nam et al. involved a DNA amplification method based on oligonucleotide-

modified gold nanoparticles for signal amplification and magnetic microparticles for separation. 

The assay provided PCR-like sensitivity for detection without the need for enzymatic 

amplification (Nam et al., 2004). The whole assay took 3 to 4 h (Nam et al., 2004). The concept 

of bio-barcode was employed for the detection of nucleic acid targets, proteins and pathogenic 

bacteria (Thaxton et al., 2005; Tang et al., 2007; Hill et al., 2007). Instead of the release of 

barcode DNAs and chip-based silver enhancement light scattering measurement used in bio-

barcode assays, nanotracers (NTs), nanoparticles of heavy metals, were attached to the gold 

nanoparticles (AuNPs) through the linkage of single-strand DNA, and electrochemical 
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measurement was conducted to obtain the signal for double-strand DNA detection (Zhang et al., 

2010; Ding et al., 2009; Wang et al., 2003). This approach required less time and cost than bio-

barcode assays but still kept the high sensitivity.  

 In this chapter, an immunosensor consisting of three nanoparticles is described. Signal 

amplification was conducted through lead sulfide (PbS) nanoparticles which were conjugated to 

AuNPs via oligonucleotide linkage. The detection was based on antibody-antigen recognition, 

which is a simplified approach for bacterial detection because there is no DNA extraction 

required. At the same time, the detection time was lessened compared to bio-barcode assays. The 

three kinds of nanoparticles used in this biosensor design were: 1) magnetic nanoparticles 

(MNPs) to separate the target bacteria from the sample matrix; 2) gold nanoparticles (AuNPs) to 

label the separated target by forming a sandwich structure with the magnetic nanoparticle; and 3) 

PbS nanoparticles which were linked to AuNPs, to generate the electrochemical signal. The 

attachment of a single AuNP to the target carried multiple PbS nanoparticles to the final MNP-

target-AuNP-PbS complex. Escherichia coli O157:H7 was chosen as the target in this chapter 

because it is a life-threatening pathogen causing diseases from a low infective dose. In addition, 

because the bacteria can be monitored during the detection by plating methods, this target is 

suitable for the proof of concept. Compared to conventional culture plating methods which take 

two to four days to obtain results, the immunosensor can detect the target in less than one hour 

from sample processing to final readout with comparable sensitivity. 

4.2 Materials and methods  

4.2.1 Reagents and materials 

Three kinds of nanoparticles were synthesized: magnetic nanoparticles (MNPs), gold 

nanoparticles (AuNPs) and lead sulfide (PbS) nanoparticles. Aniline, iron (III) oxide 
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nanopowder, ammonium persulfate, methanol, and diethyl ether were used for the synthesis of 

the MNPs. Gold (III) chloride trihydrate (Aldrich, MO) and dextrin (Fluka, MO) were used for 

the synthesis of gold nanoparticles under alkaline conditions (Anderson et al., 2011). Sodium 

sulfide, 3-mercaptoacetic acid, and lead nitrate were used for the synthesis of PbS nanoparticles. 

Both monoclonal and polyclonal anti-E. coli O157:H7 antibodies were obtained from Meridian 

Life Science, Inc. (Saco, ME). 

MNPs were functionalized with a monoclonal anti-E. coli O157:H7 antibody (mAb) while 

AuNPs were conjugated with a polyclonal anti-E. coli O157:H7 antibody (pAb). An 

oligonucleotide sequence (5’-GTC AGT CAG TCA GTC AGT CA-3’) with 3’ thiol modifier 

and 5’ amino modifier was employed as a linker between AuNPs and PbS nanoparticles, which 

was purchased from Integrated DNA Technologies Inc. (Coralville, IA). 1,4-Dithio-dl-threitol 

(DTT) was used for the cleavage of oxidized thiolated oligonucleotides. Nap-5 column (GE 

Healthcare, NJ) was used for the purification of oligonucleotides from DTT solution. 1-Ethyl-3-

[3-dimethylaminopropyl] carbodiimide hydrochloride (EDC) and N-hydroxysuccinimide (NHS) 

were used for the linkage of carboxylic groups on PbS nanoparticles and amine groups on 

oligonucleotides bound to AuNPs. These reagents were purchased from Sigma (St. Louis, MO). 

Bismuth standard stock solution (10,000 ppm) was purchased from Ricca Chemical Company 

(Arlington, TX). Acetate buffer solution (0.1 M, pH 4.5) with 1 mg/l bismuth was used for 

electrochemical measurement.  

Triton-X100, phosphate buffered saline (PBS), casein, bovine serum albumin (BSA) and 

sodium phosphate (dibasic and monobasic) were obtained from Sigma-Aldrich (St. Louis, MO). 

PBS buffer (0.01 M, pH 7.4), PBS buffer (0.01 M, pH 7.4) with 0.05% (w/v) Triton-X100, 

phosphate buffer (0.1 M sodium phosphate, pH 7.4), 0.1 M tris buffer with 0.01% casein, PBS 
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buffer (0.01 M, pH 7.4) with 0.1% (w/v) BSA, assay buffer (0.562 g Na2HPO4, 0.125g 

NaH2PO4, 4.383g NaCl and 0.5g BSA in 500 ml water; Hill and Mirkin, 2006) were prepared 

with deionized water from Millipore Direct-Q system.   

4.2.2 Bacterial culture 

E. coli O157:H7 Sakai strain was obtained from the Nano-Biosensors Lab collection at 

Michigan State University. The colonies from frozen (stored at –70°C) culture were grown on 

trypticase soy agar (BD Biosciences, MD) plates. A single colony was isolated and inoculated in 

tryptic soy broth (BD Biosciences, MD) and grown overnight at 37°C. One milliliter of the liquid 

culture was transferred to another tube of tryptic soy broth and incubated overnight at 37°C. One 

milliliter of this liquid culture was transferred to a new tube of broth and incubated at 37°C for 6 

h before each experiment. Tenfold serial dilutions of the bacterial culture, from 10
0
 to 10

6
 

colony forming units per milliliter (cfu/ml), were prepared using 0.1% (w/v) peptone water 

(Fluka-Biochemika, Switzerland) before each experiment. Viable cells were enumerated by 

microbial plating on MacConkey agar with sorbitol (SMAC, BD Biosciences, MD).  

4.2.3 Apparatus  

Electrochemical measurement was performed using a potentiostat/galvanostat (263A, 

Princeton Applied Research, MA) with the software operating system (PowerSuite, Princeton 

Applied Research, MA) on a computer connected to the potentiostat. The measurement was 

performed by introducing each sample onto a screen-printed carbon electrode (SPCE) chip 

(Gwent Inc. England). The SPCE chip consisted of a working electrode (carbon) and a counter 

and reference electrode (silver/silver chloride electrode). One hundred microliters of each sample 

were introduced to the working electrode area on the SPCE chip. 
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4.2.4 Synthesis of nanoparticles 

Polyaniline (PANI) coated magnetic nanoparticles were synthesized according to published 

methods (Setterington et al., 2011). Briefly, 50 μl of 1 M HCl, 10 ml of water and 0.4 ml of 

aniline monomer were mixed in a flask, and then 0.65 g of iron (III) oxide nanopowder was 

added to the solution to maintain a final γ-Fe2O3: aniline weight ratio of 1: 0.6. The mixture was 

put in a beaker filled with ice and sonicated for 1 h. The solution was stirred while it was still on 

ice. During the stirring, ammonium persulfate (1 g of ammonium persulfate in 20 ml deionized 

water) was added to the solution slowly for 30 min. The solution was stirred for another 1.5 h. 

After the reaction, the solution was filtered using 2.5 µm filter paper and washed with 20% 

methanol. Hydrochloric acid (1 M) was used to wash until the filtrate was clear, followed by 

washing with 10 ml of 20% methanol. The filtrate was filtered again using a 1.2 μm filter paper. 

Twenty percent methanol solution was added to the filter. The HCl and methanol wash was 

repeated. The nanoparticles on the filter paper were left under the fume hood to dry for 24 h at 

room temperature and then stored in a vacuum desiccator ready to use. 

 Gold nanoparticles were synthesized under alkaline conditions following the approach 

published by Anderson et al. (2011). Briefly, 20 ml of dextrin stock solution (25 g/l) and 20 ml 

of sterile water were mixed in a 50 ml sterile orange cap tube (disposable). Five milliliters of 

HAuCl4 stock solution (0.4 g/50 ml) were then added, and the pH of the solution was adjusted to 

9 with sterile 10% (w/v) Na2CO3 solution. The final volume was brought to 50 ml with pH 9 

water. The HAuCl4 concentration in the reaction was 2 mM (for HAuCl4•3H2O = 0.04g/50 ml). 

The reaction was carried out by incubating the solution in a sterile flask in the dark at 50 ºC with 
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continuous shaking (100 rpm) for 6 h. A red solution was obtained at the end of the reaction. The 

pH of AuNP colloidal was adjusted to 9.2 before use.  

Lead sulfide nanoparticles were synthesized by using published procedures (Zhang et al., 

2010; Zhu et al., 2009). Mercaptoacetic acid (9.22 μl) was mixed with 50 ml of 0.4 mM 

Pb(NO3)2, and the pH of the solution was adjusted to 7 with 1 M NaOH. After bubbling the 

solution with nitrogen (oxygen free) for 30 min, 40 ml of Na2S (1.34 mM) were added dropwise 

to the solution. Then the solution was continuously bubbled with nitrogen for 24 h. The 

mercaptoacetic acid was used as thiol stabilizer for the aqueous synthesis of thiol-capped PbS 

nanoparticles. The reaction is presented as Figure 4-1: 

 

Figure 4-1. Synthesis of PbS nanoparticles with mercaptoacetic acid. 

     

The size of AuNPs and PbS nanoparticles was measured using a zetasizer (Nano ZS, 

Malvern, UK) at room temperature. One milliliter of nanoparticle colloidal in a 2.5 ml disposable 

polystyrene cuvette (GmbH & Co. KG) was used for the measurement. The zeta-potential of 

AuNPs was also measured using the zetasizer (Nano ZS, Malvern, UK). Transmission electron 
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microscopy (TEM) and UV/Vis (NanoDrop, Thermo Fisher Scientific, DE) were also used to 

characterize the nanoparticles. 

4.2.5 Functionalization of nanoparticles 

Magnetic nanoparticles (MNPs) were functionalized with the monoclonal antibody (mAb) to 

E. coli O157:H7 (Setterington et al., 2011). Magnetic nanoparticles (2.5 mg) were suspended in 

150 µl of 0.1 M phosphate buffer, and sonicated for 15 min. Monoclonal anti-E. coli O157:H7 

antibody (2.5 mg/ml, 100 μl) was added to the suspension, and mixed on a tube rotator for 5 min. 

Twenty five microliters of PBS buffer (0.1 M) were added. Then the conjugation was carried on 

for 55 min on the tube rotator. The MNPs were separated from the solution by magnetic 

separation, and blocked by adding 250 µl of 0.1M tris buffer with 0.01% casein with 5 min 

incubation. This step was repeated three times. The third suspension in tris-casein buffer was put 

on the tube rotator for 60 min. Finally, the MNPs were magnetically separated and resuspended 

in 2.5 ml of 0.1M phosphate buffer. The MNP-mAb conjugate was stored at 4º C before use. 

Gold nanoparticles were conjugated with the polyclonal antibody (pAb) to E. coli O157:H7 

and PbS-terminated oligonucleotides (pAb-AuNP-PbS). To determine the suitable amount of 

antibody, 4-20 µg (in 4 µg increments) of antibodies were added to 1 ml AuNP (pH 9.2) and 

incubated for 30 min. Optimized antibody concentration was determined by monitoring the color 

change visually. From the shifting of color after adding 100 μl of 2 M NaCl (Hill and Mirkin, 

2006; Greg, 2007), it was determined that the optimal amount was 10 μg. Based on this result, 10 

μg of antibody were added to 1 ml AuNP and the solution was allowed to incubate for 30 min 

before conjugating with PbS nanoparticles. 

The modification of AuNPs with oligonucleotides followed the procedure published by Hill 

and Mirkin (2006), and the conjugation of PbS nanoparticles to AuNPs followed the procedure 
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published by Zhang et al. (2010). Briefly, 25 µl of 200 µM thiolated oligonucleotides were 

mixed with 25 μl of 0.2 M DTT solution and then purified using a Nap-5 column. The 

oligonucleotides were added to the pAb-AuNP conjugates, and a serial salt addition was 

conducted for 3 h. After washing away the excess reagents, EDC and NHS were added to form 

the linkage between PbS nanoparticles and oligonucleotides on AuNPs. The pAb-AuNP-PbS 

conjugates were ready to use after washing. The attachment of PbS to AuNPs was confirmed by 

monitoring the electrochemical response. In this experiment, three tubes were used: tube 1 

contained PbS nanoparticles only; tube 2 contained PbS nanoparticles mixed with EDC and 

NHS; and tube 3 contained PbS nanoparticles mixed with EDC and NHS and AuNPs (AuNPs 

conjugated with antibody and oligonucleotides). Tube 2 and tube 3 went through the same 

procedure of preparing pAb-AuNP-PbS (as shown above). Then all three tubes were centrifuged 

at 13,000 rpm for 15 min. The electrochemical response of lead in solution was measured using 

the potentiostat. 

4.2.6 Detection of target pathogenic bacteria 

A schematic of the detection of the target pathogen is presented in Figure 4-2. Blank for the 

tests was peptone water in the same volume as the sample containing the target pathogen. Firstly, 

400 µl of PBS buffer, 50 µl of cell dilution and 50 µl of MNP-mAb conjugates were combined in 

a 2 ml sterile tube. After 15 min incubation, PBS buffer (55 µl, 0.01 M) with 0.1% BSA was 

added to the mixture as a blocking agent and incubated for 5 min. Then, the MNP-mAb-E. coli 

complexes were magnetically separated from the solution and resuspended in 450 µl assay 

buffer. Secondly, the pAb-AuNP-PbS (50 µl) conjugates were introduced to the system, followed 

by 15 min incubation. After washing the MNP-mAb-E. coli-pAb-AuNP-PbS complex once with 

0.01 M PBS buffer, the complex was resuspended in 500 µl of PBS buffer with 0.05% Triton-
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X100, and allowed to stand for 3 min. After magnetic separation, the complex was suspended in 

500 µl of PBS buffer. One hundred microliters of the suspension were plated on SMAC for cell 

counting. The rest of the suspension was magnetically separated from the supernatant. At the 

same time, the cell culture (100 µl) was plated on SMAC for cell counting. Therefore, the 

bacterial growth during the detection time was counted when calculating capture efficiency. 

 

Figure 4-2. Schematic of the PbS-labeled biosensor for the detection of E. coli O157: H7. The 

target cell in a sample was captured by the MNP-mAb and separated by a simple magnet. Then 

the target cell was labeled with pAb-AuNP-PbS. The MNP-mAb-E. coli-pAb-AuNP-PbS 

complex was  transferred onto a screen-printed carbon electrode (SPCE) chip connected to a 

potentiostat. PbS nanoparticles were dissolved and deposited onto the SPCE chip for 

electrochemical measurement. 
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4.2.7 Electrochemical measurement 

Twenty microliters of HNO3 (0.8 M) were added to each sample from section 4.2.6 (complexes 

magnetically separated from supernatant) and incubated for 10 min. Then, 180 µl of 1 mg/l 

bismuth in acetate buffer (Zhang et al., 2010) were added. One hundred microliters of the 

suspension were introduced to the SPCE chip. Ten minute deposition of -1.2 V vs. Ag/AgCl was 

applied to the working electrode, followed by a square wave voltammetric measurement from -

1.2 V to 0.0 V (Zhang et al., 2010; Wang et al., 2000). All measurements were performed at 

room temperature. Each sample was measured three times. At least three samples for each 

concentration of bacteria were tested. 

4.2.8 Specificity Test 

The specificity of the biosensor was tested with non-target bacteria, including E. coli 

O55:H7 (8.5×10
3
 cfu/ml), E. coli C3000 (6.3×10

1
 cfu/ml), Salmonella enteritidis (3.1×10

3
 

cfu/ml) and Bacillus anthracis. The same procedure for the detection of E. coli O157:H7 

(1.2×10
3
 cfu/ml) were used in the test, except that one of the non-target bacteria was used in 

each sample instead of E. coli O157:H7. Blank and negative control samples were also tested, 

and they were not exposed to any bacteria. Assay buffer was added to the negative control 

samples instead of pAb-AuNP-PbS conjugates. Blank samples were the same as those for the 

detection of E. coli O157:H7. Three replicates for each bacterium were conducted, and the 

electrochemical signals were measured, following the same method in the previous section. 
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4.3 Results and discussion 

4.3.1 Functionalization of nanoparticles  

A TEM image of AuNPs is presented in Figure 4-3a from which an average diameter of 16 

nm was observed. PbS nanoparticles were also characterized by TEM, as shown in Figure 4-3b. 

An average diameter of 7 nm was observed for PbS nanoparticles. PbS nanoparticles with 

smaller size than AuNPs were synthesized in order to enable the attachment of multiple PbS 

nanoparticles. PbS nanoparticles were attached to AuNPs through the oligonucleotide linkage 

(oligo-PbS). As shown in Figure 4-2, the AuNPs were conjugated with both antibodies and PbS-

terminated oligonucleotides. The protein A linkage is not suitable for this purpose since the 

protein will occupy the binding sites for oligonucleotides. The challenge was to attach the 

antibodies to the AuNPs but provide enough space for the attachment of the oligonucleotides. 

Therefore, the suitable amount of the antibody was determined. The amount of antibody was 

evaluated by adding 2 M NaCl to the AuNP-antibody conjugation following the method by Greg 

(2007). The AuNPs in colloidal are negatively charged, with a zeta-potential of -29.7 mV. When 

particles approach each other, there is an energy barrier between them to overcome charge 

repulsion and to aggregate (Greg, 2007). When NaCl was added, it masked the negative charge 

on uncoated or partially coated particles and breached the barrier (Greg, 2007). A zeta-potential 

of uncoated AuNPs was obainted as -9.58 mV after adding NaCl, which indicated the decrease in 

negative charges on particles. The shift of color according to the different amount of antibody is 

shown in Figure 4-3c. From left to right, the tubes contained antibody in the amount of 0 μg/ml 

(blank), 4 μg/ml, 8 μg/ml, 12 μg/ml, 16 μg/ml, and 20 μg/ml, respectively. The tube with 8 μg/ml 

antibody starts to turn red, but shows some aggregates. The tubes with 12~20 μg/ml antibody 

have red color with no aggregates. These indicate that the optimized amount of antibody to keep 
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colloidal stability and still provide binding sites for the oligonucleotides is between 8 and 12 

μg/ml. Ten micrograms of antibody per milliliter of AuNPs was used for the succeeding 

experiments. 

      

(a)                                                                          (b) 

 

(c) 

Figure 4-3. TEM image of (a) AuNPs and (b) PbS nanoparticles. (c) Determination of the 

amount of polyclonal antibody for the preparation of pAb-AuNP-PbS. Each tube contained 

AuNP (pH 9.2) and varying amount of polyclonal antibody: 0, 4, 8, 12, 16, and 20 µg/ml (left to 

right). Third tube from left (8 μg/ml) is red in color but shows some aggregates. Fourth (12 

μg/ml) to sixth tubes from left are red in color and show no aggregates. 
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Thiolated oligonucleotides form self-assembled monolayer on AuNP surface. PbS 

nanoparticles were attached to AuNPs through the crosslinking of carboxylic group on PbS and 

the amine group on the 5’ end of the oligonucleotides. PbS attachment to AuNPs was verified by 

measuring the electrochemical response. Figure 4-4 shows the electrochemical signal 

comparison of three tubes which were processed differently. Tube 1 contained PbS nanoparticles 

only. Tube 2 contained PbS nanoparticles mixed with only EDC and NHS. Tube 3 contained PbS 

nanoparticles mixed with EDC, NHS and AuNPs (conjugated with antibody and 

oligonucleotides). Tube 2 and tube 3 went through the same procedure for preparing pAb-AuNP-

PbS (section 4.2.5). Then all three tubes were centrifuged at 13,000 rpm for 15 min and the 

supernatant was measured for lead electrochemical response. Figure 4-4a shows the color of the 

three tubes before centrifugation. The three tubes in Figure 4-4b are supernatant after 

centrifugation, while the precipitate tubes after centrifugation are shown in Figure 4-4c. The 

color of tube 1 in Figure 4-4b is very similar to the color of tube 1 in Figure 4-4a. Tube 1 in 

Figure 4-4c shows a bit brown precipitate. This indicates that most of the PbS nanoparticles 

remained in solution during centrifugation. This is expected as PbS nanoparticles are very small 

(~7 nm) and hence would remain in solution during centrifugation. The color of tube 2 in Figure 

4-4b is slightly lighter than the color of tube 2 in Figure 4-4a. Tube 2 in Figure 4-4c shows a 

small black precipitate as well. The black precipitate could be a result of the EDC/NHS coating 

on the PbS nanoparticle surface. Yet, most of the PbS remained in solution. Despite the 

EDC/NHS coating, the size of the PbS nanoparticles is still small and could not be precipitated 

during centrifugation. The color of tube 3 in Figure 4-4b is almost clear, vastly different from the 

color of tube 3 in Figure 4-4a. This could indicate that the PbS nanoparticles have been removed 
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from the supernatant. Tube 3 in Figure 4-4c shows a lot of red precipitate. The color of the 

precipitate is that of AuNPs. Figure 4-4d shows the results of the electrochemical measurement 

of the supernatant in the three tubes (the supernatant in Figure 4-4b). Tube 1 has the highest 

signal indicating PbS in the solution. Although tube 2 has a slightly lower signal than tube 1, it is 

still a high signal. Tube 3 has the lowest signal indicating that PbS has been removed from the 

solution. The removal could only happen if the conjugate pAb-AuNP-PbS formed. This result is 

consistent with the color observations in Figure 4-4b and precipitate in Figure 4-4c. Blank is 10 

µl of HNO3 (0.8 M) and 90 µl of 1 mg/l bismuth in acetate buffer. At the same time, the signal 

of PbS in solution indicated that excessive amount of PbS nanoparticles were used during the 

PbS and AuNP conjugation, which ensured the enough binding of PbS to each AuNP.   
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(a)                                                                         (b) 

     

(c)                                                                      (d) 

Figure 4-4. Verification of the formation of pAb-AuNP-PbS conjugates: (a) before 

centrifugation; (b) tubes with supernatant after centrifugation; (c) tubes with precipitate after 

centrifugation; (d) current peak of lead
 
in the supernatant after centrifugation. Tube 1: PbS 

nanoparticles only; Tube 2: PbS nanoparticles mixed with EDC and NHS only; Tube 3: PbS 

nanoparticles mixed EDC, NHS and pAb-AuNP- oligonucleotides. 
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4.3.2 PbS-labeled biosensor for detection 

The capture efficiency (CF) of using MNP-mAb conjugates were calculated according to the 

microbial plating, by comparing the enumeration of cells in bacterial culture with cells captured 

by MNPs as shown in the following Equation 4-1:  

CF=(log10 Ccap / log10 Ccul) ×100%                                                             (4-1) 

Where Ccap is the number of captured cells obtained from plate counting and Ccul is the number 

of cells in culture from plate counting with the unit of cfu/ml. An average of 94.96%± 2.26% 

was obtained, indicating that the target bacteria were captured and separated with high 

efficiency.  

After magnetic separation using MNPs, the target bacteria were labeled with pAb-AuNP-

PbS through the binding of the pAb on AuNPs to the antigen surface of the target bacteria. 

Figure 4-5a is a typical sensorgram of the square wave scan from -1.2 V to 0.0 V for the bacterial 

detection. Lead signal using bismuth-coated electrode was measured, which was prepared by 

depositing bismuth and lead onto the electrode at the same time (Zhang et al., 2010; Wang et al., 

2000). No signal (current peak) was observed for the blank. For the samples with bacteria, 

labeling the captured bacteria with pAb-AuNP-PbS resulted in the appearance of a peak at ~ -0.7 

V which is for lead. This current peak was used as the detection signal.  
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(a) 

 

(b) 

Figure 4-5. Sensorgram and signal vs. concentration. (a) Typical sensorgram of square wave 

voltammetry (bacterial concentration is at 10
4
 cfu/ml); (b) relationship between current peak and 

bacterial concentration. (Insert: relationship between peak current and concentration of blank, 

10
0
, 10

3
 and 10

6
 cfu/ml. The units of x- and y-axis are the same as Figure 4-5b.) 
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Figure 4-5b presents the relationship between the peak current for Pb
2+

 at various bacterial 

concentrations (blank, 10
0
~10

6
 cfu/ml). The peak current increased with increasing bacterial 

concentration. The signal to noise ratio (S/N) at each bacterial concentration was calculated by 

dividing the average peak current of bacterial samples by the average peak current of the blank at 

the same potential. The lowest concentration (10
0
 cfu/ml) detected has the signal to noise ratio of 

2.20, and that for the highest concentration (10
6
 cfu/ml) is 4.31. A statistical analysis using t test 

was conducted and the results are presented in Table 4-1. As shown, cell concentration at 10
0
 

cfu/ml is significantly higher than the blank, with a P value of 0.01 (critical value, P=0.05). The 

P value for the other concentrations shows that the various concentrations are also significantly 

different from the blank. In another evaluation, comparing the signals of bacterial samples to the 

average signal of blank samples plus three times the standard deviation (Blank Avg. + 3×S. D. 

which is considered as the limit of detection), as shown in Table 4-1, we found that 10
0 

cfu/ml 

has small overlap with the Blank Avg. + 3×S. D. Therefore, the lowest detectable cell 

concentration is 10
1
 cfu/ml, which is comparable to other detection methods (Yang et al., 2004; 

Tan et al., 2011; Wang et al., 2010; Wang and Alocilja, in press). A box plot is presented in 

Figure 4-6, with a central rectangle which expands from the first quartile to the third quartile and 

"whiskers" above and below the box which show the locations of the minimum and maximum. 

Interquartile range (IR) is: 1.00, 4.33, 7.08, 4.33, 2.17, 4.33, 3.00 and 1.00 for blank, 10
0
, 10

1
, 

10
2
, 10

3
, 10

4
, 10

5
 and 10

6
, respectively. There are no outliers, when data points which are three 

times of IR (3×IR) above the third quartile or 3×IR below the first quartile are considered as 

outliers. These results indicate that the tri-nano biosensor design results in a sensitive detection 
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system. It is noted that we tested samples from different batches of bacteria culture and on 

different days to determine the detection capability under possible in-field conditions, the 

variations between each data point were expected. From Figure 4-5b, the differentiation between 

concentrations different at one log is not obvious in this verification stage. However, it was 

observed that the signals between blank, 10
0
, 10

3
 and 10

6
 can be differentiated as shown in 

Figure 4-5b insert. Compared to the AuNP-labeled biosensor, larger variations between each data 

point may due to the involvement of PbS nanoparticles. The attachment of AuNP to target may 

be affected by adding PbS nanoparticles. However, PbS nanotracer-labled biosensor can detect a 

lower concentration of the target. 

 

Table 4-1. Statistical analysis comparing bacterial samples and blank for PbS-labeled biosensor. 

Concentration (cfu/ml) 0 10
0 

10
1
 10

2
 10

3
 10

4
 10

5
 10

6
 

Average Current Peak (µA) 4.3 9.5 12.0 12.4 15.2 14.8 15.7 18.7 

Standard Deviation (µA) 1.36 3.72 4.42 3.29 2.27 4.21 4.24 1.41 

S/N N/A 2.20 2.77 2.87 3.51 3.42 3.62 4.31 

Blank Avg. + 3×S. D. 8.42  
      

P value
a 

N/A 0.01 0.003 2×10
-4

 2×10
-7 

5×10
-4

 7×10
-6 

5×10
-8 

a 
P value was calculated by a one-tailed paired t test. The critical value, P=0.05. 
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Figure 4-6. Box plot of the E. coli O157:H7 detection using the PbS nanotracer-based biosensor. 

 

4.3.3 Specificity test 

The specificity of the biosensor is shown in Figure 4-6. Samples detected on the same day 

were presented in this figure. It is noticed that the signals for negative control samples (no pAb-

AuNP-PbS added) and blank samples were 6.0±1 and 5.7±1.2 µA, respectively. Because the only 

difference between these two sets of samples was that whether the pAb-AuNP-PbS conjugates 

were added to the system, the very close signals indicate that the non-specific binding of pAb-

AuNP-PbS to the MNPs was minimized in the system. The signals for the non-target bacteria E. 

coli O55:H7, E. coli C3000, S. enteritidis and B. anthracis were significantly smaller than the 

signal of E. coli O157:H7 (critical value, P=0.05), indicating that they didn’t interfere with the 

detection of E. coli O157:H7 and the biosensor is specific to the target. 
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Figure 4-7. Specificity test results of the biosensor with four non-target bacteria: E. coli O55:H7, 

E. coli C3000, S. enteritidis and B. anthracis. Positive control (E. coli O157:H7), negative 

control (no pAb-AuNP-PbS added to the sample), and blank (no bacteria) are also presented. 

 

4.4 Conclusion  

A biosensor based on three nanoparticle assembly was developed for the sensitive and rapid 

detection of E. coli O157: H7. Monoclonal antibody (mAb) was used to functionalize MNPs 

which were used to magnetically separate target bacterial cells from the sample. PbS 

nanoparticles and polyclonal antibody (pAb) were conjugated to AuNPs. By attaching multiple 

PbS nanoparticles to each AuNP through the oligonucleotide linkage, there were multiple 

reporters for each AuNP bound to the target. Lead signal was obtained at ~-0.7 V on the square 

wave voltammetric sensorgram. The biosensor can detect E. coli O157:H7 in the range of 10
1
 to 
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10
6
 cfu/ml within 1 h with minimal sample preparation. The lowest concentration (10

1
 cfu/ml) 

detected had a signal to noise ratio of 2.77, and that for the highest concentration (10
6
 cfu/ml) is 

4.31. The signals of the samples were significantly higher than the signals of the blank (p<0.05). 

The high signal to noise ratio indicates the robustness of the system. Overall, these results show 

that the tri-nano biosensor is highly sensitive and robust, paving the way for practical relevance 

in field-based detection of threat agents. This biosensor therefore is potentially useful in public 

health, biodefense, and food/water safety applications. 
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Chapter 5 :  Nanotracer-labeled biosensor for single cytokine detection 

 

5.1 Introduction 

Interferon-gamma (IFN-γ) is an important cytokine responsible for cell mediated immunity. 

It is a 15.5 kDa protein with primarily α-helical structure (Ealick et al., 1991; Dijksma et al., 

2001). It is secreted by various cells, such as CD4+ T helper cell type 1 (Th1) lymphocytes, 

CD8+ cytotoxic lymphocytes, NK cells, B cells and professional antigen-presenting cells (Frucht 

et al., 2001; Janeway et al., 2001; Bach et al., 1997). Its main functions include immune 

responses driven by Th1, induced regulatory T (Treg) cell activity to control natural immune 

system responses and cellular proliferation and apoptosis (Schroder et al., 2004; Brunet, 2012). 

CXC motif chemokine 10 (CXCL10) is also known as interferon gamma-induced protein 10 (IP-

10). It belongs to CXC chemokine subfamily. It is a protein secreted by cells such as monocytes 

and endothelial cells in response to IFN-γ (Luster et al., 1985). It plays a critical role in 

inflammation and chemotaxis (Romagnani and Crescioli, 2012). Kellar et al. suggested IP-10 as 

one of promising indicators for tuberculosis (TB) diagnosis (Kellar et al., 2011). 

Enzyme-linked immunosorbent assay (ELISA) and enzyme-linked immunospot (ELISPOT) 

are commonly used methods for IFN-γ detection (Berg, 1994; Czerkinsky et al., 1988; Bouyon et 

al., 2003; Pai et al., 2004). A commercialized assay, QuantiFERON-TB assay (Cellestic Limited, 

Carnegie, Victoria, Australia) has been developed based on ELISA, and T-SPOT.TB assay 

(Oxford Immunotec, Oxford, UK) is a commercialized interferon-gamma release assay (IGRA) 

based on ELISPOT. Cytokine flow cytometry (CFC, Karlsson et al., 2003; Maecker et al., 2005), 

immunofluorescence (Schreiber, 2001) and arrayed imaging reflectometry (Carter et al., 2011) 

were also reported for the detection of IFN-γ. Enzyme-linked immunosorbent assay (ELISA) is 
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also the commonly used method for IP-10 detection (Takahata et al., 2003; Caproni et al., 2004). 

Immunohistochemical staining (Takahata et al., 2003), Northern Blot (Gottlieb et al., 1988), 

immunofluorescence (Chang et al., 2011; Yurkovetsky et al., 2007; Aliberti et al., 2001), and 

chemiluminescence based assays (Matsunaga et al., 2009; Sack et al. 2005) were reported for IP-

10 detection as well. In these methods, IP-10 in the concentration of pg/ml level was detected. 

However, these methods require several hours to get results (e.g. ELISA) or complicated 

manipulation (e.g. RT-PCR). 

Several studies reported the detection of IFN-γ using biosensors. Dijksma et al. developed 

an electrochemical immunosensor which could detect 0.02 fg/ml (1 aM) with a dynamic range of 

0-12 pg/ml (Dijksma et al., 2001). Bart et al. described an immunosensor prepared by 

immobilizing anti-IFN-γ antibodies on a self-assembled monolayer (SAM) of acetylcysteine, 

deposited on polycrystalline gold (Bart et al., 2005). Several aptamer-based biosensors were also 

reported (Liu et al., 2010; Min et al., 2008; Tuleuova and Revzin, 2010). In addition, a dextran-

coated surface plasmon resonance (SPR) biosensor was tested for detection of IFN-γ, which 

could detect 250 ng/ml IFN-γ in plasma (Stigter et al., 2005). There are not many reports on 

biosensors for IP-10 detection. Bonham et al., (2013) recently reported an electrochemical 

biosensor which could detect ~60 pM of IP-10. Biosensors enable the important roles of the 

cytokines in immune response to be potentially employed in rapid disease diagnosis. 

In this chapter, a sensitive electrochemical immunosensor was developed for the detection of 

cytokines as the basis of future disease diagnosis. IFN-γ and IP-10 was detected separately. 

Magnetic nanoparticles, gold nanoparticles and nanotracers which are nanoparticles of heavy 

metals (e.g. PbS and CdS nanoparticles) were involved in this immunosensor. Magnetic 

nanoparticles (MNP) conjugated with anti-IFN-γ capture antibody were employed to separate the 
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target from a sample. Gold nanoparticles (AuNPs) which were functionalized with anti-IFN-γ 

detection antibody and conjugated with cadmium sulfide (CdS) nanoparticle-terminated 

oligonucleotides (oligo) were used to label the captured IFN-γ. The electrochemical signal of 

cadmium was obtained as the signal of the biosensor. The binding of one AuNP to the target 

through the antibody-antigen reaction resulted in the labeling of the target with multiple CdS 

nanoparticles. This design of the biosensor was also applied for the detection of IP-10 by using 

PbS nanoparticles instead of CdS nanoparticles and anti-IP-10 antibodies instead of anti- IFN-γ 

antibodies. The biosensor required no sample preparation, and the detection took only 1 h.  

5.2 Materials and methods 

5.2.1 Reagents and materials 

Aniline, iron (III) oxide nanopowder, ammonium persulfate, methanol, and diethyl ether 

were used for the synthesis of the MNPs. Gold (III) chloride trihydrate (Aldrich, MO) and 

dextrin (Fluka, MO) were used for the synthesis of gold nanoparticles under alkaline conditions 

(Anderson et al., 2011). Sodium sulfide, 3-mercaptoacetic acid, and cadmium chloride were used 

for the synthesis of CdS nanoparticles. Instead of cadmium chloride, lead nitrate was used for the 

synthesis of PbS nanoparticles 

MNPs were functionalized with a purified mouse anti-human IFN-γ (capture antibody, cAb) 

obtained from BD Pharmingen
TM

 (#551221, San Diego, CA). AuNPs were conjugated with a 

purified mouse anti-human IFN-γ (detection antibody, dAb) obtained from BD Pharmingen
TM

 

(#554549, San Diego, CA). For IP-10 detection, MNPs were functionalized with a purified 

mouse anti-human IP-10 antibody (capture antibody, cAb) obtained from BD Pharmingen
TM

 

(#555046, San Diego, CA). AuNPs were conjugated with a Mouse Anti-Human IP-10 antibody 
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(detection antibody, dAb) obtained from BD Pharmingen
TM

 (#624084, San Diego, CA). An 

oligonucleotide (sequence 5’-AAA AAA AAA AAA AAA AAA AA-3’) with 3’ thiol modifier 

and 5’ amino modifier was employed as a linker between AuNPs and CdS/PbS nanoparticles, 

which was purchased from Integrated DNA Technologies Inc. (Coralville, IA). 1,4-Dithio-dl-

threitol (DTT) was used for the cleavage of oxidized thiolated oligonucleotides. Nap-5 column 

(GE Healthcare, Piscataway, NJ) was used for the purification of oligonucleotides from DTT 

solution. 1-Ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride (EDC) and N-

hydroxysuccinimide (NHS) were used for the linkage of carboxylic groups on CdS/PbS 

nanoparticles and amine groups on oligonucleotides. These reagents were purchased from Sigma 

(St. Louis, MO). Bismuth standard stock solution (10,000 ppm) was purchased from Ricca 

Chemical Company (Arlington, TX). Acetate buffer solution (0.1 M, pH 4.5) with 1 mg/l 

bismuth was used for electrochemical measurement.  

Phosphate buffered saline (PBS), casein, bovine serum albumin (BSA) and sodium 

phosphate (dibasic and monobasic) and all other reagents (unless otherwise noted) were obtained 

from Sigma-Aldrich (St. Louis, MO). PBS buffer (0.01 M, pH 7.4), phosphate buffer (0.1 M 

sodium phosphate, pH 7.4), 0.1 M tris buffer with 0.01% casein, PBS buffer with 0.1% (w/v) 

BSA, assay buffer (0.562 g Na2HPO4, 0.125g NaH2PO4, 4.383g NaCl and 0.5g BSA in 500 ml 

water; Hill and Mirkin, 2006) were prepared with deionized water from Millipore Direct-Q 

system. PBS buffer and phosphate buffer were used in preparing nanoparticle-antibody 

conjugates and in washing. Buffers with casein or BSA were used to block nanoparticle surface 

against nonspecific binding. Assay buffer was used for keeping pH during reactions and washing 

off unbound or nonspecifically bound reactants.   
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5.2.2 Cytokine dilutions 

Lyophilized Human IFN-γ Standard was obtained from Cellestis (Valencia, CA). The serial 

dilutions of IFN-γ were prepared using sterile deionized water before experiments. Lyophilized 

recombinant human IP-10 was obtained from BD Pharmingen
TM

 (#551130, San Diego, CA). 

The serial dilutions of IP-10 were prepared using sterile deionized water before experiments. 

5.2.3 Apparatus  

Electrochemical measurement was performed with a potentiostat/galvanostat (263A, 

Princeton Applied Research, MA) with a software operating system (PowerSuite, Princeton 

Applied Research, MA) on a computer connected to the potentiostat. The measurement was 

performed by introducing each sample onto a screen-printed carbon electrode (SPCE) chip 

(Gwent Inc. England). The SPCE chip consisted of a working electrode (carbon) and a counter 

and reference electrode (silver/silver chloride electrode). One hundred microliters of each sample 

were introduced to the electrode area on the SPCE chip. 

5.2.4 Synthesis of nanoparticles 

Polyaniline (PANI) coated magnetic nanoparticles were synthesized according to published 

methods (Setterington et al., 2011). Briefly, 50 μl of 1 M HCl, 10 ml of water and 0.4 ml of 

aniline monomer were mixed in a flask, and then 0.65 g of iron (III) oxide nanopowder was 

added to the solution to maintain a final γ-Fe2O3: aniline weight ratio of 1: 0.6. The mixture was 

put in a beaker filled with ice and sonicated for 1 h. The solution was stirred while it was still on 

ice. During the stirring, ammonium persulfate (1 g of ammonium persulfate in 20 ml deionized 

water) was added to the solution slowly for 30 min. The solution was stirred for another 1.5 h. 

After the reaction, the solution was filtered using 2.5 µm filter paper and washed with 20% 
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methanol. Hydrochloric acid (1 M) was used to wash until the filtrate was clear, followed by 

washing with 10 ml of 20% methanol. The filtrate was filtered again using a 1.2 μm filter paper. 

Twenty percent methanol solution was added to the filter. The HCl and methanol wash was 

repeated. The nanoparticles on the filter paper were left under the fume hood to dry for 24 h at 

room temperature and then stored in a vacuum desiccator ready to use. 

 Gold nanoparticles were synthesized under alkaline conditions following the approach 

published by Anderson et al (2011). Briefly, 20 ml of dextrin stock solution (25 g/l) and 20 ml of 

sterile water were mixed in a 50 ml sterile orange cap tube (disposable). Five milliliters of 

HAuCl4 stock solution (0.4 g/50 ml) were then added, and the pH of the solution was adjusted to 

9 with sterile 10% (w/v) Na2CO3 solution. The final volume was brought to 50 ml with pH9 

water. The HAuCl4 concentration in the reaction was 2 mM (for HAuCl4•3H2O = 0.04g/50 ml). 

The reaction was carried out by incubating the solution in a sterile flask in the dark at 50 ºC with 

continuous shaking (100 rpm) for 6 h. A red solution was obtained at the end of the reaction. The 

pH of AuNP colloidal was adjusted to 9.2 before use.  

Cadmium sulfide (CdS) nanoparticles were synthesized by using published procedures 

(Zhang et al., 2010; Ding et al., 2009; Jie et al., 2007). Mercaptoacetic acid (2 μl) was mixed 

with 100 ml of 1 mM CdCl2, and the pH of the solution was adjusted to 11 with 1 M NaOH. 

After bubbling the solution with nitrogen (oxygen free) for 30 min, 50 ml of Na2S (1.34 mM) 

were added dropwise to the solution. Then the solution was continuously bubbled with nitrogen 

for 24 h. Lead sulfide nanoparticles were synthesized by using published procedures (Zhang et 

al., 2010; Zhu et al., 2004). Mercaptoacetic acid (9.22 μl) was mixed with 50 ml of 0.4 mM 

Pb(NO3)2, and the pH of the solution was adjusted to 7 with 1 M NaOH. After bubbling the 
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solution with nitrogen (oxygen free) for 30 min, 40 ml of Na2S (1.34 mM) were added dropwise 

to the solution. Then the solution was continuously bubbled with nitrogen for 24 h. Transmission 

electron microscopy (TEM) and UV/Vis (NanoDrop, Thermo Fisher Scientific, DE) were used to 

characterize the nanoparticles. 

5.2.5 Functionalization of nanoparticles 

Magnetic nanoparticles were functionalized with the capture antibody (cAb) to IFN-γ. 

MNPs (2.5 mg) were suspended in 150 µl of 0.1 M phosphate buffer, and sonicated for 15 min. 

The capture antibody (1.0 mg/ml, 100 μl) was added to the suspension, and mixed on tube rotator 

for 5 min. Twenty five microliters of PBS buffer (0.1 M) were added. Then the conjugation was 

carried on for 55 min on the tube rotator. The MNPs were separated from the solution by 

magnetic separation, and blocked by adding 250 µl of 0.1M tris buffer with 0.01% casein with 5 

min incubation. This step was repeated three times. The third suspension in tris-casein buffer was 

put on the tube rotator for 60 min. Finally, the MNPs were magnetically separated and 

resuspended in 2.5 ml of 0.1M phosphate buffer. The MNP-cAb conjugate was stored at 4º C 

before use. For IP-10 detection, MNPs were functionalized with the capture antibody to IP-10. 

The capture antibody (1.0 mg/ml, 100 μl) was added to the MNP suspension in 150 µl of 0.1 M 

phosphate buffer. The rest steps were the same as preparing the MNPs with capture antibody to 

IFN-γ. 

Gold nanoparticles were conjugated with the detection antibody (dAb) to IFN-γ/IP-10 and 

CdS/PbS-terminated oligonucleotides (oligos). To determine suitable amount of anti-IFN-γ 

detection antibody, 2 μg to 10 μg of the antibody were added to 1 ml AuNP colloidal (pH 9.2) 

and mixed for 30 min on a tube rotator. For anti-IP-10 antibody, 8 μg to 28 μg of anti-IP-10 

detection antibody were added to 1 ml AuNPs. From the shifting of color after adding 100 μl of 
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2 M NaCl (Hill and Mirkin, 2006; Greg, 2007), it is determined that the optimal amount was 10 

μg for the anti-IFN-γ antibody and 20 μg for the anti-IP-10 antibody. Antibodies in the optimal 

amount were added to 1 ml AuNPs to prepare AuNP-dAb conjugates, and AuNP-anti-IFN-γ and 

AuNP-anti-IP-10 were obtained. The modification of AuNPs with oligonucleotides followed the 

procedure published by Hill and Mirkin (2006), and the conjugation of NTs (CdS or PbS 

nanoparticles) to AuNPs followed the procedure published by Zhang et al (2010). Briefly, 25 µl 

of 200 µM thiolated oligonucleotides were mixed with 25 μl of 0.2 M DTT solution and then 

purified using a Nap-5 column. The oligonucleotides were added to the AuNP-dAb conjugates, 

and a serial salt addition was conducted for 3 h. After washing away the excess reagents, EDC 

and NHS were added to form the linkage between CdS/PbS and oligonucleotides on AuNPs. The 

dAb-AuNP-oligo-NT (PbS/CdS) conjugates were ready to use after washing.  

5.2.6 Detection of the targets  

The detection of the targets is presented in Figure 5-1, using IFN-γ as an example. When 

detecting IP-10, dAb-AuNP-oligo-PbS was used instead of dAb-AuNP-oligo-CdS. Blanks 

(negative controls) for the tests were water in the same volume as the sample containing the 

targets. Firstly, 100 µl PBS buffer, 100 µl IFN-γ or IP-10 dilution and 25 µl of MNP-cAb (anti-

IFN-γ or anti-IP-10 cAb) conjugates were combined in a 2 ml sterile tube. After 20 min mixing 

on tube rotator, 50 µl of 0.01 M PBS buffer with 0.1% BSA were added to the mixture as a 

blocking agent with another 5 min reaction. Then, the MNP-target complexes were magnetically 

separated from the solution and resuspended in 200 µl of assay buffer. Secondly, 25 µl of AuNP-

dAb-NT (CdS/PbS) conjugates were introduced to the system, and put on tube rotator for 20 

min. After magnetically separation, the complexes were washed once with assay buffer. 
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Figure 5-1. Schematic of the NT-labeled biosensor for IFN-γ detection. The target in a sample 

was captured by MNP-cAbs and separated by a magnet. Then the target was labeled with dAb-

AuNP-CdS. The MNP-cAb-target-dAb-AuNP-CdS complexes were transferred onto a SPCE 

chip connected to a potentiostat. The CdS nanoparticles were dissolved and deposited onto the 

electrodes on the SPCE chip for electrochemical measurement. 

  

5.2.7 Electrochemical measurement 

Ten microliters of HNO3 (0.8 M) were added to each sample from section 5.2.6 (complexes 

magnetically separated from supernatant) and incubated for 10 min. Then, 90 µl of 1 mg/l 

bismuth in acetate buffer were added, and the 100 µl of suspension were introduced to the SPCE 

chip. Ten minute deposition of -1.2 V vs. Ag/AgCl was applied to the working electrode, 

followed by a square wave voltammetric measurement from -1.2 V to 0.0 V (Zhang et al., 2010; 
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Wang et al., 2000). All measurements were performed at room temperature. Each sample was 

measured three times. At least three samples for each concentration of IFN-γ/IP-10 were tested.  

5.3 Results and discussion 

5.3.1 Characterization of nanoparticles 

A TEM image of CdS nanoparticles is shown in Figure 5-2. The TEM images of AuNPs and 

PbS nanoparticles have been presented in Chapter 4. The gold nanoparticles are in spherical 

shape with an average diameter of 16 nm, measured from the TEM image. The PbS 

nanoparticles have an average diameter of 7 nm. The CdS nanoparticles appear close to spherical 

shape with an average diameter of 5 nm. 

The nanoparticles were also observed with UV/Vis spectra. Figure 5-3a shows an 

absorbance of AuNPs (colloidal obtained after synthesis) at 520 nm (the red curve on the top). It 

is noted the spectrum of dextrin (the black curve on the bottom) is also shown in Figure 5-3a 

with an absorbance peak at 290 nm. The UV/Vis absorption spectrum of CdS nanoparticles is 

presented in Figure 5-3b. The absorption appears in a band range of 220 nm to 500 nm, and the 

spectrum exhibits a well defined absorption peak at 228 nm. The absorption peaks of CdS are 

blue-shifted compared to the absorption peak of bulk CdS at 512 nm (Bai et al., 2009). The 

UV/vis spectrum of dAb-AuNP-oligo-CdS conjugates was also carried out at room temperature, 

which is presented in Figure 5-3c. The spectrum in black curve with a higher peak at 228 nm is 

the absorption spectrum of CdS nanoparticles only, and the spectrum in red curve below is the 

absorption spectrum of the conjugates. It is observed that there are two peaks in the spectrum of 

the dAb-AuNP-oligo-CdS conjugates, one at 228 nm and the other at 260 nm. The peak at 228 

nm is consistent with CdS nanoparticle absorption peak, and the one at 260 nm is the peak for 

oligonucleotides (Gerstein, 2001). The presence of the two peaks verified that CdS and 
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oligonucleotides were attached to AuNP. It is noticed that the absorption peak of AuNP no 

longer exists in Figure 5-3c. The absence of AuNP peak was resulted from the increase of the 

size of the gold nanoparticles due to the conjugation, which caused the change in the absorption. 

The UV/vis spectrum of PbS nanoparticles and dAb-AuNP-oligo-PbS conjugates are shown in 

Figure 5-3d and 5-3e, respectively. Lead sulfide nanoparticles have an absorption peak at 226 nm 

while it shows the absorption in a band range of 225 to 550 nm, which also shows the blue 

shifting of the absorption edge due to the decreasing particle size (Xu et al., 2003). The same 

peak at 226 nm was also found for dAb-AuNP-oligo-PbS conjugates, which verifies the 

existence of PbS in the conjugates. The same peak at 260 nm is also presented, which indicates 

the attachment of oligonucleotides. 

 

Figure 5-2. TEM images of CdS nanoparticles. The CdS nanoparticles appear close to spherical 

shape with an average diameter of about 5 nm. 
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(a) 

     

(b)                                                                                   (c) 

     

(d)                                                                                  (e) 

Figure 5-3. UV/Vis spectra of: (a) AuNPs and dextrin, (b) CdS nanoparticles, (c) dAb-AuNP-

oligo-CdS conjugates, (d) PbS nanoparticles and (e) dAb-AuNP-oligo-PbS conjugates. 
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The attachment of dAb to AuNPs were verified by adding NaCl to the AuNP-dAb 

conjugates and observing the color change (Hill and Mirkin, 2006; Greg, 2007). The uncoated 

AuNPs form clusters after adding the salt, and the color of the colloidal changes to blue because 

of the increase of the particle size. However, those coated with antibody stay in red color. For 

anti-IFN-γ dAb conjugation, three tubes of AuNPs with different concentration of dAb after 30 

min conjugation (Figure 5-4a) were observed after adding NaCl. The tubes contained antibody in 

the amount of 0 μg/ml (blank), 2 μg/ml, and 10 μg/ml, respectively. The blank tube showed blue 

with aggregate. The tube with 2 μg/ml antibody was blue, but showed less aggregate than the 

blank. The tubes with 10 μg/ml antibody had purple color with some aggregate. It is indicated 

that dAb was attached to AuNPs which helped to stabilized the colloidal after adding the salt. 

Therefore, the AuNPs coated with dAb didn’t aggregate and remined in red color. According to 

the color change and aggregation, it was determined that 10 μg/ml is a suitable concentration of 

antibody, which ensures that the AuNPs were functionalized with antibody and there were still 

space on the AuNP surface for oligonucleotides to bind. The same experiment was conducted to 

determine the suitable amount of anti-IP-10 dAb, and the tubes after adding NaCl are shown in 

Figure 5-4b. Tubes from the left to the right are 0 μg/ml (blank), 8 μg/ml, 12 μg/ml, 16 μg/ml, 24 

μg/ml and 28 μg/ml. The tube with 28 μg/ml antibody has much less aggregates than the other 

tubes. There is no obvious difference between 16 and 24 μg/ml. Both show red color with some 

aggregates. Therefore, the suitable amount of antibody is within the range of 16 to 24 μg/ml. 

Based on the observation, 20 μg/ml was determined as a suitable amount of the antibody.  
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(a) 

 

(b) 

Figure 5-4. Determination of the amount of detection antibody for the preparation of dAb-AuNP-

NT. (a) Anti-IFN-γ antibody: each tube contained AuNP (pH 9.2) and varying amount of 

antibody: 0, 2 and 10 μg/ml (left to right). The two left tubes are blue with aggregate. The third 

tube from left (10 μg/ml) is red in color but shows some aggregate. (b) Anti-IP-10 antibody: each 

tube contained AuNP (pH 9.2) and varying amount of antibody: 0, 8, 12, 16, 24 and 28 μg/ml 

(left to right). The sixth tube from left (28 μg/ml) is red in color with much less aggregate on the 

bottom of the tube compared to the others. 
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5.3.2 Biosensor detection 

After the capture of target IFN-γ or IP-10, dAb-AuNP-oligo-CdS or dAb-AuNP-oligo-PbS 

conjugates were introduced to the MNP-target complexes. The dAb-AuNP-oligo-CdS/PbS 

conjugates labeled the target proteins through antibody-antigen reaction. Therefore, CdS or PbS 

nanoparticles would present when there was the binding event of AuNPs to the targets. The 

signal of the biosensor was obtained by electrochemical measurement. After depositing bismuth 

and cadmium/lead at the same time at -1.2 V vs. Ag/AgCl for 10 min, a square wave 

voltammetric stripping scan from -1.2 V to 0 V was conducted on a SPCE chip. According to the 

literature (Zhang et al., 2010), the current peak of cadmium appears at ~ -0.87 V and it is also 

observed in the sensorgram as shown in Figure 5-5a when 0.1 IU/ml of IFN-γ presented in a 

sample. The magnitude of peak current at -0.87 V was used to indicate cadmium signal. No 

current peak was observed for the blank. For the blank, the magnitude of current at -0.87 V was 

used to calculate the signals. For lead, the current peak appeared at around -0.67 V. The 

magnitude of peak current at -0.67 V was used to indicate lead signal. No current peak was 

observed for the blank. For the blank, the magnitude of current at -0.67 V was used to calculate 

the signals. A typical sensorgram is presented in Figure 5-5b, and the detection of 10 ng/ml IP-10 

is shown.  
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(a) 

 

(b) 

Figure 5-5. Typical sensorgrams of using nanotracers-labeled biosensor for the detection of 

single cytokine: (a) sensorgram of IFN-γ detection (IFN-γ concentration: 0.1 IU/ml), and (b) 

sensorgram of IP-10 detection (IP-10 concentration: 10 ng/ml). For IFN-γ detection, a current 

peak of cadmium appeared at -0.87 V in the square wave voltammetric stripping scan from -1.2 

V to 0 V. A current peak of lead appeared at -0.67 V for the detection of IP-10.  
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In order to evaluate the sensitivity and detection range of the biosensor, a serial dilution of 

IFN-γ was detected using the biosensor. Figure 5-6a shows the relationship between the current 

peak of cadmium and various IFN-γ concentrations (blank, 0.01 IU/ml to 10 IU/ml). It is 

observed that the current peak of cadmium for samples with IFN-γ are differentiated from the 

current at the same potential for the blanks, noted that the current magnitude at -0.87 was used as 

the signal of the blank. The signal increased with increasing target concentration, except the 

highest concentration of 10 IU/ml. At 10 IU/ml, signal lower than the expected (signals increase 

with increasing concentration) was observed due to the hook effect in immunological tests which 

caused the non-equilibrium status because of high antigen concentration (Gatto-Menking et al., 

1995). The results for IP-10 detection are presented in Figure 5-6b, which shows the relationship 

between the current peaks and various IP-10 concentrations (blank, 1 pg/ml to 100 ng/ml). 

Compared to the results of IFN-γ detection, the variation of signals is larger, which may be 

attributed to the instability of PbS nanoparticles compared to CdS nanoparticles. It was found 

during the experiments that the CdS nanoparticles were stable under room temperature for at 

least 6 months, but PbS nanoparticles were easily oxidized and precipitated from the colloidal in 

a couple of days. Therefore, during the preparation of the AuNP-NT conjugates and the 

detection, some PbS nanoparticles might be oxidized and resulted in the inconsistency between 

the signals obtained with different samples and on different days. If the experiments on different 

days were taken in account, the variation was greatly decreased as shown in Figure 5-6b insert. 

Here, the results are presented in signal to noise number (SNN) which is calculated by 

subtracting current magnitude at -0.67 V for blank obtained during the experiment on each day 

from the current magnitude for samples obtained the same day.   
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 (a)  

 

(b) 

Figure 5-6. Electrochemical measurement results of single cytokine detection in buffer solution: 

(a) relationship between the current peak and IFN-γ concentration, and (b) relationship between 

the current peak and IP-10 concentration (Insert: signal to noise number (SNN) at different IP-10 

concentration). 
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A statistical analysis including t test for IFN-γ detection was conducted and the results are 

presented in Table 5-1. The average signal and standard deviation for each concentration is 

shown. Signal to noise ratio (S/N) is calculated as dividing the average signal for each 

concentration by the signal for blank, which results in the S/N of 2.55 for 0.01 IU/ml, 3.64 for 

0.1 IU/ml, 4.19 for 1 IU/ml and 3.68 for 10 IU/ml. By comparing the signal of each IFN-γ 

concentration to the average signal of blank samples plus three times of standard deviation 

(Blank Avg. + 3×S. D.), it is found that 0.01 IU/ml has a small overlap with the Blank Avg. + 

3×S. D. However, the detection of other concentrations is obvious. In another evaluation, signals 

for all concentrations are significantly different from the blank as shown by P value (P<0.05). 

Therefore, the detection limit of this biosensor is 0.01 IU/ml according to the P value. 

International units/ml (IU/ml) reported here can be converted to pg/ml as 1 IU/ml=40 pg/ml 

(Kellar et al., 2011). Compared with other methods, this biosensor can sensitively detect the 

target IFN-γ with a detection time of 1 h. 

 

Table 5-1. Statistical analysis comparing samples and blank for IFN-γ detection in single 

cytokine detection. 

Concentration (IU/ml) 0 0.01 0.1 1 10 

Average Current Peak (µA) 4.63 11.81 16.87 19.42 17.06 

Standard Deviation (µA) 2.10 2.41 2.19 3.96 3.15 

S/N N/A 2.55 3.64 4.19 3.68 

Blank Avg. + 3×S. D. 10.94 

    P value
a 

N/A 8.87E-06 1.33E-07 1.06E-06 2.30E-07 
a
 P value was calculated by a one-tailed paired t test. The critical value, P=0.05. 
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The statistical analysis including t test was also conducted for IP-10 detection, and the 

results are presented in Table 5-2. By comparing the signal of each IP-10 concentration to the 

average signal of blank samples plus three times of standard deviation (Blank Avg. + 3×S. D.) as 

in Table 5-2, it is found that 0.01 ng/ml has a small overlap with the Blank Avg. + 3×S. D, but 

the detection of other concentrations is obvious. Shown by P value, signals for all concentrations 

are significantly different from the blank. Therefore, the detection limit of this biosensor is 1 

pg/ml. The sensitivity of IP-10 detection is also comparable with other methods with a detection 

time of 1 h. 

 

Table 5-2. Statistical analysis comparing samples and blank for IP-10 detection in single 

cytokine detection. 

Concentration 

(ng/ml) 
0 0.001 0.01 0.1 1 10 100 

Average Current 

Peak (µA) 
3.53 10.00 9.24 9.67 9.67 11.75 12.89 

Standard Deviation 

(µA) 
1.58 1.20 1.89 4.17 3.50 4.26 3.58 

SNN N/A 7.33 7.78 8.11 8.83 11.50 13.33 

Blank Avg.+3×S. D. 8.27 

      P value
a 

N/A 9.05E-06 9.28E-07 0.016487 0.000125 0.000397 1.25E-05 
a
 P value was calculated by a one-tailed paired t test. The critical value, P=0.05. 

 

5.4 Conclusion 

An electrochemical biosensor based on nanoparticle conjugates was developed for single 

cytokine detection. Magnetic nanoparticles and gold nanoparticles functionalized with antibodies 

bound to a target cytokine through the antibody-antigen biorecognition. Magnetic nanoparticles 

captured and separated the target from a sample, and gold nanoparticles labeled the target, which 
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formed a sandwich structure. Because the gold nanoparticles were also conjugated with CdS or 

PbS nanoparticle-terminated oligonucleotides, signal amplification was achieved due to the 

binding of multiple CdS/PbS nanoparticles to one AuNP through oligonucleotide linkage. For 

IFN-γ detection, the electrochemical signal of CdS nanoparticles were measured using a 

potentiostat, and a current peak at ~-0.87 V for cadmium during a squarewave voltammetry scan 

was obtained. A detectable range of 0.01 IU/ml to 10 IU/ml was obtained with a detection limit 

of 0.01 IU/ml. Meanwhile, the IP-10 detection took 1 h with a detectable concentration of 1 

pg/ml. The biosensor required less time than other technologies but achieved comparable 

sensitivity. 
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Chapter 6 : Multiplex biosensor for detection of IFN-γ and IP-10 cytokines 

 

6.1 Introduction 

Tuberculosis (TB) is considered as one of the most widely spread infectious diseases which 

threaten the public health. The diagnosis of TB includes methods such as tuberculin skin test 

(TST), blood test which is also called as interferon-gamma release assays (IGRAs), microbiology 

tests and chest radiograph. Kellar et al. (2011), Ruhwald et al. (2007) and several other studies 

(Azzurri et al., 2005; Okamoto et al., 2005; Kabeer et al., 2010; Goletti et al., 2010) reported that 

besides IFN-γ which was used as a biomarker for TB diagnosis in IGRAs, IFN-gamma-inducible 

protein 10 (IP-10/CXCL10) was also produced in a high level when infected with TB. Therefore, 

IP-10 was suggested as an adjunct biomarker for TB diagnosis.  

In this chapter, a biosensor for the detection of IFN-γ and IP-10 was developed for potential 

TB diagnosis. This new rapid and sensitive approach for multiplex cytokine detection combines 

magnetic separation and signal amplification based on nanoparticles. Using the biosensor, the 

two biomarkers for TB can be detected in one sample simultaneously. This was achieved by 

using magnetic nanoparticles (MNPs) functionalized with antibodies to IFN-γ and IP-10 for 

target separation first. Then gold nanoparticles (AuNPs) conjugated with nanotracers (NTs) and 

antibodies were utilized to label the targets and provide electrochemical signals. The nanotracers 

are two kinds of nanoparticles: lead sulfide (PbS) and cadmium sulfide (CdS). They were 

conjugated with AuNPs through the linkage of oligonucleotides. There were two types of AuNP 

conjugates: one was functionalized with antibody to IFN-γ and CdS-terminated oligonucleotides 

and the other was functionalized with antibody to IP-10 and PbS-terminated oligonucleotides. 

Therefore, the electrochemical signal of cadmium would report the detection of IFN-γ and that of 
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lead would represent the existence of IP-10. The electrochemical signals were measured using 

potentiostat on a screen-printed carbon electrode (SPCE). It took 1 h from the sample to final 

signal read-out. IFN-γ and IP-10 in buffer and in plasma were tested.  

6.2 Materials and methods 

6.2.1 Reagents and materials 

Aniline, iron (III) oxide nanopowder, ammonium persulfate, methanol, and diethyl ether 

were used for the synthesis of the MNPs. Gold (III) chloride trihydrate (Aldrich, MO) and 

dextrin (Fluka, MO) were used for the synthesis of gold nanoparticles under alkaline conditions 

(Anderson et al., 2011). Sodium sulfide, 3-mercaptoacetic acid, and cadmium chloride were used 

for the synthesis of CdS nanoparticles. Sodium sulfide, 3-mercaptoacetic acid, and lead nitrate 

were used for the synthesis of PbS nanoparticles.     

Antibodies conjugated with MNPs (capture antibody, cAb) were purified mouse anti-human 

IFN-γ (#551221) and purified mouse anti-human IP-10 antibody (#555046) obtained from BD 

Pharmingen
TM

 (San Diego, CA). Detection antibodies (dAb) conjugated with AuNPs were 

purified mouse anti-human IFN-γ (#554549) and mouse anti-human IP-10 antibody (#624084) 

obtained from BD Pharmingen
TM

 (San Diego, CA). An oligonucleotide (sequence 5’-AAA 

AAA AAA AAA AAA AAA AA-3’) with 3’ thiol modifier and 5’ amino modifier was 

employed as a linker between AuNPs and NTs, which was purchased from Integrated DNA 

Technologies Inc. (Coralville, IA). 1,4-Dithio-dl-threitol (DTT) was used for the cleavage of 

oxidized thiolated oligonucleotides. Nap-5 column (GE Healthcare, Piscataway, NJ) was used 

for purifying oligonucleotides from DTT solution. 1-Ethyl-3-[3-dimethylaminopropyl] 

carbodiimide hydrochloride (EDC) and N-hydroxysuccinimide (NHS) were used for the linkage 



 98 

of carboxylic groups on NTs and amine groups on oligonucleotides. These reagents were 

purchased from Sigma (St. Louis, MO). Bismuth standard stock solution (10,000 ppm) was 

purchased from Ricca Chemical Company (Arlington, TX). Acetate buffer solution (0.1 M, pH 

4.5) with 1 mg/l bismuth was used for electrochemical measurement.  

Phosphate buffered saline (PBS), casein, bovine serum albumin (BSA) and sodium 

phosphate (dibasic and monobasic) and all other reagents (unless otherwise noted) were obtained 

from Sigma-Aldrich (St. Louis, MO). PBS buffer (0.01 M, pH 7.4), phosphate buffer (0.1 M 

sodium phosphate, pH 7.4), 0.1 M tris buffer with 0.01% casein, PBS buffer with 0.1% (w/v) 

BSA, assay buffer (0.562 g Na2HPO4, 0.125g NaH2PO4, 4.383g NaCl and 0.5g BSA in 500 ml 

water; Hill and Mirkin, 2006) were prepared with deionized water from Millipore Direct-Q 

system. PBS buffer and phosphate buffer were used in preparing nanoparticle-antibody 

conjugates and in washing. Buffers with casein or BSA were used to block nanoparticle surface 

against nonspecific binding. Assay buffer was used for keeping pH during reactions and washing 

off unbound or nonspecifically bound reactants.   

6.2.2 Cytokine dilutions and human plasma 

Lyophilized Human IFN-γ Standard was obtained from Cellestis (Valencia, CA). 

Lyophilized recombinant human IP-10 was obtained from BD Pharmingen
TM

 (#551130, San 

Diego, CA). The serial dilutions of IFN-γ or IP-10 were prepared using sterile deionized water 

before experiments. For the detection of the two cytokines in buffer, the dilutions in water were 

used directly. For the detection in plasma, IFN-γ and IP-10 were spiked in 10% plasma (plasma 

incubated with Nil as described below). The plasma was provided by Centers for Disease 

Control and Prevention (CDC). Blood was collected and divided into different tubes, followed 
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by overnight incubation at 37 ºC with saline (Nil). Then plasma was collected and divided into 

aliquots. Ten percent plasma was prepared at the beginning of the detection with PBS buffer. 

6.2.3 Apparatus  

Electrochemical measurement was performed with a potentiostat/galvanostat (263A, 

Princeton Applied Research, MA) with a software operating system (PowerSuite, Princeton 

Applied Research, MA) on a computer connected to the potentiostat. The measurement was 

performed by introducing each sample onto a screen-printed carbon electrode (SPCE) chip 

(Gwent Inc. England). The SPCE chip consisted of a working electrode (carbon) and a counter 

and reference electrode (silver/silver chloride electrode). One hundred microliters of each sample 

were introduced to the electrode area on the SPCE chip. 

6.2.4 Synthesis of nanoparticles 

Polyaniline (PANI) coated magnetic nanoparticles were synthesized according to published 

methods (Setterington et al., 2011). Briefly, 50 μl of 1 M HCl, 10 ml of water and 0.4 ml of 

aniline monomer were mixed in a flask, and then 0.65 g of iron (III) oxide nanopowder was 

added to the solution to maintain a final γ-Fe2O3: aniline weight ratio of 1: 0.6. The mixture was 

put in a beaker filled with ice and sonicated for 1 h. The solution was stirred while it was still on 

ice. During the stirring, ammonium persulfate (1 g of ammonium persulfate in 20 ml deionized 

water) was added to the solution slowly for 30 min. The solution was stirred for another 1.5 h. 

After the reaction, the solution was filtered using 2.5 µm filter paper and washed with 20% 

methanol. Hydrochloric acid (1 M) was used to wash until the filtrate was clear, followed by 

washing with 10 ml of 20% methanol. The filtrate was filtered again using a 1.2 μm filter paper. 

Twenty percent methanol solution was added to the filter. The HCl and methanol wash was 
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repeated. The nanoparticles on the filter paper were left under the fume hood to dry for 24 h at 

room temperature and then stored in a vacuum desiccator ready to use. 

 Gold nanoparticles were synthesized under alkaline conditions following the approach 

published by Anderson et al (2011). Briefly, 20 ml of dextrin stock solution (25 g/l) and 20 ml of 

sterile water were mixed in a 50 ml sterile orange cap tube (disposable). Five milliliters of 

HAuCl4 stock solution (0.4 g/50 ml) were then added, and the pH of the solution was adjusted to 

9 with sterile 10% (w/v) Na2CO3 solution. The final volume was brought to 50 ml with pH 9 

water. The HAuCl4 concentration in the reaction was 2 mM (for HAuCl4•3H2O = 0.04g/50 ml). 

The reaction was carried out by incubating the solution in a sterile flask in the dark at 50 ºC with 

continuous shaking (100 rpm) for 6 h. A red solution was obtained at the end of the reaction. The 

pH of AuNP colloidal was adjusted to 9.2 before use.  

Cadmium sulfide (CdS) nanoparticles were synthesized by using published procedures 

(Zhang et al., 2010; Ding et al., 2009; Jie et al., 2007) with some modifications. Mercaptoacetic 

acid (2 μl) was mixed with 100 ml of 1 mM CdCl2, and the pH of the solution was adjusted to 11 

with 1 M NaOH. After bubbling the solution with nitrogen (oxygen free) for 30 min, 50 ml of 

Na2S (1.34 mM) were added dropwise to the solution. Then the solution was continuously 

bubbled with nitrogen for 24 h. Lead sulfide nanoparticles were synthesized by similar 

procedures (Zhang et al., 2010; Zhu et al., 2004). Mercaptoacetic acid (9.22 μl) was mixed with 

50 ml of 0.4 mM Pb(NO3)2, and the pH of the solution was adjusted to 7 with 1 M NaOH. After 

bubbling the solution with nitrogen (oxygen free) for 30 min, 40 ml of Na2S (1.34 mM) were 

added dropwise to the solution. Transmission electron microscopy (TEM) and UV/Vis 

(NanoDrop, Thermo Fisher Scientific, DE) were used to characterize the nanoparticles. 
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6.2.5 Functionalization of nanoparticles 

Two kinds of MNPs were prepared by functionalizing them with the capture antibody (cAb) 

to IFN-γ or IP-10, respectively. Taking the example of preparing MNPs-cAb for capturing IFN-

γ, MNPs (2.5 mg) were suspended in 150 µl of 0.1 M phosphate buffer, and sonicated for 15 

min. The anti-IFN-γ antibody (1.0 mg/ml, 100 μl) was added to the suspension, and mixed on 

tube rotator for 5 min. Twenty five microliters of PBS buffer (0.1 M) were added. Then the 

conjugation was carried on for 55 min on the tube rotator. The MNPs were separated from the 

solution by magnetic separation, and blocked by adding 250 µl of 0.1M tris buffer with 0.01% 

casein with 5 min incubation. This step was repeated three times. The third suspension in tris-

casein buffer was put on the tube rotator for 60 min. Finally, the MNPs were magnetically 

separated and resuspended in 2.5 ml of 0.1M phosphate buffer. The MNP-cAb conjugate was 

stored at 4 ºC before use. MNP-cAb conjugates for capturing IP-10 were prepared in the same 

way except that anti-IP-10 capture antibody was used instead. 

Gold nanoparticles were conjugated with the anti-IFN-γ detection antibody (dAb) and CdS-

terminated oligonucleotides (oligos), or the anti-IP-10 dAb and PbS-terminated oligonucleotides 

(oligos). Therefore, AuNPs with CdS would bind to IFN-γ, and AuNPs with PbS would bind to 

IP-10. To determine a suitable amount of antibody, different amount of antibody was added to 1 

ml AuNP solution (pH 9.2) and mixed for 30 min on a tube rotator as mentioned in Chapter 5. 

From the shifting of color after adding 100 μl of 2 M NaCl (Hill and Mirkin, 2006; Greg, 2007), 

the optimal amount was 10 μg for anti-IFN-γ and 20 μg for anti-IP-10 antibody. The 

modification of AuNPs with oligonucleotides followed the procedure published by Hill and 

Mirkin (2006), and the conjugation of NTs to AuNPs followed the procedure published by 

Zhang et al. (2010). Briefly, 25 µl of 200 µM thiolated oligonucleotides were mixed with 25 μl 
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of 0.2 M DTT solution and then purified using a Nap-5 column. The oligonucleotides were 

added to the AuNP-dAb conjugates, and a serial salt addition was conducted for 3 h. After 

washing away the excess reagents, EDC and NHS were added to form the linkage between NTs 

and oligonucleotides on AuNPs. At the last, CdS nanoparticles were attached to AuNPs with 

anti-IFN-γ dAb (anti-IFN-γ-AuNP-oligo-CdS), and PbS nanoparticles were attached to AuNPs 

with anti-IP-10 dAb (anti-IP-10-AuNP-oligo-PbS). The dAb-AuNP-oligo-NT (Cds/PbS) 

conjugates were ready to use after washing.  

6.2.6 Effect of IFN-γ and IP-10 concentration   

The biosensor was used to detect IFN-γ and IP-10 in buffer and in 10% plasma. The 

detection of the target is presented in Figure 6-1. For the tests in buffer, blank was water in the 

same volume as the samples containing the targets. Firstly, 200 µl PBS buffer, 100 µl IFN-γ 

dilution, 100 µl IP-10 dilution, 25 µl of MNP-anti-IFN-γ and 25 µl MNP-anti-IP-10 were 

combined in a 2 ml sterile tube. After 20 min mixing on tube rotator, 100 µl of 0.01 M PBS 

buffer with 0.1% BSA were added to the mixture as a blocking agent with another 5 min 

reaction. Then, the MNP-IFN-γ and MNP-IP-10 complexes were magnetically separated from 

the solution and resuspended in 200 µl of assay buffer. Secondly, 25 µl of anti-IFN-γ-AuNP-

oligo-CdS conjugates and 25 µl of anti-IP-10-AuNP-oligo-PbS were introduced to the system, 

and put on tube rotator for 20 min. After magnetically separation, the complexes were washed 

once with assay buffer. For the tests in 10% plasma, 20 µl of plasma (plasma incubated with nil) 

were diluted to 200 µl with PBS buffer and used as the blank. IFN-γ and IP-10 were spiked into 

the 10% plasma to get a serial dilution of the two targets. 
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Figure 6-1. Schematic of the NT-labeled biosensor for the multiple analyte detection of IP-10 

and IFN-γ. Two kinds of MNPs, MNP-anti-IFN-γ and MNP-anti-IP-10, captured the two targets 

and separated them from a sample matrix when magnetic field was applied. Then, the targets 

were labeled with AuNP-NTs so that anti-IFN-γ-AuNP-oligo-CdS attached to IFN-γ and anti-IP-

10-AuNP-oligo-PbS attached to IP-10. After magnetic separation, the NTs attached to the targets 

were dissolved in nitric acid and introduced to the surface of SPCEs for electrochemical 

measurement.  
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6.2.7 Electrochemical measurement 

Ten microliters of HNO3 (0.8 M) were added to MNP-targets-AuNP-NT complexes 

obtained after final magnetic separation in each tube from section 6.2.6 and incubated for 10 

min. Then, 90 µl of 1 mg/l bismuth in acetate buffer were added, and the suspension (100 µl) 

was introduced to the SPCE chip. Ten minute deposition of -1.2 V vs. Ag/AgCl was applied to 

the working electrode, followed by a square wave voltammetric measurement from -1.2 V to 0.0 

V (Zhang et al., 2010; Wang et al., 2000). All measurements were performed at room 

temperature. Each sample was measured three times. At least three replicates were tested for 

each sample or blank.  

6.3 Results and discussion 

6.3.1 Electrochemical characterization of nanotracers 

The multiple analyte detection was based on the use of PbS and CdS as the signal amplifiers 

for IP-10 and IFN-γ, respectively. In order to measure the signals of lead and cadmium at same 

time during one voltammetry measurement, the two nanoparticles should have separated current 

peaks. As presented here, the signal of lead or cadmium was measured alone as Figure 6-2a and 

6-2b, respectively. The signals of both lead and cadmium were measured at the same time in 

Figure 6-2c. The control is AuNP-oligo conjugates, which indicated that AuNP-oligo conjugates 

did not interfere with lead or cadmium signals. The current peak of lead appeared at ~-0.67 V, 

and cadmium showed a peak at ~-0.87 V. The lead and cadmium showed two peaks in Figure 6-

2c, which indicates that the two nanotracers were deposited at the same time, and their signals 

could be measured by the same voltammetry. According to the results, PbS and CdS are able to 

be used as amplifiers for multiple analyte detection. 
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(a)                                                                           (b) 

 

(c) 

Figure 6-2. Typical sensorgram of square wave voltammetry for: (a) PbS alone, (b) CdS alone 

and (c) CdS and PbS. 
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6.3.2 Functionalization of nanoparticles 

The detail of nanoparticle functionalization was provided in Chapter 5. Magnetic 

nanoparticles functionalized with capture antibodies to IFN-γ or IP-10 were prepared separately. 

The attachment of antibodies to MNPs was based on the electrostatic interaction. The dAb-

AuNP-oligo-NT conjugates were prepared by firstly attaching dAb to AuNPs surface. The 

amount of dAb was controlled to ensure both enough antibody for binding target antigens and 

the attachment of oligonucleotides. Twenty micrograms of anti-IP-10 dAb and 10 µg of anti-

IFN-γ dAb were found to be suitable amount conjugated to 1 ml of AuNPs. Cadmium sulfide 

and lead sulfide nanoparticles were attached to AuNPs through the linkage of oligonucleotides 

which formed self-assembled monolayer on AuNPs and bond to NTs through the reaction 

between carboxylic group on NTs and the amine group on the 5’ end of the oligonucleotides. 

EDC and NHS were involved in crosslinking the carboxylic group and amine group. 

6.3.3 IFN-γ and IP-10 detection 

Through the use of AuNP-NT conjugates, target concentration could be determined by 

electrochemical measurement using SPCE chips and a potentiostat. Serially diluted samples with 

both IFN-γ and IP-10 were mixed with 25 µl of MNP-anti-IFN-γ and 25 µl of MNP-anti-IP-10 

for target capture and magnetic separation. Then, the MNP-target complexes were mixed with 25 

µl of anti-IP-10-AuNP-PbS and 25 µl of anti-IFN-γ-AuNP-CdS conjugates. Therefore, AuNPs 

which carried PbS nanoparticles bond to MNP-IP-10 complexes, and AuNPs which carried CdS 

nanoparticles bond to MNP-IFN-γ complexes. The two sets of sandwich-structured complexes 

were the final “products” acquired after the second magnetic separation as shown in Figure 6-1. 

The NTs (CdS and PbS) were released in nitric acid from the complexes, and the signals for the 

NTs were measured on SPCE chips. During the square wave voltammetric scan, two peaks 
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registered for lead and cadmium respectively. Therefore, the peak of lead could be associated to 

IP-10, and the peak of cadmium could be associated IFN-γ. Figure 6-3a and 6-3b shows the 

detection of IFN-γ and IP-10 alone, and also verifies the specificity of the biosensor. The 

procedures were the same as the detection of both targets in one sample, except that only one 

target presented. A control (blank) without any of the targets was also detected, and no peaks 

obtained in the square wave voltammetric scan. When there was only IFN-γ, a current peak of 17 

µA at -0.8 V appears in Figure 6-3a, and there is no peak around -0.67 V. When only IP-10 

presented in the sample, a current peak of 22 µA at -0.62 V appears in Figure 6-3b, and there is 

no peak around -0.87 V. Meantime, the sample with both the targets shows two current peaks at -

0.87 V and -0.65 V, presented in Figure 6-3c which is also a typical sensorgram for the multiplex 

detection. It is noted that the current peaks shift. However, the shift does not affect the 

appearance of individual peak for cadmium and lead in the figure. The shift will be explained in 

the next section. 
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(a)                                                                            (b) 

 

(c) 

Figure 6-3. Specificity test of the biosensor: (a) the detection of IFN-γ alone, (b) the detection of 

IP-10 alone, and (c) the detection of both the targets. In all experiments, MNP-anti-IFN-γ and 

MNP-anti-IP-10 conjugates were used for target separation, and anti-IP-10-AuNP-PbS and anti-

IFN-γ-AuNP-CdS conjugates were introduced to the captured target/targets.  
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6.3.4 Effect of IFN-γ and IP-10 concentration 

The detection of single target (IFN-γ or IP-10) in buffer was described in Chapter 5. The 

experimental results indicated that IP-10 in the range of 1 pg/ml to 100 ng/ml can be detected. 

Meanwhile, IFN-γ in the range of 0.01 IU/ml to 10 IU/ml can be detected in 1 h. In the 

detectable range, the signals of NTs increased with increasing target concentration except IFN-γ 

at 10 IU/ml which resulted in a lower signal due to hook effect (Gatto-Menking et al., 1995).  

By using the multiplex biosensor in this chapter, both IFN-γ and IP-10 were detected at the 

same time in one sample. As shown in Figure 6-3c, two current peaks were obtained which 

represent the amount of IFN-γ (cadmium peak) and IP-10 (lead peak) at around -0.87 V and -

0.67 V, respectively. Firstly, the mixture of IFN-γ and IP-10 at different concentration in buffer 

solution was detected. The current peak for each target is presented in one diagram shown in 

Figure 6-4, as Figure 6-4a shows the signals for IFN-γ and Figure 6-4b shows that for IP-10. The 

average current peak for IFN-γ at 0 IU/ml (blank), 0.01 IU/ml, 0.1 IU/ml, 1 IU/ml and 10 IU/ml 

is 5 µA, 13.8 µA, 17.2 µA, 19.5 µA and 18.4 µA, respectively. Compared to single target 

detection results in the last chapter, where the current peak for 0 IU/ml (blank), 0.01 IU/ml, 0.1 

IU/ml, 1 IU/ml and 10 IU/ml is 4.6 µA, 11.8 µA, 16.9 µA, 19.4 µA and 17.1 µA, respectively, 

the signals obtained in multiplex detection are consistent with the single target detection. As 

shown in Figure 6-4a, at the highest concentration, the results were also affected by hook effect. 

For the multiplex detection, the average current peak for IP-10 at 0 ng/ml (blank), 0.01 ng/ml, 

0.1 ng/ml, 1 ng/ml, 10 ng/ml and 100 ng/ml is 4.3 µA, 13.9 µA, 15 µA, 15.6 µA, 16.1 µA and 

14.4 µA. While detecting IP-10 alone, the average current is 3.53 µA, 10.00 µA, 9.24 µA, 9.67 

µA, 9.67 µA, 11.75 µA and 12.89µA for the different concentrations, respectively. Though for 
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the multiplex and single detection of IP-10, the signals are slightly different, they are following 

the same trend within the same current range. 

 

(a) 

 

(b) 

Figure 6-4. Relationship between peak current and target concentration of multiple cytokine 

detection in buffer solution. (a) Signals for IFN-γ at different concentration, and (b) signals for 

IP-10 at different concentration. 
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The multiplex biosensor was also tested in samples with 10% plasma. Plasma diluted in PBS 

buffer was spiked with both IFN-γ and IP-10. Magnetic nanoparticles functionalized with anti-

IFN-γ and anti-IP-10 cAb were added to the samples, and they captured and separated the 

corresponding targets from the sample matrix when applying magnetic field. Then, AuNP-PbS 

labeled IP-10, and AuNP-CdS labeled IFN-γ. The electrochemical measurement procedure was 

optimized to provide more stable signal in this detection: 10 µl of assay buffer was added to each 

sample before deposition. It was observed that adding assay buffer could balance the pH in the 

solution and avoid too-fast deposition of lead onto the working electrode at the beginning of the 

deposition which prevented the further deposition. For the detection of IFN-γ, the current peaks 

of cadmium at around -0.8 V increase with increasing IFN-γ concentration, as shown in the 

typical sensorgrams in Figure 6-5. The current peaks of lead at around -0.62 V represent the 

signals for the detection of IP-10, and they also increase when IP-10 concentration increases. It is 

noticed that the current peaks shift. Reasons contributing to this shift could be: 1) the change of 

the reference potential on Ag/AgCl electrode with the flows of the current, since two-electrode 

system was used to simplify the measurement, 2) the difference between different SPCE chips, 

and 3) the difference in the coverage area of the electrodes between each sample when 

introduced solution to the SPCE surface. Figure 6-6a shows the relationship between the current 

peak of cadmium and the concentration of IFN-γ. Figure 6-6b shows the relationship between the 

current peak of lead and the concentration of IP-10. A t test was conducted, and the results reveal 

that the signals for samples with targets are significantly different from the blanks (p<0.05). 

There is a noticeable higher average signal for the blanks in the detection of IP-10, compared to 

the detection in buffer. The reason might be that the blanks, which were plasma incubated with 

nil, contained IP-10. This also explains the higher signals for samples with IP-10 obtained for the 
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detection in plasma compared to the detection in buffer, noted that targets were spiked in 10% 

plasma incubated in Nil. On the other hand, IFN-γ signal for the blanks was similar to that 

obtained in the detection in buffer. Therefore, IFN-γ signals remained in the same range as in the 

detection in buffer. Figure 6-7 shows linear relationship between the signals for cadmium and 

lead with the logarithmic concentration of IFN-γ and IP-10, with R
2
 values of 0.9505 and 0.9624, 

respectively. 

 

Figure 6-5. Typical sensorgrams of multiple cytokine detection in 10% plasma. For the detection 

of IFN-γ, the current peaks of cadmium at around -0.8 V increase with increasing IFN-γ 

concentration. For the detection of IP-10, the current peaks of lead at around -0.62 V increase 

with increasing IP-10 concentration.  
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(a) 

 

(b) 

Figure 6-6. Relationship between peak current and target concentration of multiple cytokine 

detection in 10% plasma. (a) Signals for IFN-γ at different concentration, and (b) signals for IP-

10 at different concentration. 
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Figure 6-7. The calibration curves of peak current vs. target concentration of the multiple 

cytokine biosensor for the detection of IFN-γ and IP-10 in 10% plasma. *The unit of IFN-γ 

concentration is IU/ml, and the unit of IP-10 concentration is ng/ml.  

 

6.4 Conclusion 

A multiplex biosensor was developed for the detection of two cytokines: IFN-γ and IP-10 

which are potential biomarkers for TB diagnosis. The biosensor employed two sets of MNPs 

with anti-IFN-γ and anti-IP-10 antibodies and two sets of AuNPs with different antibodies. 

Therefore, both IFN-γ and IP-10 in one sample can be separated from the sample matrix and 

labeled. Gold nanoparticles were also conjugated with NT-terminated oligonucleotides where 

CdS nanoparticles were attached to anti-IFN-γ-AuNPs conjugates and PbS nanoparticles were 

attached to anti-IP-10-AuNPs. Therefore, the signal of cadmium obtained in electrochemical 
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measurement was correlated to the concentration of IFN-γ, and the signal of lead indicated the 

concentration of IP-10. Using this biosensor to detect IFN-γ and IP-10 in buffer and 10% plasma, 

it is found that the electrochemical signals increased with increasing target concentration. 

Interferon-gamma in the range of 0.01 IU/ml (0.4 pg/ml) to 10 IU/ml (400 pg/ml) and IP-10 in 

0.01 ng/ml to 100 ng/ml were detected. The results also showed that the biosensor has a good 

specificity. This biosensor has the potential in multiplex detection of cytokines for disease 

diagnosis. 
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Chapter 7 : Conclusion and future work 

 

The research presented in Chapter 3 to 6 described the design and development of 

electrochemical immunosensors based on nanoparticles for target separation and signal 

amplification. Escherichia coli O157:H7 and two cytokines as potential biomarkers for 

tuberculosis (TB) diagnosis were detected using the immunosensors with high sensitivity. 

Compared to conventional culture plating method for E. coli identification which needs days for 

results, the detection using the immunosensors developed in this research only take 1 h from 

samples to final readout. For TB diagnosis, the immunosensor presented in Chapter 5 and 6 

enables the multiple analyte detection. Therefore, two biomarkers IFN-γ and IP-10 can be 

detected at the same time to potentially improve the efficiency and accuracy of the diagnosis. 

Two designs of immunosensors for E. coli detection were developed. In design 1, the target 

bacteria were separated from samples by using polyaniline (PANI)-coated magnetic 

nanoparticles (MNPs) conjugated with monoclonal antibody (mAb). After magnetic separation, 

bacteria cells captured by MNPs were labeled with gold nanoparticles (AuNPs) functionalized 

with polyclonal antibody (pAb). The electrochemical measurement was conducted to report the 

signal of AuNPs, which further indicated the existence and concentration of E. coli O157:H7 due 

to the labeling resulted from the antibody-antigen recognition. A detection limit of 10
2
 colony 

forming units per milliliter (cfu/ml) of bacteria with a detection range of 10
2
 to 10

6
 cfu/ml was 

obtained using this design. Ten colony forming units per milliliter (cfu/ml) of bacteria were 

detected with weakly significance compared to the blank. The signal to noise ratio was 

calculated as 1.28 for the lowest concentration and 2.36 for the highest concentration.  
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Based on design 1, a new approach (design 2) with further signal amplification was 

investigated to improve the performance of the immunosensor with higher signal to noise ratio. 

In this design, AuNPs were not only conjugated with antibodies but also linked to multiple PbS 

nanoparticles through oligonucleotides. The functionalization of the AuNPs were optimized by 

choosing suitable antibody concentration, and the amplification by adding PbS nanoparticles was 

estimated by calculating the number of PbS nanoparticles bound to each AuNP in Chapter 4. 

Using this immunosensor, the target bacterial cells captured and separated by MNPs were 

labeled by pAb-AuNP-PbS conjugates instead of pAb-AuNP. The electrochemical signal of lead 

was measured to reflect the existence and concentration of the target. An improvement of signal 

to noise ratio was observed using the PbS amplification, and a detection range of 10
1
 to 10

6
 

cfu/ml was obtained using this design. 

In addition to bacterial target detection, design 2 biosensor was applied for identifying 

protein targets. Since IFN-γ and IP-10 are two important cytokines in immune responses and 

potential biomarkers for TB diagnosis, they were chosen as the targets, expanding the application 

of the biosensor to disease diagnosis. Magnetic nanoparticles modified with anti-IFN-γ or anti-

IP-10 capture antibody (cAb) were used to separate the targets from the samples. Gold 

nanoparticles functionalized with anti-IFN-γ detection antibody (dAb) were also conjugated with 

CdS nanoparticle-terminated oligonucleotides. At the same time, anti-IP-10-AuNP-PbS 

conjugates were prepared. The two targets were detected separately with high sensitivity using 

this biosensor. Compared to TB blood test (interferon-gamma release assays) which are based on 

enzyme-linked immunosorbent assay (ELISA) and enzyme-linked immunosorbent spot 

(ELISPOT), the detection time was reduced to 1 h with comparable sensitivity using the 

immunosensor.  
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Involving IP-10 as an adjunct biomarker can improve the TB diagnosis. Since the 

electrochemical signals of lead and cadmium do not interfere with each other, the multiple 

analyte detection can be achieved using the two kinds of AuNPs functionalized with different 

antibody and PbS/CdS nanoparticles. A multiplex immunosensor was developed based on the 

detection of single cytokine. In the multiplex sensing system, MNPs for capturing IFN-γ and IP-

10 were introduced to samples in buffer solution and plasma with both IFN-γ and IP-10. Then 

two kinds of AuNPs were used to label their targets. In one square wave voltammetry scanning, 

the electrochemical signals of both lead and cadmium were measured and analyzed for the 

detection of IP-10 and IFN-γ, respectively. It was verified that there was no cross-reaction 

between the detection of two targets in one sample, and a high sensitivity was achieved in both 

buffer solution and 10% plasma samples. This multiple analyte detection method provides a 

rapid and sensitive approach without the requirement of sample pretreatment and long time 

signal acquisition.  

Future work is required to further improve the sensitivity of the immunosensor especially 

the differentiation between different concentrations of targets. The TB diagnosis is based on the 

different level of cytokines released in response to the infection, so the larger difference of 

signals at different concentration will provide more accurate diagnosis. This could be improved 

by exploring the better control of the number of nanotracers (NTs, PbS and CdS nanoparticles) 

conjugated to AuNPs to reduce the variation between different batches of AuNP-NT conjugates.  

Moreover, the optimization of electrochemical measurement such as restrained sample area on 

screen printed carbon electrode (SPCE) chips to minimize the effect of different area the sample 

spread on the electrodes, the stirring during the measurement and three electrode electrochemical 
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measurement system will help improving the system. The cost and complication of the 

optimization need to be considered. 

Stability of the nanoparticles is another aspect to improve the biosensor for future practical 

application. The stable nanoparticles and nanoparticle conjugates with easy storage requirement 

and long shelf life will be important for using the biosensor in expanded detection application. 

Not only can the conjugates be prepared in a large batch to minimize the variation between 

batches, but also the transportation of the conjugates for in-field detection will be benefitted from 

the stability. 

For future biosensor development towards the market, systematic validation on difference 

concentrations for multiplex detection and verification with unknown samples can be performed. 

Additionally, shelf life of the sensing elements and more simplified procedures to use should be 

considered.  

The development of portable devices will greatly increase the practical applications of the 

biosensor. There have been several commercialized hand-held potentiostats available in market. 

These hand-held potentiostats can perform the same electrochemical measurement as the desktop 

potentiostats used in this research. Using the hand-held devices, the bacteria pathogens or 

diseases can be identified in a more timely manner.  

Besides the aspects mentioned above, investigation of easy regeneration of the sensing 

materials would reduce the detection cost, and new nanomaterials can be involved in the system 

for detecting more than two analytes.  

In summary, this research demonstrated the viability of nanotracers in immunosensors for 

the detection of bacterial target and protein targets. The immunosensors developed in this 

research can detect single or multiple targets with high sensitivity and rapidity. The 
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immunosensors provide promising approaches to food/water safety assurance and disease 

diagnosis.  
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APPENDIX A: DATA 

A.1 CHAPTER 3 DATA 

Table A-1. Differential pulse voltammetry data for Figure 3-5. 

Blank Gold nanoparticle (AuNP) 

Potential (V) Current (µA) Potential (V) Current (µA) 

1.5 83 1.5 62 

1.49 81 1.49 60 

1.48 81 1.48 57 

1.47 81 1.47 54 

1.46 79 1.46 51 

1.45 77 1.45 49 

1.44 76 1.44 46 

1.43 75 1.43 42 

1.42 73 1.42 39 

1.41 72 1.41 35 

1.4 71 1.4 33 

1.39 68 1.39 29 

1.38 66 1.38 27 

1.37 65 1.37 24 

1.36 62 1.36 22 

1.35 60 1.35 18 

1.34 58 1.34 16 

1.33 56 1.33 14 

1.32 52 1.32 12 

1.31 50 1.31 10 

1.3 47 1.3 9 

1.29 43 1.29 7 

1.28 41 1.28 6 

1.27 37 1.27 5 

1.26 34 1.26 5 

1.25 30 1.25 3 

1.24 27 1.24 2 

1.23 22 1.23 3 

1.22 19 1.22 3 

1.21 16 1.21 2 

1.2 13 1.2 2 

1.19 10 1.19 1 

1.18 9 1.18 1 

1.17 6 1.17 1 

1.16 6 1.16 1 



 123 

Table A-1 (cont’d). 

1.15 5 1.15 1 

1.14 5 1.14 1 

1.13 3 1.13 1 

1.12 4 1.12 1 

1.11 4 1.11 1 

1.1 4 1.1 1 

1.09 5 1.09 1 

1.08 5 1.08 1 

1.07 6 1.07 1 

1.06 6 1.06 0 

1.05 9 1.05 1 

1.04 9 1.04 0 

1.03 11 1.03 0 

1.02 11 1.02 2 

1.01 13 1.01 1 

1 14 1 1 

0.99 16 0.99 1 

0.98 18 0.98 2 

0.97 20 0.97 2 

0.96 21 0.96 2 

0.95 23 0.95 2 

0.94 25 0.94 3 

0.93 27 0.93 3 

0.92 28 0.92 3 

0.91 30 0.91 3 

0.9 32 0.9 3 

0.89 33 0.89 4 

0.88 35 0.88 5 

0.87 37 0.87 5 

0.86 38 0.86 6 

0.85 40 0.85 6 

0.84 42 0.84 7 

0.83 43 0.83 7 

0.82 44 0.82 8 

0.81 46 0.81 8 

0.8 46 0.8 10 

0.79 47 0.79 10 

0.78 48 0.78 11 

0.77 50 0.77 12 

0.76 50 0.76 12 

0.75 51 0.75 14 

0.74 52 0.74 14 

0.73 53 0.73 15 
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Table A-1 (cont’d). 

0.72 53 0.72 16 

0.71 53 0.71 17 

0.7 54 0.7 18 

0.69 54 0.69 19 

0.68 54 0.68 18 

0.67 55 0.67 19 

0.66 54 0.66 20 

0.65 54 0.65 20 

0.64 54 0.64 21 

0.63 54 0.63 21 

0.62 53 0.62 22 

0.61 52 0.61 22 

0.6 51 0.6 22 

0.59 50 0.59 23 

0.58 48 0.58 23 

0.57 47 0.57 23 

0.56 44 0.56 23 

0.55 42 0.55 22 

0.54 39 0.54 23 

0.53 36 0.53 22 

0.52 33 0.52 22 

0.51 30 0.51 23 

0.5 28 0.5 20 

0.49 24 0.49 20 

0.48 23 0.48 18 

0.47 20 0.47 17 

0.46 18 0.46 15 

0.45 16 0.45 14 

0.44 14 0.44 15 

0.43 12 0.43 16 

0.42 12 0.42 18 

0.41 10 0.41 21 

0.4 10 0.4 24 

0.39 9 0.39 29 

0.38 8 0.38 36 

0.37 8 0.37 41 

0.36 7 0.36 44 

0.35 6 0.35 46 

0.34 5 0.34 44 

0.33 6 0.33 38 

0.32 5 0.32 30 

0.31 5 0.31 19 

0.3 5 0.3 12 
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Table A-1 (cont’d). 

0.29 4 0.29 7 

0.28 4 0.28 5 

0.27 4 0.27 3 

0.26 3 0.26 3 

0.25 4 0.25 2 

0.24 3 0.24 1 

0.23 4 0.23 2 

0.22 4 0.22 1 

0.21 3 0.21 1 

0.2 2 0.2 2 

0.19 3 0.19 2 

0.18 1 0.18 1 

0.17 2 0.17 1 

0.16 2 0.16 1 

0.15 2 0.15 2 

0.14 3 0.14 1 

0.13 1 0.13 2 

0.12 3 0.12 1 

0.11 2 0.11 1 

0.1 3 0.1 1 

0.09 2 0.09 1 

0.08 1 0.08 2 

0.07 1 0.07 2 

0.06 2 0.06 1 

0.05 1 0.05 1 

0.04 1 0.04 1 

0.03 2 0.03 3 

0.02 1 0.02 2 

0.01 2 0.01 2 

0 3 0 3 
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Table A-2. Differential pulse voltammetry data for Figure 3-6. 

Blank 10
6 

cfu/ml 10
4
 cfu/ml 10

2
 cfu/ml 

Potential 

(V) 

Current 

(µA) 

Potential 

(V) 

Current 

(µA) 

Potential 

(V) 

Current 

(µA) 

Potential 

(V) 

Current 

(µA) 

1 4 1 2 1 3 1 4 

0.99 5 0.99 2 0.99 3 0.99 3 

0.98 6 0.98 3 0.98 5 0.98 3 

0.97 7 0.97 2 0.97 5 0.97 5 

0.96 7 0.96 3 0.96 5 0.96 4 

0.95 9 0.95 4 0.95 6 0.95 5 

0.94 10 0.94 5 0.94 7 0.94 5 

0.93 10 0.93 5 0.93 9 0.93 7 

0.92 12 0.92 5 0.92 9 0.92 8 

0.91 13 0.91 6 0.91 10 0.91 9 

0.9 15 0.9 6 0.9 12 0.9 10 

0.89 16 0.89 8 0.89 12 0.89 11 

0.88 18 0.88 7 0.88 13 0.88 12 

0.87 19 0.87 8 0.87 15 0.87 13 

0.86 21 0.86 9 0.86 16 0.86 14 

0.85 22 0.85 11 0.85 18 0.85 16 

0.84 23 0.84 11 0.84 19 0.84 18 

0.83 27 0.83 13 0.83 21 0.83 19 

0.82 27 0.82 14 0.82 23 0.82 20 

0.81 29 0.81 16 0.81 24 0.81 22 

0.8 30 0.8 17 0.8 26 0.8 23 

0.79 32 0.79 19 0.79 28 0.79 25 

0.78 34 0.78 19 0.78 29 0.78 27 

0.77 36 0.77 20 0.77 31 0.77 28 

0.76 37 0.76 23 0.76 32 0.76 30 

0.75 39 0.75 24 0.75 35 0.75 31 

0.74 40 0.74 25 0.74 36 0.74 33 

0.73 42 0.73 26 0.73 38 0.73 34 

0.72 42 0.72 27 0.72 39 0.72 36 

0.71 44 0.71 29 0.71 40 0.71 37 

0.7 45 0.7 31 0.7 42 0.7 38 

0.69 46 0.69 31 0.69 43 0.69 40 

0.68 46 0.68 32 0.68 44 0.68 41 

0.67 47 0.67 33 0.67 46 0.67 42 

0.66 47 0.66 34 0.66 46 0.66 43 

0.65 48 0.65 36 0.65 47 0.65 44 

0.64 47 0.64 36 0.64 47 0.64 45 

0.63 48 0.63 37 0.63 49 0.63 46 

0.62 47 0.62 37 0.62 50 0.62 47 

0.61 46 0.61 38 0.61 49 0.61 46 
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Table A-2 (cont’d). 

0.6 47 0.6 38 0.6 51 0.6 47 

0.59 46 0.59 38 0.59 50 0.59 47 

0.58 44 0.58 37 0.58 50 0.58 47 

0.57 44 0.57 38 0.57 51 0.57 48 

0.56 41 0.56 37 0.56 50 0.56 47 

0.55 41 0.55 36 0.55 50 0.55 47 

0.54 38 0.54 35 0.54 48 0.54 48 

0.53 36 0.53 33 0.53 48 0.53 47 

0.52 34 0.52 32 0.52 47 0.52 45 

0.51 32 0.51 32 0.51 45 0.51 44 

0.5 30 0.5 30 0.5 43 0.5 44 

0.49 29 0.49 30 0.49 42 0.49 43 

0.48 26 0.48 27 0.48 40 0.48 41 

0.47 24 0.47 26 0.47 39 0.47 39 

0.46 22 0.46 25 0.46 37 0.46 37 

0.45 21 0.45 24 0.45 35 0.45 36 

0.44 20 0.44 22 0.44 33 0.44 33 

0.43 18 0.43 23 0.43 31 0.43 32 

0.42 18 0.42 25 0.42 29 0.42 31 

0.41 19 0.41 27 0.41 27 0.41 27 

0.4 19 0.4 29 0.4 26 0.4 27 

0.39 19 0.39 34 0.39 27 0.39 26 

0.38 22 0.38 39 0.38 25 0.38 26 

0.37 24 0.37 46 0.37 27 0.37 27 

0.36 26 0.36 47 0.36 29 0.36 28 

0.35 26 0.35 48 0.35 31 0.35 30 

0.34 25 0.34 46 0.34 34 0.34 33 

0.33 23 0.33 38 0.33 37 0.33 34 

0.32 19 0.32 31 0.32 38 0.32 34 

0.31 14 0.31 22 0.31 38 0.31 31 

0.3 11 0.3 16 0.3 34 0.3 27 

0.29 9 0.29 12 0.29 28 0.29 21 

0.28 7 0.28 7 0.28 23 0.28 16 

0.27 6 0.27 7 0.27 16 0.27 12 

0.26 4 0.26 6 0.26 12 0.26 9 

0.25 4 0.25 5 0.25 11 0.25 8 

0.24 4 0.24 4 0.24 8 0.24 6 

0.23 2 0.23 5 0.23 6 0.23 6 

0.22 3 0.22 3 0.22 6 0.22 4 

0.21 4 0.21 3 0.21 6 0.21 5 

0.2 3 0.2 4 0.2 5 0.2 4 

0.19 4 0.19 3 0.19 5 0.19 4 

0.18 3 0.18 4 0.18 5 0.18 4 
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Table A-2 (cont’d). 

0.17 3 0.17 4 0.17 5 0.17 4 

0.16 3 0.16 5 0.16 5 0.16 4 

0.15 3 0.15 3 0.15 5 0.15 4 

0.14 4 0.14 4 0.14 5 0.14 4 

0.13 4 0.13 6 0.13 5 0.13 4 

0.12 4 0.12 3 0.12 5 0.12 5 

0.11 4 0.11 5 0.11 5 0.11 5 

0.1 4 0.1 3 0.1 5 0.1 5 

0.09 4 0.09 5 0.09 5 0.09 5 

0.08 4 0.08 5 0.08 5 0.08 5 

0.07 4 0.07 4 0.07 5 0.07 4 

0.06 4 0.06 5 0.06 5 0.06 5 

0.05 4 0.05 5 0.05 6 0.05 4 

0.04 4 0.04 5 0.04 6 0.04 5 

0.03 5 0.03 5 0.03 5 0.03 6 

0.02 4 0.02 5 0.02 6 0.02 5 

0.01 4 0.01 5 0.01 6 0.01 4 

0 4 0 6 0 6 0 5 
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Table A-3. Data for Figure 3-7. Normalized signals.  

Cell concentration (cfu/ml) Signal (signal to noise ratio) Standard deviation 

10
1
  1.28 0.213 

10
2 

 1.56 0.160 

10
3
  1.69 0.220 

10
4
  1.73 0.142 

10
5
  2.12 0.229 

10
6
  2.36 0.155 
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A.2 CHAPTER 4 DATA 

Table A-4. Data for Figure 4-4d. Current peaks for three tubes. 

Sample Potential (V) Current peak (µA) Standard deviation (µA) 

Blank -0.69 2 0.0 

Tube 1 -0.66 15 2.1 

Tube 2 -0.68 14 3.6 

Tube 3 -0.69 8 1.0 
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Table A-5. Square wave voltammetry data for Figure 4-5a. 

Blank 10
4
 cfu/ml bacteria 

Potential (V) Current (µA) Potential (V) Current (µA) 

-1.2 14 -1.2 6 

-1.195 16 -1.195 7 

-1.19 16 -1.19 7 

-1.185 15 -1.185 7 

-1.18 15 -1.18 7 

-1.175 15 -1.175 6 

-1.17 15 -1.17 8 

-1.165 15 -1.165 7 

-1.16 15 -1.16 8 

-1.155 15 -1.155 7 

-1.15 15 -1.15 5 

-1.145 14 -1.145 7 

-1.14 15 -1.14 6 

-1.135 15 -1.135 7 

-1.13 15 -1.13 6 

-1.125 15 -1.125 7 

-1.12 15 -1.12 8 

-1.115 15 -1.115 7 

-1.11 15 -1.11 7 

-1.105 15 -1.105 7 

-1.1 15 -1.1 7 

-1.095 14 -1.095 8 

-1.09 15 -1.09 6 

-1.085 15 -1.085 7 

-1.08 15 -1.08 7 

-1.075 16 -1.075 7 

-1.07 16 -1.07 7 

-1.065 15 -1.065 7 

-1.06 15 -1.06 7 

-1.055 16 -1.055 7 

-1.05 16 -1.05 7 

-1.045 15 -1.045 6 

-1.04 15 -1.04 7 

-1.035 15 -1.035 7 

-1.03 16 -1.03 7 

-1.025 15 -1.025 6 

-1.02 16 -1.02 6 
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Table A-5 (cont’d). 

-1.015 14 -1.015 6 

-1.01 15 -1.01 6 

-1.005 15 -1.005 7 

-1 15 -1 6 

-0.995 14 -0.995 6 

-0.99 15 -0.99 6 

-0.985 14 -0.985 6 

-0.98 14 -0.98 5 

-0.975 14 -0.975 6 

-0.97 14 -0.97 5 

-0.965 13 -0.965 5 

-0.96 13 -0.96 6 

-0.955 13 -0.955 5 

-0.95 13 -0.95 5 

-0.945 12 -0.945 5 

-0.94 11 -0.94 5 

-0.935 11 -0.935 5 

-0.93 11 -0.93 5 

-0.925 10 -0.925 5 

-0.92 11 -0.92 4 

-0.915 9 -0.915 4 

-0.91 10 -0.91 5 

-0.905 10 -0.905 5 

-0.9 9 -0.9 4 

-0.895 10 -0.895 4 

-0.89 8 -0.89 4 

-0.885 9 -0.885 5 

-0.88 7 -0.88 4 

-0.875 8 -0.875 4 

-0.87 7 -0.87 4 

-0.865 7 -0.865 4 

-0.86 7 -0.86 5 

-0.855 8 -0.855 5 

-0.85 7 -0.85 4 

-0.845 8 -0.845 4 

-0.84 6 -0.84 4 

-0.835 6 -0.835 4 

-0.83 7 -0.83 4 

-0.825 7 -0.825 5 
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Table A-5 (cont’d). 

-0.82 5 -0.82 4 

-0.815 7 -0.815 4 

-0.81 6 -0.81 4 

-0.805 5 -0.805 4 

-0.8 5 -0.8 5 

-0.795 6 -0.795 5 

-0.79 5 -0.79 5 

-0.785 6 -0.785 5 

-0.78 6 -0.78 6 

-0.775 6 -0.775 6 

-0.77 5 -0.77 6 

-0.765 6 -0.765 7 

-0.76 6 -0.76 8 

-0.755 5 -0.755 8 

-0.75 6 -0.75 8 

-0.745 5 -0.745 9 

-0.74 6 -0.74 10 

-0.735 4 -0.735 11 

-0.73 4 -0.73 11 

-0.725 6 -0.725 12 

-0.72 5 -0.72 12 

-0.715 6 -0.715 13 

-0.71 4 -0.71 14 

-0.705 5 -0.705 14 

-0.7 5 -0.7 13 

-0.695 5 -0.695 13 

-0.69 5 -0.69 13 

-0.685 6 -0.685 12 

-0.68 5 -0.68 11 

-0.675 5 -0.675 11 

-0.67 6 -0.67 10 

-0.665 5 -0.665 8 

-0.66 5 -0.66 6 

-0.655 6 -0.655 5 

-0.65 6 -0.65 5 

-0.645 6 -0.645 5 

-0.64 6 -0.64 4 

-0.635 7 -0.635 4 

-0.63 7 -0.63 4 
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Table A-5 (cont’d). 

-0.625 5 -0.625 4 

-0.62 7 -0.62 5 

-0.615 6 -0.615 5 

-0.61 5 -0.61 6 

-0.605 5 -0.605 5 

-0.6 6 -0.6 5 

-0.595 6 -0.595 5 

-0.59 5 -0.59 6 

-0.585 6 -0.585 5 

-0.58 4 -0.58 6 

-0.575 5 -0.575 4 

-0.57 5 -0.57 6 

-0.565 5 -0.565 4 

-0.56 5 -0.56 5 

-0.555 5 -0.555 6 

-0.55 5 -0.55 5 

-0.545 4 -0.545 5 

-0.54 5 -0.54 5 

-0.535 5 -0.535 6 

-0.53 5 -0.53 6 

-0.525 4 -0.525 6 

-0.52 5 -0.52 6 

-0.515 5 -0.515 5 

-0.51 5 -0.51 6 

-0.505 4 -0.505 6 

-0.5 6 -0.5 5 

-0.495 5 -0.495 5 

-0.49 5 -0.49 5 

-0.485 6 -0.485 5 

-0.48 5 -0.48 5 

-0.475 4 -0.475 4 

-0.47 5 -0.47 5 

-0.465 5 -0.465 5 

-0.46 5 -0.46 5 

-0.455 5 -0.455 5 

-0.45 5 -0.45 5 

-0.445 4 -0.445 4 

-0.44 5 -0.44 4 

-0.435 4 -0.435 4 
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Table A-5 (cont’d). 

-0.43 4 -0.43 5 

-0.425 5 -0.425 4 

-0.42 5 -0.42 5 

-0.415 5 -0.415 4 

-0.41 4 -0.41 4 

-0.405 5 -0.405 4 

-0.4 5 -0.4 5 

-0.395 5 -0.395 4 

-0.39 5 -0.39 4 

-0.385 5 -0.385 5 

-0.38 5 -0.38 5 

-0.375 5 -0.375 4 

-0.37 5 -0.37 5 

-0.365 5 -0.365 4 

-0.36 5 -0.36 5 

-0.355 5 -0.355 5 

-0.35 5 -0.35 4 

-0.345 4 -0.345 5 

-0.34 5 -0.34 4 

-0.335 5 -0.335 5 

-0.33 4 -0.33 5 

-0.325 5 -0.325 4 

-0.32 6 -0.32 5 

-0.315 4 -0.315 4 

-0.31 5 -0.31 5 

-0.305 4 -0.305 5 

-0.3 4 -0.3 5 

-0.295 4 -0.295 5 

-0.29 5 -0.29 5 

-0.285 5 -0.285 5 

-0.28 4 -0.28 6 

-0.275 4 -0.275 5 

-0.27 5 -0.27 5 

-0.265 5 -0.265 5 

-0.26 4 -0.26 5 

-0.255 4 -0.255 5 

-0.25 5 -0.25 5 

-0.245 5 -0.245 5 

-0.24 4 -0.24 5 
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Table A-5 (cont’d). 

-0.235 5 -0.235 5 

-0.23 5 -0.23 4 

-0.225 5 -0.225 4 

-0.22 5 -0.22 4 

-0.215 5 -0.215 4 

-0.21 6 -0.21 5 

-0.205 4 -0.205 4 

-0.2 5 -0.2 4 

-0.195 5 -0.195 4 

-0.19 5 -0.19 5 

-0.185 4 -0.185 3 

-0.18 5 -0.18 3 

-0.175 5 -0.175 3 

-0.17 5 -0.17 3 

-0.165 4 -0.165 4 

-0.16 5 -0.16 3 

-0.155 4 -0.155 3 

-0.15 4 -0.15 3 

-0.145 5 -0.145 3 

-0.14 4 -0.14 4 

-0.135 5 -0.135 4 

-0.13 4 -0.13 4 

-0.125 4 -0.125 3 

-0.12 4 -0.12 3 

-0.115 4 -0.115 5 

-0.11 4 -0.11 4 

-0.105 5 -0.105 4 

-0.1 4 -0.1 4 

-0.095 4 -0.095 4 

-0.09 5 -0.09 4 

-0.085 5 -0.085 4 

-0.08 6 -0.08 4 

-0.075 5 -0.075 4 

-0.07 5 -0.07 4 

-0.065 5 -0.065 4 

-0.06 5 -0.06 4 

-0.055 6 -0.055 5 

-0.05 6 -0.05 5 

-0.045 6 -0.045 4 
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Table A-5 (cont’d). 

-0.04 6 -0.04 4 

-0.035 6 -0.035 4 

-0.03 6 -0.03 4 

-0.025 5 -0.025 3 

-0.02 6 -0.02 5 

-0.015 6 -0.015 4 

-0.01 5 -0.01 4 

-0.005 4 -0.005 4 

0 4 0 4 
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Table A-6. Data for Figure 4-5b.  

Concentration (cfu/ml) Peak current (µA) Standard deviation (µA) 

0 (blank) 4.3 1.36 

10
0
 9.5 3.72 

10
1 

12.0 4.42 

10
2 

12.4 3.29 

10
3 

15.2 2.27 

10
4 

14.8 4.21 

10
5 

15.7 4.24 

10
6 

18.7 1.41 
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Table A-7. Data for Figure 4-6. 

Sample Peak current (µA) Standard deviation (µA) 

E. coli O157:H7 11.3 0.58 

Negative control 6.0 1.00 

Blank 5.7 1.15 

E. coli O55:H7 6.3 0.58 

E. coli C3000 7.0 1.00 

S. enteritidis 5.0 1.00 

B. anthracis 7.3 0.58 
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A.3 CHAPTER 5 DATA 

Table A-8. Square wave voltammetry data for Figure 5-5a. 

Blank 0.1 IU/ml IFN-γ 

Potential (V) Current (µA) Potential (V) Current (µA) 

-1.2 5 -1.2 32 

-1.195 5 -1.195 33 

-1.19 6 -1.19 32 

-1.185 5 -1.185 32 

-1.18 5 -1.18 32 

-1.175 6 -1.175 32 

-1.17 5 -1.17 33 

-1.165 6 -1.165 32 

-1.16 5 -1.16 32 

-1.155 5 -1.155 30 

-1.15 6 -1.15 31 

-1.145 5 -1.145 30 

-1.14 5 -1.14 31 

-1.135 4 -1.135 30 

-1.13 5 -1.13 30 

-1.125 5 -1.125 27 

-1.12 4 -1.12 28 

-1.115 5 -1.115 28 

-1.11 5 -1.11 28 

-1.105 5 -1.105 27 

-1.1 4 -1.1 27 

-1.095 5 -1.095 27 

-1.09 4 -1.09 26 

-1.085 5 -1.085 25 

-1.08 5 -1.08 25 

-1.075 5 -1.075 24 

-1.07 4 -1.07 25 

-1.065 5 -1.065 23 

-1.06 5 -1.06 24 

-1.055 5 -1.055 23 

-1.05 4 -1.05 22 

-1.045 4 -1.045 21 

-1.04 5 -1.04 22 

-1.035 4 -1.035 21 

-1.03 4 -1.03 21 

-1.025 4 -1.025 21 

-1.02 4 -1.02 21 

-1.015 4 -1.015 21 

-1.01 5 -1.01 21 
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Table A-8 (cont’d). 

-1.005 5 -1.005 20 

-1 4 -1 20 

-0.995 4 -0.995 21 

-0.99 4 -0.99 21 

-0.985 5 -0.985 21 

-0.98 4 -0.98 20 

-0.975 4 -0.975 20 

-0.97 5 -0.97 20 

-0.965 3 -0.965 20 

-0.96 5 -0.96 20 

-0.955 4 -0.955 20 

-0.95 4 -0.95 21 

-0.945 6 -0.945 21 

-0.94 6 -0.94 20 

-0.935 4 -0.935 21 

-0.93 4 -0.93 21 

-0.925 5 -0.925 20 

-0.92 3 -0.92 20 

-0.915 4 -0.915 21 

-0.91 5 -0.91 20 

-0.905 4 -0.905 20 

-0.9 2 -0.9 20 

-0.895 3 -0.895 19 

-0.89 3 -0.89 19 

-0.885 3 -0.885 19 

-0.88 3 -0.88 18 

-0.875 4 -0.875 18 

-0.87 3 -0.87 18 

-0.865 4 -0.865 19 

-0.86 3 -0.86 18 

-0.855 3 -0.855 17 

-0.85 3 -0.85 17 

-0.845 3 -0.845 16 

-0.84 3 -0.84 16 

-0.835 3 -0.835 16 

-0.83 3 -0.83 16 

-0.825 3 -0.825 15 

-0.82 3 -0.82 15 

-0.815 3 -0.815 15 

-0.81 2 -0.81 14 

-0.805 3 -0.805 14 

-0.8 2 -0.8 13 

-0.795 2 -0.795 13 
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Table A-8 (cont’d). 

-0.79 3 -0.79 14 

-0.785 3 -0.785 13 

-0.78 3 -0.78 13 

-0.775 3 -0.775 13 

-0.77 3 -0.77 13 

-0.765 3 -0.765 13 

-0.76 2 -0.76 13 

-0.755 2 -0.755 13 

-0.75 2 -0.75 14 

-0.745 2 -0.745 14 

-0.74 2 -0.74 13 

-0.735 2 -0.735 14 

-0.73 2 -0.73 14 

-0.725 2 -0.725 15 

-0.72 3 -0.72 15 

-0.715 1 -0.715 14 

-0.71 2 -0.71 14 

-0.705 2 -0.705 15 

-0.7 2 -0.7 15 

-0.695 2 -0.695 15 

-0.69 2 -0.69 14 

-0.685 2 -0.685 15 

-0.68 2 -0.68 14 

-0.675 2 -0.675 15 

-0.67 2 -0.67 15 

-0.665 2 -0.665 15 

-0.66 2 -0.66 15 

-0.655 2 -0.655 14 

-0.65 2 -0.65 15 

-0.645 1 -0.645 15 

-0.64 1 -0.64 15 

-0.635 1 -0.635 15 

-0.63 1 -0.63 15 

-0.625 1 -0.625 15 

-0.62 1 -0.62 15 

-0.615 2 -0.615 14 

-0.61 1 -0.61 15 

-0.605 2 -0.605 14 

-0.6 2 -0.6 14 

-0.595 2 -0.595 15 

-0.59 2 -0.59 14 

-0.585 2 -0.585 14 

-0.58 2 -0.58 14 
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Table A-8 (cont’d). 

-0.575 2 -0.575 14 

-0.57 2 -0.57 14 

-0.565 2 -0.565 13 

-0.56 2 -0.56 14 

-0.555 2 -0.555 14 

-0.55 1 -0.55 13 

-0.545 1 -0.545 13 

-0.54 1 -0.54 13 

-0.535 1 -0.535 13 

-0.53 1 -0.53 13 

-0.525 1 -0.525 13 

-0.52 1 -0.52 13 

-0.515 1 -0.515 13 

-0.51 1 -0.51 13 

-0.505 1 -0.505 12 

-0.5 1 -0.5 12 

-0.495 1 -0.495 13 

-0.49 1 -0.49 12 

-0.485 1 -0.485 13 

-0.48 1 -0.48 12 

-0.475 1 -0.475 12 

-0.47 0 -0.47 12 

-0.465 1 -0.465 12 

-0.46 2 -0.46 12 

-0.455 1 -0.455 12 

-0.45 0 -0.45 12 

-0.445 1 -0.445 11 

-0.44 2 -0.44 12 

-0.435 2 -0.435 11 

-0.43 2 -0.43 11 

-0.425 1 -0.425 12 

-0.42 2 -0.42 11 

-0.415 0 -0.415 11 

-0.41 2 -0.41 11 

-0.405 1 -0.405 11 

-0.4 -1 -0.4 11 

-0.395 0 -0.395 12 

-0.39 0 -0.39 11 

-0.385 2 -0.385 11 

-0.38 1 -0.38 11 

-0.375 0 -0.375 10 

-0.37 0 -0.37 10 

-0.365 1 -0.365 11 
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Table A-8 (cont’d). 

-0.36 2 -0.36 10 

-0.355 2 -0.355 10 

-0.35 1 -0.35 11 

-0.345 1 -0.345 11 

-0.34 0 -0.34 10 

-0.335 1 -0.335 10 

-0.33 2 -0.33 10 

-0.325 1 -0.325 10 

-0.32 1 -0.32 9 

-0.315 1 -0.315 9 

-0.31 1 -0.31 10 

-0.305 1 -0.305 9 

-0.3 1 -0.3 9 

-0.295 1 -0.295 9 

-0.29 1 -0.29 9 

-0.285 1 -0.285 9 

-0.28 1 -0.28 9 

-0.275 1 -0.275 9 

-0.27 2 -0.27 9 

-0.265 1 -0.265 8 

-0.26 1 -0.26 9 

-0.255 0 -0.255 9 

-0.25 1 -0.25 8 

-0.245 1 -0.245 8 

-0.24 1 -0.24 9 

-0.235 1 -0.235 7 

-0.23 1 -0.23 8 

-0.225 1 -0.225 8 

-0.22 2 -0.22 9 

-0.215 1 -0.215 9 

-0.21 1 -0.21 8 

-0.205 2 -0.205 9 

-0.2 1 -0.2 7 

-0.195 2 -0.195 8 

-0.19 0 -0.19 8 

-0.185 1 -0.185 9 

-0.18 1 -0.18 8 

-0.175 1 -0.175 10 

-0.17 1 -0.17 8 

-0.165 1 -0.165 10 

-0.16 1 -0.16 9 

-0.155 2 -0.155 10 

-0.15 1 -0.15 10 
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Table A-8 (cont’d). 

-0.145 2 -0.145 10 

-0.14 2 -0.14 9 

-0.135 1 -0.135 11 

-0.13 1 -0.13 11 

-0.125 1 -0.125 10 

-0.12 2 -0.12 11 

-0.115 1 -0.115 9 

-0.11 2 -0.11 11 

-0.105 2 -0.105 10 

-0.1 1 -0.1 10 

-0.095 1 -0.095 9 

-0.09 2 -0.09 9 

-0.085 2 -0.085 9 

-0.08 2 -0.08 11 

-0.075 1 -0.075 10 

-0.07 2 -0.07 10 

-0.065 1 -0.065 10 

-0.06 1 -0.06 9 

-0.055 2 -0.055 11 

-0.05 0 -0.05 10 

-0.045 2 -0.045 10 

-0.04 2 -0.04 11 

-0.035 1 -0.035 11 

-0.03 1 -0.03 10 

-0.025 1 -0.025 12 

-0.02 1 -0.02 12 

-0.015 1 -0.015 11 

-0.01 1 -0.01 12 

-0.005 2 -0.005 12 

0 2 0 14 
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Table A-9. Square wave voltammetry data for Figure 5-5b. 

Blank 10 ng/ml IP-10 

Potential (V) Current (µA) Potential (V) Current (µA) 

-1.2 9 -1.2 5 

-1.195 10 -1.195 6 

-1.19 8 -1.19 6 

-1.185 8 -1.185 5 

-1.18 9 -1.18 6 

-1.175 9 -1.175 6 

-1.17 8 -1.17 6 

-1.165 8 -1.165 6 

-1.16 8 -1.16 6 

-1.155 8 -1.155 6 

-1.15 8 -1.15 5 

-1.145 9 -1.145 6 

-1.14 8 -1.14 6 

-1.135 8 -1.135 6 

-1.13 8 -1.13 6 

-1.125 8 -1.125 7 

-1.12 8 -1.12 6 

-1.115 8 -1.115 5 

-1.11 8 -1.11 6 

-1.105 8 -1.105 6 

-1.1 8 -1.1 6 

-1.095 7 -1.095 6 

-1.09 8 -1.09 7 

-1.085 8 -1.085 6 

-1.08 7 -1.08 6 

-1.075 7 -1.075 6 

-1.07 8 -1.07 6 

-1.065 7 -1.065 5 

-1.06 8 -1.06 5 

-1.055 7 -1.055 6 

-1.05 8 -1.05 5 

-1.045 7 -1.045 6 

-1.04 6 -1.04 6 

-1.035 7 -1.035 5 

-1.03 7 -1.03 6 

-1.025 7 -1.025 5 

-1.02 6 -1.02 5 

-1.015 7 -1.015 6 

-1.01 6 -1.01 5 

-1.005 7 -1.005 5 

-1 6 -1 5 
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Table A-9 (cont’d). 

-0.995 7 -0.995 5 

-0.99 7 -0.99 5 

-0.985 7 -0.985 5 

-0.98 6 -0.98 5 

-0.975 6 -0.975 5 

-0.97 7 -0.97 4 

-0.965 6 -0.965 5 

-0.96 6 -0.96 5 

-0.955 6 -0.955 4 

-0.95 6 -0.95 4 

-0.945 7 -0.945 5 

-0.94 6 -0.94 5 

-0.935 6 -0.935 4 

-0.93 7 -0.93 4 

-0.925 6 -0.925 4 

-0.92 6 -0.92 4 

-0.915 7 -0.915 5 

-0.91 6 -0.91 5 

-0.905 6 -0.905 4 

-0.9 5 -0.9 4 

-0.895 6 -0.895 4 

-0.89 6 -0.89 4 

-0.885 6 -0.885 4 

-0.88 5 -0.88 5 

-0.875 6 -0.875 4 

-0.87 5 -0.87 4 

-0.865 5 -0.865 4 

-0.86 6 -0.86 5 

-0.855 6 -0.855 5 

-0.85 5 -0.85 3 

-0.845 5 -0.845 4 

-0.84 6 -0.84 3 

-0.835 5 -0.835 5 

-0.83 5 -0.83 4 

-0.825 5 -0.825 2 

-0.82 5 -0.82 3 

-0.815 5 -0.815 3 

-0.81 5 -0.81 3 

-0.805 5 -0.805 5 

-0.8 6 -0.8 4 

-0.795 6 -0.795 5 

-0.79 5 -0.79 5 

-0.785 5 -0.785 3 
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Table A-9 (cont’d). 

-0.78 5 -0.78 4 

-0.775 5 -0.775 4 

-0.77 5 -0.77 4 

-0.765 5 -0.765 4 

-0.76 5 -0.76 4 

-0.755 5 -0.755 5 

-0.75 5 -0.75 5 

-0.745 4 -0.745 5 

-0.74 5 -0.74 6 

-0.735 5 -0.735 6 

-0.73 5 -0.73 7 

-0.725 5 -0.725 8 

-0.72 5 -0.72 8 

-0.715 4 -0.715 10 

-0.71 5 -0.71 10 

-0.705 5 -0.705 11 

-0.7 5 -0.7 12 

-0.695 5 -0.695 13 

-0.69 5 -0.69 14 

-0.685 4 -0.685 13 

-0.68 4 -0.68 15 

-0.675 5 -0.675 15 

-0.67 5 -0.67 14 

-0.665 4 -0.665 14 

-0.66 5 -0.66 12 

-0.655 4 -0.655 9 

-0.65 4 -0.65 7 

-0.645 4 -0.645 6 

-0.64 4 -0.64 5 

-0.635 4 -0.635 5 

-0.63 4 -0.63 5 

-0.625 4 -0.625 4 

-0.62 3 -0.62 5 

-0.615 3 -0.615 5 

-0.61 3 -0.61 4 

-0.605 3 -0.605 4 

-0.6 3 -0.6 4 

-0.595 3 -0.595 5 

-0.59 3 -0.59 5 

-0.585 3 -0.585 4 

-0.58 3 -0.58 4 

-0.575 3 -0.575 5 

-0.57 3 -0.57 5 
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Table A-9 (cont’d). 

-0.565 2 -0.565 5 

-0.56 2 -0.56 5 

-0.555 2 -0.555 5 

-0.55 2 -0.55 4 

-0.545 2 -0.545 4 

-0.54 2 -0.54 4 

-0.535 2 -0.535 4 

-0.53 2 -0.53 4 

-0.525 2 -0.525 4 

-0.52 2 -0.52 4 

-0.515 2 -0.515 4 

-0.51 2 -0.51 4 

-0.505 2 -0.505 5 

-0.5 2 -0.5 5 

-0.495 2 -0.495 4 

-0.49 2 -0.49 5 

-0.485 2 -0.485 5 

-0.48 2 -0.48 5 

-0.475 2 -0.475 4 

-0.47 2 -0.47 4 

-0.465 1 -0.465 4 

-0.46 1 -0.46 4 

-0.455 1 -0.455 5 

-0.45 2 -0.45 5 

-0.445 2 -0.445 5 

-0.44 2 -0.44 5 

-0.435 2 -0.435 5 

-0.43 2 -0.43 5 

-0.425 2 -0.425 5 

-0.42 2 -0.42 4 

-0.415 2 -0.415 4 

-0.41 2 -0.41 5 

-0.405 2 -0.405 5 

-0.4 2 -0.4 5 

-0.395 2 -0.395 5 

-0.39 1 -0.39 5 

-0.385 2 -0.385 5 

-0.38 1 -0.38 5 

-0.375 3 -0.375 4 

-0.37 2 -0.37 4 

-0.365 2 -0.365 5 

-0.36 2 -0.36 5 

-0.355 3 -0.355 5 
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Table A-9 (cont’d). 

-0.35 2 -0.35 5 

-0.345 2 -0.345 5 

-0.34 3 -0.34 5 

-0.335 3 -0.335 5 

-0.33 3 -0.33 4 

-0.325 3 -0.325 5 

-0.32 3 -0.32 5 

-0.315 4 -0.315 5 

-0.31 3 -0.31 6 

-0.305 3 -0.305 6 

-0.3 3 -0.3 6 

-0.295 3 -0.295 7 

-0.29 3 -0.29 7 

-0.285 3 -0.285 6 

-0.28 3 -0.28 7 

-0.275 3 -0.275 7 

-0.27 3 -0.27 7 

-0.265 3 -0.265 8 

-0.26 3 -0.26 7 

-0.255 3 -0.255 7 

-0.25 2 -0.25 8 

-0.245 4 -0.245 8 

-0.24 4 -0.24 8 

-0.235 3 -0.235 8 

-0.23 4 -0.23 8 

-0.225 4 -0.225 9 

-0.22 4 -0.22 8 

-0.215 4 -0.215 8 

-0.21 3 -0.21 8 

-0.205 3 -0.205 8 

-0.2 4 -0.2 8 

-0.195 2 -0.195 8 

-0.19 4 -0.19 8 

-0.185 4 -0.185 7 

-0.18 3 -0.18 7 

-0.175 3 -0.175 7 

-0.17 3 -0.17 7 

-0.165 3 -0.165 6 

-0.16 3 -0.16 6 

-0.155 3 -0.155 6 

-0.15 3 -0.15 6 

-0.145 3 -0.145 6 

-0.14 3 -0.14 5 
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Table A-9 (cont’d). 

-0.135 3 -0.135 5 

-0.13 2 -0.13 5 

-0.125 3 -0.125 5 

-0.12 3 -0.12 5 

-0.115 3 -0.115 5 

-0.11 2 -0.11 5 

-0.105 3 -0.105 5 

-0.1 2 -0.1 5 

-0.095 3 -0.095 5 

-0.09 3 -0.09 5 

-0.085 2 -0.085 5 

-0.08 3 -0.08 5 

-0.075 2 -0.075 5 

-0.07 3 -0.07 5 

-0.065 3 -0.065 5 

-0.06 3 -0.06 5 

-0.055 3 -0.055 5 

-0.05 3 -0.05 5 

-0.045 2 -0.045 5 

-0.04 2 -0.04 5 

-0.035 2 -0.035 5 

-0.03 3 -0.03 5 

-0.025 2 -0.025 5 

-0.02 2 -0.02 5 

-0.015 2 -0.015 5 

-0.01 3 -0.01 5 

-0.005 2 -0.005 6 

0 3 0 5 
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Table A-10. Data for Figure 5-6a. 

Concentration (IU/ml) Peak current (µA) Standard deviation (µA) 

0 4.6 2.10 

0.01 11.8 2.41 

0.1 16.9 2.19 

1 19.4 3.96 

10 17.1 3.15 
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Table A-11. Data for Figure 5-6b. 

Concentration (ng/ml) Peak current (µA) Standard deviation (µA) 

0 3.5 1.58 

0.001 10.0 1.20 

0.01 9.2 1.89 

0.1 9.7 4.17 

1 9.7 3.50 

10 11.8 4.26 

100 12.9 3.58 
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Table A-12. Data for Figure 5-6b insert.  

Concentration (ng/ml) Current (µA, peak current-blank) Standard deviation (µA) 

0.001 7.33 0.33 

0.01 7.52 1.12 

0.1 8.11 1.71 

1 8.83 1.64 

10 12.33 1.05 

100 13.60 1.75 
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A.4 CHAPTER 6 DATA 

Table A-13. Square wave voltammetry data for Figure 6-2a. 

Control PbS 

Potential (V) Current (µA) Potential (V) Current (µA) 

-1.2 4 -1.2 8 

-1.195 3 -1.195 9 

-1.19 4 -1.19 9 

-1.185 3 -1.185 10 

-1.18 4 -1.18 8 

-1.175 3 -1.175 10 

-1.17 3 -1.17 9 

-1.165 3 -1.165 9 

-1.16 4 -1.16 8 

-1.155 3 -1.155 8 

-1.15 4 -1.15 7 

-1.145 3 -1.145 9 

-1.14 4 -1.14 10 

-1.135 3 -1.135 8 

-1.13 4 -1.13 9 

-1.125 3 -1.125 9 

-1.12 3 -1.12 9 

-1.115 4 -1.115 9 

-1.11 3 -1.11 9 

-1.105 3 -1.105 10 

-1.1 3 -1.1 8 

-1.095 4 -1.095 9 

-1.09 3 -1.09 9 

-1.085 3 -1.085 9 

-1.08 3 -1.08 7 

-1.075 3 -1.075 8 

-1.07 3 -1.07 8 

-1.065 3 -1.065 8 

-1.06 3 -1.06 8 

-1.055 3 -1.055 7 

-1.05 3 -1.05 8 

-1.045 3 -1.045 7 

-1.04 2 -1.04 8 

-1.035 3 -1.035 7 

-1.03 3 -1.03 7 

-1.025 2 -1.025 8 

-1.02 3 -1.02 6 

-1.015 3 -1.015 7 
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Table A-13 (cont’d). 

-1.01 2 -1.01 7 

-1.005 3 -1.005 7 

-1 3 -1 8 

-0.995 3 -0.995 7 

-0.99 3 -0.99 8 

-0.985 3 -0.985 7 

-0.98 3 -0.98 7 

-0.975 2 -0.975 7 

-0.97 2 -0.97 7 

-0.965 3 -0.965 8 

-0.96 3 -0.96 8 

-0.955 2 -0.955 6 

-0.95 2 -0.95 7 

-0.945 3 -0.945 7 

-0.94 3 -0.94 7 

-0.935 3 -0.935 7 

-0.93 3 -0.93 7 

-0.925 2 -0.925 7 

-0.92 2 -0.92 7 

-0.915 3 -0.915 7 

-0.91 3 -0.91 7 

-0.905 3 -0.905 7 

-0.9 2 -0.9 7 

-0.895 2 -0.895 6 

-0.89 2 -0.89 7 

-0.885 3 -0.885 7 

-0.88 2 -0.88 7 

-0.875 3 -0.875 6 

-0.87 2 -0.87 7 

-0.865 2 -0.865 8 

-0.86 2 -0.86 7 

-0.855 3 -0.855 7 

-0.85 3 -0.85 7 

-0.845 2 -0.845 8 

-0.84 2 -0.84 8 

-0.835 2 -0.835 7 

-0.83 2 -0.83 7 

-0.825 2 -0.825 7 

-0.82 3 -0.82 7 

-0.815 3 -0.815 8 

-0.81 3 -0.81 7 

-0.805 3 -0.805 8 

-0.8 3 -0.8 7 
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Table A-13 (cont’d). 

-0.795 3 -0.795 8 

-0.79 2 -0.79 8 

-0.785 2 -0.785 8 

-0.78 3 -0.78 8 

-0.775 2 -0.775 8 

-0.77 2 -0.77 8 

-0.765 2 -0.765 8 

-0.76 3 -0.76 9 

-0.755 4 -0.755 9 

-0.75 2 -0.75 9 

-0.745 2 -0.745 9 

-0.74 2 -0.74 10 

-0.735 3 -0.735 12 

-0.73 2 -0.73 11 

-0.725 3 -0.725 12 

-0.72 3 -0.72 13 

-0.715 4 -0.715 13 

-0.71 2 -0.71 13 

-0.705 2 -0.705 14 

-0.7 2 -0.7 14 

-0.695 1 -0.695 14 

-0.69 3 -0.69 16 

-0.685 2 -0.685 16 

-0.68 2 -0.68 17 

-0.675 3 -0.675 17 

-0.67 2 -0.67 18 

-0.665 2 -0.665 18 

-0.66 3 -0.66 18 

-0.655 1 -0.655 19 

-0.65 1 -0.65 19 

-0.645 3 -0.645 18 

-0.64 3 -0.64 19 

-0.635 2 -0.635 18 

-0.63 2 -0.63 18 

-0.625 1 -0.625 16 

-0.62 3 -0.62 16 

-0.615 0 -0.615 15 

-0.61 4 -0.61 14 

-0.605 2 -0.605 12 

-0.6 2 -0.6 11 

-0.595 2 -0.595 11 

-0.59 1 -0.59 9 

-0.585 1 -0.585 8 
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Table A-13 (cont’d). 

-0.58 1 -0.58 9 

-0.575 2 -0.575 8 

-0.57 2 -0.57 8 

-0.565 2 -0.565 8 

-0.56 2 -0.56 8 

-0.555 2 -0.555 7 

-0.55 1 -0.55 8 

-0.545 2 -0.545 8 

-0.54 2 -0.54 8 

-0.535 2 -0.535 8 

-0.53 2 -0.53 7 

-0.525 2 -0.525 7 

-0.52 2 -0.52 8 

-0.515 2 -0.515 8 

-0.51 2 -0.51 7 

-0.505 2 -0.505 7 

-0.5 1 -0.5 7 

-0.495 2 -0.495 8 

-0.49 2 -0.49 8 

-0.485 2 -0.485 8 

-0.48 2 -0.48 8 

-0.475 2 -0.475 8 

-0.47 2 -0.47 7 

-0.465 1 -0.465 8 

-0.46 1 -0.46 8 

-0.455 1 -0.455 8 

-0.45 1 -0.45 8 

-0.445 2 -0.445 8 

-0.44 1 -0.44 7 

-0.435 2 -0.435 7 

-0.43 2 -0.43 7 

-0.425 2 -0.425 7 

-0.42 2 -0.42 8 

-0.415 2 -0.415 8 

-0.41 1 -0.41 7 

-0.405 1 -0.405 7 

-0.4 1 -0.4 7 

-0.395 2 -0.395 8 

-0.39 2 -0.39 7 

-0.385 2 -0.385 7 

-0.38 2 -0.38 7 

-0.375 2 -0.375 7 

-0.37 2 -0.37 7 
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Table A-13 (cont’d). 

-0.365 2 -0.365 8 

-0.36 2 -0.36 8 

-0.355 2 -0.355 8 

-0.35 2 -0.35 8 

-0.345 2 -0.345 7 

-0.34 2 -0.34 7 

-0.335 2 -0.335 7 

-0.33 2 -0.33 7 

-0.325 2 -0.325 7 

-0.32 1 -0.32 7 

-0.315 1 -0.315 8 

-0.31 2 -0.31 7 

-0.305 2 -0.305 7 

-0.3 2 -0.3 8 

-0.295 2 -0.295 7 

-0.29 2 -0.29 7 

-0.285 3 -0.285 7 

-0.28 3 -0.28 7 

-0.275 3 -0.275 7 

-0.27 2 -0.27 7 

-0.265 2 -0.265 8 

-0.26 2 -0.26 8 

-0.255 2 -0.255 8 

-0.25 2 -0.25 8 

-0.245 2 -0.245 8 

-0.24 2 -0.24 8 

-0.235 3 -0.235 7 

-0.23 2 -0.23 9 

-0.225 3 -0.225 7 

-0.22 3 -0.22 8 

-0.215 3 -0.215 8 

-0.21 3 -0.21 8 

-0.205 3 -0.205 8 

-0.2 3 -0.2 8 

-0.195 3 -0.195 8 

-0.19 2 -0.19 8 

-0.185 3 -0.185 8 

-0.18 2 -0.18 8 

-0.175 2 -0.175 8 

-0.17 3 -0.17 8 

-0.165 2 -0.165 8 

-0.16 2 -0.16 9 

-0.155 2 -0.155 8 
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Table A-13 (cont’d). 

-0.15 2 -0.15 8 

-0.145 3 -0.145 8 

-0.14 3 -0.14 9 

-0.135 3 -0.135 8 

-0.13 3 -0.13 9 

-0.125 2 -0.125 9 

-0.12 2 -0.12 9 

-0.115 2 -0.115 9 

-0.11 2 -0.11 9 

-0.105 2 -0.105 9 

-0.1 2 -0.1 9 

-0.095 2 -0.095 10 

-0.09 2 -0.09 10 

-0.085 2 -0.085 10 

-0.08 2 -0.08 10 

-0.075 2 -0.075 10 

-0.07 2 -0.07 10 

-0.065 2 -0.065 9 

-0.06 2 -0.06 10 

-0.055 2 -0.055 10 

-0.05 2 -0.05 9 

-0.045 2 -0.045 10 

-0.04 2 -0.04 10 

-0.035 2 -0.035 10 

-0.03 2 -0.03 10 

-0.025 2 -0.025 10 

-0.02 2 -0.02 10 

-0.015 2 -0.015 10 

-0.01 2 -0.01 10 

-0.005 2 -0.005 9 

0 2 0 10 
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Table A-14. Square wave voltammetry data for Figure 6-2b. 

Control CdS 

Potential (V) Current (µA) Potential (V) Current (µA) 

-1.2 4 -1.2 15 

-1.195 3 -1.195 15 

-1.19 3 -1.19 14 

-1.185 3 -1.185 15 

-1.18 4 -1.18 13 

-1.175 3 -1.175 13 

-1.17 3 -1.17 13 

-1.165 4 -1.165 13 

-1.16 3 -1.16 13 

-1.155 4 -1.155 12 

-1.15 3 -1.15 12 

-1.145 3 -1.145 11 

-1.14 3 -1.14 12 

-1.135 3 -1.135 11 

-1.13 3 -1.13 12 

-1.125 3 -1.125 11 

-1.12 3 -1.12 11 

-1.115 3 -1.115 12 

-1.11 3 -1.11 10 

-1.105 3 -1.105 10 

-1.1 3 -1.1 10 

-1.095 3 -1.095 10 

-1.09 3 -1.09 11 

-1.085 3 -1.085 9 

-1.08 3 -1.08 10 

-1.075 3 -1.075 10 

-1.07 4 -1.07 10 

-1.065 3 -1.065 9 

-1.06 3 -1.06 10 

-1.055 3 -1.055 10 

-1.05 3 -1.05 10 

-1.045 3 -1.045 9 

-1.04 3 -1.04 9 

-1.035 3 -1.035 9 

-1.03 2 -1.03 10 

-1.025 3 -1.025 8 

-1.02 3 -1.02 11 

-1.015 3 -1.015 10 

-1.01 4 -1.01 10 

-1.005 3 -1.005 9 

-1 3 -1 9 
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Table A-14 (cont’d). 

-0.995 3 -0.995 10 

-0.99 3 -0.99 10 

-0.985 3 -0.985 10 

-0.98 2 -0.98 12 

-0.975 2 -0.975 11 

-0.97 3 -0.97 11 

-0.965 3 -0.965 12 

-0.96 3 -0.96 15 

-0.955 2 -0.955 14 

-0.95 2 -0.95 15 

-0.945 2 -0.945 17 

-0.94 3 -0.94 18 

-0.935 2 -0.935 17 

-0.93 3 -0.93 18 

-0.925 2 -0.925 18 

-0.92 2 -0.92 18 

-0.915 2 -0.915 18 

-0.91 2 -0.91 19 

-0.905 3 -0.905 19 

-0.9 3 -0.9 18 

-0.895 3 -0.895 18 

-0.89 3 -0.89 17 

-0.885 2 -0.885 14 

-0.88 2 -0.88 12 

-0.875 2 -0.875 12 

-0.87 3 -0.87 10 

-0.865 2 -0.865 8 

-0.86 3 -0.86 8 

-0.855 3 -0.855 8 

-0.85 1 -0.85 8 

-0.845 2 -0.845 7 

-0.84 2 -0.84 7 

-0.835 2 -0.835 8 

-0.83 3 -0.83 7 

-0.825 2 -0.825 7 

-0.82 2 -0.82 7 

-0.815 2 -0.815 6 

-0.81 1 -0.81 6 

-0.805 2 -0.805 6 

-0.8 1 -0.8 7 

-0.795 2 -0.795 7 

-0.79 1 -0.79 7 

-0.785 2 -0.785 7 
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Table A-14 (cont’d). 

-0.78 3 -0.78 6 

-0.775 2 -0.775 6 

-0.77 2 -0.77 7 

-0.765 3 -0.765 6 

-0.76 3 -0.76 7 

-0.755 2 -0.755 6 

-0.75 3 -0.75 6 

-0.745 2 -0.745 6 

-0.74 2 -0.74 5 

-0.735 2 -0.735 5 

-0.73 2 -0.73 6 

-0.725 4 -0.725 6 

-0.72 2 -0.72 6 

-0.715 3 -0.715 6 

-0.71 2 -0.71 6 

-0.705 2 -0.705 5 

-0.7 1 -0.7 5 

-0.695 2 -0.695 6 

-0.69 3 -0.69 6 

-0.685 3 -0.685 6 

-0.68 2 -0.68 6 

-0.675 4 -0.675 6 

-0.67 4 -0.67 6 

-0.665 2 -0.665 6 

-0.66 2 -0.66 6 

-0.655 3 -0.655 5 

-0.65 3 -0.65 6 

-0.645 3 -0.645 6 

-0.64 3 -0.64 6 

-0.635 3 -0.635 6 

-0.63 2 -0.63 6 

-0.625 3 -0.625 6 

-0.62 3 -0.62 6 

-0.615 3 -0.615 7 

-0.61 3 -0.61 6 

-0.605 3 -0.605 6 

-0.6 3 -0.6 6 

-0.595 3 -0.595 6 

-0.59 2 -0.59 5 

-0.585 3 -0.585 6 

-0.58 3 -0.58 5 

-0.575 3 -0.575 6 

-0.57 3 -0.57 6 
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Table A-14 (cont’d). 

-0.565 2 -0.565 6 

-0.56 3 -0.56 6 

-0.555 3 -0.555 6 

-0.55 3 -0.55 6 

-0.545 3 -0.545 6 

-0.54 2 -0.54 6 

-0.535 2 -0.535 6 

-0.53 2 -0.53 6 

-0.525 3 -0.525 6 

-0.52 3 -0.52 5 

-0.515 3 -0.515 5 

-0.51 3 -0.51 5 

-0.505 2 -0.505 6 

-0.5 2 -0.5 6 

-0.495 3 -0.495 5 

-0.49 3 -0.49 5 

-0.485 3 -0.485 6 

-0.48 3 -0.48 6 

-0.475 3 -0.475 6 

-0.47 2 -0.47 5 

-0.465 2 -0.465 5 

-0.46 2 -0.46 6 

-0.455 3 -0.455 6 

-0.45 3 -0.45 5 

-0.445 3 -0.445 5 

-0.44 3 -0.44 5 

-0.435 2 -0.435 5 

-0.43 2 -0.43 6 

-0.425 2 -0.425 5 

-0.42 2 -0.42 5 

-0.415 2 -0.415 6 

-0.41 3 -0.41 6 

-0.405 3 -0.405 5 

-0.4 3 -0.4 5 

-0.395 3 -0.395 6 

-0.39 3 -0.39 5 

-0.385 3 -0.385 5 

-0.38 2 -0.38 5 

-0.375 3 -0.375 6 

-0.37 3 -0.37 5 

-0.365 2 -0.365 5 

-0.36 2 -0.36 5 

-0.355 2 -0.355 6 
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Table A-14 (cont’d). 

-0.35 2 -0.35 5 

-0.345 2 -0.345 6 

-0.34 2 -0.34 5 

-0.335 2 -0.335 5 

-0.33 2 -0.33 5 

-0.325 2 -0.325 6 

-0.32 2 -0.32 5 

-0.315 2 -0.315 5 

-0.31 2 -0.31 5 

-0.305 2 -0.305 5 

-0.3 2 -0.3 5 

-0.295 3 -0.295 5 

-0.29 3 -0.29 6 

-0.285 2 -0.285 5 

-0.28 2 -0.28 5 

-0.275 2 -0.275 5 

-0.27 2 -0.27 5 

-0.265 2 -0.265 5 

-0.26 2 -0.26 5 

-0.255 3 -0.255 5 

-0.25 2 -0.25 5 

-0.245 3 -0.245 5 

-0.24 2 -0.24 4 

-0.235 2 -0.235 4 

-0.23 2 -0.23 5 

-0.225 2 -0.225 4 

-0.22 2 -0.22 4 

-0.215 2 -0.215 4 

-0.21 2 -0.21 4 

-0.205 1 -0.205 4 

-0.2 2 -0.2 4 

-0.195 2 -0.195 4 

-0.19 3 -0.19 4 

-0.185 3 -0.185 4 

-0.18 1 -0.18 4 

-0.175 2 -0.175 4 

-0.17 1 -0.17 4 

-0.165 1 -0.165 4 

-0.16 2 -0.16 4 

-0.155 2 -0.155 4 

-0.15 2 -0.15 4 

-0.145 2 -0.145 4 

-0.14 2 -0.14 4 
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Table A-14 (cont’d). 

-0.135 2 -0.135 5 

-0.13 2 -0.13 4 

-0.125 2 -0.125 5 

-0.12 2 -0.12 5 

-0.115 2 -0.115 5 

-0.11 2 -0.11 5 

-0.105 2 -0.105 5 

-0.1 2 -0.1 5 

-0.095 2 -0.095 5 

-0.09 2 -0.09 5 

-0.085 2 -0.085 5 

-0.08 2 -0.08 5 

-0.075 2 -0.075 5 

-0.07 2 -0.07 6 

-0.065 2 -0.065 6 

-0.06 2 -0.06 5 

-0.055 2 -0.055 5 

-0.05 2 -0.05 5 

-0.045 2 -0.045 5 

-0.04 2 -0.04 5 

-0.035 2 -0.035 5 

-0.03 2 -0.03 5 

-0.025 2 -0.025 6 

-0.02 2 -0.02 6 

-0.015 2 -0.015 5 

-0.01 2 -0.01 5 

-0.005 2 -0.005 6 

0 2 0 6 
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Table A-15. Square wave voltammetry data for Figure 6-2c. 

Control PbS+CdS 

Potential (V) Current (µA) Potential (V) Current (µA) 

-1.2 4 -1.2 13 

-1.195 3 -1.195 15 

-1.19 3 -1.19 14 

-1.185 3 -1.185 13 

-1.18 4 -1.18 14 

-1.175 3 -1.175 13 

-1.17 3 -1.17 12 

-1.165 4 -1.165 13 

-1.16 3 -1.16 13 

-1.155 4 -1.155 13 

-1.15 3 -1.15 12 

-1.145 3 -1.145 12 

-1.14 3 -1.14 11 

-1.135 3 -1.135 13 

-1.13 3 -1.13 13 

-1.125 3 -1.125 11 

-1.12 3 -1.12 12 

-1.115 3 -1.115 12 

-1.11 3 -1.11 9 

-1.105 3 -1.105 12 

-1.1 3 -1.1 12 

-1.095 3 -1.095 12 

-1.09 3 -1.09 12 

-1.085 3 -1.085 11 

-1.08 3 -1.08 11 

-1.075 3 -1.075 10 

-1.07 4 -1.07 10 

-1.065 3 -1.065 10 

-1.06 3 -1.06 11 

-1.055 3 -1.055 10 

-1.05 3 -1.05 9 

-1.045 3 -1.045 10 

-1.04 3 -1.04 10 

-1.035 3 -1.035 10 

-1.03 2 -1.03 11 

-1.025 3 -1.025 10 

-1.02 3 -1.02 11 

-1.015 3 -1.015 11 

-1.01 4 -1.01 11 

-1.005 3 -1.005 11 

-1 3 -1 10 
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Table A-15 (cont’d). 

-0.995 3 -0.995 12 

-0.99 3 -0.99 12 

-0.985 3 -0.985 12 

-0.98 2 -0.98 13 

-0.975 2 -0.975 13 

-0.97 3 -0.97 15 

-0.965 3 -0.965 15 

-0.96 3 -0.96 17 

-0.955 2 -0.955 18 

-0.95 2 -0.95 20 

-0.945 2 -0.945 21 

-0.94 3 -0.94 21 

-0.935 2 -0.935 23 

-0.93 3 -0.93 24 

-0.925 2 -0.925 25 

-0.92 2 -0.92 25 

-0.915 2 -0.915 26 

-0.91 2 -0.91 26 

-0.905 3 -0.905 25 

-0.9 3 -0.9 26 

-0.895 3 -0.895 24 

-0.89 3 -0.89 23 

-0.885 2 -0.885 21 

-0.88 2 -0.88 17 

-0.875 2 -0.875 15 

-0.87 3 -0.87 13 

-0.865 2 -0.865 12 

-0.86 3 -0.86 11 

-0.855 3 -0.855 12 

-0.85 1 -0.85 10 

-0.845 2 -0.845 10 

-0.84 2 -0.84 10 

-0.835 2 -0.835 10 

-0.83 3 -0.83 10 

-0.825 2 -0.825 10 

-0.82 2 -0.82 9 

-0.815 2 -0.815 9 

-0.81 1 -0.81 9 

-0.805 2 -0.805 8 

-0.8 1 -0.8 9 

-0.795 2 -0.795 9 

-0.79 1 -0.79 9 

-0.785 2 -0.785 9 
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Table A-15 (cont’d). 

-0.78 3 -0.78 9 

-0.775 2 -0.775 8 

-0.77 2 -0.77 9 

-0.765 3 -0.765 8 

-0.76 3 -0.76 9 

-0.755 2 -0.755 9 

-0.75 3 -0.75 10 

-0.745 2 -0.745 10 

-0.74 2 -0.74 10 

-0.735 2 -0.735 10 

-0.73 2 -0.73 11 

-0.725 4 -0.725 11 

-0.72 2 -0.72 12 

-0.715 3 -0.715 13 

-0.71 2 -0.71 13 

-0.705 2 -0.705 14 

-0.7 1 -0.7 16 

-0.695 2 -0.695 18 

-0.69 3 -0.69 18 

-0.685 3 -0.685 20 

-0.68 2 -0.68 21 

-0.675 4 -0.675 22 

-0.67 4 -0.67 23 

-0.665 2 -0.665 24 

-0.66 2 -0.66 25 

-0.655 3 -0.655 24 

-0.65 3 -0.65 24 

-0.645 3 -0.645 23 

-0.64 3 -0.64 22 

-0.635 3 -0.635 21 

-0.63 2 -0.63 21 

-0.625 3 -0.625 20 

-0.62 3 -0.62 17 

-0.615 3 -0.615 14 

-0.61 3 -0.61 11 

-0.605 3 -0.605 11 

-0.6 3 -0.6 11 

-0.595 3 -0.595 10 

-0.59 2 -0.59 11 

-0.585 3 -0.585 11 

-0.58 3 -0.58 11 

-0.575 3 -0.575 10 

-0.57 3 -0.57 10 



 170 

Table A-15 (cont’d). 

-0.565 2 -0.565 11 

-0.56 3 -0.56 10 

-0.555 3 -0.555 11 

-0.55 3 -0.55 10 

-0.545 3 -0.545 11 

-0.54 2 -0.54 10 

-0.535 2 -0.535 10 

-0.53 2 -0.53 10 

-0.525 3 -0.525 10 

-0.52 3 -0.52 10 

-0.515 3 -0.515 11 

-0.51 3 -0.51 10 

-0.505 2 -0.505 11 

-0.5 2 -0.5 10 

-0.495 3 -0.495 10 

-0.49 3 -0.49 10 

-0.485 3 -0.485 10 

-0.48 3 -0.48 10 

-0.475 3 -0.475 9 

-0.47 2 -0.47 10 

-0.465 2 -0.465 10 

-0.46 2 -0.46 10 

-0.455 3 -0.455 9 

-0.45 3 -0.45 10 

-0.445 3 -0.445 9 

-0.44 3 -0.44 10 

-0.435 2 -0.435 9 

-0.43 2 -0.43 10 

-0.425 2 -0.425 10 

-0.42 2 -0.42 10 

-0.415 2 -0.415 9 

-0.41 3 -0.41 9 

-0.405 3 -0.405 9 

-0.4 3 -0.4 10 

-0.395 3 -0.395 9 

-0.39 3 -0.39 9 

-0.385 3 -0.385 9 

-0.38 2 -0.38 9 

-0.375 3 -0.375 9 

-0.37 3 -0.37 9 

-0.365 2 -0.365 8 

-0.36 2 -0.36 9 

-0.355 2 -0.355 9 
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Table A-15 (cont’d). 

-0.35 2 -0.35 9 

-0.345 2 -0.345 9 

-0.34 2 -0.34 8 

-0.335 2 -0.335 8 

-0.33 2 -0.33 9 

-0.325 2 -0.325 9 

-0.32 2 -0.32 8 

-0.315 2 -0.315 8 

-0.31 2 -0.31 8 

-0.305 2 -0.305 8 

-0.3 2 -0.3 9 

-0.295 3 -0.295 9 

-0.29 3 -0.29 9 

-0.285 2 -0.285 8 

-0.28 2 -0.28 8 

-0.275 2 -0.275 9 

-0.27 2 -0.27 8 

-0.265 2 -0.265 9 

-0.26 2 -0.26 9 

-0.255 3 -0.255 9 

-0.25 2 -0.25 9 

-0.245 3 -0.245 8 

-0.24 2 -0.24 10 

-0.235 2 -0.235 8 

-0.23 2 -0.23 9 

-0.225 2 -0.225 9 

-0.22 2 -0.22 9 

-0.215 2 -0.215 9 

-0.21 2 -0.21 9 

-0.205 1 -0.205 9 

-0.2 2 -0.2 9 

-0.195 2 -0.195 9 

-0.19 3 -0.19 9 

-0.185 3 -0.185 9 

-0.18 1 -0.18 9 

-0.175 2 -0.175 9 

-0.17 1 -0.17 9 

-0.165 1 -0.165 9 

-0.16 2 -0.16 9 

-0.155 2 -0.155 9 

-0.15 2 -0.15 9 

-0.145 2 -0.145 9 

-0.14 2 -0.14 9 
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Table A-15 (cont’d). 

-0.135 2 -0.135 9 

-0.13 2 -0.13 9 

-0.125 2 -0.125 9 

-0.12 2 -0.12 9 

-0.115 2 -0.115 9 

-0.11 2 -0.11 9 

-0.105 2 -0.105 9 

-0.1 2 -0.1 10 

-0.095 2 -0.095 9 

-0.09 2 -0.09 10 

-0.085 2 -0.085 10 

-0.08 2 -0.08 10 

-0.075 2 -0.075 9 

-0.07 2 -0.07 10 

-0.065 2 -0.065 10 

-0.06 2 -0.06 10 

-0.055 2 -0.055 10 

-0.05 2 -0.05 10 

-0.045 2 -0.045 10 

-0.04 2 -0.04 10 

-0.035 2 -0.035 10 

-0.03 2 -0.03 10 

-0.025 2 -0.025 10 

-0.02 2 -0.02 10 

-0.015 2 -0.015 10 

-0.01 2 -0.01 10 

-0.005 2 -0.005 10 

0 2 0 10 
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Table A-16. Square wave voltammetry data for Figure 6-3a. 

Blank 10 IU/ml IFN-γ 

Potential (V) Current (µA) Potential (V) Current (µA) 

-1.2 12 -1.2 34 

-1.195 13 -1.195 33 

-1.19 13 -1.19 34 

-1.185 13 -1.185 34 

-1.18 12 -1.18 33 

-1.175 12 -1.175 33 

-1.17 12 -1.17 33 

-1.165 12 -1.165 32 

-1.16 12 -1.16 33 

-1.155 12 -1.155 33 

-1.15 11 -1.15 31 

-1.145 11 -1.145 32 

-1.14 11 -1.14 34 

-1.135 11 -1.135 32 

-1.13 11 -1.13 31 

-1.125 10 -1.125 31 

-1.12 10 -1.12 31 

-1.115 10 -1.115 30 

-1.11 10 -1.11 31 

-1.105 11 -1.105 31 

-1.1 10 -1.1 31 

-1.095 10 -1.095 30 

-1.09 9 -1.09 30 

-1.085 9 -1.085 28 

-1.08 10 -1.08 29 

-1.075 9 -1.075 29 

-1.07 10 -1.07 29 

-1.065 10 -1.065 28 

-1.06 9 -1.06 29 

-1.055 9 -1.055 28 

-1.05 9 -1.05 27 

-1.045 9 -1.045 27 

-1.04 9 -1.04 27 

-1.035 9 -1.035 26 

-1.03 8 -1.03 26 

-1.025 9 -1.025 25 

-1.02 8 -1.02 25 

-1.015 9 -1.015 24 

-1.01 8 -1.01 23 

-1.005 8 -1.005 23 

-1 8 -1 23 
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Table A-16 (cont’d). 

-0.995 8 -0.995 21 

-0.99 8 -0.99 21 

-0.985 8 -0.985 19 

-0.98 8 -0.98 19 

-0.975 8 -0.975 18 

-0.97 7 -0.97 17 

-0.965 7 -0.965 16 

-0.96 7 -0.96 15 

-0.955 7 -0.955 14 

-0.95 7 -0.95 13 

-0.945 7 -0.945 12 

-0.94 7 -0.94 11 

-0.935 6 -0.935 11 

-0.93 6 -0.93 10 

-0.925 7 -0.925 9 

-0.92 7 -0.92 8 

-0.915 6 -0.915 8 

-0.91 7 -0.91 8 

-0.905 7 -0.905 8 

-0.9 6 -0.9 8 

-0.895 6 -0.895 6 

-0.89 6 -0.89 7 

-0.885 5 -0.885 7 

-0.88 6 -0.88 7 

-0.875 6 -0.875 7 

-0.87 6 -0.87 7 

-0.865 5 -0.865 7 

-0.86 5 -0.86 8 

-0.855 5 -0.855 8 

-0.85 6 -0.85 9 

-0.845 6 -0.845 8 

-0.84 5 -0.84 9 

-0.835 5 -0.835 10 

-0.83 5 -0.83 11 

-0.825 5 -0.825 12 

-0.82 4 -0.82 11 

-0.815 4 -0.815 12 

-0.81 4 -0.81 13 

-0.805 4 -0.805 13 

-0.8 4 -0.8 13 

-0.795 4 -0.795 15 

-0.79 4 -0.79 15 

-0.785 4 -0.785 15 
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Table A-16 (cont’d). 

-0.78 4 -0.78 16 

-0.775 4 -0.775 15 

-0.77 4 -0.77 16 

-0.765 4 -0.765 16 

-0.76 3 -0.76 16 

-0.755 3 -0.755 17 

-0.75 3 -0.75 16 

-0.745 3 -0.745 16 

-0.74 3 -0.74 16 

-0.735 3 -0.735 16 

-0.73 3 -0.73 15 

-0.725 3 -0.725 15 

-0.72 3 -0.72 14 

-0.715 3 -0.715 13 

-0.71 3 -0.71 14 

-0.705 2 -0.705 12 

-0.7 3 -0.7 11 

-0.695 3 -0.695 11 

-0.69 3 -0.69 11 

-0.685 3 -0.685 10 

-0.68 3 -0.68 10 

-0.675 3 -0.675 9 

-0.67 3 -0.67 9 

-0.665 3 -0.665 8 

-0.66 3 -0.66 8 

-0.655 3 -0.655 8 

-0.65 3 -0.65 8 

-0.645 2 -0.645 7 

-0.64 3 -0.64 8 

-0.635 3 -0.635 7 

-0.63 3 -0.63 7 

-0.625 3 -0.625 7 

-0.62 4 -0.62 8 

-0.615 4 -0.615 7 

-0.61 4 -0.61 7 

-0.605 4 -0.605 7 

-0.6 4 -0.6 7 

-0.595 4 -0.595 7 

-0.59 5 -0.59 7 

-0.585 4 -0.585 7 

-0.58 4 -0.58 7 

-0.575 5 -0.575 7 

-0.57 5 -0.57 7 
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Table A-16 (cont’d). 

-0.565 5 -0.565 7 

-0.56 5 -0.56 7 

-0.555 5 -0.555 7 

-0.55 6 -0.55 7 

-0.545 6 -0.545 6 

-0.54 6 -0.54 6 

-0.535 5 -0.535 7 

-0.53 6 -0.53 6 

-0.525 7 -0.525 6 

-0.52 6 -0.52 7 

-0.515 6 -0.515 7 

-0.51 6 -0.51 6 

-0.505 7 -0.505 6 

-0.5 7 -0.5 6 

-0.495 7 -0.495 6 

-0.49 7 -0.49 6 

-0.485 8 -0.485 6 

-0.48 7 -0.48 7 

-0.475 7 -0.475 6 

-0.47 8 -0.47 6 

-0.465 8 -0.465 6 

-0.46 8 -0.46 5 

-0.455 8 -0.455 6 

-0.45 8 -0.45 6 

-0.445 8 -0.445 6 

-0.44 8 -0.44 6 

-0.435 8 -0.435 6 

-0.43 8 -0.43 6 

-0.425 8 -0.425 6 

-0.42 8 -0.42 6 

-0.415 8 -0.415 6 

-0.41 8 -0.41 6 

-0.405 9 -0.405 6 

-0.4 8 -0.4 6 

-0.395 8 -0.395 6 

-0.39 8 -0.39 5 

-0.385 8 -0.385 6 

-0.38 9 -0.38 6 

-0.375 9 -0.375 6 

-0.37 8 -0.37 6 

-0.365 9 -0.365 6 

-0.36 9 -0.36 6 

-0.355 8 -0.355 6 
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Table A-16 (cont’d). 

-0.35 8 -0.35 6 

-0.345 8 -0.345 6 

-0.34 8 -0.34 6 

-0.335 9 -0.335 6 

-0.33 9 -0.33 6 

-0.325 9 -0.325 6 

-0.32 9 -0.32 6 

-0.315 9 -0.315 6 

-0.31 9 -0.31 5 

-0.305 8 -0.305 6 

-0.3 9 -0.3 6 

-0.295 9 -0.295 6 

-0.29 9 -0.29 6 

-0.285 8 -0.285 6 

-0.28 9 -0.28 5 

-0.275 9 -0.275 6 

-0.27 8 -0.27 6 

-0.265 8 -0.265 6 

-0.26 9 -0.26 6 

-0.255 9 -0.255 6 

-0.25 9 -0.25 6 

-0.245 9 -0.245 6 

-0.24 9 -0.24 6 

-0.235 10 -0.235 6 

-0.23 9 -0.23 6 

-0.225 8 -0.225 6 

-0.22 10 -0.22 6 

-0.215 9 -0.215 6 

-0.21 9 -0.21 6 

-0.205 8 -0.205 6 

-0.2 8 -0.2 6 

-0.195 9 -0.195 6 

-0.19 10 -0.19 6 

-0.185 8 -0.185 7 

-0.18 8 -0.18 7 

-0.175 9 -0.175 7 

-0.17 9 -0.17 7 

-0.165 8 -0.165 6 

-0.16 8 -0.16 6 

-0.155 9 -0.155 6 

-0.15 8 -0.15 6 

-0.145 10 -0.145 6 

-0.14 10 -0.14 6 
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Table A-16 (cont’d). 

-0.135 10 -0.135 6 

-0.13 9 -0.13 6 

-0.125 8 -0.125 5 

-0.12 10 -0.12 6 

-0.115 9 -0.115 6 

-0.11 9 -0.11 6 

-0.105 10 -0.105 7 

-0.1 9 -0.1 7 

-0.095 9 -0.095 7 

-0.09 10 -0.09 5 

-0.085 9 -0.085 5 

-0.08 8 -0.08 6 

-0.075 9 -0.075 7 

-0.07 10 -0.07 6 

-0.065 9 -0.065 6 

-0.06 9 -0.06 7 

-0.055 9 -0.055 7 

-0.05 9 -0.05 6 

-0.045 9 -0.045 6 

-0.04 10 -0.04 7 

-0.035 10 -0.035 7 

-0.03 10 -0.03 7 

-0.025 10 -0.025 7 

-0.02 9 -0.02 7 

-0.015 9 -0.015 7 

-0.01 9 -0.01 8 

-0.005 10 -0.005 8 

0 10 0 7 
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Table A-17. Square wave voltammetry data for Figure 6-3b. 

Blank 1 ng/ml IP-10 

Potential (V) Current (µA) Potential (V) Current (µA) 

-1.2 10 -1.2 30 

-1.195 12 -1.195 32 

-1.19 12 -1.19 31 

-1.185 12 -1.185 31 

-1.18 12 -1.18 31 

-1.175 12 -1.175 30 

-1.17 12 -1.17 30 

-1.165 11 -1.165 30 

-1.16 11 -1.16 30 

-1.155 11 -1.155 28 

-1.15 11 -1.15 29 

-1.145 11 -1.145 29 

-1.14 10 -1.14 28 

-1.135 11 -1.135 29 

-1.13 11 -1.13 27 

-1.125 11 -1.125 29 

-1.12 10 -1.12 27 

-1.115 10 -1.115 29 

-1.11 9 -1.11 29 

-1.105 9 -1.105 28 

-1.1 10 -1.1 28 

-1.095 9 -1.095 28 

-1.09 9 -1.09 28 

-1.085 9 -1.085 28 

-1.08 9 -1.08 27 

-1.075 9 -1.075 27 

-1.07 9 -1.07 27 

-1.065 9 -1.065 28 

-1.06 9 -1.06 28 

-1.055 9 -1.055 27 

-1.05 8 -1.05 27 

-1.045 9 -1.045 27 

-1.04 8 -1.04 28 

-1.035 8 -1.035 26 

-1.03 8 -1.03 26 

-1.025 8 -1.025 26 

-1.02 8 -1.02 26 

-1.015 8 -1.015 26 

-1.01 8 -1.01 26 

-1.005 8 -1.005 26 

-1 8 -1 25 
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Table A-17 (cont’d). 

-0.995 7 -0.995 25 

-0.99 8 -0.99 25 

-0.985 8 -0.985 25 

-0.98 7 -0.98 25 

-0.975 8 -0.975 24 

-0.97 7 -0.97 23 

-0.965 7 -0.965 23 

-0.96 7 -0.96 23 

-0.955 7 -0.955 23 

-0.95 7 -0.95 23 

-0.945 6 -0.945 22 

-0.94 7 -0.94 23 

-0.935 7 -0.935 22 

-0.93 6 -0.93 21 

-0.925 6 -0.925 21 

-0.92 7 -0.92 21 

-0.915 6 -0.915 21 

-0.91 6 -0.91 20 

-0.905 7 -0.905 20 

-0.9 6 -0.9 20 

-0.895 6 -0.895 19 

-0.89 6 -0.89 18 

-0.885 6 -0.885 18 

-0.88 6 -0.88 18 

-0.875 6 -0.875 17 

-0.87 6 -0.87 17 

-0.865 6 -0.865 16 

-0.86 5 -0.86 17 

-0.855 5 -0.855 16 

-0.85 6 -0.85 16 

-0.845 6 -0.845 16 

-0.84 4 -0.84 16 

-0.835 5 -0.835 15 

-0.83 5 -0.83 15 

-0.825 5 -0.825 15 

-0.82 4 -0.82 14 

-0.815 4 -0.815 14 

-0.81 4 -0.81 14 

-0.805 4 -0.805 13 

-0.8 5 -0.8 14 

-0.795 4 -0.795 13 

-0.79 4 -0.79 14 

-0.785 4 -0.785 13 



 181 

Table A-17 (cont’d). 

-0.78 4 -0.78 13 

-0.775 5 -0.775 13 

-0.77 4 -0.77 13 

-0.765 4 -0.765 12 

-0.76 4 -0.76 12 

-0.755 4 -0.755 12 

-0.75 3 -0.75 12 

-0.745 4 -0.745 13 

-0.74 4 -0.74 12 

-0.735 3 -0.735 12 

-0.73 3 -0.73 12 

-0.725 3 -0.725 12 

-0.72 3 -0.72 12 

-0.715 3 -0.715 12 

-0.71 3 -0.71 12 

-0.705 3 -0.705 13 

-0.7 3 -0.7 13 

-0.695 3 -0.695 12 

-0.69 3 -0.69 13 

-0.685 2 -0.685 12 

-0.68 3 -0.68 13 

-0.675 2 -0.675 14 

-0.67 2 -0.67 13 

-0.665 2 -0.665 14 

-0.66 3 -0.66 15 

-0.655 3 -0.655 16 

-0.65 3 -0.65 16 

-0.645 3 -0.645 18 

-0.64 2 -0.64 17 

-0.635 3 -0.635 18 

-0.63 3 -0.63 20 

-0.625 3 -0.625 21 

-0.62 3 -0.62 22 

-0.615 3 -0.615 22 

-0.61 3 -0.61 22 

-0.605 3 -0.605 22 

-0.6 3 -0.6 21 

-0.595 4 -0.595 20 

-0.59 4 -0.59 19 

-0.585 4 -0.585 19 

-0.58 4 -0.58 17 

-0.575 4 -0.575 16 

-0.57 4 -0.57 15 
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Table A-17 (cont’d). 

-0.565 4 -0.565 14 

-0.56 5 -0.56 13 

-0.555 5 -0.555 12 

-0.55 5 -0.55 12 

-0.545 5 -0.545 12 

-0.54 6 -0.54 11 

-0.535 5 -0.535 12 

-0.53 5 -0.53 12 

-0.525 5 -0.525 11 

-0.52 6 -0.52 12 

-0.515 6 -0.515 12 

-0.51 6 -0.51 12 

-0.505 6 -0.505 12 

-0.5 7 -0.5 12 

-0.495 7 -0.495 11 

-0.49 7 -0.49 11 

-0.485 7 -0.485 11 

-0.48 7 -0.48 11 

-0.475 6 -0.475 11 

-0.47 7 -0.47 12 

-0.465 7 -0.465 12 

-0.46 7 -0.46 12 

-0.455 8 -0.455 12 

-0.45 8 -0.45 11 

-0.445 8 -0.445 12 

-0.44 8 -0.44 12 

-0.435 8 -0.435 12 

-0.43 8 -0.43 12 

-0.425 7 -0.425 12 

-0.42 7 -0.42 11 

-0.415 8 -0.415 12 

-0.41 8 -0.41 11 

-0.405 8 -0.405 12 

-0.4 8 -0.4 12 

-0.395 8 -0.395 12 

-0.39 9 -0.39 12 

-0.385 7 -0.385 12 

-0.38 8 -0.38 12 

-0.375 8 -0.375 12 

-0.37 8 -0.37 12 

-0.365 8 -0.365 12 

-0.36 8 -0.36 12 

-0.355 8 -0.355 13 
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Table A-17 (cont’d). 

-0.35 8 -0.35 12 

-0.345 8 -0.345 13 

-0.34 8 -0.34 13 

-0.335 8 -0.335 12 

-0.33 9 -0.33 12 

-0.325 9 -0.325 12 

-0.32 9 -0.32 12 

-0.315 8 -0.315 12 

-0.31 8 -0.31 12 

-0.305 8 -0.305 12 

-0.3 8 -0.3 12 

-0.295 8 -0.295 12 

-0.29 8 -0.29 12 

-0.285 8 -0.285 13 

-0.28 8 -0.28 12 

-0.275 8 -0.275 13 

-0.27 9 -0.27 13 

-0.265 9 -0.265 12 

-0.26 9 -0.26 13 

-0.255 9 -0.255 13 

-0.25 9 -0.25 13 

-0.245 9 -0.245 13 

-0.24 9 -0.24 13 

-0.235 9 -0.235 13 

-0.23 9 -0.23 13 

-0.225 9 -0.225 13 

-0.22 9 -0.22 13 

-0.215 9 -0.215 13 

-0.21 9 -0.21 14 

-0.205 9 -0.205 14 

-0.2 9 -0.2 14 

-0.195 9 -0.195 14 

-0.19 9 -0.19 13 

-0.185 8 -0.185 14 

-0.18 9 -0.18 14 

-0.175 8 -0.175 14 

-0.17 8 -0.17 14 

-0.165 9 -0.165 14 

-0.16 8 -0.16 15 

-0.155 8 -0.155 15 

-0.15 8 -0.15 14 

-0.145 8 -0.145 14 

-0.14 8 -0.14 15 
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Table A-17 (cont’d). 

-0.135 8 -0.135 14 

-0.13 8 -0.13 14 

-0.125 9 -0.125 14 

-0.12 8 -0.12 14 

-0.115 9 -0.115 15 

-0.11 9 -0.11 15 

-0.105 9 -0.105 15 

-0.1 8 -0.1 15 

-0.095 9 -0.095 14 

-0.09 9 -0.09 15 

-0.085 9 -0.085 15 

-0.08 9 -0.08 15 

-0.075 9 -0.075 15 

-0.07 9 -0.07 16 

-0.065 9 -0.065 15 

-0.06 9 -0.06 15 

-0.055 9 -0.055 15 

-0.05 9 -0.05 16 

-0.045 9 -0.045 15 

-0.04 9 -0.04 15 

-0.035 9 -0.035 16 

-0.03 9 -0.03 17 

-0.025 9 -0.025 16 

-0.02 9 -0.02 16 

-0.015 9 -0.015 16 

-0.01 9 -0.01 16 

-0.005 9 -0.005 16 

0 9 0 17 
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Table A-18. Square wave voltammetry data for Figure 6-3c.  

Blank 1 IU/ml IFN-γ + 1 ng/ml IP-10 

Potential (V) Current (µA) Potential (V) Current (µA) 

-1.2 8 -1.2 23 

-1.195 8 -1.195 26 

-1.19 7 -1.19 26 

-1.185 7 -1.185 26 

-1.18 7 -1.18 25 

-1.175 7 -1.175 26 

-1.17 6 -1.17 25 

-1.165 7 -1.165 25 

-1.16 7 -1.16 25 

-1.155 6 -1.155 24 

-1.15 6 -1.15 25 

-1.145 6 -1.145 24 

-1.14 6 -1.14 24 

-1.135 6 -1.135 25 

-1.13 6 -1.13 24 

-1.125 6 -1.125 24 

-1.12 5 -1.12 23 

-1.115 5 -1.115 24 

-1.11 5 -1.11 23 

-1.105 6 -1.105 23 

-1.1 5 -1.1 22 

-1.095 6 -1.095 22 

-1.09 6 -1.09 21 

-1.085 6 -1.085 21 

-1.08 6 -1.08 21 

-1.075 6 -1.075 21 

-1.07 5 -1.07 20 

-1.065 5 -1.065 19 

-1.06 5 -1.06 20 

-1.055 4 -1.055 19 

-1.05 5 -1.05 18 

-1.045 5 -1.045 18 

-1.04 4 -1.04 18 

-1.035 5 -1.035 18 

-1.03 5 -1.03 18 

-1.025 5 -1.025 17 

-1.02 4 -1.02 16 
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Table A-18 (cont’d). 

-1.015 4 -1.015 17 

-1.01 4 -1.01 17 

-1.005 4 -1.005 17 

-1 4 -1 17 

-0.995 5 -0.995 16 

-0.99 4 -0.99 17 

-0.985 4 -0.985 17 

-0.98 5 -0.98 18 

-0.975 3 -0.975 18 

-0.97 5 -0.97 18 

-0.965 4 -0.965 18 

-0.96 4 -0.96 18 

-0.955 5 -0.955 19 

-0.95 6 -0.95 19 

-0.945 3 -0.945 19 

-0.94 5 -0.94 20 

-0.935 2 -0.935 19 

-0.93 6 -0.93 19 

-0.925 3 -0.925 20 

-0.92 4 -0.92 20 

-0.915 3 -0.915 20 

-0.91 5 -0.91 20 

-0.905 5 -0.905 21 

-0.9 4 -0.9 21 

-0.895 4 -0.895 21 

-0.89 5 -0.89 20 

-0.885 4 -0.885 20 

-0.88 3 -0.88 21 

-0.875 3 -0.875 21 

-0.87 4 -0.87 21 

-0.865 2 -0.865 21 

-0.86 3 -0.86 20 

-0.855 4 -0.855 20 

-0.85 2 -0.85 19 

-0.845 5 -0.845 20 

-0.84 2 -0.84 20 

-0.835 2 -0.835 19 

-0.83 2 -0.83 19 

-0.825 4 -0.825 19 
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Table A-18 (cont’d). 

-0.82 3 -0.82 18 

-0.815 0 -0.815 19 

-0.81 4 -0.81 18 

-0.805 2 -0.805 18 

-0.8 1 -0.8 17 

-0.795 4 -0.795 16 

-0.79 3 -0.79 16 

-0.785 2 -0.785 15 

-0.78 4 -0.78 15 

-0.775 3 -0.775 14 

-0.77 2 -0.77 14 

-0.765 2 -0.765 13 

-0.76 3 -0.76 13 

-0.755 3 -0.755 12 

-0.75 0 -0.75 12 

-0.745 2 -0.745 11 

-0.74 2 -0.74 10 

-0.735 3 -0.735 10 

-0.73 3 -0.73 9 

-0.725 2 -0.725 9 

-0.72 2 -0.72 9 

-0.715 3 -0.715 8 

-0.71 3 -0.71 8 

-0.705 3 -0.705 8 

-0.7 1 -0.7 8 

-0.695 2 -0.695 8 

-0.69 2 -0.69 9 

-0.685 3 -0.685 8 

-0.68 3 -0.68 9 

-0.675 2 -0.675 9 

-0.67 3 -0.67 10 

-0.665 3 -0.665 10 

-0.66 2 -0.66 11 

-0.655 3 -0.655 10 

-0.65 2 -0.65 11 

-0.645 2 -0.645 10 

-0.64 3 -0.64 10 

-0.635 2 -0.635 9 

-0.63 3 -0.63 8 
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Table A-18 (cont’d). 

-0.625 3 -0.625 7 

-0.62 3 -0.62 7 

-0.615 3 -0.615 5 

-0.61 3 -0.61 5 

-0.605 2 -0.605 5 

-0.6 3 -0.6 5 

-0.595 3 -0.595 5 

-0.59 3 -0.59 5 

-0.585 3 -0.585 4 

-0.58 3 -0.58 5 

-0.575 4 -0.575 4 

-0.57 4 -0.57 5 

-0.565 4 -0.565 5 

-0.56 4 -0.56 5 

-0.555 4 -0.555 5 

-0.55 3 -0.55 5 

-0.545 3 -0.545 4 

-0.54 3 -0.54 5 

-0.535 4 -0.535 4 

-0.53 4 -0.53 4 

-0.525 4 -0.525 4 

-0.52 3 -0.52 5 

-0.515 3 -0.515 5 

-0.51 3 -0.51 5 

-0.505 3 -0.505 5 

-0.5 4 -0.5 5 

-0.495 4 -0.495 5 

-0.49 4 -0.49 5 

-0.485 3 -0.485 5 

-0.48 3 -0.48 6 

-0.475 3 -0.475 5 

-0.47 3 -0.47 6 

-0.465 4 -0.465 5 

-0.46 4 -0.46 5 

-0.455 4 -0.455 5 

-0.45 4 -0.45 5 

-0.445 3 -0.445 5 

-0.44 3 -0.44 5 

-0.435 3 -0.435 5 
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Table A-18 (cont’d). 

-0.43 3 -0.43 5 

-0.425 4 -0.425 5 

-0.42 4 -0.42 5 

-0.415 4 -0.415 5 

-0.41 4 -0.41 4 

-0.405 4 -0.405 4 

-0.4 4 -0.4 4 

-0.395 4 -0.395 4 

-0.39 4 -0.39 4 

-0.385 3 -0.385 4 

-0.38 3 -0.38 4 

-0.375 4 -0.375 5 

-0.37 4 -0.37 5 

-0.365 4 -0.365 5 

-0.36 4 -0.36 5 

-0.355 4 -0.355 5 

-0.35 4 -0.35 5 

-0.345 4 -0.345 5 

-0.34 4 -0.34 6 

-0.335 3 -0.335 6 

-0.33 3 -0.33 6 

-0.325 4 -0.325 6 

-0.32 4 -0.32 6 

-0.315 4 -0.315 5 

-0.31 4 -0.31 5 

-0.305 4 -0.305 5 

-0.3 4 -0.3 5 

-0.295 4 -0.295 5 

-0.29 4 -0.29 5 

-0.285 4 -0.285 5 

-0.28 4 -0.28 5 

-0.275 4 -0.275 5 

-0.27 4 -0.27 6 

-0.265 4 -0.265 6 

-0.26 4 -0.26 6 

-0.255 3 -0.255 6 

-0.25 3 -0.25 6 

-0.245 3 -0.245 6 

-0.24 4 -0.24 7 
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Table A-18 (cont’d). 

-0.235 3 -0.235 6 

-0.23 3 -0.23 6 

-0.225 4 -0.225 6 

-0.22 4 -0.22 6 

-0.215 4 -0.215 6 

-0.21 4 -0.21 6 

-0.205 4 -0.205 6 

-0.2 4 -0.2 6 

-0.195 4 -0.195 7 

-0.19 4 -0.19 6 

-0.185 4 -0.185 6 

-0.18 4 -0.18 7 

-0.175 4 -0.175 7 

-0.17 4 -0.17 7 

-0.165 4 -0.165 6 

-0.16 4 -0.16 7 

-0.155 4 -0.155 7 

-0.15 4 -0.15 7 

-0.145 4 -0.145 7 

-0.14 4 -0.14 7 

-0.135 4 -0.135 7 

-0.13 4 -0.13 7 

-0.125 4 -0.125 7 

-0.12 4 -0.12 7 

-0.115 4 -0.115 7 

-0.11 4 -0.11 7 

-0.105 4 -0.105 7 

-0.1 4 -0.1 7 

-0.095 4 -0.095 7 

-0.09 4 -0.09 6 

-0.085 4 -0.085 6 

-0.08 5 -0.08 6 

-0.075 5 -0.075 7 

-0.07 4 -0.07 7 

-0.065 4 -0.065 7 

-0.06 4 -0.06 7 

-0.055 4 -0.055 7 

-0.05 5 -0.05 7 

-0.045 5 -0.045 7 
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Table A-18 (cont’d). 

-0.04 5 -0.04 7 

-0.035 5 -0.035 7 

-0.03 5 -0.03 7 

-0.025 5 -0.025 7 

-0.02 5 -0.02 7 

-0.015 5 -0.015 7 

-0.01 5 -0.01 7 

-0.005 5 -0.005 7 

0 5 0 7 

 

  



 192 

Table A-19. Data for Figure 6-4a. 

IFN-γ (IU/ml) Peak current (µA) Standard deviation (µA) 

0 5.0 1.17 

0.01 13.8 2.51 

0.1 17.2 5.96 

1 19.5 2.91 

10 18.4 3.75 
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Table A-20. Data for Figure 6-4b 

IP-10 (ng/ml) Peak current (µA) Standard deviation (µA) 

0 4.27 2.18 

0.01 13.89 2.42 

0.1 15.00 3.06 

1 15.61 2.21 

10 16.08 2.89 

100 14.42 1.64 
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Table A-21. Square wave voltammetry data for Figure 6-5. 

Blank 

0.01 IU/ml 

IFNγ+0.01 ng/ml 

IP-10 

0.1 IU/ml IFN-

γ+0.1 ng/ml IP-10 

1 IU/ml IFN-

γ+1 ng/ml IP-10 

10 IU/ml IFN-

γ+10 ng/ml IP-10 

Potent

ial (V) 

Curre

nt 

(µA) 

Potentia

l (V) 

Current 

(µA) 

Potenti

al (V) 

Current 

(µA) 

Potenti

al (V) 

Curren

t (µA) 

Potenti

al (V) 

Current 

(µA) 

-1.2 8 -1.2 34 -1.2 30 -1.2 43 -1.2 24 

-1.195 9 -1.195 35 -1.195 31 -1.195 44 -1.195 26 

-1.19 9 -1.19 35 -1.19 32 -1.19 43 -1.19 26 

-1.185 8 -1.185 34 -1.185 32 -1.185 43 -1.185 25 

-1.18 9 -1.18 34 -1.18 32 -1.18 44 -1.18 25 

-1.175 8 -1.175 34 -1.175 31 -1.175 43 -1.175 25 

-1.17 8 -1.17 33 -1.17 31 -1.17 43 -1.17 25 

-1.165 9 -1.165 34 -1.165 32 -1.165 43 -1.165 25 

-1.16 9 -1.16 33 -1.16 31 -1.16 43 -1.16 25 

-1.155 7 -1.155 32 -1.155 32 -1.155 41 -1.155 25 

-1.15 8 -1.15 31 -1.15 31 -1.15 41 -1.15 24 

-1.145 9 -1.145 31 -1.145 30 -1.145 41 -1.145 24 

-1.14 8 -1.14 31 -1.14 29 -1.14 42 -1.14 24 

-1.135 9 -1.135 31 -1.135 29 -1.135 41 -1.135 23 

-1.13 6 -1.13 30 -1.13 30 -1.13 40 -1.13 23 

-1.125 7 -1.125 29 -1.125 29 -1.125 41 -1.125 22 

-1.12 8 -1.12 30 -1.12 29 -1.12 40 -1.12 22 

-1.115 6 -1.115 29 -1.115 28 -1.115 39 -1.115 22 

-1.11 7 -1.11 28 -1.11 28 -1.11 39 -1.11 21 

-1.105 7 -1.105 27 -1.105 28 -1.105 39 -1.105 21 

-1.1 7 -1.1 27 -1.1 27 -1.1 38 -1.1 21 

-1.095 7 -1.095 27 -1.095 26 -1.095 38 -1.095 21 

-1.09 7 -1.09 27 -1.09 25 -1.09 37 -1.09 21 

-1.085 7 -1.085 26 -1.085 25 -1.085 36 -1.085 21 

-1.08 7 -1.08 26 -1.08 25 -1.08 36 -1.08 22 

-1.075 7 -1.075 25 -1.075 25 -1.075 35 -1.075 21 

-1.07 7 -1.07 25 -1.07 24 -1.07 35 -1.07 21 

-1.065 7 -1.065 24 -1.065 23 -1.065 34 -1.065 21 

-1.06 8 -1.06 24 -1.06 23 -1.06 33 -1.06 21 

-1.055 7 -1.055 23 -1.055 22 -1.055 33 -1.055 22 

-1.05 7 -1.05 23 -1.05 22 -1.05 32 -1.05 22 

-1.045 8 -1.045 22 -1.045 21 -1.045 31 -1.045 22 

-1.04 6 -1.04 22 -1.04 21 -1.04 31 -1.04 22 

-1.035 7 -1.035 21 -1.035 20 -1.035 30 -1.035 22 
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Table A-21 (cont’d). 

-1.03 6 -1.03 20 -1.03 18 -1.03 29 -1.03 22 

-1.025 6 -1.025 19 -1.025 18 -1.025 28 -1.025 23 

-1.02 6 -1.02 17 -1.02 18 -1.02 28 -1.02 23 

-1.015 7 -1.015 18 -1.015 17 -1.015 26 -1.015 24 

-1.01 6 -1.01 17 -1.01 16 -1.01 26 -1.01 24 

-1.005 6 -1.005 16 -1.005 16 -1.005 25 -1.005 24 

-1 7 -1 16 -1 16 -1 24 -1 25 

-0.995 6 -0.995 15 -0.995 16 -0.995 23 -0.995 25 

-0.99 6 -0.99 14 -0.99 14 -0.99 22 -0.99 25 

-0.985 5 -0.985 12 -0.985 15 -0.985 22 -0.985 26 

-0.98 5 -0.98 11 -0.98 15 -0.98 21 -0.98 26 

-0.975 6 -0.975 11 -0.975 14 -0.975 20 -0.975 26 

-0.97 6 -0.97 10 -0.97 13 -0.97 19 -0.97 26 

-0.965 5 -0.965 9 -0.965 13 -0.965 18 -0.965 27 

-0.96 5 -0.96 10 -0.96 15 -0.96 17 -0.96 27 

-0.955 6 -0.955 9 -0.955 14 -0.955 16 -0.955 27 

-0.95 5 -0.95 8 -0.95 13 -0.95 16 -0.95 27 

-0.945 5 -0.945 8 -0.945 13 -0.945 16 -0.945 28 

-0.94 5 -0.94 8 -0.94 14 -0.94 15 -0.94 28 

-0.935 4 -0.935 7 -0.935 14 -0.935 14 -0.935 28 

-0.93 5 -0.93 7 -0.93 15 -0.93 14 -0.93 28 

-0.925 5 -0.925 8 -0.925 15 -0.925 14 -0.925 28 

-0.92 5 -0.92 8 -0.92 15 -0.92 14 -0.92 29 

-0.915 5 -0.915 9 -0.915 17 -0.915 13 -0.915 29 

-0.91 4 -0.91 9 -0.91 16 -0.91 13 -0.91 28 

-0.905 4 -0.905 8 -0.905 16 -0.905 13 -0.905 29 

-0.9 5 -0.9 9 -0.9 16 -0.9 14 -0.9 29 

-0.895 5 -0.895 10 -0.895 17 -0.895 14 -0.895 28 

-0.89 5 -0.89 9 -0.89 16 -0.89 13 -0.89 28 

-0.885 4 -0.885 9 -0.885 17 -0.885 14 -0.885 29 

-0.88 4 -0.88 10 -0.88 18 -0.88 14 -0.88 28 

-0.875 4 -0.875 10 -0.875 17 -0.875 15 -0.875 28 

-0.87 4 -0.87 10 -0.87 18 -0.87 15 -0.87 28 

-0.865 4 -0.865 10 -0.865 18 -0.865 16 -0.865 29 

-0.86 4 -0.86 12 -0.86 19 -0.86 15 -0.86 28 

-0.855 4 -0.855 12 -0.855 19 -0.855 16 -0.855 28 

-0.85 3 -0.85 12 -0.85 19 -0.85 18 -0.85 28 

-0.845 3 -0.845 13 -0.845 19 -0.845 17 -0.845 27 

-0.84 3 -0.84 13 -0.84 19 -0.84 18 -0.84 27 
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Table A-21 (cont’d). 

-0.835 4 -0.835 13 -0.835 19 -0.835 18 -0.835 26 

-0.83 3 -0.83 14 -0.83 18 -0.83 20 -0.83 26 

-0.825 3 -0.825 14 -0.825 19 -0.825 19 -0.825 26 

-0.82 3 -0.82 14 -0.82 20 -0.82 21 -0.82 25 

-0.815 4 -0.815 14 -0.815 20 -0.815 20 -0.815 24 

-0.81 4 -0.81 14 -0.81 19 -0.81 21 -0.81 24 

-0.805 3 -0.805 14 -0.805 19 -0.805 21 -0.805 23 

-0.8 3 -0.8 14 -0.8 18 -0.8 22 -0.8 23 

-0.795 3 -0.795 15 -0.795 19 -0.795 23 -0.795 22 

-0.79 4 -0.79 14 -0.79 18 -0.79 23 -0.79 22 

-0.785 3 -0.785 15 -0.785 17 -0.785 23 -0.785 21 

-0.78 4 -0.78 14 -0.78 18 -0.78 23 -0.78 20 

-0.775 4 -0.775 14 -0.775 18 -0.775 23 -0.775 19 

-0.77 4 -0.77 15 -0.77 17 -0.77 24 -0.77 19 

-0.765 4 -0.765 14 -0.765 17 -0.765 24 -0.765 18 

-0.76 5 -0.76 13 -0.76 16 -0.76 23 -0.76 16 

-0.755 3 -0.755 13 -0.755 16 -0.755 23 -0.755 17 

-0.75 5 -0.75 13 -0.75 15 -0.75 23 -0.75 15 

-0.745 4 -0.745 13 -0.745 15 -0.745 22 -0.745 14 

-0.74 4 -0.74 12 -0.74 14 -0.74 23 -0.74 14 

-0.735 5 -0.735 11 -0.735 13 -0.735 21 -0.735 14 

-0.73 5 -0.73 11 -0.73 13 -0.73 22 -0.73 11 

-0.725 5 -0.725 12 -0.725 13 -0.725 20 -0.725 13 

-0.72 5 -0.72 11 -0.72 12 -0.72 20 -0.72 10 

-0.715 6 -0.715 11 -0.715 12 -0.715 20 -0.715 12 

-0.71 6 -0.71 11 -0.71 12 -0.71 19 -0.71 11 

-0.705 6 -0.705 11 -0.705 11 -0.705 19 -0.705 12 

-0.7 7 -0.7 11 -0.7 10 -0.7 19 -0.7 13 

-0.695 6 -0.695 10 -0.695 11 -0.695 18 -0.695 14 

-0.69 7 -0.69 10 -0.69 10 -0.69 18 -0.69 15 

-0.685 7 -0.685 11 -0.685 10 -0.685 18 -0.685 14 

-0.68 7 -0.68 11 -0.68 10 -0.68 17 -0.68 17 

-0.675 7 -0.675 11 -0.675 10 -0.675 17 -0.675 17 

-0.67 8 -0.67 11 -0.67 10 -0.67 16 -0.67 18 

-0.665 8 -0.665 12 -0.665 10 -0.665 16 -0.665 19 

-0.66 9 -0.66 12 -0.66 11 -0.66 16 -0.66 21 

-0.655 8 -0.655 13 -0.655 10 -0.655 16 -0.655 23 

-0.65 9 -0.65 13 -0.65 11 -0.65 16 -0.65 24 

-0.645 9 -0.645 14 -0.645 12 -0.645 17 -0.645 25 
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Table A-21 (cont’d). 

-0.64 9 -0.64 14 -0.64 13 -0.64 17 -0.64 26 

-0.635 9 -0.635 13 -0.635 13 -0.635 18 -0.635 28 

-0.63 9 -0.63 13 -0.63 15 -0.63 18 -0.63 28 

-0.625 10 -0.625 13 -0.625 15 -0.625 19 -0.625 28 

-0.62 10 -0.62 12 -0.62 15 -0.62 20 -0.62 28 

-0.615 10 -0.615 11 -0.615 15 -0.615 20 -0.615 25 

-0.61 10 -0.61 10 -0.61 15 -0.61 20 -0.61 25 

-0.605 10 -0.605 10 -0.605 15 -0.605 19 -0.605 22 

-0.6 10 -0.6 10 -0.6 15 -0.6 17 -0.6 19 

-0.595 11 -0.595 8 -0.595 14 -0.595 17 -0.595 16 

-0.59 10 -0.59 8 -0.59 13 -0.59 15 -0.59 15 

-0.585 10 -0.585 8 -0.585 11 -0.585 14 -0.585 12 

-0.58 10 -0.58 9 -0.58 10 -0.58 13 -0.58 11 

-0.575 10 -0.575 8 -0.575 9 -0.575 12 -0.575 11 

-0.57 10 -0.57 8 -0.57 9 -0.57 11 -0.57 10 

-0.565 10 -0.565 8 -0.565 9 -0.565 11 -0.565 8 

-0.56 10 -0.56 8 -0.56 9 -0.56 11 -0.56 9 

-0.555 11 -0.555 9 -0.555 9 -0.555 10 -0.555 8 

-0.55 11 -0.55 7 -0.55 8 -0.55 10 -0.55 9 

-0.545 11 -0.545 8 -0.545 8 -0.545 10 -0.545 9 

-0.54 10 -0.54 8 -0.54 8 -0.54 10 -0.54 9 

-0.535 11 -0.535 8 -0.535 8 -0.535 10 -0.535 9 

-0.53 11 -0.53 7 -0.53 8 -0.53 10 -0.53 10 

-0.525 11 -0.525 8 -0.525 9 -0.525 10 -0.525 10 

-0.52 11 -0.52 8 -0.52 9 -0.52 11 -0.52 9 

-0.515 10 -0.515 7 -0.515 9 -0.515 10 -0.515 11 

-0.51 10 -0.51 8 -0.51 8 -0.51 10 -0.51 9 

-0.505 10 -0.505 8 -0.505 8 -0.505 10 -0.505 10 

-0.5 10 -0.5 9 -0.5 9 -0.5 10 -0.5 10 

-0.495 11 -0.495 8 -0.495 9 -0.495 10 -0.495 11 

-0.49 11 -0.49 8 -0.49 9 -0.49 10 -0.49 10 

-0.485 11 -0.485 8 -0.485 9 -0.485 10 -0.485 11 

-0.48 11 -0.48 9 -0.48 10 -0.48 10 -0.48 11 

-0.475 11 -0.475 9 -0.475 10 -0.475 10 -0.475 10 

-0.47 11 -0.47 8 -0.47 9 -0.47 10 -0.47 11 

-0.465 11 -0.465 8 -0.465 10 -0.465 10 -0.465 11 

-0.46 11 -0.46 9 -0.46 10 -0.46 11 -0.46 10 

-0.455 11 -0.455 8 -0.455 10 -0.455 10 -0.455 10 

-0.45 11 -0.45 8 -0.45 10 -0.45 11 -0.45 10 
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Table A-21 (cont’d). 

-0.445 11 -0.445 8 -0.445 10 -0.445 11 -0.445 9 

-0.44 11 -0.44 8 -0.44 9 -0.44 10 -0.44 9 

-0.435 11 -0.435 8 -0.435 9 -0.435 11 -0.435 9 

-0.43 11 -0.43 8 -0.43 9 -0.43 10 -0.43 8 

-0.425 12 -0.425 8 -0.425 9 -0.425 10 -0.425 9 

-0.42 11 -0.42 7 -0.42 9 -0.42 10 -0.42 9 

-0.415 11 -0.415 8 -0.415 9 -0.415 10 -0.415 9 

-0.41 12 -0.41 8 -0.41 9 -0.41 11 -0.41 8 

-0.405 11 -0.405 8 -0.405 9 -0.405 11 -0.405 8 

-0.4 10 -0.4 8 -0.4 9 -0.4 10 -0.4 9 

-0.395 12 -0.395 7 -0.395 8 -0.395 11 -0.395 9 

-0.39 11 -0.39 7 -0.39 9 -0.39 10 -0.39 8 

-0.385 12 -0.385 8 -0.385 9 -0.385 10 -0.385 9 

-0.38 12 -0.38 8 -0.38 9 -0.38 10 -0.38 9 

-0.375 11 -0.375 8 -0.375 9 -0.375 10 -0.375 9 

-0.37 10 -0.37 8 -0.37 9 -0.37 10 -0.37 8 

-0.365 10 -0.365 7 -0.365 9 -0.365 11 -0.365 8 

-0.36 12 -0.36 8 -0.36 9 -0.36 11 -0.36 9 

-0.355 11 -0.355 8 -0.355 9 -0.355 11 -0.355 8 

-0.35 10 -0.35 8 -0.35 8 -0.35 10 -0.35 9 

-0.345 11 -0.345 8 -0.345 8 -0.345 10 -0.345 9 

-0.34 11 -0.34 7 -0.34 8 -0.34 11 -0.34 9 

-0.335 11 -0.335 7 -0.335 8 -0.335 11 -0.335 8 

-0.33 11 -0.33 8 -0.33 8 -0.33 11 -0.33 8 

-0.325 11 -0.325 8 -0.325 9 -0.325 11 -0.325 9 

-0.32 11 -0.32 8 -0.32 9 -0.32 10 -0.32 9 

-0.315 12 -0.315 7 -0.315 9 -0.315 10 -0.315 8 

-0.31 11 -0.31 8 -0.31 9 -0.31 10 -0.31 8 

-0.305 12 -0.305 8 -0.305 9 -0.305 10 -0.305 9 

-0.3 11 -0.3 8 -0.3 10 -0.3 11 -0.3 9 

-0.295 11 -0.295 8 -0.295 10 -0.295 10 -0.295 8 

-0.29 10 -0.29 9 -0.29 8 -0.29 11 -0.29 9 

-0.285 10 -0.285 7 -0.285 10 -0.285 11 -0.285 9 

-0.28 10 -0.28 7 -0.28 9 -0.28 11 -0.28 9 

-0.275 11 -0.275 8 -0.275 9 -0.275 11 -0.275 9 

-0.27 12 -0.27 8 -0.27 9 -0.27 12 -0.27 9 

-0.265 11 -0.265 8 -0.265 9 -0.265 11 -0.265 9 

-0.26 11 -0.26 8 -0.26 9 -0.26 11 -0.26 8 

-0.255 12 -0.255 7 -0.255 9 -0.255 11 -0.255 9 
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Table A-21 (cont’d). 

-0.25 11 -0.25 8 -0.25 10 -0.25 11 -0.25 9 

-0.245 12 -0.245 7 -0.245 9 -0.245 11 -0.245 10 

-0.24 11 -0.24 7 -0.24 9 -0.24 11 -0.24 9 

-0.235 11 -0.235 8 -0.235 9 -0.235 11 -0.235 9 

-0.23 12 -0.23 8 -0.23 10 -0.23 11 -0.23 9 

-0.225 10 -0.225 9 -0.225 9 -0.225 12 -0.225 10 

-0.22 10 -0.22 7 -0.22 9 -0.22 12 -0.22 9 

-0.215 10 -0.215 8 -0.215 9 -0.215 12 -0.215 9 

-0.21 11 -0.21 7 -0.21 9 -0.21 11 -0.21 10 

-0.205 11 -0.205 7 -0.205 10 -0.205 11 -0.205 10 

-0.2 10 -0.2 7 -0.2 9 -0.2 12 -0.2 9 

-0.195 11 -0.195 10 -0.195 9 -0.195 12 -0.195 9 

-0.19 10 -0.19 8 -0.19 9 -0.19 12 -0.19 9 

-0.185 10 -0.185 8 -0.185 10 -0.185 12 -0.185 8 

-0.18 10 -0.18 8 -0.18 11 -0.18 11 -0.18 9 

-0.175 11 -0.175 8 -0.175 10 -0.175 11 -0.175 9 

-0.17 11 -0.17 8 -0.17 11 -0.17 12 -0.17 9 

-0.165 10 -0.165 10 -0.165 9 -0.165 12 -0.165 10 

-0.16 10 -0.16 8 -0.16 9 -0.16 12 -0.16 10 

-0.155 11 -0.155 8 -0.155 12 -0.155 12 -0.155 10 

-0.15 10 -0.15 8 -0.15 11 -0.15 12 -0.15 9 

-0.145 11 -0.145 8 -0.145 11 -0.145 13 -0.145 9 

-0.14 10 -0.14 9 -0.14 11 -0.14 11 -0.14 9 

-0.135 10 -0.135 9 -0.135 11 -0.135 12 -0.135 10 

-0.13 9 -0.13 10 -0.13 11 -0.13 12 -0.13 10 

-0.125 10 -0.125 9 -0.125 10 -0.125 12 -0.125 10 

-0.12 10 -0.12 8 -0.12 11 -0.12 13 -0.12 10 

-0.115 10 -0.115 9 -0.115 12 -0.115 13 -0.115 10 

-0.11 10 -0.11 9 -0.11 10 -0.11 12 -0.11 9 

-0.105 10 -0.105 8 -0.105 10 -0.105 13 -0.105 10 

-0.1 10 -0.1 10 -0.1 12 -0.1 12 -0.1 9 

-0.095 9 -0.095 9 -0.095 11 -0.095 13 -0.095 9 

-0.09 9 -0.09 8 -0.09 10 -0.09 13 -0.09 9 

-0.085 9 -0.085 9 -0.085 11 -0.085 13 -0.085 9 

-0.08 8 -0.08 9 -0.08 11 -0.08 13 -0.08 9 

-0.075 9 -0.075 9 -0.075 11 -0.075 12 -0.075 9 

-0.07 9 -0.07 9 -0.07 11 -0.07 13 -0.07 9 

-0.065 9 -0.065 9 -0.065 11 -0.065 12 -0.065 10 

-0.06 9 -0.06 9 -0.06 11 -0.06 12 -0.06 10 
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Table A-21 (cont’d). 

-0.055 9 -0.055 9 -0.055 11 -0.055 12 -0.055 10 

-0.05 7 -0.05 9 -0.05 11 -0.05 12 -0.05 10 

-0.045 8 -0.045 9 -0.045 11 -0.045 12 -0.045 10 

-0.04 7 -0.04 9 -0.04 11 -0.04 12 -0.04 10 

-0.035 9 -0.035 9 -0.035 12 -0.035 12 -0.035 10 

-0.03 7 -0.03 9 -0.03 12 -0.03 12 -0.03 10 

-0.025 7 -0.025 9 -0.025 12 -0.025 12 -0.025 10 

-0.02 7 -0.02 9 -0.02 12 -0.02 13 -0.02 10 

-0.015 7 -0.015 9 -0.015 12 -0.015 12 -0.015 10 

-0.01 7 -0.01 9 -0.01 12 -0.01 12 -0.01 10 

-0.005 6 -0.005 9 -0.005 12 -0.005 13 -0.005 11 

0 6 0 9 0 12 0 13 0 11 
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Table A-22. Data for Figure 6-6a.  

IFN-γ (IU/ml) Peak current (µA) Standard deviation (µA) 

0 5.2 1.50 

0.01 16.6 2.25 

0.1 18.6 3.81 

1 21.4 3.49 

10 26.7 3.34 
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Table A-23. Data for Figure 6-6b. 

IP-10 (ng/ml) Peak current (µA) Standard deviation (µA) 

0 7.7 3.13 

0.01 15.3 0.88 

0.1 16.1 2.95 

1 18.1 1.54 

10 21.6 1.00 

100 23.5 1.75 

 

  



 203 

Table A-24. Data for Figure 6-7. 

IFN-γ (IU/ml) Peak current (µA) Standard deviation (µA) 

0.01 16.6 2.25 

0.1 18.6 3.81 

1 21.4 3.49 

10 26.7 3.34 

 

IP-10 (ng/ml) Peak current (µA) Standard deviation (µA) 

0.01 15.3 0.88 

0.1 16.1 2.95 

1 18.1 1.54 

10 21.6 1.00 

100 23.5 1.75 
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