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ABSTRACT 
 
 
 

Optical biosensor development is a process involving the careful selection of the 

material for the immobilization platform, design of the detection mechanism and 

integration with optical and electronic equipment. The ability of biosensor to outperform 

the currently available technology, while reducing the cost and providing ease of use is of 

utmost importance. This work describes the research performed in effort to develop a 

high surface area material for biosensor immobilization, which improves the biosensor’s 

function with the incorporation of fluorescence.  Two silica-based nanoporous materials 

were evaluated, the nanoporous organosilicate (NPO) and fluorescent electrospun sol-gel 

nano/microfibers. The biosensor was also developed utilizing the immunosensing 

technique in a sandwich-based assay. The fluorescence based optical biosensor involves 

the use of organic fluorophores along with colloidal gold nanoparticles. When used as 

reporter molecules, the gold nanoparticles quench fluorescence of the fluorophores in the 

biosensor immobilization platform, thus signaling the presence of analytes. The results 

indicate that utilizing materials with high surface area to volume ratios, with embedded 



 xiv 

fluorescence, and the sandwich-based immunoassay provides a highly specific biosensor 

with a low level of detection. 
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Chapter 1 

INTRODUCTION TO BIOSENSORS 
 
 
 

1.1 Introduction to Biosensors 

Sensors are a familiar concept, as every human innately has five of them: touch, 

smell, hearing, sight and taste. In order to enhance the quality of our lives, science has 

developed devices that mimic the five senses, but with much better performance. This has 

led to the creation of thermometers and telescopes, which are commonly used in 

everyday life. Sensors are categorized by their performance and function, such as 

physical sensors, chemical sensors and biosensors (Eggins 2006). Physical sensors are 

devices used to measure indoor and outdoor environments. Specifically, things such as 

temperature, distance, pressure, mass and magnetism, are measured using physical 

sensors. On the other hand, chemical sensors are devices that measure events caused by 

chemical reactions. Common chemical sensors are the pH meter, which measures voltage 

changes caused by the alkalinity of a substance, and the litmus paper, which utilizes dye 

color changes corresponding to alkalinity. 

Biosensors date back to 1962 with the invention of the first device for the 

detection of enzymes by Leland C. Clark (Clark and Lyons 1962). Since then, great 

strides have been made in the development of biosensors and their benefits to our health 

have been invaluable.  Due to their performance methods, biosensors can actually be 

considered a subcategory of chemical sensors, with the main distinguishing feature being 

the detection element (Thompson 2006). Namely, in biosensors the detection element is a 

biological molecule, which is not the case for chemical sensors. Today’s biosensors are 
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used for detecting even the smallest amount of potentially harmful and deadly biological 

pathogens, and can do so quickly, efficiently and inexpensively.  While some biosensors 

do require expensive and sophisticated equipment, others are portable allowing them to 

be used in underdeveloped regions of the world.  

As seen in the biosensor schematic (Figure 1.1), a detection element is the 

component responsible for recognition or discovery of the molecule in question, or 

analyte.  Namely, the detection element in biosensors is another biological molecule, 

such as a protein, nucleic acid, enzyme, etc. (Thompson 2006). Other parts of the 

biosensor are: 1) the platform, which acts as physical support onto which the sensor rests, 

2) transducer, which converts the detected signal into an electrical, optical or digital 

signal, and 3) computer, or technology that processes the sensor signal into a readable 

and meaningful result. The detection element is the part most responsible for the 

selectivity, and therefore reliability, of the biosensor. 
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Figure 1.1: Schematic illustration of a biosensor. 

 

 

1.2 Biosensor Elements and Performance Methods 

Biosensors most commonly utilize electrochemical, optical, piezo-electric and 

thermal transduction methods (Eggins 2006). 

The electrochemical transduction method is further divided into potentiometric, 

amperometric, and conductiometric. Electrochemically-based biosensors utilize half-cells 

and ion-selective electrodes to measure the difference between two solutions. Typically, 

one solution acts as a reference, while the other is the test solution. The potential created 

between the two half-cells or the current flow is measured by the biosensor, providing 

important information about the composition of the test solution. The most common 

reference electrodes are silver-silver chloride and the saturated-calomel electrodes.  

BIOLOGICAL 

DETECTION 
ELEMENTS 

PLATFORM 

SIGNAL 

PROCESSOR 

TRANSDUCER 
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Optically based biosensors usually consist of assays that measure refractive index 

changes, chemiluminescence and fluorescence. Refractive index is a measurement of the 

angle at which the light bends as its path changes from one medium to another. As 

biological events occur on the biosensor’s surface, they cause a detectable change in the 

index of refraction. The refractive index change is then measured and related to the event 

being sensed.  

The detection element of a biosensor is a biological molecule, such as a protein, 

enzyme or nucleic acid. If the protein used is an antibody, the biosensor is then referred 

to as an immunosensor. Antibodies, or immunoglobulins, are proteins made by the 

body’s immune system as a method of fighting against viral and bacterial pathogens, 

called antigens (Abbas and Lichtman 2005). The use of antibodies is beneficial to 

biosensors due to their high specificity for the antigen.  

Biosensors are most commonly used in the medical field for the measurement of 

gases, metabolites, blood and mucosal components. The first commercially available 

biosensor was the glucose monitor, updated versions of which still remain most 

commonly used. Another popular biosensor is the at-home pregnancy test. Specifically, 

pregnancy tests detect and measure the presence of human chorionic gonadotropin (hCG) 

in urine by utilizing antibodies specific for hCG (Vaitukaitis et al. 1972). Similarly, 

glucose monitor/sensor measures blood glucose with electrochemical methods (Figure 

1.2). Namely, glucose is exposed to an enzyme called glucose oxidase (GOX), which 

produces gluconic acid and reduced GOX in a cyclic reaction. The reduced GOX reacts 

with oxygen to create glucose oxidase and hydrogen peroxide. Finally, an electrode is 
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used to measure the electrons produced in the conversion of hydrogen peroxide into 

water (Eggins 2006). 

 

 

 

Figure 1.2: Glucose biosensor reaction diagram. Image obtained from 
biomed.brown.edu. 

 

 

1.3 Immobilization Techniques 

The detection element of a biosensor is typically attached or immobilized to a 

solid platform. Depending on the specific design and material selection, the 

immobilization can be achieved using several methods. Two methods of immobilization 

are adsorption and covalent bonding.  

Physical adsorption of biological molecules to a platform surface is the simplest 

immobilization method. However, it is not a particularly strong bond since generally 

weak Van der Waals-type forces are responsible for holding the biological molecule in 
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place. Because of the weak bonding, long-term assays are not viable and thus physical 

adsorption is only utilized for short-term assays.  

Covalent bonding leads to a stronger bond between the platform surface and 

detection element, thus resulting in a more reliable, long-term biosensor. The covalent 

binding method relies on the interaction between the functional groups on the surface of 

biomolecule and the surface of immobilization platform (Hermanson 2008). Biological 

molecules such as proteins typically contain amine, carboxyl or mercapto groups. The 

surface of immobilization platform is modified to expose the necessary functional groups 

that will complement those already on the surface of biological molecule. For example, a 

silica platform modification is accomplished via silanization, where a silane film is 

assembled and a crosslinker is then used to create a link between the silane and the 

functional groups on the biological molecule or detection element.  

Crosslinkers are typically bi-functional, meaning that they have two terminals 

with available functional groups. They can be classified as homobifunctional and 

heterobifunctional. Homobifunctional crosslinkers have the same functional group on 

each terminal, such as glutaraldehyde, which has two aldehyde terminals and can create 

stable amine bonds (Hermanson 2008). Heterobifunctional crosslinkers have two 

different functional groups on each terminal, such as N-[g-Maleimidobutyryloxy] 

succinimide ester (GMBS), which has NHS ester and maleimide terminals (Fujiwara et 

al. 1988). GMBS can be used to crosslink silanized surfaces to the amine groups on 

proteins (Bhatia et al. 1989). Another crosslinker is 1-ethyl-3-(3-dimethylaminopropyl) 

carbodiimide hydrochloride, or EDC, which uses its carbodiimide group to crosslink 

amine or carboxylate containing molecules. Due to its high reactivity in aqueous 
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solutions, EDC is commonly used with N-hydroxysulfosuccinimide (NHS) or sulfo-NHS 

to stabilize the reaction.  

 

1.3.1 Non-Specific Binding 

A common problem with biosensor design is the immobilization of unwanted 

biological molecules. In preparation of the platform surface and after immobilization of 

the detection element, it is important to take precautionary measures to ensure that the 

only molecule bound or detected by the biosensor is the one for which the biosensor was 

designed. A failure in the design can lead to false positive or false negative signals. 

Therefore, it is important to reduce the non-specific binding. This is particularly 

important for label-free biosensors where the signal measured is usually directly related 

to a change in the refractive index. The presence of any molecule, whether it is the one 

being detected or one non-specifically bound to the platform, will generate a change in 

the refractive index, thus increasing the potential for false positive results.  

The use of non-reactive protein, such as bovine serum albumin or casein, is 

typically used to accomplish this task.  These proteins are non-reactive, meaning that 

biological molecules do not bind to them. While the goal of immobilization is to 

completely cover platform surface with the detection element, this is not always 

accomplished. Therefore, the non-reactive proteins are used to fill in any gaps left over 

from immobilization. This results in a surface that is reactive only to the molecules for 

which the sensor was designed.  
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1.4 Biosensor Immobilization Platforms 

In order to allow the interaction between the immobilization platform and the 

biological detection element, the selection of the immobilization platform is usually 

based on the type of material from which it is made. Functional groups on the surface of 

the immobilization platform must be compatible with the biological molecule undergoing 

immobilization. In most cases, optically based biosensors utilize optically transparent or 

reflective materials, while electrochemical biosensors utilize electrically conductive 

materials.  

 

1.4.1 Surface Area 

Increasing the number of detection elements per unit area can enhance sensitivity 

of a biosensor. This task can be accomplished by optimizing the sensor immobilization 

platform.  Due to its size to function benefits, nanotechnology has recently been used to 

improve biosensor platforms, utilizing both natural materials, such as eggshell 

membranes (Tang et al. 2009), and synthetic materials such as polymers and carbon 

nanotubes. One of the more popular high surface area materials is porous silica. Due to 

its surface chemistry and ease of immobilization, incorporation of nanopores into silica 

has gained much interest (Bonanno and DeLouise 2007; Di Francia et al. 2005; Glazneva 

et al. 2007; Singh et al. 1999; Yantasee et al. 2003).  
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Chapter 2 

HELICOBACTER HEPATICUS DETECTION 
 
 
 

2.1 Introduction 

Helicobacter, or Heliobacter, is a family of microaerophilic, spiraled bacteria 

affecting a range of mammals and birds, and inhabiting various anatomical features of the 

gastrointestinal system. Among the most common Helicobacter species is Helicobacter 

pylori, which causes gastritis and peptic ulcers in humans (Ahmed and Sechi 2005; 

Leong and Sung 2002; Peek et al. 1995). Other Helicobacters that cause gastritis in their 

hosts are Helicobacter muridarum, affecting ilea and ceca of rodents, Helicobacter 

rapini, which has also been linked to abortion in sheep, and Helicobacter felis in both 

humans and rodents (Leong and Sung 2002; Poynter et al. 2009). 

Another strain of Helicobacter, Helicobacter hepaticus, first discovered in 1994 

by Fox et al. (1994) affects the liver and intestine of mice and is known to cause chronic 

active hepatitis, hepatocarcinoma and inflammatory bowel disease. While the role of 

Helicobacter hepaticus in humans has been the subject of much controversy, a more 

recent study discovered its presence in the intestinal tract of children with irritable bowel 

syndrome and inflammatory bowel disease (Zhang et al. 2006). H. hepaticus has been 

linked to high urease activity. Urease is an enzyme that catalyzes hydrolysis of urea into 

bicarbonate and ammonia. The two products of hydrolysis neutralize gastric acid, which 

results in colonization of bacteria in the gastrointestinal system. A micrograph image of 

Helicobacter is shown in Figure 2.1.  
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Figure 2.1: Image of Helicobacter. Image from www.equidblog.com 
 
 

 
Helicobacter hepaticus is a gram-negative spiral bacterium, usually 1.5-5µm long 

and 0.2-0.3µm wide. It has bipolar, sheathed flagella that aid in its motility.  

A notable concern for the infection of H. hepaticus exists in the scientific 

community. A large number of scientific studies are performed utilizing laboratory mice 

and rats, and the presence of a bacterium raises concerns about the validity of results 

obtained through those studies. A study published by Taylor et al. (2007) revealed that 

88% of shipments of gift mice from research institutions in the United States, Canada, 

Europe, Asia and Australia and mice received from commercial vendors were infected 

with Helicobacter hepaticus (Taylor et al. 2007). Specifically, 37% of the mice received 

from United States academic research institutions had H. hepaticus infection.  The 

concern for H. hepaticus infections in the sciences was shown by a study from the United 



 13 

States National Institute of Environmental Health Sciences. The study evaluated the 

ability to detect cancer in subjects also infected with Helicobacter hepaticus, and the 

results proved ambiguous (Hailey et al. 1998). The infection with Helicobacter hepaticus 

in mouse colonies across the world is widespread, (Saunders et al. 1997) which makes it 

a significant concern in the scientific community.  

 
 
2.2 Bacterial Pathogenesis 

General bacterial development consists of several different phases: lag phase, log 

or exponential phase, stationary phase, and death phase. Lag phase is the time during 

which the bacteria are quiet and adjusting to the environment. Next, in the log or 

exponential phase, bacteria are rapidly growing and proliferating. At the stationary phase, 

proliferation slows due to lack of space. If the bacteria at the stationary phase find 

another host or medium in which to grow, they return to the log or exponential phase. 

Finally, in the death phase the bacteria stop reproducing, which may occur quickly. 

Growth of bacteria is influenced by the temperature, acidity, supply of energy, 

presence of oxygen and nitrogen, and water. Optimal proliferation condition for 

Helicobacter hepaticus is low acidity, which is achieved by high urease activity. In vitro 

colonization of H. hepaticus occurs at 37oC . 

The H. hepaticus bacterium suppresses the ability of toll-like receptors TLR-4 and 

TLR-5 to elicit an immune response. The result is a weak immune system susceptible to 

formation of chronic inflammatory disease. Figure 2.2 showcases histology images of 

Helicobacter hepaticus colonization in various tissue sections. 
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Figure 2.2: Histological sections of tissue infected by Helicobacter hepaticus. A) 
Lymphoplasmocytic inflammatory infiltrates located in the portal tracts and in the 
lobules near the central vein; B) Portal tracts containing follicular lymphoid infiltrate 
and lymphocytic cholangitis; C) Portal tract containing moderate lymphoplasmocytic 
inflammatory infiltrate and surrounded by oval cell proliferation. Images from Avenaud 
et al. Infection and Immunology, vol. 71, 2003. 
 

 

2.3 Transmission of Infection 

Transmission of H. hepaticus occurs rapidly through bedding in laboratory mice 

cages, causing widespread infection (Livingston et al. 1998). In a study performed by 

Livingston et al. (1998), sentinel mice were used to study infection from contaminated 

bedding. The study determined that H. hepaticus is detected in sentinel mice only two 

weeks after exposure to contaminated bedding by using fecal polymerase chain reaction 

(PCR) assay, and in about four weeks with serum ELISA test. H. hepaticus is not known 
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to be related to any physical symptoms, necessitating the use of assay type diagnoses to 

detect the bacterium. 

 

2.4 Current Detection Methods 

Current methods of detecting H. hepaticus are the polymerase chain reaction 

(PCR) and enzyme linked immunosorbent assay (ELISA). PCR is a molecular biology 

technique of DNA piece amplification by several orders of magnitude. The PCR assay 

used to detect H. hepaticus was originally developed by Bohr et al. (2002) for the 

detection of Helicobacter in human gut. Specifically, the 16S piece of rRNA gene 

sequence is used from feces of infected mice. While PCR is successful at detecting 

bacteria due to the great amount of amplification, it is associated with problems in 

specificity between the various Helicobacter species and the occurrence of false negatives 

(Poynter et al. 2009). In order to increase the reliability of PCR results, it is necessary to 

combine different PCR detection techniques, followed by cloning and sequencing steps 

(Poynter et al. 2009).  

ELISA is a biochemical technique that utilizes antibodies to detect antigens or 

other antibodies in serum of infected mice. The basis of the technique is to immobilize an 

unknown concentration of an antigen to the surface and then apply a known amount of 

fluorescently labeled antibodies over it. The fluorescence is measured and its intensity is 

directly related to the amount of antibody/antigen pairs on the surface.  Several types of 

ELISA assays exist, such as sandwich, competitive, and indirect.  

In the sandwich assay, two antibodies and one antigen are used, where the antigen 

is “sandwiched” between the antibodies. One antibody is immobilized to the surface, and 
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then the antigen is allowed to bind to the antibody, followed by the exposure to the 

fluorescently-labeled secondary antibody. The secondary antibody acts as the reporter 

molecule, providing the necessary information about the presence of the antigen.  

In a competitive assay, the antigen is immobilized to a surface and then exposed to a 

solution containing a mixture of labeled and unlabeled antibodies. The concentration of 

labeled antibodies is known, while the concentration of unlabeled antibodies is unknown. 

The fluorescence is measured and the difference between the expected fluorescence 

intensity from the known concentration of antibody is related to the concentration of the 

unknown antibody.  

Finally, in an indirect assay the antigen is first bound to the surface of a 

microtitter plate and then an unknown concentration of primary antibodies is placed over 

the surface. Next, a secondary antibody specific to the primary antibody is exposed to the 

surface, followed by reaction with an enzyme. The enzyme used is reactive with a 

molecule that changes color when affected by the enzyme. The color change of the 

molecule is measured and related to the amount of antigen present on the surface. 

 

2.5 Harvesting Antigen 

The H. hepaticus antigen can be obtained in several different methods, each 

having a different purity. The most pure H. hepaticus is obtained by culturing the bacteria 

in a laboratory. This method is associated with none or minimal presence of other 

bacterial species or strains from the same species in the sample. For biosensor 

applications, it is desirable to have a pure sample for proof-of-concept testing in order to 

determine whether the biosensor performs in the best possible situation.  
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Another method of obtaining bacterium is through purification from the source. In 

the case of H. hepaticus, the bacterium is isolated from host’s fecal matter into a slurry 

solution. The slurry is obtained by a filtration method such as Qiagen TissueLyser. This 

results in a sample containing the bacterium needed for testing, as well as any other 

bacterium present in the feces of the approximately same size.  

Finally, the third and most rudimentary method of extracting H. hepaticus from 

feces is through centrifugation. Fecal matter is suspended and dissolved into an aqueous 

buffer in a centrifuge tube. For isolation of H. hepaticus, the solution is centrifuged at 

700 Xg for 5 minutes and the supernatant is removed. The supernatant thus contains any 

pathogen present in the fecal sample, as well as proteins and other impurities that were 

not successfully removed with the remainder of the fecal matter.  

 

2.6 Antibody and Antigen Interaction 

Production of antibody in the body is the basic response of the immune system. A 

family of glycoproteins, called antibodies, are antigen receptors of the B-lymphocytes, or 

B-cells, where they are expressed as integral membrane proteins (Figure 2.3). However, 

the recognition of antigens occurs via the antibodies expressed on the T-lymphocytes, or 

T-cells. Each antibody is capable of recognizing and responding to a distinct antigen, 

through a process called clonal selection hypothesis (Abbas and Lichtman 2005). 
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Figure 2.3: Schematic of antibody production by the B cells of the immune system. 
(Image from psychology4a.com.) 

 

 

An antibody (Figure 2.4), also known as immunoglobulin (Ig), is a Y-shaped 

protein composed of two light and two heavy chains. The light chains are covalently 

linked to the heavy chains, and the heavy chains are also linked to each other by disulfide 

bonds. The antibody as a unit has three fragments. Specifically, the arms of the antibody 

are each called Fragment ab or Fab and the tail is called Fragment c or Fc.  Each Fab part 

has a variable region (V region) at the tip, which maintains the specificity for the antigen. 

The remainder of the fragments is called the constant region (C region) (Abbas and 

Lichtman 2005). 
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Figure 2.4: Structure of an immunoglobulin G (IgG). Figure from Mader (2007). 
 
 
 

The bond between antibody and its corresponding antigen is very strong. There 

exists a part of the V region that is about 10 amino acids long, called the hypervariable 

region, which forms the antigen-binding surface. While not a covalent bond, the 

interaction between antibody and antigen through the hypervariable region is highly 

specific and very strong.   

In assay development, it is important for the interaction between the detection 

element and analyte to proceed quickly. A quick interaction between the analyte and 

detection element directly translates into rapidly performing assay. A quick detection is 

especially important when a life or death situation is present. Due to the specificity 

between and antibody and an antigen, they have gained popularity in the field of 

biosensors. Antigen/antibody interaction is quicker when suspended in a flowing solution 

rather than a static one (Hu et al. 2007). 
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Chapter 3 
 

MATERIALS UTILIZED FOR BIOSENSORS 
 
 
 
3.1 Introduction 

 Biosensor design involves the careful selection of immobilization platform 

material. As briefly discussed in Chapter 1, the first step toward selection of 

immobilization platform is its surface chemistry. The surface chemistry is the main 

determining factor for the method of biological immobilization. In general, the 

immobilization should be relatively simple to do, without incurring any damage to the 

material.  

Another important part of the material selection is consideration of its physical 

parameters such as size, shape and optical properties. The size of material will govern the 

possibility of biosensor miniaturization. The shape, on the other hand, will govern the 

ability of sample illumination and light collection for optical biosensors. With an 

increasing trend of biosensors towards the use of nanotechnology and system 

miniaturization, it is beneficial to utilize a platform that will allow high sensor 

performance on a smaller scale. It is known that increased immobilization leads to better 

sensor performance. Therefore, a material with high surface area is sought after. 

In optical biosensors, silica and silicon are commonly used as immobilization 

platforms. Both materials have Si rich surface chemistries that allow ease of 

immobilization. They both have optical benefits as well. Silica glass is an optically 

transparent material with a relatively high refractive index of 1.45, which allows light to 
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pass through. It is also a good material for guiding of light, a property that is utilized in 

optical fibers.  

 Besides the surface chemistry, silicon is beneficial to optical biosensors due to its 

reflective properties. With a mirrored surface, silicon reflects majority of the light that 

comes into contact with it.  

 

3.2 Sol-Gel 

3.2.1 Chemistry of Sol-Gel Formation 

Typically, silica glass is made under high temperature conditions, making it 

difficult to control its shape in a laboratory setting. However, there exists a method of 

creating silica under low-temperature conditions. Sol-gel was first synthesized in mid 

1800s by Ebeleman using silicon tetrachloride (SiCl4) and ethanol, which created 

tetraethoxysilane (Si(OEt)4). Today, several variations of that product can be purchased 

commercially, with the most popular being tetraethylorthosilicate (TEOS) and 

tetramethylorthosilicate (TMOS). TEOS and TMOS are alkoxyls that are used as 

precursor to a series of reactions that make sol-gel. The reactions taking place during sol-

gel formation are shown in Figure 3.1 from Mauritz. (Mauritz) 
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Figure 3.1: Chemical reactions taking place in sol-gel formation.  
 

 

As shown in Figure 3.1, sol-gel is made through hydrolysis of the precursor, 

followed by a series of condensation reactions. The hydrolysis starts with the mixing of 

alkoxyl precursor TEOS or TMOS with water. Alcohol is also used in the mixture as a 

homogenizing agent. It is a mutual solvent of the polar water and the non-polar 

alkoxysilane. During hydrolysis, silicon alkoxide (Si-OR) is converted to the 

corresponding silanol (Si-OH).   

The reaction can be improved with the catalysis by either an acid or a base. In the 

case of an acidic catalyst, the alkoxide group is rapidly protonated and the resulting 

material is hydrophilic. This allows it to be quickly hydrolyzed by water. Figure 3.2 

shows the acid catalyzed hydrolysis reaction in sol-gel formation.  
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Figure 3.2: Conversion of silicon hydroxide to silanol during acid-catalyzed hydrolysis. 
Figure from Mauritz. (Mauritz) 

 

 

Acid catalysis yields branched polymers, while base catalysis yields branched clusters. A 

representation of sol-gel at the molecular level obtained with acid and base catalysis is 

shown in Figure 3.3. 

 

 

 

Figure 3.3: Molecular level representation of sol-gel network during acid (left) and base 
(right) catalysis. 
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Base-catalyzed hydrolysis of silicon alkoxides occurs at a rate slower than that 

with an acid catalyst. The slower rate is due to the tendency of alkoxide oxygen to repel 

the hydroxide ions, making it more hydrophobic.  Once the fist steps of hydrolysis 

successfully occur, the subsequent reactions proceed readily. In addition, each reaction 

proceeds more readily than the one before it.  Figure 3.4 depicts the reactions taking 

place during base catalysis of sol-gel. Specifically, as described by Mauritz, water 

dissociates and results in hydroxide ions, which are attracted to the silicon atom.  Finally, 

the hydroxide displaces –OR with inversion of the silicon tetrahedron.   

 

 

 

Figure 3.4: Base catalysis of sol-gel. 

 

 

Polycondensation starts before the hydrolysis is complete. When silanols formed 

from hydrolysis of silicon alkoxides condense with other silanols or alkoxysilanes, the 

resulting byproducts are water or alcohol, respectively. Siloxane (Si-O-Si) bonds are 

formed through that process.  Higher condensation products are formed by combining of 

monomers, dimers, and oligomers and the polymeric network forms.  There are numerous 

possible chemical reactions and parameters that affect the hydrolysis and condensation of 
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organo(alkoxy)silanes.  There is a broad distribution of dimers, oligomers and higher 

condensation products during the polycondensation reaction.  

While it appears that the sol-gel reaction is well understood, there is a need for 

considering other parameters that may affect sol-gel formation. Some parameters that 

affect the characteristics of the metal oxide inorganic network obtained from the sol-gel 

process are: 

 

a. Water/silane molar ratio (R): varies from less than 1 to more than 25, with 2 

usually being sufficient because water is also a byproduct of condensation 

reaction: 

 

nSi(OR)4 +  2nH2O                       nSiO2 + 4nROH 

 

If a constant solvent:silane ratio is maintained while increasing the R value, the 

silane concentration reduces.  The general trend observed is that by adding more 

water the gelation time is reduced.  

b. Solvent effects: solvents prevent liquid-liquid phase separation during initial 

hydrolysis stage.  

c. pH: Single most important reaction and processing parameter affecting the 

properties and morphology of gels.  Siloxane bond formation at pH values below 

the isoelectric point of silanol involves the catalysis by the protonation of the 

hydroxyl group of silanols.  If the pH is above the isoelectric point the 
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condensation reaction takes place by deprotonation of the silanols to form a 

nucleophilic silanolate.   

 

3.2.2 Formation of Sol-Gel into Biosensor Platforms 

Most commonly, sol-gel is seen in the form of thin films.  Porous sol-gel thin 

films have been utilized in hydrogen sensors (Nogami et al. 2006), oxygen sensors (Koo 

et al. 2004), glutamate sensors (Doong and Shih 2006), and enzyme based sensors 

(Kuswandi et al. 2008).  While sol-gel thin films have advantages for sensors due to their 

porosity and optical properties, they are plagued by their sensitivity to temperature 

changes and impurities from pores, causing them to easily crack (Birnie 2004; Kozuka et 

al. 2003).   

The problems associated with thin films can be alleviated by electrospinning sol-

gel, resulting in thin fibers that retain the porosity of sol-gel thin films, but eliminate the 

problem of cracking.  During electrospinning, sol-gel creates a nanofibrous mesh, which 

is inherently porous.  Therefore, in addition to the porous nature of the material, the sol-

gel nanofibers have two degrees of porosity and a high surface to volume ratio.  Sol-gel 

nanofibers have been utilized in various sensors, such as those for the detection of TNT 

vapors (Tao et al. 2007) and proteins (Tsou et al. 2008).  They have also been tested for 

space applications (Zhang et al. 2005).  Fibers have also been made fluorescent by 

incorporation of porphyrins (Biazzotto et al. 1999; Tao et al. 2007). Another benefit of 

sol-gel is the ability to enhance the porosity by inclusion of porogens, which has been 

accomplished in thin films, (Glazneva et al. 2007; Liu et al. 2007) and more recently in 
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nanofibers (Tao et al. 2007; Zhan et al. 2008).   Most commonly, surfactants are used, 

which form micelles in solution, and are subsequently removed to leave hollow spaces. 

While sol-gel nanofibers have many benefits, they are difficult to obtain by 

electrospinning.  Namely, the basic formulation of sol-gel does not plasticize well, 

causing it to resist forming long, fibrous strands.  As a solution to this problem, 

incorporation of additional materials to the formula has been utilized.  Most commonly, 

polymers such as (poly)vinyl alcohol (PVA) (Bai et al. 2007; Dai and Satya 2007), or 

metals such as titanium (Lee et al. 2007; Son et al. 2006), alumina (Tanriverdi et al. 

2007), and tin (Wu and Coffer 2007) have been added. 

 

 
3.3 Nanoporous Organosilicate 

Another high surface area material is the poly(methylsilsesquioxane), or PMSSQ, 

organosilicate. This inorganic, dielectric material creates a nanoporous matrix. A 

beneficial feature of this material is its refractive index tunability. By modifying the 

formative parameters, very low refractive indices can be achieved, even lower than that 

of water (1.33). Briefly, nanoporous organosilicate is made by combining PMSSQ with a 

porogen such as polystyrene-polyethylene glycol (PS-PEG) or poly(propylene glycol) 

PPG. The PMSSQ provides the bulk matrix, while the porogen creates clusters inside the 

network. A heating process is then used to remove the porogen, leaving a porous network 

behind (Korampally et al. 2009b; Risk et al. 2004). 

The low refractive index of nanoporous organosilicate makes it uniquely 

beneficial for the use in liquid core waveguide systems. The concept of using nanoporous 

organosilicate as a light waveguide material was demonstrated by Korampally et al. 
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(2009a). Liquid core waveguides (LCWs) are similar to optical fibers in that a core 

material having a refractive index higher than the surrounding cladding is used to guide 

light utilizing total internal reflection. While in optical fibers the core is usually silica 

glass (RI=1.45), in LCWs the core is an aqueous solution. The LCW core solution 

usually has a RI similar to that of water, therefore the cladding material has to have an 

ultra low RI. Materials with RI lower than 1.33 are very rare, with the most widely 

available one being Teflon-AF. However, Teflon’s downside is its hydrophobicity and 

difficulty to attach to biological molecules. As discussed previously, the ability to 

immobilize biomolecules to the platform’s surface is necessary in designing a biosensor.  

Nanoporous organosilicate has an advantage in the fact that it can be made 

hydrophilic, as well as have a RI as low as 1.15 (Risk et al. 2004). While naturally 

hydrophobic, NPO can undergo either plasma coat or ozone layer application procedures, 

which induce hydrophilicity. Figure 3.5 is a drop image analysis of water on the surface 

of nanoporous organosilicate after the application of plasma coat (a) and in its native state 

(b). 
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Figure 3.5: Contact angle images of a water drop on the nanoporous organosilicate (a) 
made hydrophilic after plasma coating and (b) in its natural state. 
 

 

 While nanoporous organosilicate can be made hydrophilic, it does not become so 

without its downsides. The major downside is that after introducing hydrophilicity, the 

material is susceptible to attack by air water molecules. If not used immediately in 

biosensor immobilization, its porosity, and thus RI, may be compromised.  

 

3.4 Formation Techniques 

 In choosing a material for use in biosensors, consideration of method of forming 

the material into desired shape is also necessary. With sol-gel and nanoporous 

organosilicate and the goal of high surface area for immobilization, two methods are 

discussed in this work: spin coating and electrospinning. 
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3.4.1 Spin Coating 

 Spin coating is a method of curing solution that will be used as a solid, as well as 

obtaining a thin film. With materials such as nanoporous organosilicate, it is desirable to 

have only a coating on the surface of a material with certain optical properties. Most 

commonly, nanoporous organosilicate is spin coated on silica glass and silicon. When a 

silica glass substrate is coated with nanoporous organosilicate, the optical transparency of 

the glass can be used in various light guiding and excitation configurations. On silicon 

coated with nanoporous organosilicate, the reflective properties are still maintained while 

also introducing a high surface area for immobilization.  

 By using a spin coating device (Figure 3.6), a solution can be spread evenly and 

adsorbed on the substrate’s surface. A substrate that will be coated is placed on a spindle 

and held in place by a vacuum. Then, a desired amount of spin solution is dispensed onto 

the substrate and the device is turned on. The formation parameters are adjusted 

accordingly for the specific material used, depending mainly on the viscosity of the 

solution and the desired thickness of the coat. The parameters that can be adjusted are 

ambient gas, purity of the air, speed and ramping of the speed. The purity of air is 

extremely important when dealing with materials with nanosized features. Therefore, a 

vast number of spin coating procedures take place in a clean room of the desired class 

number.  
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Figure 3.6: Laurell WS-400-6NPP-LITE spin coater. 
 
 

 
3.4.2 Electrospinning 

 Another method of obtaining immobilization platform materials from solutions is 

by forming a fibrous network. Man-made fiber formation dates back to the 19th century, 

but it wasn’t until the 1960s that the theoretical fundamentals of fiber formation have 

been studied. The formation of fibers from aqueous solutions is a balance between 

spinnability, or ability to form fibers, and hydrodynamic stability. The basic idea is that 

the fluid being spun should not break, or it should have sufficient tensile strength 

(Ziabicki 1976).  

 Electrospinning is a process of forming thin fibrous strands from a viscous 

solution by the application of high voltage. Specifically, a solution is dispensed from a 

syringe through a spinneret that is connected to a high voltage power supply. The 

spinneret is typically a metal needle, which acts as a positive electrode when the power 

supply provides negative voltage. As the solution moves through the needle, a drop 

accumulates at the tip and is held in place by hydrostatic charges. Application of the 



 35 

electric field creates a charge accumulation at the tip of the needle. When a grounded 

metal plate is placed near the spinneret, the drop of solution is attracted towards it 

causing it to form a conical shape, known as the Taylor cone. The Taylor cone was 

named after Sir Geoffrey Ingram Taylor, who was the first person to describe the event.  

 After the formation of a Taylor cone, the next task is to overcome the hydrostatic 

forces of the solution with the electric field. Once the electric forces prevail, the solution 

is drawn out from the tip of the cone into a long strand. The ejected fluid jet initially 

travels in a steady, straight path. At a certain distance, however, the stream becomes 

unsteady owing to viscous stress, causing it to whip around until reaching the ground 

(Taylor 1969).  

 The apparatus for electrospinning typically consists of a high voltage power 

supply, a spinneret/positive electrode and a ground, which also serves as the collection 

plate. Additional features can be added for safety, such as an insulating enclosure and 

fail-safe switch, and convenience, such as syringe pump. An electrospinning apparatus is 

shown in Figure 3.7.  
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Figure 3.7: Image of an electrospinning apparatus with an insulating enclosure, fail-safe 
switch, syringe pump, spinneret, ground plate and high voltage power supply.  
 

 

3.5 Characterization Techniques 

 Upon formation of a biosensor immobilization platform, it is necessary to 

determine certain characteristic of the material. Depending on the desired application of 

the material, characterization is performed to determine the chemical composition of the 

surface (functional groups), chemical composition of the bulk material and its optical 

properties. Three important methods of materials characterization are ultraviolet-visible 

spectrometry, attenuated total reflection Fourier transform infrared spectroscopy, and 

thermogravimetric analysis. 

 

3.5.1 Ultraviolet/Visible Spectroscopy 

 In order to study the optical, specifically absorption, properties of a material, one 

uses an ultraviolet-visible spectrometer (UV/Vis). The basic premise of UV/Vis is that a 

sample to be measured is placed directly in the path of light produced by UV/Vis 
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spectrometer. The intensity of the light passing through the sample is measured and a 

calculation is made to determine the amount of light absorbed by, or transmitted though, 

the sample. The calculation uses Beer-Lambert Law, as shown in Equation 3.1, 

 

€ 

A = −log10
I
I0

 

 
 

 

 
                                             Equation 3.1 

 

where I0 is the intensity of the light entering the sample, I is the intensity of light exiting 

the sample and A is the absorbance. Information obtained using UV/Vis spectroscopy is 

directly applied in the design of optically based biosensors.  

 

3.5.2 Attenuated Total Reflection Fourier Transform Infrared Spectroscopy 

 Determination of functional groups present on a material’s surface is performed 

using an attenuated total reflection Fourier transform infrared spectroscopy, or ATR-

FTIR. ATR-FTIR measures the changes in a beam of infrared light that occur upon 

coming into contact with the sample. The sample rests on an ATR crystal, and an IR 

beam is passed through the crystal. Utilizing the evanescent wave generated by total 

internal reflection of the IR light ray, ATR-FTIR measures the angle and wavelength at 

which the light is reflected. Atoms of each molecule undergo stretching, spinning and 

vibration at specific wavenumber. The information obtained with an ATR-FTIR is 

compared to a known library of molecules and a determination is made about the 

composition of the sample. ATR-FTIR has a penetration depth of 0.5-5µm, thus the 

information it provides is only related to the surface of the material.  
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3.5.3 Thermogravimetric Analysis 

 Another method of materials characterization is the thermogravimetric analysis or 

TGA. The TGA is an analytical technique that measures the weight of a sample as a 

function of temperature. Materials tend to change their physical and chemical properties, 

thus weight, as they are heated. The weight changes are due to drying or chemical 

reactions converting solids into gases. As a material is heated from room temperature to a 

desired final temperature, in specified degree increments, its weight change is monitored. 

The final result is a graphical representation of the weight % changes of the material at 

each particular temperature increment. A peak in the graph represents a high weight loss, 

which is related to a “burning off” of a certain compound. The result is compared to a 

library in order to determine the composition of the material.  

 In development of nanoporous materials using a porogen, TGA can also be used 

to determine whether the porogen has been successfully removed.  In such a case, the 

porogen’s burn temperature is known and a peak in TGA graph is expected at that 

temperature.  
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Chapter Four 

PRINCIPLES OF FLUORESCENCE  
 
 
 

4.1   Introduction 

The electromagnetic emission of light from substances is known as luminescence. 

In the event of a substance absorbing a photon, its energy increases and it is excited to a 

singlet state (S1) by pairing of the electron in the excited orbital to the electron of 

opposite spin in the ground-state orbital. The substance returns to the ground state (S0) by 

emitting a photon, resulting in events known as phosphorescence and fluorescence. 

Absorption and emission of light by a substance is best described with a Jablonski 

diagram (Figure 4.1), named after the father of fluorescence spectroscopy, Alexander 

Jablonski.  

 

 

Figure 4.1: Jablonski diagram.  
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Phosphorescence is the emission of light from a triplet excited state (T1), while 

fluorescence is the emission of light from a singlet excited state (S1). The movement of 

an electron from the excited singlet state to the triplet state is known as intersystem 

crossing. Intersystem crossing occurs when an electron undergoes a spin conversion. In 

the triplet state, the electron has the same spin as the ground state electron, causing the 

emission of light to be slow (103 to 1 s-1). The phosphorescence emission from a triplet 

state also occurs at a lower energy and higher wavelength than that of fluorescence.  

Fluorescence is the emission of light from an excited singlet state, where the 

electron spin state is opposite of ground-state electrons. Relative to phosphorescence, 

fluorescence emission rates are much more rapid at 108 s-1. Fluorescence emission has a 

higher wavelength and lower energy than the light that the substance absorbed. It is found 

in several objects in nature, such as plants and rocks. Fluorescence was first observed by 

Sir John Fredrich William Herschel in 1845 as a ray of sunlight passed through a vial of 

quanine solution. However, George Gabriel Stokes coined its name in 1852, after 

observing that the invisible ultraviolet light passing through fluorspar and quartz glass 

becomes visible. In his honor, the difference in emitted and absorbed wavelengths is 

called the Stoke’s shift (Figure 4.2).  
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Figure 4.2: Fluorescence absorption and emission. 

 

 

4.1.1 Fluorescence Lifetime and Quantum Yield 

Fluorescence lifetime is the average time that a fluorescent molecule remains in 

an excited state before returning to the ground state. It can be described using first order 

kinetics, 

 

€ 

S1[ ] = S1[ ]0e
−Γt

                               Equation 4.1 

  

where [S1] is the concentration of excited state molecules at time t, [S1]0 is the starting 

molecular concentration and Γ is the fluorescence decay rate. Fluorescence decay rate is 

also the inverse of fluorescence lifetime. It is composed of two parts, radiative and non-

radiative (Equation 4.2).  

                                 Equation 4.2 
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Another fluorescence property is the quantum yield. Quantum yield is the 

measure of efficiency with which a fluorescent molecule produces the same effect. It is 

defined as: 

 

€ 

Q =
Number of photons emitted
Number of photons absorbed

                    Equation 4.3 

 

The maximum quantum yield is 100% or 1, where equal number of photos are absorbed 

and emitted. However, as observed in most systems a quantum yield of 0.1 is still 

considered good.  

 

4.1.2 Resonant Energy Transfer 

When a fluorescent molecule is excited to the S1 state, if it is near another 

fluorescent molecule whose absorption spectrum overlaps the first molecule’s emission 

spectrum, a non-radiative transfer of energy can occur. 

 

4.1.2.1 Förster Resonance Energy Transfer 

If two fluorescent molecules with overlapping emission of the first molecule and 

absorption of the second molecule are in close proximity, a resonant transfer of energy 

occurs. When the first molecule is excited, it does not emit fluorescence as it reaches the 

ground S0 state. Rather, that energy is used to non-radiatively excite the second molecule.  

This event is called Förster Resonant Energy Transfer or FRET, named after the German 

scientist and its discoverer Theodore Förster. The two fluorescent molecules that can 



 45 

participate in FRET are collectively called a FRET pair, where the molecule with the 

lower absorption wavelength is called the “donor” and the molecule with the higher 

absorption wavelength is called the “acceptor” (Figure 4.3) (Lakowicz 2006; Miller 

2005). 

 

 

Figure 4.3: Graphical representation of absorption and emission spectra of a FRET pair. 
AD = donor absorption spectrum, ED = donor emission spectrum, AA = acceptor 
absorption spectrum, EA = acceptor emission spectrum.  
 

 

In FRET, the distance between the two fluorescent molecules is much smaller 

than the wavelength, thus the transfer of energy between them is non-radiative. The 

efficiency of FRET, shown in Equation 4.4, is related to the distance between the two 

molecules.  
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The distance between molecules is called Förster’s distance, depicted as R0, and is 

described in Equation 4.5. Förster’s distance is defined as the distance at which the FRET 

efficiency is 50%.  
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                          Equation 4.5 

 

In Equation 4.5, QD is the fluorescence quantum yield of the donor in the absence of the 

acceptor, κ2 is the dipole orientation factor, typically assumed to be 2/3 if both dyes are 

free to rotate. Parameter n is the refractive index of the medium in which energy transfer 

is taking place. J is the spectral overlap integral, described in Equation 4.6 as:  

 

.                             Equation 4.6 

 

In Equation 4.6, fD is the normalized donor emission spectrum and εA is the acceptor’s 

molar extinction coefficient. The molar extinction coefficient is the measure of how 

strongly a molecule absorbs light at a particular wavelength. Absorbance of a particular 

molecule is represented by the Beer Lambert Law (Equation 4.7), which relates the path 

length of light (l), extinction coefficient (ε) and molecule’s concentration (c). 

 

                                            Equation 4.7 
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  In Equation 4.7, c is the concentration of the molecule and l is the path length of 

light under measurement. In the event that more than one absorbing species is present in 

the medium, the total absorptivity is calculated as a sum of the individual absorbencies 

(Equation 4.8). 

 

                         Equation 4.8 

 

 

4.1.2.2 Resonant Energy Transfer with Metallic Nanoparticles  

Metallic silver or gold nanoparticles are a suspension of colloidal, nanosized, 

silver or gold particles in a fluid. Although used for centuries in production of colored 

glasses, the physical reason for the existence of those colors was not known until 1840s 

when Michael Farraday discovered a difference between the optical properties of metallic 

colloids and the corresponding bulk material. Upon interaction with light, metallic 

nanoparticles undergo electron oscillations. The oscillating field is capable of creating 

far-field radiation at the same wavelength as that of incident light. The spectral properties 

of metallic nanoparticles can be seen with the naked eye (Figure 4.4), as the size and 

shape of the nanoparticle affects its light scattering properties.  
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Figure 4.4: Gold (top) and silver (bottom) colloidal solutions. Images obtained from Ted 
Pella, Inc. (tedpella.com). 

 

 

Farraday’s discovery opened an avenue for the scientific application of the gold and 

silver colloids.  

 

4.1.3 Quenching of Fluorescence 

In addition to fluorescence and phosphorescence emission, there exists another 

event occurring upon electromagnetic excitation of molecules: quenching. Fluorescence 

quenching is any event that results in the decrease in the intensity of fluorescence 

emission. Several events can be responsible for fluorescence quenching, such as molecule 

collisions or dynamic quenching, molecular interactions that produce an intermediate 

product, known as static quenching, and a combination of the two (Lakowicz 2006). 

Dynamic quenching occurs when a fluorescent molecule and another molecule, 

referred to as a quencher, collide with one another due to diffusion. The result is the 
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energy reduction of the excited fluorescent molecule to the ground state, without the 

emission of fluorescence. Dynamic quenching is best described by the Stern-Volmer 

equation (Equation 4.9), which relates fluorescence intensities with (F) and without (F0) 

the quencher to the concentration of the quencher (Q), and the bimolecular quenching 

constant kq.  
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F0
F

=1+ kqτ 0 Q[ ] =1+ KD Q[ ]                       Equation 4.9 

                             

The variable KD is the Stern-Volmer quenching constant equal to kqτ.  

Static quenching occurs when a fluorescent molecule and a quencher in close 

proximity undergo an interaction resulting in the formation of a new molecule or a 

complex. The new complex is at the ground state and does not possess fluorescent 

properties.  

It is also possible to have a combination of static and dynamic quenching. The 

fluorescent molecule can collide with a quencher and in turn create a complex molecule 

at the ground state. The physics of such an event is different from collision or dynamic 

quenching, due to the need for taking both the uncomplexed and the non-collided 

molecules into consideration. The modified Stern-Volmer equation related to the 

combined quenching is shown in Equation 4.10.  
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F0
F

= 1+ KD Q[ ]( ) 1+ KS Q[ ]( )                         Equation 4.10 
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The new variable KS is the association constant for complex formation given by 

Equation 4.11. 

 

€ 

KS =
F −Q[ ]
F[ ] Q[ ]

                                    Equation 4.11 

                                        

 

Quenching can also occur as a result of resonant energy transfer or RET. This 

event is particularly observed with gold surfaces and nanoparticles, where the presence of 

a fluorophore near gold disturbs the electron cloud around the gold. Thin metal films, 

such as gold, have been used in label-free biosensors for a long time.  However, recently 

with the development of gold nanoparticles, it has been discovered that resonant energy 

from nanoparticles can interact with that of fluorescent particles.  This interaction is 

highly distance dependent (Schneider et al. 2006), and results in either quenching 

(Dubretret et al. 2001; Dulkeith et al. 2002, 2005; Li et al. 2007; Pons et al. 2007) or 

enhancement (Hong and Kang 2006; Nakamura and Hayashi 2005) of the fluorescence.  

In addition, some studies have shown that gold nanoparticles can posses their own 

fluorescence (Zhang and et al. 2007), luminescence (Eichelbaum et al. 2007), or blinking 

emission (Geddes et al. 2003).   
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4.2   Fluorescent Dye Probes 

Fluorescent molecules most commonly used in scientific assays are fluorescent dyes. 

Fluorescent dyes, or probes, are aromatic molecules with amine or carboxyl specific 

terminals.  

Most popular fluorescent dyes are fluorescein, rhodamine, and cyanide, with an 

increasing number of companies producing their own chemically derived dyes. Alexa 

Fluor series of dye was developed by Molecular Probes (now Invitrogen). They range in 

emission wavelengths from ultraviolet (350nm) to infrared (750nm). Another company 

that synthesizes fluorescent dyes is Promo Fluor from Germany. Their dyes are 

comparable in wavelengths to the Alexa series.  

 

4.3  Fluorescence Detection 

Performance of fluorescence-based assays is accompanied by spectrometry 

techniques. A spectrometer is a device that utilizes light sources, gratings, lenses, filters 

and detectors to excite fluorescent molecules and collect the fluorescent light. Both large, 

benchtop and smaller, handheld spectrometers exist, with size correlating to the 

performance of the device. Larger benchtop spectrophotometers are equipped with both 

the light source and detector. One example is the FluoroMax series of spectrophotometers 

by Jobin Yvon (Figure 4.5).  
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  Figure 4.5: Horiba Jobin Yvon FluoroMax-4 SPEX. Image from www.horiba.com. 
 

 

The smaller, handheld spectrometers have a primary function of detecting the 

light spectra that was illuminated with an external light source. The most popular small-

scale spectrometer is made by Ocean Optics, which can be connected to a laptop 

computer via a USB port. The light spectra are collected from the sample using a fiber 

optic cable. The image in Figure 4.6 shows the USB-2000 Ocean Optics spectrometer.  
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Figure 4.6: Image of Ocean Optics USB2000 spectrometer. Image from oceanoptics.com. 
 

 

There are several options for light sources, with lasers and light emitting diodes 

(LEDs) being the most commonly used. Laser, or light amplification by stimulated 

emission of radiation, is a device that emits electromagnetic radiation in the form of 

visible light, ultraviolet light, infrared light and x-rays. Laser emission is spatially 

coherent and narrow, accompanied by high energy. Emission from lasers is harmful, with 

specific classifications associated with the laser type, each having a set of required 

precautionary measures for use and handling (Appendix I).  

LEDs are semiconducting devices that emit electroluminescence. The LED 

technology was invented by Oleg Vladimirovich Losev in the 1920s, for the potential use 

in telecommunications (Zheludev 2007). Nick Holonyak Jr. further developed the work 

in 1960s with the construction of the first practical LED (Craford et al. 2001). In a LED, 

the color of the emitted light is dependent on the size of the energy gap in the 

semiconductor. LED emission generally has low intensity.  
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Other components of a spectrometer are optical lenses, filters, and diffraction 

gratings. Lenses are used to collimate and focus the light. Filters and gratings are used to 

separate light into desired wavelength ranges. Gratings have periodic structures that 

diffract and split light into different directions and wavelengths.  
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Chapter 5 

PRINCIPLES OF OPTICS 
 
 
 

5.1 Introduction 

 Optics is the branch of physics dealing with the behavior of light. There are two 

accepted theories of light’s existence: particle and wave theory. The two properties are 

known as the duality of light, and were in opposition to each other, causing much 

controversy throughout history (Brill 1980). 

Isaac Newton mostly advocated the particle theory of light, in the seventeenth 

century. Since then, the particle theory of light has developed into quantum mechanics, 

with the basis on “quanta” or discrete chunks of energy. The theory was further 

developed by Max Plank, who proposed that the energy of quanta (E) is proportional to 

frequency of radiation (v). The proportionality constant is called Plank’s constant, h, 

which has a value of 6.63x10-34J-s. 

 

€ 

E = hv                                          Equation 5.1 

 

The initial claims for the wave theory of light focused on interference patterns, 

and the laws of reflection and refraction. However, in the twentieth century, Niels Bohr 

was able to derive a method where both theories could coexist and actually complement 

each other. The final consensus came about stating that light has wave-like propagation, 

interference and diffraction but behaves as particles, or photons, in energy exchange with 
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matter (Pedrotti et al. 2007). Equation 5.2 combines both theories utilizing a photon’s 

momentum, p, with a wavelength, λ. 

 

€ 

λ =
h
p                                               Equation 5.2 

 

In its wave properties, light is an electromagnetic wave and is the part of the 

electromagnetic (EM) spectrum (Figure 5.1) that can be seen by human eye. EM waves 

are distinguished from each other by their wavelengths and energies, which in the case of 

light waves determine the color.  

 

 

 

Figure 5.1: The electromagnetic spectrum. 

 

 

The energy of light is inversely related to its wavelength. The speed of EM waves 

in free space, or vacuum, is known as “c” and it has a value of 3x108 m/s. The constant c 
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can be used to describe a particular wave by relating its wavelength, λ, and frequency, v, 

as shown in Equation 5.3.  

€ 

c = λv                                            Equation 5.3 

 

  

5.2 Theory of Optics 

5.2.1 Refraction, Reflection and Diffusion of Light 

 As light travels through space it interacts with the objects in its path. Three main 

events of light interaction with matter are described herein: refraction, diffusion, and 

reflection. 

 Refraction of light occurs when light travels from a medium having one index of 

refraction into a medium with a different index of refraction. The index of refraction is a 

unitless number related to the medium through which light is traveling. As shown in 

Equation 5.4, it is the ratio of the speed of light in vacuum to the speed of light in the 

medium.  

 

€ 

n = c v                                               Equation 5.4 

 

  Refraction is commonly associated with the bending of light. The most common 

example is when an object is partially immersed in water and it looks as if it has bent at 

the point of entry into water. Refraction is mathematically best represented by Snell’s law 

(Equation 5.5), where n1 and n2 are the refractive indices of mediums 1 and 2, 
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respectively, and θ1 and θ2 are the angles between the normal and the interface of the 

incident and refracted light, respectively.  

 

€ 

n1 sinθ1 = n2 sinθ2                                   Equation 5.5 

 

 Diffusion of light occurs when light passes through a narrow slit and loses its 

collimation. Light that has dispersed has effectively broken off into pieces. 

 Reflection is the event in which a light wave encounters an object or a medium 

and returns back to its origin. The best example of reflection is a mirror, where all the 

light is returned back to the source.  

 

5.2.2 Total Internal Reflection  

 The event where all of the incident light is reflected is called the total internal 

reflection. Total internal reflection, or TIR, occurs when light encounters a boundary 

between two mediums at an angle larger than a certain critical angle. The critical angle, 

θc, is defined in Equation 5.6. 

 

€ 

θc = arcsin n2
n1

 

 
 

 

 
                                          Equation 5.6 

 

Light tends to travel in the medium with the highest index of refraction. 
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5.2.2.1 Evanescent Wave 

While it is true that in total internal reflection all of the light is reflected back into 

the originating medium, a relatively small penetration of light waves into the second 

medium with lower refractive index does occur. The electromagnetic wave that enters the 

second medium is weak and its intensity decays exponentially the further it penetrates 

into the second medium (Eggins 2006). 

 

€ 

E = E0 exp(z /dp )                                       Equation 5.7 

 

Equation 5.7 describes the energy of evanescent field as it travels into the lower RI 

medium, where E is the electrical field vector, E0 is the electrical field at the interface 

between the two mediums and z is the instantaneous distance. Finally, dp is the 

penetration depth as described in Equation 5.8. 

 

€ 

dp =
λ /n1

2π[sin2θ − (n2 /n1)
2]1/ 2                              Equation 5.8 

 

It can be seen from Equation 5.8 that penetration depth decreases as the angle of incident 

light (θ) increases.  

Evanescent waves can be used to couple wave energy between medium and, in 

biosensors, to excite fluorescent detection elements immobilized to optical fibers.  
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5.2.3 Interference 

All light waves travel at a specific frequency and wavelength, allowing them to be 

distinguished from each other. When two light waves physically interact, the resulting 

events are called interference. There are two types of interference: constructive and 

destructive. Constructive interference occurs when two light waves of the same phase and 

wavelength meet and create one output light wave. The new light wave retains the phase 

and wavelength of the original waves, but has increased amplitude. The amplitude of the 

new wave is equal to the sum of each individual wave that underwent interference. On 

the other hand, destructive interference occurs when two light waves that have equal 

wavelengths but different phases meet and create one resulting wave. However, due to 

the phase differences, the resulting wave has amplitude much smaller than the original 

waves.  

 

5.3 Optical Components 

In development of optically based biosensors, various optical components are 

utilized to optimize performance. The optical components have various functions such as 

light emission, guiding, wavelength separation, focusing and photon multiplication. Some 

of the most commonly used components are discussed in this chapter, such as lasers, light 

emitting diodes, lenses, filters, optical fibers and photon multiplier tubes. Choosing the 

best combination of all these components results in a better performing biosensor.  
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5.3.1 Lasers and Light Emitting Diodes 

Light amplification by stimulated emission of radiation, or laser, is a light 

emitting device. First created using microwave emission in 1954 by Charles Townes and 

Arthur Schawlow, lasers today are capable of emitting a wide range of wavelengths and 

come in different sizes (Fowles 1975). The smaller, commonly used lasers are used as 

pointers in oral presentations. Larger lasers are used almost exclusively in laboratory 

settings, where particular safety precautions are in use. Light emitted by a laser is highly 

collimated and has a narrow wavelength range. 

Lasers function as optical oscillators (Fowles 1975) consisting of a pump, gain 

medium, resonator and cooling system (Pedrotti et al. 2007). The pump is responsible for 

providing the energy for light amplification. They can be optical, electrical, thermal or 

chemical. The gain medium is responsible for the wavelength of light emitted by a laser. 

The medium can be a gas, liquid or solid, allowing for the existence of lasers in a wide 

range of wavelengths. The resonator causes the electrons inside the medium to move 

back and forth from the sides of the laser. Resonators are typically curved mirrors, 

sharing an optical axis with the laser. Finally, lasers tend to have a low output power to 

pump power ratios, creating an excess of thermal energy in the laser. To ensure proper 

function of the laser, a cooling system is installed to remove the thermal energy.   

Light emitting diodes, or LEDs, are semiconducting devices that are also 

available in a wide range of wavelengths (Moreno and Sun 2008). LEDs are associated 

with low energy, allowing them to be arranged in arrays and also be placed in close 

proximity to samples in a detection system (Lakowicz 2006). Their low energy also 
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eliminates the need for a cooling system in an LED. Their emission is more widely 

dispersed than that of a laser and they have a wider wavelength range. 

 

5.3.2 Lenses 

 Although lasers provide collimated light, not all light sources used in biosensors 

do the same. In addition, once laser light encounters a sample, it is subject to diffraction, 

thus it is no longer collimated. Also, fluorescence emitted by the biosensor is emitted 

through space in 360o. In order to take advantage of the largest possible amount of light 

either exciting a sample, or being emitted from a sample, it is important to utilize lenses. 

 Lenses are geometrical, optical components that, based on their shape, can 

diffuse, focus or collimate light. Lenses work by refracting the light that passes through 

them. There are several types of lenses, all having different combinations of concave, 

convex and planar surfaces. As shown in Figure 5.2 from Born and Wolf (1999), the most 

common types are (a) double-convex, (b) plano-convex, (c) convergent meniscus, (d) 

double-concave, (e) plano-concave and (f) divergent meniscus.  

 

 

 

Figure 5.2: Common types of lenses.  
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Figure 5.3 is a representation of a lens having two convex surfaces. It is seen that 

when light enters the lens it is refracted towards a focal point, F. The light exiting the 

lens focuses on the focal point. The distance between the lens’ axis and focal point is 

called the focal distance, f.  

 

  

Figure 5.3: Schematic of light passing through a lens.  

 

The focal distance can be determined using lensmaker equation (Equation 5.9), 

where R1 and R2 are the radii of curvature of the first and second refracting surface, 

respectively. Similarly, n1 and n2 are the refraction indices of the first (air) and second 

(lens) media, respectively. 

   

€ 

1
f

=
n2 − n1
n1

1
R1
−
1
R2

 

 
 

 

 
                                Equation 5.9 

F 
• 
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5.3.3 Optical Filters 

 Optical filters are a special type of lenses that have the capability to separate light 

by its wavelength. A variety of filters for optical applications exist, such as low pass and 

high pass and band pass. A low pass filter allows all light of wavelengths below a certain 

cut-off wavelength limit to pass through. Similarly, a high pass filter allows only the light 

with wavelengths higher than that cut-off to pass. The band pass filter is a combination of 

the low and high pass filter, having a low and a high wavelength cut-off limits. Only the 

range, or band, of light with wavelengths between the limits is allowed to pass.  

 

5.3.4 Optical Fibers 

Optical fibers are thin, long cables capable of transmitting waves through long 

distances. The transmission of waves though optical fibers occurs without significant 

signal loss, due to the total internal reflection events taking place inside the fiber. All 

optical fibers consist of a thin glass or plastic core, surrounded by a cladding coat, and 

finally enclosed by a jacket (Goff 2002). A schematic of an optical fiber cross section is 

shown in Figure 5.4. The fiber’s core thickness is the determining factor for the number 

of modes that can travel through it. Thus, fibers are classified into two categories: single 

mode and multi mode. 

 

 

Figure 5.4: Schematic of an optical fiber cross-section showing the coating, cladding and 
core.  

 Jacket 

Cladding 

Core 
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5.3.4.1 Core and Cladding 

The basic performance of optical fibers lies in the optical properties of the core 

and cladding materials. The center of the fiber, core, is the part though which the light is 

guided from the biosensor to the transducer. Cladding surrounds the core and works to 

block the escape of light through the sides of the fiber by confining it inside the core. 

Since light travels inside the optical fibers on the basis of total internal reflection, the 

refractive indices of the core and cladding material have to be corresponding 

appropriately. Namely, the core material must have a higher refractive index than the 

cladding (Alwayn 2004). 

 Most commonly, the core is ultra pure silica, which has minimal aberrations. It is 

very thin, with diameters ranging from 8µm to 1000µm (OceanOptics 2010). Depending 

on the mode of the fiber, the cladding can be a very thin or thick layer. Optical fibers 

have seen many applications in biosensors, typically utilizing evanescent waves in 

detection (Abel et al. 1996; Ahmad and Hench 2005; Anderson et al. 1994a, 1994b). 

 

5.3.4.2 Single Mode Optical Fibers 

Single mode optical fibers are able to carry only one wave at a time through the 

core. The core size of a single mode fibers ranges from 8 to 10µm, while their polymeric 

or glass cladding can be very thick. Electromagnetic waves are able to enter a single 

mode fiber at only one particular angle and wave propagation occurs straight through the 

center of the core.  Therefore, difference in the refractive index between core and 
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cladding is not very large. Single mode fibers are most commonly used in 

telecommunications. 

 

5.3.4.3 Multi Mode Optical Fibers 

Multi mode fibers are capable of carrying multiple modes of light waves at the 

same time. They are larger than single mode fibers, with core diameters greater than 

10µm. Typically, multi mode fibers have a very thin cladding layer composed of a UV-

curable fluorinated polymer. Multi mode fibers are used to propagate many light paths. 

The propagation paths are called transverse modes. There are several types of multi mode 

fibers, separated by their method of light propagation. The types of multi mode fibers are 

step index and graded index. In a step index fiber, the light is guided transversely through 

the fiber’s core by total internal reflection, as shown in Figure 5.5.  

 

 

Figure 5.5: Schematic illustration of total internal reflection in a step index multi mode 
fiber. 
 
 
 

If the ray of light hits the core-cladding boundary at an angle that is greater than a 

certain “critical angle”, as defined in Equation 5.6, then total reflection occurs.  In a 

graded index fiber, the refractive index of the core is highest in the center and decreases 

Cladding, n2 

Core, n1 
n1>n2 
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towards the outer edges. The resulting total internal reflection path of light is shown in 

Figure 5.6.  

 

 

Figure 5.6: Schematic illustration of total internal reflection in a graded index multi 
mode fiber. Adapted from Goff (2002). 
 

 

While multi mode fibers have the added benefit of carrying multiple waves at one 

time and allow for easier coupling of light, they are associated by lower attenuation than 

that of single mode fibers. 

 

5.3.5 Photomultiplier Tube  

In biosensing techniques, the events being detected may be very small and 

produce diminutive signals. In such cases, photomultiplier tubes, or PMTs, are used to 

enhance the signal so that it can be transuded. A PMT is a vacuum tube that has a 

photocathode window, usually a borosilicate or UV glass, which allows photons to enter 

and be converted into electrons. From there, the electrons bounce through the length of 

the PMT via dynodes. Dynodes act to multiply electrons, producing 5-20 multiples of one 

electron (Lakowicz 2006). Both the photocathode and the dynodes as kept at a negative 

potential, which allow for the acceleration of the electrons. The current output from a 

Cladding 

Core  

nA 
nB 

nA>nB 
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PMT is proportional to the light intensity. Typically, lock-in amplifiers are used in 

conjunction with PMTs to modulate and aid in signal amplification (Ligler et al. 2002). 
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Chapter 6 

RESEARCH METHODS 
 
 
 

6.1 Introduction 

The complete development of a biosensor entails a sleuth of detailed procedures 

and careful selection criteria of materials. Much importance rests on the ability to 

reproduce results by following the same protocol and utilizing the same parameters in 

each experiment. Transparency of protocols used and understanding the reason behind 

the selection of each material used, maintains the quality of one’s work. In addition, it 

allows for the dissemination of scientific discoveries and the use of successful methods in 

other applications by the scientific community. This chapter provides a comprehensive 

collection of the protocols used in this work, as well as the description and reasoning 

behind the selection of each part of the biosensor.  

 

6.2 Model System – Helicobacter pylori 

Optimization of a biosensor is associated with utilizing relatively high quantities 

of analyte. With the need for testing the sensor’s response with varying analyte 

concentrations, assay times, immobilization densities and statistically relevant repetitions, 

it is necessary to have large quantities of each reagent available during the testing phase. 

Many times, the physical nature or cost of the material may prevent the accomplishment 

of the testing with the target analyte, in which case a model system is used.  A model 

system should have similar physical characteristics, such as size and shape, as the target 

analyte. 
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Helicobacter hepaticus is not available commercially, thus the culturing of the 

antigen and growing and purification of antibodies was done in our laboratories at 

Research Animal Diagnostic Laboratory (RADIL, Columbia, MO). The process of 

creating and purifying antibodies is fairly lengthy, creating a need for a model system. 

Given that the Helicobacter hepaticus, target analyte of this work, is a species from the 

large family of Helicobacters, the selection of a model system was based on the 

availability and cost of a bacterium from that family. Helicobacter pylori was selected as 

the model system in this work. H. pylori is approximately the same size and shape as H. 

hepaticus, and the commercial availability of antibodies against it makes it a desirable 

choice.  

 

6.3 Fluorescent Probes 

Fluorescence based biosensors and assays require the careful selection of 

fluorescent probes. Fluorophore selection is dependent on the specific detection 

mechanism of the biosensor, applications and availability of light source wavelengths. 

For Förster Resonance Energy Transfer (FRET) based applications, the selection of 

fluorophores is of utmost importance. Namely, the spectral overlap of the donor and 

acceptor dyes is directly related to biosensor’s performance. Similarly, in quenching-

based biosensing schemes, where gold nanoparticles (AuNPs) are used as quenchers, 

fluorophore emission needs to overlap with the absorption by AuNPs.  While quenching 

by AuNPs is not solely due to radiative events (Dulkeith et al. 2002), having overlapping 

fluorophore emission and AuNP absorption does aid in sensor’s performance.  
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6.3.1 Alexa Fluor Dyes 

Alexa Fluor dyes were obtained from Invitrogen (Carlsbad, CA, USA). The Alexa 

Fluor dyes are water-soluble and have the appropriate photostability for biosensor 

applications. The reactivity of Alexa Fluor dyes allows for ease in conjugation to 

proteins, such as IgGs. Specifically, two dyes, Alexa Fluor 546 (AF546) and Alexa Fluor 

594 (AF594) were used in this work, which are also a FRET pair. Conjugation to proteins 

is easily achieved with the kits available from Invitrogen. 

 

6.3.2 PromoFluor Dyes 

PromoFluor fluorescent dyes were obtained from PromoKine (Heidelberg, 

Germany). Similar to Alexa Fluor dyes, Promo Fluor dyes are also fairly photostable and 

water soluble, allowing for conjugation with protein. They exist as amine- and thiol-

reactive esters, both of which are expressed by proteins. Conjugation kits are available 

for labeling of proteins.  

 

6.4 Antibodies 

6.4.1 α- Helicobacter hepaticus Antibodies 

The growth, purification and quantification of antibodies took place at the 

Research Animal Diagnostic Laboratory (Columbia, MO). The antibodies were dialyzed 

against 10mM Tris and 100mM NaCl at pH 8. Then, glycerol was added to 50% of final 

volume.  
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6.4.2 α- Helicobacter pylori Antibodies 

Affinity purified antibodies against Helicobacter pylori, which was used as the 

model system, were obtained from Kirkegaard & Perry Laboratories (KPL, Gaithersburg, 

MD, USA). Material was obtained lyophilized in 1mg quantities and hydrated according 

to manufacturer’s Procedure A (Appendix II). Specifically, a 50% glycerol solution was 

prepared by mixing 1ml glycerol and 1ml H2O. Then, a 1ml volume of 50% glycerol 

solution was mixed with the lyophilized antibody, and agitated slowly until antibody 

dissolved.  

 

6.5 Antigens 

6.5.1 Helicobacter hepaticus 

The Helicobacter hepaticus antigen was used as the target analyte of the 

biosensor in this work. H. hepaticus samples were obtained from RADIL in three forms: 

cultured, purified from mouse fecal pellets into slurries and as part of whole mouse fecal 

pellets. Fecal slurries were purified by mixing 1000µl PBS and a 5mm stainless steel ball 

with 1-2 mouse fecal pellets. Then the mixtures were homogenized for 10 seconds on a 

Quiagen TissueLyser. On the other hand, whole mouse fecal pellets were used by 

suspending in 1mm PBS, agitating, and centrifuging at 700 xg for 5 minutes. The 

supernatant was removed and used directly on the sensor substrates in 15µl volumes.  
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6.5.2 Helicobacter pylori 

The Helicobacter pylori antigen was used as the model analyte of the biosensor in 

this work. Similar to Helicobacter hepaticus, Helicobater pylori was cultured and 

quantified at RADIL and suspended in a final concentration of 158.47µg/ml.   

 

6.6 Protein – Fluorophore Conjugation 

 Fluorescence based optical biosensors detect signals from fluorophores, which act 

as reporter molecules. Namely, the intensity of fluorescence is related to the amount of 

analyte detected with the biosensor. Therefore, it is necessary to conjugate the fluorescent 

probe directly to the biological molecule, such as protein, IgG, enzyme, or DNA.  Having 

a direct link between the detection element and the fluorescent signal provides 

information about the presence and quantity of the analyte.  

 Most manufacturers of fluorescent molecules provide a general protocol for 

conjugation. Some of the studies described in this work utilized Alexa Fluor fluorescent 

dyes (Invitrogen) according to the following protocol: 

 

Protocol for Fluorophore Conjugation to Antibodies (Alexa Fluor dyes) 

Note: Invitrogen’s kit for labeling proteins with Alexa Fluor fluorophores has each 

material separated into a component. Therefore, references to particular components in 

the following protocol refer to Invitrogen’s kit. 

 

1. Measure out 25-30µg of IgG that will be used as the biosensing element. 
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a. It is best to use 1mg/ml concentration 

b. The kit can label up to about 100µg of antibody, but better labeling results 

associated with smaller quantities. 

2. Make a 100µl solution of:  

All of the antibody from step 1 + 10µl 1M sodium bicarbonate + PBS. 

a. If using sodium bicarbonate (NaHCO3) provided with Invitrogen’s kit, 1ml of 

diH2O should be added to the vial to make a 1M solution.  The sodium 

bicarbonate solution can be stored at 4oC for up to two weeks.  

b. If making 1M sodium bicarbonate without using Invitrogen’s kit, the following 

materials are necessary: 

MW of NaHCO3 = 84g/mol, 

therefore combining 84mg NaHCO3 with 1ml diH2O will make 1M solution. 

3. Add the solution from step 2 to the vial containing the fluorescent dye (Component 

A). 

4. Incubate at room temperature for 1 hour. 

5. Pipette purification resin (Component C) into a spin column (Component D).   

a. Fill up to the neck line of spin column, ~1.5ml 

6. Apply pressure onto the top of the spin column with thumb until the resin is 

slowly eluting. 

7. Insert the spin column into a collection tube (Component E). 

8. Place the collection tube and spin column together into a centrifuge, and spin at 

1100g for 3 minutes. 
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a. To ensure proper centrifugation, balance the weight of the sample with 

water in another test tube of equal size. 

9. Discard the liquid buffer from the collection tube and save the tube. 

10.  Pipette 100µl antibody-dye solution slowly into the spin column resin. 

a. Make sure that the solution is absorbed into the gel bed 

11.  Place spin column into the collection tube used before, and then drop them both 

into the test tube. 

12.  Spin at 1100g (3000rpm) for 5 minutes. 

13.  Discard the spin column and save the dye solution in collection tube. 

14.  Measure absorbance with the UV/Vis at the two wavelengths specified on the 

Labeling Kit Product Information sheet (Invitrogen). 

a. For Alexa Fluor 546 the following wavelengths are required: 280nm and 

558nm. Absorbance at 280nm measures the amount of protein, 

specifically antibody, present in the solution. On the other hand, 

absorption at 558nm measures the amount of fluorescent dye in the 

solution. Since the solution was eluted from a spin separations column, all 

of the proteins should be conjugated to all of the fluorescent dyes.  

15.  Calculate the concentration of protein per sample and the degree of labeling 

a. Use the equations provided in the Labeling Kit Product Information Sheet 

(Appendix III). The first equation, Equation 6.1, determines the 

concentration of protein in solution by utilizing the absorbance due to the 

protein (A280), a fraction of the absorbance by the fluorophore, the factor 
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by which the solution tested was diluted from the original solution, and the 

molar extinction coefficient of a typical IgG. 

 

€ 

[protein](M) =
A280 − A558 × 0.12( )[ ] × dilution _ factor

203,000
 Equation 6.1 

   

The second equation, Equation 6.2, is used to determine the labeling 

efficiency. Namely, the labeling efficiency is defined as the ratio of the 

moles of fluorescent dye to the moles of protein. The ratio is commonly 

reffered to as the “F/P ratio”, and it is based on the absorption by the 

fluorescent dye, A558, the dilution factor, molar extinction coefficient of 

Alexa Fluor 546 and the protein concentration calculated in Equation 6.1. 

 

€ 

F /P =
A558 × diluton _ factor
104,000 × [protein]                 Equation 6.2 

 

 

6.7 Protein – AuNP Conjugation 

 Antibodies and AuNPs were covalently linked together utilizing the 1-Ethyl-3-[3-

dimethylaminopropyl]carbodiimide hydrochloride, or  EDC, crosslinker. The reaction, as 

shown schematically in Figure 6.1, links the carboxyl groups on the protein to the amine 

of EDC, in a reaction that produces an unstable reactive o-acylisourea ester. The unstable 

ester is then linked to an amine on the surface of a gold nanoparticle. However, the amine 

reactive step is very quick in aqueous solutions and easily reverts to a carboxyl group. 



 81 

Therefore, it is necessary to stabilize it with N-hydroxysulfosuccinimide, or sulfo-NHS, 

which then allows time for carrying out the conjugation procedure.  

 The surface of gold nanoparticles consists mostly of sulfhydryl groups. Therefore, 

it is necessary to first replace them with amine groups in order to carry out the EDC 

crosslinking procedure. Aminylation can be achieved with cysteamine (HSCH2CH2NH2). 

 

 

Figure 6.1. Crosslinking reaction with 1-Ethyl-3-[3-dimethylaminopropyl]carbodiimide 
hydrochloride in presence of N-hydroxysulfosuccinimide. Image from Pierce.  

 

 

The AuNPs and α-H. hepaticus antibodies were covalently linked utilizing the following 

three step protocol: 

 

I Protein functionalization with EDC 

1. Suspend antibodies in a solution of 0.05M MES, 0.5M NaCl, pH 6.0 to a 

concentration of 1mg/ml 
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a. Add 97.6mg MAuNPES + 292mg NaCl + 5ml ddH20 – measure pH and 

titrate with NaOH until pH 6.0 is reached. 

b. Bring final volume to 10ml with ddH2O 

c. Add antibody to make 1mg/ml solution 

2. Functionalize with 2mM EDC, in presence of 5mM sulfo-NHS 

a. EDC: 4mg EDC + 104µl ddH2O  

b. Sulfo-NHS: 2.17mg sulfo-NHS + 100µl ddH2O  

3. Combine the following: 

a. 200ml Ab in MES buffer solution + 2ml EDC + 10ml sulfo-NHS  

b. Incubate the solution for 15 minutes. In the meantime, functionalize Au 

NPs, as described in section “AuNP functionalization with Cysteamine” 

below.   

c. Desalt the solution by microcentrifugation with a spin filtration system. It 

is important to wet the filter membrane before using it to filter the sample 

in order to ensure none of the sample is absorbed into the membrane.  The 

steps are as follows: 

i. 30K MWCO membrane, 10,000g, 2 min 

ii. Bring volume to 200µl with 1X PBS, spin again 

iii. Bring volume to 200µl with 1X PBS 

 

II AuNP functionalization with Cysteamine 

1. Make 0.01mg/ml Cysteamine 

a. 10mg Cysteamine + 10ml ddH2O = 1mg/ml 
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b. 0.5ml 1mg/ml Cysteamine + 45.5ml ddH2O = 0.01mg/ml Cysteamine 

2. 300ml 20nm AuNPs (Ted Pella) + 6ml 0.01mg/ml Cysteamine (this can be 

adjusted by user). 

3. Incubate for at least 15 min, ensuring that the solution stays red. 

 

III Combine Ab/EDC solution with AuNPs/Cysteamine solution 

1. Incubate for 2hrs, ensuring that the solution stays red. 

2. Wash, 100K MWCO microcentrifuge filtration, 3700 rpm, 2 min. 

3. Resuspend in desired volume with PBS. 

 

 

 

6.8 Fluorescence Measurements 

6.8.1 Förster Resonance Energy Transfer 

Förster resonance energy transfer, or FRET, is based on the non-radiative transfer 

of energy between two fluorophores. Therefore, biosensing schemes utilizing FRET 

contained two fluorescent dyes with corresponding emission and excitation spectra.  

 

6.8.1.1 Alexa Fluor 546 – Alexa Fluor 594 

One FRET pair is Alexa Fluor 546 and Alexa Fluor 594. As seen in Figure 6.2, 

the emission spectrum of Alexa Fluor 546 overlaps the excitation spectrum of Alexa 

Fluor 594, without significant interference from excitation of Alexa Fluor 546.  
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Figure 6.2: Alexa Fluor 546 and Alexa Fluor 594 FRET pair. Image from Invitrogen 
Fluorescence SpectraViewer program. 
 

 

6.8.1.2 PromoFluor 546 – PromoFluor 590 

A German company PromoKine manufactures fluorescent dyes similar to Alexa 

Fluor fluorophores. Figure 6.3 shows the emission and excitation spectra of PromoFluor 

546 and PromoFluor 590, which are also a good FRET pair. The PromoFluor dyes were 

utilized according to manufacturer’s protocol. 
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Figure 6.3: Excitation and emission from PromoFluor 546 (top) and PromoFluor 590 
(bottom) FRET pair.  
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6.8.2 Quenching by AuNPs 

6.8.2.1 Alexa Fluor 546 -20nm AuNPs 

Sol-gel nano/microfibers were prepared to contain fluorescence by the addition of 

Alexa Fluor 546 to the solution prior to electrospinning. Biosensor immobilization was 

carried out and the sensor surface was exposed to the analyte solution. Fluorescence 

measurements followed, first obtaining the fluorescence from the fibrous platform with 

attached analytes and again after exposure to AuNPs.  

Fluorescence measurements were obtained with the Ocean Optics USB-2000 

hand held spectrometer, along with a bench top optical set-up. The optical set-up 

consisted of a 520nm LED focused to a 3mm spot with a 600µl optical fiber. 

Fluorescence and scattered light were collected by a 600µl optical fiber and transported 

to the Ocean Optics spectrometer. SpectraSuite software (Ocean Optics, Dunedin, FL, 

USA) was used to view and process the collected spectra.  

 

6.9 Spin coating of Nanoporous Organosilicate 

The nanoporous organosilicate solution was used as a coating on solid substrates 

in order to increase the total surface area and improve immobilization. Coatings were 

deposited by spin coating the NPO solution onto the substrates, while ensuring that no 

dust or impurities were trapped inside the film. Cleanliness of the films was maintained 

by processing them in a Class 100 cleanroom and minimal handling afterwards.  

Spin coating parameters used to achieve the NPO coat were developed by 

Gangopadhyay’s group (Korampally et al. 2009). Specifically, the procedure consisted of 
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depositing approximately 1-3 drops of NPO solution on the substrate surface and spin 

coating at 3000rpm for 30 seconds. Films were then cured at 470oC for 5 minutes.  

 

6.10 Oxygen-Plasma Treatment 

 Due to the hydrophobic nature of NPO films, it is necessary to hydroxylate their 

surface. Hydroxylation is accomplished by introducing an oxygen-plasma coat on the 

surface. The coating is accomplished with an Applied Materials Precision 5000 PECVD 

machine. First, the mechanical pump is turned on and the pressure is reduced to 200 torr. 

Next, the dry pump is turned on and the pressure is reduced to 90 milli torr. Upon 

reaching sufficient pressure, oxygen is pumped into the sample chamber.  Finally, when 

the pressure increases to 890 milli torr, plasma gas is started. The oxygen/plasma coat is 

applied at 12 watts for 20 seconds. Upon removing the sample from the chamber, it is 

submerged in ddH2O to promote the formation of hydroxyl groups on the surface. 

Silanization and immobilization procedures immediately follow, due to the instability of 

the oxygen/plasma coat. 

 

6.11 Sol-Gel Formation and Electrospinning 

The protocol used to create sol-gel solutions for electrospinning is as follows: 

1. Mix the following in a 15ml beaker on a stir plate:  

a. 0.43 ml ddH2O 

b. 2.45 ml ethanol 

c. 200 µl 1M HCl 
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2. Dropwise and under vigorous stirring, add 3.35 ml TEOS (Tetraethoxysilane) to 

the solution created in Step 1.  

a. This makes a 1 : 2.8 : 1.59 : 0.013 (TEOS : ethanol : water : HCl) molar 

composition ratio. 

3. Stir the solution for 15 min at room temperature. 

4. Add 2 ml APTS (3-aminopropyltriethoxysilane)/ethanol mixture to the solution. 

Specifically, this is accomplished by combining 40µl APTS and 1.96ml ethanol.  

5. Add 0.13g CTAB (cetyltrimethylammonium bromide) to the solution 

6. Add a desired amount of fluorescent dye, which is 2-100µl AF546 based on the 

application. 

7. Stir at room temperature until highly viscous (~350cP). 

 

Electrospinning parameters of sol-gel are highly dependent of the humidity, 

ambient temperature, ground size and material, solution viscosity and voltage. Optimal 

parameters for fiber formation are 20% humidity, 25oC ambient temperature, 300-400cP 

viscosities and 20-30kV applied voltages. Viscosity and voltage were directly related, 

where a lower viscosity required less voltage to form fibers. Sol-gel has a rapidly 

changing viscosity, causing it to change during the process of electrospinning. Therefore, 

it is necessary to adjust the voltage accordingly as electrospinning is taking place. Ground 

material used was aluminum foil and solution was extracted through an 18g needle.  

Upon electrospinning, the removal of CTAB is accomplished by solvent 

extraction in EtOH for 24 hours. 
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6.12 Biological Immobilization 

The immobilization of biosensor was achieved utilizing the MTS silanization 

protocol with the GMBS crosslinker (Bhatia et al. 1989). The procedure consists of first 

preparing the surface of the immobilization platform for the immobilization by cleaning 

and silanization procedures, as well as applying of the crosslinker for the antibody 

linkage to the surface.   

 

6.12.1 Surface Preparation of NPO films 

Prior to immobilization of the biosensor to the NPO films, proper cleaning 

procedures are carried out. The cleaning steps ensure optimal conditions for silanization 

and immobilization. The following protocol is used for cleaning and silanizing NPO 

films, and the attachment of the GMBS crosslinker: 

  

Cleaning: 

1. Submerge NPO coated substrates in a mixture of 10ml HCl and 10ml methanol. 

Leave substrates in solution for 30 minutes.  

2. Submerge substrates in 25ml sulfuric acid for 30 minutes. 

3. Rinse substrates in ddH2O. 

 

Silanization: performed in glass petri dishes 

1. Place samples in a 2% volume/volume solution of MTS [(3-Mercaptopropyl) 

trimethoxysilane] in Toluene and incubate in nitrogen atmosphere for 90 minutes. 

2. Remove from MTS-Toluene solution. 
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3. Rinse in Toluene 3 times or soak for 5 minutes. 

4. Dry under nitrogen air. 

 

 

Cross-linking: 

1. Dissolve GMBS [N-(g-Maleimidobutyryloxy)succinimide ester] in a minimal 

amount (50-100 µl) of DMF (N,N-Dimethylformamide). 

2. Add the dissolved GMBS to absolute ethanol to create 2mM GMBS solution. 

3. Place samples in GMBS/ethanol solution for 1 hour at room temperature. 

4. Rinse with PBS to remove any traces of GMBS crosslinker. 

 

6.12.2 Surface Preparation of Sol-Gel Nano/Microfibers 

 Electrospun sol-gel nano/microfibers were cleaned during the solvent extraction 

process, which removed CTAB micelles. The solvent extraction process was done in 

ethanol for 24 hours. After cleaning, the surface was silanized and crosslinked with 

GMBS following the same procedure used with nanoporous organosilicate films.  

 

6.12.3 Protein Attachment 

Antibodies, the basis of immunosensors, are proteins having three distinct 

fragments. Two fragments of an IgG, called Fab arms, are active in molecular recognition 

of antigens, thus leaving one fragment, the Fc tail, available for immobilization to 

biosensor platforms. Therefore, in order to ensure optimal performance of the biosensor, 
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the IgG needs to be properly aligned on the biosensor platform. Proper alignment is 

assured by the use of Protein A, which specifically binds the Fc fragment of the IgG.  

Protein A is immobilized to the biosensor’s surface by direct linkage to the 

GMBS crosslinker via amine functional groups. Then, 30mg/ml bovine serum albumin 

(BSA) is introduced to the surface to fill in any gaps left behind by Protein A, thus 

reducing the possibility of non-specific binding. The final step is to pipette a solution of 

antibody/detection element having a predetermined concentration. After an incubation 

period of 1 hr at room temperature, the biosensor surface is rinsed three times with PBS 

to ensure that there are no unbound IgG present.  



 92 

6.13 References 

 
Bhatia, S.K., Shriver-Lake, L.C., Prior, K.J., Georger, J.H., Calvert, J.M., Bredehorst, R., 
Ligler, F.S., 1989. Use of thiol-terminal silanes and heterobifunctional crosslinkers for 
immobilization of antibodies on silica surfaces. Analytical Biochemistry 178(2), 408-413. 
 
Dulkeith, E., Morteani, A.C., Niedereichholz, T., Klar, T.A., Feldmann, J., Levi, S.A., 
van Veggel, F.C.J.M., Reinhoudt, D.N., Moller, M., Gittins, D.I., 2002. Fluorescence 
quenching of dye molecules near gold nanoparticles: Radiative and nonradiative effects. 
Physical Review Letters 89(20), 203002-1 – 203002-4. 
 
Korampally, V., Yun, M., Rajagopalan, T., Dasgupta, P.K., Gangopadhyay, K., 
Gangopadhyay, S., 2009. Entropy driven spontaneous formation of highly porous films 
from polymer-nanoparticle composites. Nanotechnology 20(42), 425602. 
 
 
 



 93 

Chapter 7 

CHARACTERIZATION OF AN ULTRA-LOW REFRACTIVE 
INDEX DIELECTRIC MATERIAL FOR DETECTION OF H. 

PYLORI  
 
 
 

Abstract 

Nanoporous materials can provide significant benefits to the field of biosensors.  

Their size and porous structure makes them an ideal tool for improving sensor 

performance. This study characterized a novel ultra low index of refraction nanoporous 

organosilicate (NPO) material for use as an optical platform for fluorescence-based 

optical biosensors. While serving as the low index cladding material, the novel coating 

based on organosilicate nanoparticles also provides an opportunity for a high surface area 

coating that can be utilized for immobilizing biological probes.  Biological molecules 

were immobilized onto NPO, which was spin-coated on silicon and glass substrates.  The 

biological molecule was composed of Protein A conjugated to AlexaFluor 546 

fluorophore and then immobilized onto the NPO substrate via silanization.  Sample 

analysis consisted of spectrofluorometry, FT-IR spectroscopy, scanning electron 

microscopy, contact angle measurement and ellipsometry.  The results showed the 

presence of emission peaks at 574 nm, indicating that the immobilization of Protein A to 

the NPO material is possible.  When compared to Si and glass substrates not coated with 

NPO, the results showed a 100X and 10X increase in packing density with the NPO 

coated films respectively.  Ellipsometry analysis, FT-IR, contact angle, and SEM imaging 

of the surface immobilized NPO films suggested that while the surface modifications did 

induce some damage, it did not incur significant changes to its unique characteristics, i.e., 
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pore structure, wettability and index of refraction.  It was concluded that NPO films 

would be a viable sensor substrate to enhance sensitivity and improve sensor 

performance. 

Keywords: nanoporous material, biosensor, protein immobilization 

 

 

7.1 Introduction  

Optical biosensors have had numerous uses since their discovery in 1960s (Clark 

and Lyons 1962).  The most important performance parameters of optical biosensors are 

specificity and signal intensity.  Researchers have been attempting to enhance sensitivity 

by using new materials as biosensor platforms (Himmelhaus and Takei 2000; Vo-Dinh et 

al. 2001). Recently, porous materials have been under investigations for the benefit of 

signal intensity enhancement through increased surface area available for binding.  

Several studies have evaluated the use of porous, nanoporous, and mesoporous materials 

for both label free (Bonanno and DeLouise 2007; Di Francia et al. 2005; Vaseashta and 

Dimova-Malinovska 2005) and fluorescence-based (Risk et al. 2004; Rossi 2007; 

Wolfbeis et al. 2000) optical biosensors.  The label-free sensors rely on detection of 

refractive index change upon analyte binding.  A nanoporous structure allows more 

sensitivity in this detection due to the relationship between surface structure and analyte 

sizes.  On the other hand, fluorescence biosensors detect analytes by observing analyte-

induced changes in fluorescence.  The performance of a fluorescence biosensor depends 

on its ability to guide light, and a nanoporous structure greatly aids in this task.  



 95 

The increasing interest in porous materials is related to the ability of the porous 

structure to provide a low refractive index for fluorescence-based biosensors and a better 

surface feature-to-analyte size ratio for label-free sensors.  For fluorescence sensors, a 

lower refractive index of sensor platform permits the use of liquid core waveguides 

(LCWs).  LCWs in turn provide more fluorescence generation and capture due to the fact 

that the fluorophore excitation source is not evanescently based.  Therefore, by using a 

nanoporous substrate material in a fluorescence biosensor, benefits can be gained from 

both increased immobilization and direct, in-solution excitation.  

Several groups have reported the use of low refractive index materials in LCW 

biosensors (Dasgupta et al. 1999; Hanning et al. 2000; Manor et al. 2003). Recently, a 

series of amorphous copolymers of polytetra- fluoroethylene (PTFE) with 2,2-bis- 

(trifluoromethyl)-4,5difluoro-1,3 dioxole (Teflon AF) has attracted considerable interest 

in microfluidic applications (Ding et al. 2001; DuPont 2007; Lowry et al. 1992).  They 

are essentially transparent throughout 200 to 2000 nm wavelength range with refractive 

index 1.29 to 1.31, lower than that of water (n=1.33).  Thus, when such material is 

solution cast or spin-coated in to several microns thin film on a capillary or microchannel 

and water is allowed to pass, it behaves as a LCW and can effectively transfer light 

launched at one end to another.  There are a number of reports on LCWs based on plastic 

and glass capillaries coated internally with Teflon-AF, (Dress and Franke 1996a,1996b; 

Dress and Franke 1997; Hong and Burgess 1994) glass capillaries coated externally with 

Teflon-AF (Altkorn et al. 1997a; Curcio et al. 2002; Dasgupta et al. 1998; Hanning et al. 

2000; Wang et al. 2001) and capillaries made entirely of Teflon (Altkorn et al. 1997b; 

Gooijer et al. 1998; Larsson and Dasgupta 2003; Li et al. 2003; Liu and Pawliszyn 2003; 
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Tanikkul et al. 2003; Waterbury et al. 1997; Yao and Byrne 1999). Gangopadhyay and 

her group, for the first time, reported about fabrication and characterization of a chip-

based Teflon-AF coated liquid core waveguide on Si and glass. (Datta et al. 2003; Manor 

et al. 2002)  Using Teflon-AF as a coating inside glass capillaries, they were able to 

fabricate low-loss optical waveguide microchannels. However, Teflon-AF is very 

hydrophobic and resistant to adhesion making it difficult to use with microfabricated 

channels on Si.  The process of coating surfaces with Teflon-AF is tedious and lengthy, 

as it requires multiple patterning, etching, and bonding steps.   

We report on the characterization of a novel, low index of refraction (RI), 

nanoporous material as a biosensor substrate.  Experiments were performed to evaluate 

the possibility of immobilizing biological molecules onto the NPO surface without 

incurring material changes during modification steps necessary for biosensor 

immobilization.  Experiments using surface analysis tools such as fluorescence 

spectroscopy, ATR FT-IR, ellipsometry, scanning electron microscopy (SEM), and 

contact angle determined that although various modifications steps incurred some 

changes in the material’s surface properties, they did not significantly alter its usability in 

fluorescence biosensors.  The use of NPO as a platform for fluorescence biosensors is 

evaluated, with specific application in liquid core waveguides. 

 

7.2 Materials and Methods 

7.2.1 NPO Fabrication and Spin Coating 

The proprietary NPO solution protocol was developed by and adopted from 

Gangopadhyay’s group.  Substrates were prepared for coating by cleaning with acetone, 
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isopropanol, and methanol, and dried with air.  Clean Si wafer and borosilicate glass 

substrates were placed on a spin coater, several drops of NPO were suspended on the top 

surface, spun at 3000 rpm for 30 seconds.  Finally, silicon and glass substrates were 

baked on a hot plate or in a furnace, respectively, at 470oC for at least 5 minutes.  

 

7.2.2 Surface Silanization 

Surfaces coated with NPO have previously been characterized and determined to 

consist of predominantly methyl groups. In order to perform silanization, methyl groups 

from the surfaces were replaced with silanol (Si-OH) groups by oxygen-plasma treatment 

with an Applied Materials Precision 5000 PECVD at 12 watts for 20 seconds.  After the 

plasma treatment, samples were placed in water for 5 minutes.  The silanization 

procedure closely followed one by Bhatia et al. (1989) with the initial water boiling and 

acid cleaning steps omitted.  The cleaning was omitted in order to avoid damage to the 

NPO coat.  Samples were assumed to be sufficiently clean due to the fact that Si and 

glass substrates were cleaned prior to NPO coating and the coating was performed in a 

Class 100 clean room.  Briefly, NPO-coated samples were incubated in 2% (3-

Mercaptopropyl)trimethoxysilane (MTS, Fluka) in Toluene (Sigma, St. Louis, MO) (v/v) 

solution, for 1-1.5 hrs in a Nitrogen bag, washed in Toluene for 3 minutes, and dried with 

Nitrogen gas.  Next, 5 mM MaleimidoButyryloxy-Succinimide ester (GMBS, Pierce, 

Rockford, IL) in ethanol (Sigma, St. Louis, MO) was placed on top of the samples for 1 

hour, after which the samples were washed 3X with Phosphate Buffered Saline (PBS, 

Sigma, St. Louis, MO). GMBS was dissolved in approximately 50µl N,N-
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Dimethylformamide (DMF, Fluka) before adding to ethanol.  Precautions were taken to 

prevent ethanol from drying during incubation.   

 

7.2.3 Biological Immobilization 

After the samples were silanized, Protein A conjugated to Alexa Fluor 546 

(AF546, Invitrogen), was immobilized to the surfaces.  The immobilization procedure 

was adopted from Bhatia et al. (1989) with modifications.  Protein A conjugated to 

AF546 was mixed with PBS to obtain a desired protein concentration of 35 µg/ml.  

Proteins were placed on top of each sample wafer, using surface tension to hold solution 

in place, and incubated overnight at 4oC.  After incubation, the protein solution was 

removed and samples washed 3X with PBS, and replaced with 3% Bovine Serum 

Albumin (BSA, Sigma, St. Louis, MO) solution.  After 1-hour incubation, samples were 

washed again using the procedure described above.   

 

7.2.4 Fluorescence Measurements and Data Analysis 

A vertical, flat sample holder was used in the FluoroMax-3 spectrofluorometer 

(Yvon Jobin), to measure fluorescence.  The sample holder was oriented at 33o relative to 

the detector, as it was previously determined that light collection was most efficient at 

that position.  Samples were consistently kept in a PBS bath and measurements were 

obtained immediately upon removal from the liquid environment.  This ensured that the 

samples were wet throughout measurements, which closely resembles conditions in a 

liquid-core waveguide biosensor.  All samples were excited at 546nm wavelength, at 0.3s 

integration, and 5nm slits.  
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7.2.5 ATR FT-IR Measurement 

Attenuated Total Reflection Fourier Transform – Infra Red (ATR FT-IR) spectra 

were obtained from Si/NPO samples, using Si blank samples as controls.  All 

measurements were obtained using Nicolet FT-IR spectrometer (ThermoFisher) with 

OMNIC software.  Samples were placed on top of the attenuated total reflectance (ATR) 

crystal and pressure was applied mechanically until sufficient contact was made with the 

diamond crystal.  Background spectra were obtained from ambient air.  Data collection 

was averaged over 64 runs and the background spectrum was subtracted.  In order to 

preserve all original peaks, baseline correction was not performed.  

 

7.2.6 SEM Imaging and Characterization 

Samples were prepared for Scanning Electron Microscopy (SEM) by placing 

them on a plain Al SEM stub with adhesive Carbon tape, using Silver paint to ground 

electrons.  Secondary electrons were captured with the Everhart-Thornley detector in a 

Quanta SEM (FEI) with a low vacuum setting.  Two types of samples were imaged for 

subsequent comparison, Si/NPO substrates and Si/NPO substrates with surface 

modification by silanization and crosslinking.  Images of both sample types were 

obtained under the same magnification, beam current, beam energy, and chamber 

pressure in order to ensure proper comparison.  
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7.2.7 Contact Angle Measurements 

Materials used as biosensor platforms need to possess a hydrophilic surface that 

allows biomolecule attachment.  Oxygen/plasma coating treatment can be utilized to 

eliminate hydrophobicity of NPO.  In order to immobilize biological molecules, the 

surface has to be silanized and crosslinked, while maintaining its hydrophilic nature.  

Wettability experiments were performed on modified Si/NPO surfaces using the sessile 

drop technique.  Surfaces were examined after silanization and application of the 

crosslinker, as well as after protein immobilization.  Results were compared to those 

previously obtained for unmodified Si/NPO. 

 

7.2.8 Refractive Index Measurement 

For use in liquid core waveguide- based biosensors, the refractive index of NPO 

must remain below that of water (n=1.33).  While the pores are present on the surface of 

Si after NPO is spin coated, ellipsometry was used to determine whether the refractive 

index changes after silanization and crosslinking steps are performed.  A J. A. Woollam 

V.A.S.E. ellipsometer was used to calculate the refractive index of plain Si/NPO samples, 

as well as the silanized and crosslinked Si/NPO samples.  Data fitting was performed 

using the Cauchy layer method and the refractive index was obtained for each layer.   
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7.3. Results and Discussion 

7.3.1.  Biological Immobilization and Fluorescence Collection 

 Si wafers and borosilicate glass substrates were coated with NPO, and Protein 

A/AF546 was immobilized to their surfaces.  The resulting substrates were placed in a 

FluoroMax-3 spectrofluorometer, excited with 546 nm light, and the fluorescence 

emission was captured. For statistical repeatability purposes, three separate samples of 

each type were tested with and without NPO, as seen in Figure 7.1.  

 

 

 

Figure 7.1:  Fluorescence emission from immobilized ProteinA/AF546 on Si and glass 
samples in presence and absence of NPO coating.  Si/NPO – Silicon substrate coated 
with NPO (solid blue), Si – Silicon substrate not coated with NPO (dotted blue), 
glass/NPO – glass substrate coated with NPO (solid green), glass – glass substrate not 
coated with NPO (dotted green). 
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It is clear that the fluorescence of Protein A/AF546 immobilized to both Si and 

glass samples coated and not coated with NPO had significantly differing intensities.  The 

presence of emission peak at 574 nm signifies that Protein A has been successfully 

immobilized to the NPO surface and the AF 546 dye is emitting light.  It can be seen that 

while the emission fluorescence intensity from Si samples without NPO is in the tens of 

thousands counts range, those from Si samples with NPO coating are in the several 

million counts range. Specifically, the observed change in intensity was from 50K-100K 

cps without NPO to 2.75M-3.75M cps with NPO.  Similarly, on glass samples the 

fluorescence intensity change was more than 1 million counts.  Glass samples without 

NPO had about 300K counts and samples with NPO had 1-2M counts.  This suggests that 

the NPO coat has a fluorescence enhancement characteristic, where the fluorescence 

intensity in this study was enhanced up to a hundred times on Si and up to ten times on 

glass by using NPO.   We attribute this result to the porous nature of NPO, which creates 

a larger overall surface area for binding of Protein A.  While porous silicon also provides 

fluorescence enhancement, it has been shown that the thickness of the porous film is 

proportional to the fluorescence intensity (Risk et al. 2004). Due to the fact that the pores 

are an inherent part of NPO, this suggests that it provides a much simpler method of 

fabricating a biosensor platform compared to the time required to generate pores in Si.  

To further determine if the porous nature of NPO is causing the fluorescence 

enhancement, results were compared to those of non-porous coating.  Namely, Si 

substrates were coated with non-porous poly(methylsilsesquioxane) PMSSQ.  The 

results, shown in Figure 7.2, suggest that non-porous PMSSQ does increase fluorescence 
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somewhat as compared to plain Si substrates.   

  

 

 

 

Figure 7.2: Comparison of fluorescence intensity from uncoated Si substrates (dotted 
blue), coated with porous NPO (black), and coated with non-porous PMSSQ (green).  
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crosslinker GMBS acts as an intermediate between NPO and Protein A.  GMBS consists 

of a long, chain-like structure where one end binds to NPO and the other end binds 

Protein A.   Silanization of NPO with MTS introduces thiol groups to the inside and 

outside of the pores, and GMBS binds the thiol groups.  Therefore, GMBS has the 

opportunity to bind in multiple locations inside of a nanopore and extend its chains out of 

the pore to bind Protein A.  Hence, a benefit from the increased surface area created by 

the pores is still obtained. The limitations of this system are encountered at the point 

where the immobilization at the surface is maximal due to steric hindrance between 

proteins bound to GMBS in close proximity to each other.   

 While the increase in fluorescence with NPO is evident, there are also variations 

between samples with the same treatment, i.e. with and without NPO.  These variations 

can be attributed to the inconsistent sample size and thus variable overall Protein 

A/AF546 solution volume.  Another source of variation could be equipment error 

introduced by pipetting small volumes.   

 

7.3.2 ATR FT-IR Analysis 

Since NPO on silicon demonstrated the highest binding sites and fluorescence, 

additional tests were performed.  In order to ensure that silanization and crosslinking 

were successfully accomplished without altering the properties of NPO, ATR FT-IR 

spectroscopy was performed on Si/NPO samples before and after silanization and 

crosslinking.  Figure 7.3 shows the resulting ATR FT-IR scans of Si/NPO surface with 

observable Si and OH peaks.   
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Figure 7.3: ATR FT-IR comparison of Si substrates with (blue) and without (green) 
modifications to the NPO surface coating. 

 

 

A representative scan of a Si/NPO surface after silanization and crosslinking is 

shown on the same graph.  In both sample types, there is a CH3 vibration peak at 2930 

cm-1, CH3 vibration peak at 2855 cm-1, and an OH peak at 3400 cm-1.  Previously 

published studies on FT-IR spectra of MTS silanized silicon-based surfaces have also 

reported the same peaks, (Coman et al. 2001; Mansur et al. 2002) even with porous 

surfaces (Yantasee et al. 2003).  According to the NPO spectra, these peaks are present 

before and after silanization, suggesting that the surface chemistry already contains CH3.  

While it appears that the two sample types have the same surface chemistries that does 

not mean that silanization did not occur.   This is attributed to the fact that, according to 

ellipsometry measurements, the silanized layer is much thinner than the penetration depth 
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of ATR FT-IR sampling.  As expected, the differences in the surface chemistries between 

the two samples are too small to be specifically detected.  However, the FT-IR spectra 

demonstrated that the silanization and crosslinking procedures did not significantly alter 

the NPO chemistry.   

 

7.3.3 SEM Imaging Results 

 Immobilization of Protein A to the surface of NPO-coated substrates required 

several surface modification steps, such as oxygen/plasma coating, silanization, and 

application of heterobifunctional groups.  While the purpose of these steps was to modify 

the functional groups present on the surface, a possibility of physical change was present.  

SEM was utilized to verify that no substantial damage was incurred to NPO on 

functionalized substrates.  Figure 7.4 shows SEM images of Si substrate coated with 

NPO before and after functionalization.  These images suggest that the gross structure 

seen on surface of unmodified Si/NPO substrate is also seen in the modified Si/NPO 

substrate.   Therefore, the treatments performed to modify Si/NPO surfaces did not 

change the overall physical characteristics, as compared to unmodified NPO samples.  
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a) Before 

 

b) After 

 

Figure 7.4: Scanning electron microscope images of NPO surface before (a) and after (b) 
surface modification with silanization, crosslinker application, and protein 
immobilization. Lighter regions represent NPO material while the darker spots represent 
pores within the material.   

 

 

300 nm 

300 nm 



 108 

7.3.4 Contact Angle Measurements 

Previous work determined that the NPO surface was hydrophobic, having a 

contact angle of 95-100o.  The results of contact angle measurements after surface 

modifications show that Si/NPO surfaces treated with oxygen/plasma, silanization and 

crosslinking had a contact angle of about 30o.  This suggests that the samples have 

become hydrophilic.  Furthermore, subsequent immobilization of biological molecules 

increased the contact angle to about 45o, which remains much lower than of the untreated, 

hydrophobic surface. The results obtained here are comparable to those reported for the 

more commonly used porous silicon, which has a contact angle of 20o when 

functionalized with acrylic acid and 120o when functionalized with decene (Rossi 2007). 

Liquid core waveguide biosensors should allow liquid to easily fill the waveguide 

channels, and our results suggest that this can be achieved even after biomolecule 

immobilization to NPO.    

 

7.3.5 Refractive Index Measurements 

Ellipsometry was utilized to determine whether the refractive index changes due 

to the silanization and crosslinking surface modifications.  The refractive index calculated 

for NPO spin coated onto Si wafer substrates was 1.17 at 630 nm light wavelength.  

Subsequent measurement of refractive index of NPO/Si samples with a modified surface 

yielded insightful results.  The samples were modeled as having two layers created by the 

NPO coating and surface modifications (oxygen/plasma treatment, silanization, 

crosslinking, and immobilization).  Different sample types were measured:  1) NPO with 

silanization, 2) NPO with silanization, crosslinking, and immobilization, and 3) plain 
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NPO samples.  The results, shown in Table 7.1, suggest that the refractive index increases 

in the layer created by the oxygen/plasma and immobilization coating to 1.46, while the 

underlying NPO layer remains ultra-low at 1.17-1.19.   

 

 

Table 7.1: Ellipsometry results for each NPO treatment step, with refractive indexes and 
layer thicknesses. 

 

 
NPO layer Modified layer 

RI 1.28 1.17 
Oxygen/ 

Plasma treated Thickness (nm) 38.01 1358.9 

RI 1.28 1.175 
Oxygen/ 

Plasma treated, 
silanized and 
crosslinked Thickness (nm) 30.956 1314.464 

RI 1.46 1.19 Oxygen/Plasma 
treated, silanized, 
crosslinked, with 

protein Thickness (nm) 16.698 1476.727 

 

 

The increase in the refractive index of oxygen treated surface from 1.17 to 1.28 

indicates that the top layer was altered by the plasma treatment.  There are two possible 

reasons for the change in the index of refraction: 1) damage of the top layer and loss of 

porosity and/or 2) removal of CH3 and incorporation of OH.  However, it was also 

determined that the thickness of the oxygen/plasma layer is 15-30nm, which is still much 
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smaller than the wavelength of incident light used in a biosensor.  Thus, a very thin 

damaged layer should not hinder the light guiding abilities of the NPO films. 

On the other hand, a damaged surface layer and loss of porosity should not show an 

increase in binding site, but fluorescence data showed a very large enhancement of 

fluorescence.  This can be explained by the damaged top layer resulting in a rough 

surface topography, which increased binding sites.  Also, increased OH groups would 

enhance the binding sites and thus enhance fluorescence.   

Therefore, although a significant increase in the refractive index of 0.11 in the 

NPO layer was observed between modified and unmodified samples, the damaged layer 

was extremely thin and should not hinder the light guiding ability.  Also, even with the 

increase, the refractive index remains much lower than that of water, making them 

appropriate for use in liquid core waveguide in microfluidic chips.  Most importantly, the 

NPO films demonstrated increased fluorescence, which will translate to enhanced sensor 

performance.  These results further confirm that NPO is a suitable surface for biosensor 

applications.   

 

7.4 Conclusions 

Nanoporous organosilicate material was characterized for its potential use as a 

biosensor substrate.  Particular interest for this material could be found in liquid-core 

waveguide biosensors.  A comprehensive study involving fluorescence measurements, 

FT-IR, SEM imaging, refractive index measurement, and contact angle measurements 

before and after surface modifications was completed.  The results suggest that NPO is 

indeed a good candidate for fluorescent biosensors due to the fluorescence enhancement 
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provided by increased surface area.  Additionally, it has an ultra-low refractive index, 

lower than that of water, making it feasible for use as a microchannel coating in liquid-

core waveguides.  While other materials with refractive indices lower than that of water 

exist, such as Teflon AF, they have difficulty adhering to other materials.  NPO, on the 

other hand, can be easily spin coated to a waveguide surface and stored at room 

temperature until future use.  Future work includes incorporating NPO into a liquid core 

waveguides, for fast, reliable, and sensitive detection of antibody based fluorescent 

biosensors.   
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Chapter 8 

ELECTROSPUN SOL-GEL FIBERS FOR FLUORESCENCE-BASED 
SENSING 

 
 
 

Abstract 

The ability of fluorescent biosensors to provide reliable pathogen detection has 

been reported for the advancement of medicine, security, and environmental safety. 

Improvements in detection can be achieved by enhancing the number of biosensing 

probes, which is a direct result of increasing the surface area for immobilization. We 

report on a new micro/nanofibrous sol-gel reticulation, constructed by utilizing 

electrospinning techniques, without the addition of plasticizers.  The sol-gel formulation 

was infused with organic silane, aminopropyltrimethoxysilane (APTS), in order to aid 

spinnability. The resulting fibers had 500nm average diameter and additional porosity 

obtained by chemical modification with cetyltrimethylammoniumbromide (CTAB). Fiber 

formation depended on solution viscosity and electrospinning parameters of voltage, 

spinneret distance, and ground/collector material.  

A biosensor was designed to detect Helicobacter hepaticus bacterium by 

sandwiching it between two antibodies, one labeled with Alexa Fluor 546 and the other 

conjugated to 20nm Au nanoparticles. In presence of pathogens, the Au nanoparticles 

successfully quenched the fluorescence, suggesting that electrospun sol-gel platforms are 

suitable for sensing Helicobacter hepaticus. The benefit of enhanced immobilization was 

evident in the fluorescence increase by a factor of 6.4, from 1.6 to 10.24 million counts. 
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Compared to non-porous waveguides, sensitivity was improved by an order of magnitude 

when immobilized to electrospun fibers. 

 
Keywords: biosensor, sol-gel, electrospinning, Au quenching, Helicobacter hepaticus 

 

8.1 Introduction 

Over the past forty years, biosensor technology has undergone substantial growth. 

The current trend is in the creation of highly sensitive systems that require minimal 

analyte concentration (Ligler 2009). Sensitivity can be enhanced by increasing the 

number of sensing elements per unit area, a task accomplished by optimizing the sensor 

immobilization platform. Due to its size to function benefits, nanotechnology has recently 

been used to improve biosensor platforms, utilizing both natural materials, such as 

eggshell membranes (Tang et al. 2009), and synthetic materials such as polymers and 

carbon nanotubes. Nanopolymers have been modified in the form of nanofibers ( Doshi 

and Reneker 1995; Greiner et al. 2006), which has found use in filtration membranes 

(Yoshimatsu et al. 2008), structure reinforcement applications, and improvement of 

biomaterials. The most common method of creating nanofibers with polymers is 

electrospinning, which utilizes electric potential to overcome surface tension of a viscous, 

liquid solution and form it into thin fibers.  

Since the mid 1990s, optical sensor technology has started seeing an incorporation 

of sol-gel materials (Jeronimo et al. 2007). Sol-gel, first developed in 1845, is a low 

temperature method of forming porous silica. The interest in sol-gel has stemmed from its 

relative ease of formation and modification into multiple forms. Most commonly, sol-gel 
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is seen in the form of thin films, where a mesoporous xerogel is spin coated onto a 

substrate of interest. Porous sol-gel thin films have been utilized in hydrogen sensors 

(Nogami et al. 2006), oxygen sensors (Koo et al. 2004), glutamate sensors (Doong and 

Shih 2006), and enzyme-based sensors (Kuswandi et al. 2008). While sol-gel thin films 

offer advantages as sensor platforms due to their porosity and optical properties, they are 

plagued by their sensitivity to temperature changes and pore impurities, causing them to 

easily crack (Birnie 2004; Kozuka et al. 2003). 

The problems associated with thin films can be eliminated by electrospinning sol-

gel, resulting in thin fibers that retain the porosity of sol-gel thin films, but eliminate the 

problem of cracking. During electrospinning, sol-gel creates a nanofibrous mesh, which 

is inherently porous and has a high surface to volume ratio. Sol-gel fibers have been 

utilized in various sensors, such as those for the detection of TNT vapors (Tao et al. 

2007) and proteins (Tsou et al. 2008). Fibers have also been made fluorescent by 

incorporation of porphyrins (Biazzotto et al. 1999; Tao et al. 2007). Another benefit of 

sol-gel is the ability to enhance the porosity by inclusion of porogens, which has been 

accomplished in thin films (Glazneva et al. 2007; Liu et al. 2007), and more recently in 

nanofibers (Zhan et al. 2008). Most commonly, micelle-forming surfactants are used in 

the solution phase of sol-gel and are subsequently removed to leave hollow spaces, or 

pores. 

While sol-gel micro/nanofibers have many benefits, they are difficult to obtain by 

electrospinning. Namely, the basic formulation of sol-gel does not plasticize well, 

causing it to resist the formation of long, fibrous strands. As a solution to this problem, 

additional materials have reportedly been incorporated to the basic formulation. Most 
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commonly reported are use of polymers such as (poly)vinyl alcohol (PVA) (Bai et al. 

2007; Dai and Satya 2007), or metals such as titanium (Lee et al. 2007; Son et al. 2006), 

alumina (Tanriverdi et al. 2007), and tin (Wu and Coffer 2007) to enhance spinnability. 

While there are reports of successful fiber formation without plasticizers (Choi et al. 

2003), their development process is more difficult. However, silica materials, such as sol-

gel, have superior optical properties as compared to polymers, thus it is necessary to 

develop nanofibers without the addition of polymers.  

In addition to sol-gel nanofibers, metallic thin films and nanoparticles have also 

been shown to aid in biosensor performance. Thin metal films, such as gold, have been 

used in label-free biosensors for many years. However, with the recent development of 

gold nanoparticles, it has been discovered that resonant energy from nanoparticles can 

interact with that of fluorescent particles. The polarization in the metal surface induced 

by the excited state fluorophores imposes a reactive field on the fluorophore, which is 

highly distance dependent (Schneider et al. 2006) and may result in either the quenching 

(Dubretret et al. 2001; Dulkeith et al. 2002, 2005; Li et al. 2007; Pons et al. 2007) or the 

enhancement (Hong and Kang 2006; Nakamura and Hayashi 2005) of fluorescence. In 

fact, Nakamura and Hayashi (2005) reported that Rose Bengal dye adsorbed on the 

surface of gold nanoparticles is related to 100x enhancement in fluorescence.  Moreover, 

some studies have shown that gold nanoparticles can posses their own fluorescence 

(Zhang and et al. 2007), luminescence (Eichelbaum and et al. 2007), or blinking emission 

(Geddes et al. 2003). 

In this paper, we report results from our study on electrospun fibers. The first aim 

was the development of a porous, fluorescent sol-gel fibrous reticulation for use with 
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optical biosensors. Traditionally used sol-gel precursors can be combined with organic 

materials to aid in spinnability of the material. Porosity can also be controlled by the 

addition of a micelle-forming surfactant, whose subsequent removal leaves depressions 

along the fibers’ surfaces. The second aim of the study was to demonstrate that the 

fibrous sol-gel can be utilized as an immobilization platform and greatly enhances the 

sensitivity of Helicobacter hepaticus (H. hepaticus) biosensor. H. hepaticus is known to 

cause chronic active hepatitis in mice (Fox et al. 1994; Livingston et al. 1997), and it does 

not exhibit visible physical symptoms until the infection reaches dangerous levels. With 

much of the scientific research using rodent study subjects, an undetected H. hepaticus 

infection could be detrimental to the outcomes of those studies. The bacterium spreads 

quickly through contaminated bedding, which necessitates a biosensor that can provide 

quick and reliable detection. Results suggest that the fibrous mesh platform readily 

accepted a higher percent of protein attachment to its surface than planar, non-porous 

platforms, providing a means for achieving improved sensitivity and a quick, efficient 

biosensor. 

 

8.2 Materials and Methods 

8.2.1 Chemicals and Reagents 

Most of the reagents used in sol-gel formulation, tetraethylorthosilicate (TEOS), 

aminopropyltrimethoxysilane (APTS) and cetyltriammoniumbromide (CTAB), were 

obtained from Sigma Aldrich (St. Louis, MO). Ethanol was obtained from the University 

of Missouri (Columbia, MO). Fluorescent dye, Alexa Fluor 546 (AF546), carboxyl 

succinimidyl ester and antibody conjugation kit were purchased from Invitrogen 
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(Carlsbad, CA). For biosensor tests, α-Helicobacter hepaticus was used. The rabbit α-

Helicobacter hepaticus antibody was grown, purified and conjugated to fluorescent dyes 

in our laboratories.  

Chemicals used in the biological immobilization procedures were Toluene (Sigma 

Aldrich, St. Louis, MO), mercaptopropyltrimethoxysilane (MTS, Fluka, St. Louis, MO), 

and N-[Gamma-Maleimidobutyryloxy] Succinimide crosslinker (GMBS, Sigma Aldrich, 

St. Louis, MO). Protein A, used to orient the antibodies by binding specifically to its Fc 

portion, and bovine serum albumin (BSA) were both purchased from Sigma Aldrich.   

Gold nanoparticles were obtained from Ted Pella, Inc. (Redding, CA) and 

conjugated to antibodies using cysteamine (Sigma Aldrich, St. Louis, MO), 1-Ethyl-3-[3-

dimethylaminopropyl]carbodiimide hydrochloride (EDC, Sigma) crosslinker in presence 

of N-hydroxysulfosuccinimide (Sulfo-NHS, Sigma Aldrich, St. Louis, MO).   

The electrospinning apparatus was built in our lab, and consists of a high voltage 

supply (Glassman High Voltage, Inc.; High Bridge, NJ), BS-8000 syringe pump 

(Braintree Scientific, Inc.; Braintree, MA), interchangeable ground/collection plate, and a 

spinneret holder, all enclosed in a Plexiglas box.  

  

8.2.2 Sol-Gel Formulation 

Sol-gel was synthesized with the precursor alkoxyl TEOS and catalyzed with 

hydrochloric acid. The base formulation consisted of 0.43ml ddH2O, 2.45ml ethanol, 

200µl 1M HCl, and 3.35ml TEOS. The resulting mole ratios were 1 : 1.68 : 0.008 : 0.6 

(H2O:EtOH:HCl:TEOS). Special care was taken to ensure that TEOS reacted slowly with 
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the acid solution, while under vigorous stirring. After 14 minutes of stirring, a 2ml 

solution of 2% APTS in ethanol was added to the mixture, followed by 0.13g CTAB.  

Initially, the optimal concentration of APTS was determined by mixing 2-10% 

APTS of total sol-gel solution and measuring the gelation time.  A complete sol-gel 

reaction requires at least 15 minutes, thus time was the main selection criteria of APTS 

concentration. Upon adding APTS, the mixture was stirred at room temperature until a 

viscous solution formed. The optimal viscosity was determined by measuring the 

viscosity of the spinnable solution using a Brookfield DV-II+ Pro Viscometer.  

 

8.2.3 Fibrous Platform Electrospinning 

Once the spin solution was formed, it was loaded into the electrospinning 

apparatus. The sol-gel mixture was loaded into a 10ml syringe, connected to a 1/16” 

(I.D.) Tygon tube and capped with an 18g needle. Depending on the actual viscosity of 

the solution, the voltage was varied between 20-30kV, where the most viscous solution 

corresponded to the highest voltage used. The fibers were deposited onto a ground plate, 

with the plate material varying between Cu, Al, and Brass. The syringe containing spin 

solution was loaded into a syringe pump to aid in the initial steps of electrospinning, after 

which the combination of gravity and electrical potential drew out the solution.  Scanning 

electron microscopy (SEM) images of the resulting electrospun fibers were obtained 

using a FEI Quanta 600F Environmental SEM, at 10kV under low vacuum conditions, 

with a working distance of 5mm and a pressure of 0.6 Torr.  

Upon reaching a sufficiently high viscosity, the solution was loaded into the 

electrospinning apparatus, shown in Figure 8.1.   
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Figure 8.1. Electrospinning apparatus set-up with major components labeled: DC 
power supply, syringe pump, needle holder, and grounded collection plate.    

 

8.2.4 CTAB Removal 

In order to achieve a second degree of porosity, CTAB was removed from the 

fiber surface. The specific methods of CTAB removal tested were solvent extraction in 

ethanol and ethanol/HCl mixture, for 4 and 24-hour periods. The effect of temperature on 

CTAB removal was also examined at ambient, 70oC and 75oC temperatures. The 

efficiency of CTAB removal was determined via thermogravimetric analysis (TGA) 

using a TA Thermogravimetric Analyzer Q5000. 

 

8.2.5 Sensor Immobilization and Performance 

An immunosensor for the detection of H. hepaticus was formed and immobilized 

onto the electrospun, fibrous platform. The biosensor is designed to perform as a 

sandwich assay and, as shown in Figure 8.2, consists of: 1) AF546-labelled α-H. 

hepaticus antibody immobilized to a platform, 2) analyte (H. hepaticus), and 3) α-H. 
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hepaticus antibody labeled with 20nm colloidal Au nanoparticles. Antibodies/AF546 

conjugates were obtained following standard protocols from Invitrogen.   

 

 

 

Figure 8.2. Schematic of biosensor for detection of Helicobacter hepaticus 

immobilized onto a fibrous sol-gel platform. 

 

 

In preparation for immobilization, the fibrous mesh and planar waveguide 

platforms were silanized with 2% MTS in Toluene (Shriver-Lake 1998). The planar 

waveguides consisted of flat glass slides, which share optical properties with the sol-gel 

fibers, but have a much smaller surface area. Immobilization to silanized platforms was 

achieved by crosslinking Protein A with GMBS. The α-H. hepaticus antibodies were 

then bound to Protein A by their Fc regions, leaving the Fab portions available for sensing. 
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In order to prevent unspecific binding, any uncoated regions of the platform were then 

filled with 30mg/ml BSA.   

Sensor performance was tested on both platforms by exposing them to 1µg H. 

hepaticus antigen and allowing a 1-hour interaction at room temperature. The presence of 

antigen was tested with gold nanoparticles (Au-NPs). The Au-NPs were conjugated to α-

H. hepaticus using cysteamine and EDC crosslinker in presence of sulfo-NHS. To obtain 

a biosensor response, 10µl of 0.3mg/ml α-H. hepaticus in solution of 20nm gold colloids 

(7x10-11 particles/ml) was added after sensor exposure to analyte. 

 

8.2.6 Data Collection and Analysis  

The appearance, spatial distribution and size of electrospun sol-gel fibers were 

evaluated using light microscopy and scanning electron microscopy (SEM).  The CTAB 

removal efficiency was examined utilizing TGA, through a 40-600oC range at a 10oC 

heating rate. It has been reported that for CTAB removal, 50% weight loss occurs in the 

range of 200-400oC due to decomposition of CTAB, and then complete elimination 

occurs between 400-550oC (Liu et al. 2007). We utilized various methods of CTAB 

removal and compared the amount of weight % loss in these temperature regions.  

Biosensor fabrication and response were evaluated by measuring fluorescence 

emission from the biosensor. During the biosensor assembly, fluorescence emission 

spectra were measured before the addition of analyte, using FluoroMax-3 

spectrofluorometer (HORIBA Jobin Yvon). This provided a baseline fluorescence 

intensity that was then compared to the spectra collected after the addition of analyte and 



 126 

Au-NP labeled antibodies.  The comparisons involved looking for a quenching or an 

enhancement of the initial fluorescence.   

 

8.3 Results and Discussion 

8.3.1 Sol-Gel Formation  

In order to enhance the spinnability of the fibers and shorten the gelation time of 

sol-gel, we used APTS. The first step was to determine the best concentration of APTS 

that optimally balanced the reaction and gelation times. The goal was to allow the 

reaction to complete before the solution gels. Depending on the specific formulation, sol-

gel can typically take up to 24 hours to gel. However, by using APTS, we were able to 

obtain a spinnable sol in 3 hours. 

The optimal concentrations of APTS and HCl for the sol-gel were experimentally 

determined.  As seen in Table 8.1, by varying the APTS concentration from 10%-2%, we 

were able to control the gelation time from 1.5min – 2.5hrs.  In order to allow the 

hydrolysis and poly-condensation reactions to occur, it was necessary to allow at least 15 

minutes before the solution reached high viscosity.  Therefore, 2% APTS was chosen for 

subsequent experiments, as the gelation time seemed to slow substantially at that 

concentration. Addition of CTAB prolonged the gelation time to 3 hours by hindering the 

ability of sol-gel molecules to create elongated chains. 

Besides the amount of APTS, physical parameters also influenced the gel time. In 

order to reach a spinnable viscosity in the shortest amount of time, the solution had to be 

stirred, quickly and continuously, inside a fume hood. The stirring and laminar flow of 
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the fume hood aided in the quick removal of solvent, and in turn decreased the gelation 

time. 

 

 

Table 8.1.  APTS % concentrations used in optimization of sol-gel formula.  Gel time is 
the time it took for the solution to reach a high viscosity.  % Original Volume is the % of 
the initial solution volume that is remains gelation. 

 

 
 

 
 8.3.2 Electrospinning Results  

The first aim was to create a fibrous sol-gel network having tissue-like 

consistency. Several parameters were adjusted in order to achieve the sol-gel reticulation, 

such as the final viscosity, ground plate material, distance between spinneret and ground, 

voltage, and pumping rate. The best results were obtained with 20 and 30kV, 15cm 

ground-needle distance, and pumping rates under 1ml/hr. The sol-gel mixture that 

provided a spinnable solution had a viscosity range of 300-400cP, which was reached in 

3 hours.  The sol-gel mixture has a quick gelling rate, necessitating the use of a range 

rather than a single optimal viscosity value. Any deviation from the specified parameters 

created either non-spinnable sol-gel or brittle and unusable fibers.   

Silane concentration 

(% vol) 
2% 3% 4% 5% 7% 10% 

Gel time (min) 85 18 7 3 3 1.5 

End volume (% of 

original) 
55 100 100 100 100 100 
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Figures 8.3 and 8.4 show photographic and SEM images of the electrospun tissue-like 

reticulations, respectively. From the SEM image, it can be seen that the reticulation 

consisted of fibers with variable diameters ranging from 190nm – 1.8mm. The average 

fiber diameter was ~500nm.   

For some experiments, fluorescent dye was injected into the sol-gel mixture, 

along with APTS, in order to eliminate the need for labeling antibodies before use in 

biosensor. The resulting dye-loaded fibers had the same structure and size as those 

without dye. The difference was in the gelation time, where the time to reach spinnable 

viscosity increased with the increase in dye concentration. 

 

 

Figure 8.3. Photograph of tissue-like electrospun sol-gel fibers. Parameters used: 
30kV, 15cm ground-needle distance, variable pumping rate.    
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Figure 8.4. SEM image of electrospun sol-gel fibers showing the variability in the 
thickness of the fibers. Scale bar = 5µm. Inset: Electrospun nano/microfibers have a 
tissue-like consistency.  

 
 
 
8.3.3 Efficiency of CTAB Removal 

In order to create highly porous fibers, a surfactant CTAB was added to the sol-

gel reaction mixture. Upon mixing with solution, the surfactant is known to aggregate 

and form micelles with a radius of about 3-6nm (Paruchuri et al. 2005). After 

electrospinning, the micelles were extracted from the nanofibers, leaving a porous 

surface. The removal of micelles depends on the solvent used, temperature, and duration 

of immersion in solvent. The solutions typically best suited for CTAB extraction are HCl, 

ethanol, and a mixture of HCl and ethanol. Each of the three solutions was tested for its 

ability to extract CTAB at room temperature, 70oC, and 75oC, at 4 and 24-hour durations. 
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The controls included sol-gel fibers electrospun without CTAB and sol-gel fibers 

electrospun with CTAB that did not undergo a solvent extraction procedure. 

It is known that CTAB burns off at 200-400oC (Liu et al. 2007), thus the best 

method of removing CTAB would, therefore, exhibit the least amount of weight loss in 

that range. Figure 8.5 shows the two extraction treatments with the best results obtained 

via TGA analysis. Both results are from 24-hour ethanol extractions, with extraction at 

70oC having slightly better results than that at room temperature.  

 

 Figure 8.5. TGA analysis of CTAB removal from electrospun sol-gel nano/microfibers at 
70oC and room temperature for 24 hours in ethanol.  Peak 1 is at 300oC and Peak 2 is at 
400oC. The controls shown are original fibers with CTAB intact and fibers made without 
the inclusion of CTAB. 
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8.3.4 Biosensor Immobilization 

 The first step of biosensor immobilization was the silanization of the fibers.  

Using a Nicolet 6700 FT-IR spectrometer (Thermo Scientific, Waltham, MA), to collect 

spectra with 32 scans and a resolution of 4cm-1 at ambient temperature, it was determined 

that the surface of sol-gel fibers contained –OH groups. MTS was used to replace the –

OH groups with –SH, and the resulting ATR spectra showed a decrease in the –OH peak 

corresponding to the silanized fibers.  To further establish that sol-gel fibers can be 

silanized, FITC labeled antibodies were immobilized to the silanized fibers in order to 

simulate the biosensor-binding scenario. Figure 8.6a,b shows fluorescent microscope 

images comparing the immobilization of the FITC labeled antibodies to non-silanized 

(Figure 8.6a) and silanized (Figure 8.6b) fibers. The presence of bright fluorescence 

associated with the silanized samples suggests that the silanization was successful. 

 



 132 

 

Figure 8.6:  Fluorescent microscope images of electrospun sol-gel fibers: a) plain and b) 
with immobilized FITC-labeled antibodies, showing that silanization was successful; c) 
Fluorescence spectra of biosensor for the detection of Helicobacter hepaticus: 
comparison between sol-gel nano/microfiber immobilization platform and smooth glass 
platform.  Smooth glass before = fluorescence from biosensor immobilized to smooth 
glass surface, before exposure to analyte; smooth glass – after = fluorescence from 
biosensor immobilized to smooth glass surface, after exposure to analyte; sol-gel fibers – 
before = fluorescence from biosensor immobilized to electrospun sol-gel 
nano/microfibers before exposure to analyte; sol-gel fibers – after = fluorescence from 
biosensor immobilized to electrospun sol-gel nano/microfibers after exposure to analyte. 

 

 

 

 

 

c) 

a) b)
) 
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8.3.5 Biosensor Performance  

The second aim of this study was to show that sol-gel micro/nanofibers can 

increase the number of immobilized sensing probes without steric hindrance, and thus 

can be utilized as a highly sensitive biosensor platform. A comparison was made between 

H. hepaticus biosensors immobilized to a fibrous sol-gel platform and those immobilized 

to a non-porous, glass substrate. The biosensor design was a sandwich type immunoassay 

(Figure 8.2), where the immobilized α-H. hepaticus antibody was labeled with AF546 

(α-H. hep/AF546) and the second antibody was labeled with 20nm Au-NPs (α-H. 

hep/AuNPs).  

Fluorescence emission spectra were collected before and after the introduction of 

analyte and Au-labeled antibody, and their fluorescence intensities were compared. Both 

surfaces were exposed to 2µg α-H. hep/AF546 antibodies and 1.5µg H. hepaticus 

antigens. As shown in Figure 8.6c, there appears to be a substantial difference between 

the two platform materials. The fluorescence intensity of biosensors immobilized to 

electrospun sol-gel fibers was 8.5x106 cps greater than that of the smooth glass 

substrates. The results can be attributed to the increase in surface area with the 

nano/microfibers, which allows a higher density of sensing element. Utilizing a greater 

number of recognition elements makes a more sensitive biosensor.   

In addition to differences between sensor platforms, an overall decrease in 

fluorescence intensity, or quenching, is experienced upon addition of analyte and AuNP 

conjugated antibody, suggesting that the biosensor successfully detected the analyte.  Au-

NPs are known to quench fluorescence when in close proximity to the fluorophore and 

enhance it when further away from the fluorophore. The size, shape, nature and 
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orientation of the fluorophore dipole moment relative to the nanoparticles, and the type of 

nanoparticle all play a critical role in dictating the outcome of the energy transfer. 

Fluorescence quenching has been reported when the fluorophore molecules are located a 

short distances (<5nm) from the metal nanoparticles. On the other hand, an order of 

magnitude enhancement in fluorescence has been reported when the fluorophore–metal 

nanoparticle separation was 24nm. According to the results reported in this paper, it can 

be concluded that the AuNPs bind to the analyte in a way that places them in very close 

proximity to the fluorophores. Therefore, the result observed was a quenching of the 

fluorescence. 

 

 8.4 Conclusions 

 We have completed a study on the development of a platform for immobilization 

of a biosensor for the detection of Helicobacter hepaticus.  The platform is constructed of 

electrospun sol-gel nanofibers, which can be impregnated with organic fluorophores and 

have fluorescent properties.  The biosensor construct mimics a sandwich assay, where 

two antibodies are used to detect the presence of an analyte.  One antibody is 

immobilized to the fibrous platform, whose highly porous construction provides a large 

surface area available for binding.  Incorporation of this material into the field of 

biosensors provides an advantage, as more detection elements are present on the surface, 

thus resulting in a more sensitive biosensor. Our work suggests that the best 

electrospinning results are obtained from a highly viscous sol-gel mixture that contains a 

delicate balance of organic and non-organic materials.  The fibers, which compose a 

tissue-like mesh, range in diameter from 150nm to a few microns.  In addition to the 
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porous nature of the mesh, the fibers themselves are also made porous by inclusion and 

subsequent removal of micelle-forming surfactant CTAB.  The fibers can be modified 

even further by making them fluorescent.  The fluorescent fibers that are used as a 

biosensor platform provide the benefit of a consistent source of fluorescence that can be 

used in ratiometric measurement of biosensor response.   

In addition to the fibrous platform, the performance of the Helicobacter hepaticus 

biosensor was evaluated.  The biosensor was first tested on a flat, glass substrate, then on 

the fibers. On the glass substrates, upon exposure to the antigen and Au-NP labeled 

antibodies, the overall biosensor fluorescence was quenched signaling the presence of the 

antigen.  A similar result was seen on non-fluorescent fibers, where the fluorescence of 

the fluorophores on the immobilized antibodies was quenched.  However, a different 

result was observed with biosensors immobilized to fluorescent fibrous platforms.  

Namely, those samples had an enhancement of fluorescence.  Although the results were 

not the same between the two types of fibrous platforms, they both effectively detected 

the presence of analytes.   
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Chapter 9 

 

HIGHLY SENSITIVE FLUORESCENCE BIOSENSOR FOR THE 
DETECTION OF HELICOBACTER HEPATICUS 

 
 
 

Abstract 

We report on the development of a low-cost, highly sensitive optical biosensor for 

the detection of Helicobacter hepaticus. Helicobacter hepaticus is a rapidly spread, 

coiled bacterium known to cause active chronic hepatitis in mice and can also colonize in 

children. The current methods of detecting Helicobacter hepaticus are PCR or a 

combination of PCR and ELISA, both of which require trained professionals and can be 

timely and costly. Utilizing a high surface area, fibrous sol-gel reticulation as the 

immobilization platform, we have developed an immunosensor to improve the current 

detection methods of Helicobacter hepaticus. The sol-gel reticulation can be formed to be 

fluorescent, thus actively contributing to the biosensor’s detection. The biosensor was a 

sandwich type assay, with the antibody detection elements immobilized to the fibrous 

platform. The antigen, or H. hepaticus, is sandwiched between the immobilized antibody 

and a second antibody, which is labeled with gold nanoparticles. The gold nanoparticles 

quench the finers’ fluorescence, thus signaling to the sensor response. Results show that 

Helicobacter hepaticus was detected in concentrations as small as 10ng in samples and as 

quick as 15 minutes when suspended in PBS, which is much lower than the concentration 

of Helicobacter hepaticus in one mouse fecal sample. In addition, the biosensor showed 

high selectivity, correctly detecting analyte in multi-protein contaminated samples. 
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9.1 Introduction 

Helicobacter hepaticus is a cylindrically shaped, spiral bacterium from the 

Helicobacter family. The Helicobacters are gastric bacteria, known to affect many 

species, including humans, sheep, mice, rats, etc. The most widely studied strain of 

Helicobacter is the human affecting H. pylori, which is the main cause of peptic ulcers 

(Ahmed and Sechi 2005). The H. hepaticus strain was fist discovered in mice and rats 

(Avenaud et al. 2003; Fox et al. 1994), but recent discoveries show that it can also 

colonize in humans, specifically children. The danger to humans associated with H. 

hepaticus is still under investigation, but the threat to the scientific community has raised 

major concerns (Ahmed and Sechi 2005; Shames et al. 1995). The H. hepaticus 

bacterium in known to spread quickly through contaminated rodent bedding (Livingston 

et al. 1998). 

With the lack of physical symptoms associated with H. hepaticus, it is common 

for infected species to enter scientific research studies and invalidate the results of those 

studies. The current methods of detecting H. hepaticus are associated with the 

polymerase chain reaction (PCR) or a combined enzyme-linked immunosorbent assay 

(ELISA) (Battles et al. 1995; Riley et al. 1996; Shames et al. 1995). Both the PCR and 

ELISA procedures require handling by professionally trained technicians, and can be 

fairly expense to conduct.   

 Development of biosensor technology has always had a strong focus on reducing 

the costs associated with detection assays, while vastly improving detection results and 

performance. The use of nanotechnology has been proven highly beneficial to the field of 

biosensors. One method where nanotechnology can be incorporated into biosensors is 
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through the use of high surface area immobilization platforms. It has been shown that a 

higher surface area of the platform is directly associated with an increased sensitivity of 

the sensor (Memisevic et al. 2009). The improvement of sensor performance with greater 

surface area is due to the increased opportunity for immobilization of biological detection 

element. When more detection elements are located on the sensor’s surface, the sensor 

performs better.  

 One method of achieving high surface area material is through sol-gel. Sol-gel, a 

low temperature method of creating silica, is a highly malleable, inherently porous 

material. When used as a sensor material, sol-gel is typically cast into a thin film layer, 

either on a flat surface (Chaudhury et al. 2007; Jeronimo et al. 2007) or as a coating on 

optical fibers (Kuswandi et al. 2008). It has also been reported in the form of 

microencapsulation (Gill 2001; MacCraith and McDonagh 2002). However, due to its 

malleability, the surface to volume ratio can be greatly improved. One method of creating 

a better platform material with sol-gel is through electrospinning. By utilizing 

electrospinning, a reticulation of long, thin nano/microfibers can be developed 

(Memisevic et al. 2010). When utilized with a biosensor, the fibrous reticulation shows 

much better sensor performance. 

 Another method of improving biosensor performance is by optimization of the 

detection scheme. Utilizing fluorescence, for example, allows the amplification of small 

events, such as the binding of analyte in low concentrations. Fluorescence can also be 

used with a complementary event, such as the quenching or enhancement of fluorescence 

by the presence of a reporter molecule. Gold nanoparticles (AuNPs), for example, are 

known quenchers of fluorescence at close proximities (Dulkeith et al. 2005; Huang and 
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Murray 2002). The quenching events caused by AuNPs are caused by both radiative and 

non-radiative events (Dulkeith et al. 2002, 2005; Pons et al. 2007). When fluorescence of 

the biosensor is quenched by AuNPs, the result can be used in ratiometric detection, as 

the original fluorescence is still present, with just a decrease in the intensity.  

In this paper, we report on the development of a fluorescence-based, optical 

biosensor for the detection of Helicobacter hepaticus. Utilizing high surface area, 

electrospun sol-gel nano/microfibers as the biosensor immobilization platform, we have 

obtained a highly specific biosensor that can achieve detection with low-cost and easy-to-

use bench top optical set-up and quicker than currently accepted methods.  

 

9.2 Materials and Methods 

9.2.1 Materials and Equipment 

Affinity purified antibodies, IgG, against Helicobacter hepaticus were grown and 

purified in our laboratories (Research Animal Diagnostic Laboratory, RADIL, University 

of Missouri, Columbia, MO, USA). Helicobacter hepaticus pure antigen, mouse fecal 

slurry and mouse fecal pellet samples were obtained from mice housed in our laboratories 

at RADIL (University of Missouri, Columbia, MO, USA). Alexa Fluor 546 fluorescent 

dye, used as a source of fluorescence, and Alexa Fluor 546 antibody conjugation kits, 

used to conjugate fluorescent dyes to α-Helicobacter hepaticus IgGs, were obtained from 

Invitrogen (Carlsbad, CA, USA). Protein A, bovine serum albumin (BSA) and phosphate 

buffered saline (PBS) were from Sigma Aldrich (St. Louis, MO USA). Toluene and N-

succinimidyl 4-maleimidobutyrate (GMBS), mercaptopropyltrimethoxysilane (MTS) and 

dimethylformamide (DMF) were used for silanization and crosslinking procedures, and 
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were obtained from Sigma (St. Louis, MO, USA). Colloidal gold 20nm nanoparticles, 

used in fluorescence quenching, were obtained from Ted Pella (Redding, CA, USA). 

Conjugation of gold nanoparticles (AuNPs) to the α-Helicobacter hepaticus antibodies 

was carried out with the 1-Ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride 

(EDC) crosslinker (Sigma Aldrich, St. Louis, MO, USA) and N-hydroxysulfosuccinimide 

(Sulfo-NHS, Sigma Aldrich, St. Louis, MO, USA).   

Fluorescence measurements were obtained utilizing either the FluoroMax-3 

(HORIBA Jobin Yvon, Kyoto, Japan) or the Ocean Optics USB-2000 spectrometer 

(Ocean Optics, Dunedin, FL, USA). Light source utilized with the bench top 

spectrometer was a 524nm LUXEON LED (Philips Lumileds, San Jose, CA, USA). 

Optical fibers, having a core diameter of 600µm, were obtained from Ocean Optics 

(Dunedin, FL, USA) and Thorlabs (Newton, NJ, USA). A Beckman DU 520 General 

Purpose UV/Vis spectrometer (Beckman Coulter, Brea, CA, USA) was utilized to 

measure absorbance spectra of gold nanoparticle/IgG complexes and in the dye leaching 

studies. Sol-gel nano/microfibers were electrospun with a device made in our lab, 

consisting of a Glassman (Glassman High Voltage, Inc., NJ, USA) high voltage power 

supply and a BS-8000 (Braintree Scientific, Braintree, MA, USA) syringe pump. 

 
 
9.2.2 Non-Specific Binding Blocking Studies 

The non-specific binding was controlled through the use of bovine serum albumin 

(BSA) blocker. A study of blocking efficiency was performed with two different BSA 

concentrations and at various incubations times. The summary of experimental set-up is 

shown in Table 9.1.  
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Table 9.1: Bovine serum albumin non-specific blocking study. 
 

 

9.2.3 Bench Top Fluorometer Design 

Biosensor detection was measured utilizing optical methods. A semi-portable 

optical bench top fluorometer was designed. Figure 9.1 shows a schematic representation 

of a bench top optical set-up that utilizes photomultiplier tubes in order to allow for the 

detection of small amounts of fluorescence from the sol-gel reticulation.  
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Figure 9.1: Schematic of optical set-up for H. hepaticus biosensor utilizing two PMTs, a 
fluorescence band filter and a filter for excitation light. 

 

 

The schematic illustration in Figure 9.1 represents the optical configuration used 

to detect fluorescence and the scattered incident light, in order to obtain a ratiometric 

measurement. The scattered excitation light is reflected to a 550nm filter through a 

dichroic lens, and collected into a PMT. The fluorescent light passes through the dichroic 

lens, gets filtered by a 610nm filter and is coupled into a PMT. 

Samples that include higher fluorescence do not require the use of PMTs, thus the 

optical set-up in Figure 9.2 can be utilized. The excitation light, provided by a 520nm 

LED, is used to induce fluorescence emission by Alexa Fluor 546 in the fibrous platform. 

Fluorescence is collected transversely and coupled into an Ocean Optics USB-2000 

spectrometer. 
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Figure 9.2: Photograph of optical set-up for H. hepaticus biosensor utilizing a band pass 
filter for fluorescence, optical fibers, lenses, and an LED excitation light. 

 

 

9.2.4 Optimization of Dye Concentration 

Several concentrations of Alexa Fluor 546 dye were included in the sol-gel 

electrospun fibers. The fluorescence capture from those fibers was performed with Fluoro 

Max – 3 SPEX (Horriba Jobin Yvon) and Ocean Optics USB2000 spectrometer. Results 

indicate that the higher concentration of dye is essential for fluorescence-based 

experiments due to the high scattering occurring with the fiber reticulation. 

Concentrations tested were 1µl, 2µl, 20µl, and 100µl of 1mg/ml AF546 solution. Smaller 

amounts of fluorescent dye in the sol-gel fibers are more difficult to detect utilizing the 

standard optical equipment. Low detection limits can be achieved with the use of more 
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sophisticated optical equipment, such as photomultiplier tubes and lock-in amplifiers. A 

schematic of the optical system utilizing PMTs is shown in Figure 9.1.  

 

9.2.5 Gold Nanoparticle Functionalization with Cysteamine 

Gold nanoparticles were functionalized with Cysteamine in order to expose amine 

functional groups on their surfaces. The colloidal solution is susceptible to aggregation 

upon disturbance of the electrostatic repulsion between the nanoparticles. The electric 

charge disturbance can occur with the implementation of a high concentration of amine 

groups. Therefore, a titration curve was developed in order to determine the optimal 

amount of amine groups to express on the AuNP surface. Several concentrations of 

Cysteamine were used, as shown in Table 9.2. The procedure below describes the steps 

taken to perform the titration. 

 

Gold nanoparticles serial dilution with Cysteamine  
 

• Set up 10 micro centrifuge tubes and fill each with 100µl of 59nm gold 
nanoparticles. Number each tube 1-10. 
 

• Make 1mg/ml cysteamine solution  
 (2mg cysteamine + 2ml ddH2O) 

 
• Dilute 1mg/ml cysteamine to 0.001mg/ml  

 (2ml of 1mg/ml cysteamine + 2ml ddH20) 
 

• Add 0.001mg/ml cysteamine to each gold nanoparticle solution in 1µl 
increments, starting with 1µl 

 ie: Tube #1 = 1µl 
 Tube #2 = 2µl 
 Tube #3 = 3µl, etc. until raching 10µl.  

 
• Allow samples to react, recording color change observations for 15 minutes. 
 



 149 

 

9.2.6 Biosensor Performance Methods 

 Two variations of biosensing architectures were evaluated in the study. While 

both utilized fluorescent probes and AuNPs as the fluorescence marker and quencher, the 

difference was in the location of the fluorescent probes. In one design the fluorescence 

was incorporated into the electrospun fibers prior to electrospinning. Namely, a certain 

amount of dye solution was added to the viscous sol-gel solution shortly before it was 

loaded into the electrospinning apparatus. The biosensing schematic utilizing fluorescent 

sol-gel micro/nanofibers is shown in Figure 9.3. The fluorescent sol-gel fibers were then 

silanized according to the procedure by Bhatia et al. (1989), and the sensor was 

immobilized utilizing the procedure by Shriver-Lake et al. (1997), for amine terminal 

silanes.  

 

 

Figure 9.3: Schematic of H. hepaticus biosensor architecture utilizing fluorescent sol-gel 
micro/nanofibers. 
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 In the other biosensing method, plain, fluorescence-free sol-gel fibers were 

silanized according to the procedure by Bhatia et al. (1989). The biosensor was 

immobilized to the silanized surface and then exposed to antigen and AuNPs. However, 

the difference in that method was the pre-conjugation of antibodies with the fluorescent 

probes. Figure 9.4 shows a schematic of the biosensor for detection of H. hepaticus 

utilizing plain, fluorescence-free sol-gel fibers and dye-conjugated antibodies. 

 

 

 

Figure 9.4: Schematic of biosensor for detection of H. hepaticus utilizing non-fluorescent 
electrospun sol-gel nano/microfibers and antibodies conjugated to Alexa Fluor 546.  
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9.2.7 Surface Packing Density 

The immobilization of the biosensor was performed by first determining the 

optimal surface packing density. The packing density refers to the amount of antibodies, 

or biological detection elements, that are covalently immobilized to the platform surface. 

Two different concentrations of antibodies were used: 1µg and 0.5µg of α-H. hepaticus. 

Fibrous sol-gel platforms, loaded with 100ul 1mg/ml AF546, were silanized with MTS 

and Protein A was crosslinked to the surface with GMBS. Antibody solutions were 

exposed to the prepared surfaces in 20µl volumes.  

 

9.2.8 Detection of Helicobacter hepaticus from Clean Samples 

 Detection of Helicobacter hepaticus was performed by exposing the sensor 

surface to a range of analyte concentrations. Fibrous sol-gel surfaces were prepared by 

silanization, crosslinking of Protein A, and immobilization of antibody detection 

elements. Specific analyte concentrations tested were 1000ng, 700ng, 500ng, 100ng, 

50ng, 30ng and 10ng, with control samples without the H. hepaticus antigen. Upon 

incubation, surfaces were washed 3X with PBS and fluorescence measurements were 

obtained with the bench top optical set-up. During analyte incubation, α-H. hepaticus 

antibody conjugation to 20nm AuNPs was performed utilizing the EDC crosslinker. 

Then, the biosensor was exposed to 20µl of α-H. hepaticus/AuNP conjugate solution and 

fluorescence was measured again. Data analysis determined the amount of fluorescence 

quenching by obtaining a ratio of intensities before and after exposure to AuNPs. 
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9.2.9 Detection of Helicobacter hepaticus from Mouse Fecal Slurries 

 Mouse fecal slurries were obtained from RADIL. The slurries were prepared by 

combining a couple of fecal pellets and a 5mm stainless steel ball with 1000ml of 

phosphate buffered saline. The solution was then homogenized on a Qiagen Tissue Lyser 

for ten seconds. Biosensor detection experiment was performed on silanized, fibrous sol-

gel surfaces with immobilized α-H. hepaticus detection elements. Fluorescence 

measurements were obtained before and after exposure to α-H. hepaticus/AuNP 

conjugate solution. Data analysis was performed on the ratio of the fluorescence peaks 

from the biosensor, before and after quenching by the AuNPs.  

 

9.2.10 Detection of Helicobacter hepaticus from Mouse Fecal Pellets 

 Mouse fecal pellets, obtained from RADIL, were suspended in 1000ml PBS, 

broken up by agitation and centrifuged at 700 x g for 5 minutes (Beckwith et al. 1997). 

Supernatant was removed from the vial and used directly on the biosensor in 20ml 

sample volumes. Fluorescence data was collected before and after exposure of biosensor 

to the α-H. hepaticus/AuNP conjugates, and a ratio of the peak intensities was obtained. 

 

9.2.11 Time Performance Study 

 Optimization of biosensor performance also included the reduction of incubation 

times. A time response comparison between the incubation of α-H. hepaticus/AuNP 

conjugates and biosensor was performed at 15 minutes and 1 hour. Base fluorescence 

measurements were obtained from 1000ng α-H. hepaticus biosensors with captured H. 

hepaticus analytes before exposure to AuNPs. Samples (n=6) were incubated with 
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AuNPs for 15 minutes and fluorescence was measured again. Fluorescence 

measurements were obtained with the bench top Ocean Optics USB-2000 spectrometer.  

 

9.2.12 Statistical Analysis 

 Data collection consisted of capturing the fluorescence peaks from the biosensors, 

as well as the excitation light scattered by the sol-gel fibers. Scattered light was used to 

ensure proper sensor alignment and fluorescence collection both before and after 

exposure to AuNPs. Namely, the intensity of scattered light was identical during both 

measurements, while noting a change in the fluorescence spectra. Ratio of fluorescence 

intensity peaks before and after quenching by AuNPs was calculated for each sample. 

Averages and standard deviation of each analyte concentration group was calculated. 

Using GraphPad Prism software, one-way analysis of variance (ANOVA) and Dunnett’s 

posttest were performed with a 95% confidence interval.   

 

9.2.13 Dye Leaching Study 

 Performance of the biosensor in this work relies on the reduction of fluorescence 

intensity as a result of sensing events. In order to ensure that the fluorescence intensity 

changes cannot be attributed to the loss of fluorescent dye from the sol-gel network, a 

dye-leaching study was performed.  Sol-gel solution was prepared following the protocol 

used to make electrospun sol-gel fibers. Upon gaining some viscosity, Alexa Fluor 546 

solution was incorporated into the sol-gel solution and continued stirring until gelation. 

The gelled sample was suspended into a container of ddH2O, covered and stored at 4oC 
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for one month. Then, using an UV/Vis spectrometer, the ddH2O solution was measured 

across 400-650nm, which includes the absorption spectra of Alexa Fluor 546.   

 

9.3 Results and Discussion 

9.3.1 Packing Density 

 The result of the packing density study is shown in Figure 9.5. The data suggests 

that the immobilization of fewer antibodies, namely 0.5µg α-H. hepaticus, provided 

better sensor response over the immobilization of 1µg α-H. hepaticus.  

 

 

Figure 9.5: Comparison of standard deviations of biosensor response with 1µg and 
0.5µg a-H. hepaticus immobilized to the fibrous sensor surface. The biosensor response 
was tested with 1000ng H. hepaticus antigen. (n=3) 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elements. As the detection elements, or antibodies, are closer together, they begin 

obstructing each other’s binding sites for the antigen. Therefore, it becomes increasingly 

more difficult for the antigen to bind to the antibodies, resulting in a poorer sensor 

response. While the steric hindrance effect is present on flat, two-dimensional surfaces, it 

is even more pronounced in a three-dimensional fibrous matrix because the antibodies are 

not all arranged in the same place and it is easier to block the binding sites of the 

neighboring antibodies.  

 

9.3.2 Biosensor Sensitivity to H. hepaticus from Clean Samples 

  Utilizing the absence of H. hepaticus as a control, experiments were executed to 

determine the changes occurring with the addition of varying amounts of antigen. As 

shown in Figure 9.6, the control had an approximate ratio of one, which was expected. As 

H. hepaticus was added, the signal response changed.  

 

Figure 9.6: Biosensor response to varying concentrations of H. hepaticus. Error bars 
represent standard deviation.  
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Additionally, ANOVA and Dunnett’s post test show that, with the exception of 

700ng (p>0.05), all concentrations are significantly different from control with p<0.01, 

95% accuracy. While the results prove that the biosensor successfully detected H. 

hepaticus, its response was not significantly different with varying concentrations of 

antigen. The difference in results with 700ng H. hepaticus suggests that the sensor is 

approaching a limit in the higher concentrations. 

 

9.3.3 Biosensor Sensitivity to H. hepaticus from Mouse Fecal Slurries 

The biosensor performance was tested for its efficiency in detecting H. hepaticus 

in fecal slurry samples. Two types of slurries were used, those from feces infected with 

H. hepaticus and those that were not infected. The results were compared to those 

obtained from clean H. hepaticus samples with known concentrations (Figure 9.7).  
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Figure 9.7: Biosensor response to fecal slurry samples with unknown concentrations of 
H. hepaticus, compared to the known concentrations of H. hepaticus. Error bars 
represent standard deviation. 

 

Statistical analysis suggests that the samples with unknown concentrations of H. 

hepaticus in slurries were significantly different from those without H. hepaticus. The 

standard deviation of the slurries with H. hepaticus is much higher than those of clean 

samples, which is attributed to the presence of other pathogens and materials in the 

slurries. While the TissueLyser method of purifying H. hepaticus from mouse feces is 

effective, it does not remove all the impurities from the sample. Additionally, the sample 

size of clean samples (n=10) is greater than slurries (n=6). Therefore, the result is a 

higher variation in biosensor detection results.  
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9.3.4 Biosensor Sensitivity to H. hepaticus from Mouse Fecal Pellets 

 Upon successful detection of H. hepaticus from the “dirty” fecal slurry samples, 

experiments were performed utilizing the fecal pellets themselves. The feces were 

purified by centrifugation in a PBS buffer, and the supernatant was used in the biosensor.  

 

Figure 9.8: Biosensor response to real samples. Mouse fecal pellets infected with H. 
hepaticus ((+) fecal) and not infected ((-) fecal) compared to the results obtained with 
slurry fecal samples and the clean sample controls. (n=6) 
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Statistical analysis with one-way ANOVA and Dunnett’s post test showed significance 

between the positive and negative samples with p<0.01 at 95% accuracy. As explained 

for the results with fecal slurries, the biosensor was also successful in detecting H. 
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9.3.5 Time Response Study 

 The studies performed to obtain biosensor performance results shown in Figures 

9.6-9.8 were completed in 1 hour after exposure of the sensor to AuNPs. In order to 

optimize the biosensor, a time response study was performed to determine whether a 

sensor response could be elicited in a quarter of time. Therefore, experiments were 

performed following the identical protocols as in the previous tests. However, the 

exposure of the sensor surface to the α-H. hepaticus antibodies labeled with 20nm 

AuNPs (Ted Pella, Inc.) was only carried out for 15 minutes. Successful detection was 

achieved with the reduced incubation time, suggesting that the sensor can be further 

optimized. Results are shown in Figure 9.9. 

 

 

Figure 9.9: Biosensor response to H. hepaticus antigen with 15-minute exposure to the 
AuNP-labeled secondary antibodies, compared to the clean control sample without the 
presence of H. hepaticus. Error bars represent standard deviation. (ncontrol=8, nAb/Au=6) 
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 It can be seen in Figure 9.9 that the standard deviation, represented by error bars, 

increased when the incubation time of Ab/AuNP conjugates was reduced. This could 

mean that the reduced incubation time of 15 minutes was approaching the limit of 

incubation time that can provide a valid result. However, statistical analysis of variance 

shows that the two samples are statistically different from each other (p<0.01).  

 

9.3.6 Dye Leaching Study 

 The stability of the fluorescent dye in the sol-gel matrix was studied by 

performing a dye-leaching study. A gelled sol-gel sample was suspended in ddH2O and 

absorbance of the water was tested with the UV/Vis spectrometer in the wavelength 

range of the dye’s absorbance. The dye that leached out from the sol-gel into water would 

have been detected with the UV/Vis. Results, shown in Figure 9.10, display no presence 

of molecules absorbing in the dye’s absorption range, 550nm. Therefore, it is concluded 

that no dye leaching occurred over one month, and the decrease in fluorescence is solely 

due to quenching by AuNPs. 

 

 

Figure 9.10: UV/Vis absorption spectra of four ddH2O samples in which dye-loaded sol-
gels were incubating. 
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9.4 Conclusions 

 This research demonstrated that the quick and reliable detection of Helicobacter 

hepaticus is possible with the use of an immunosensor. The immunosensor designed to 

utilize fluorescence quenching with AuNPs, with ratiometric measurement, can detect H. 

hepaticus with high specificity. The selectivity/specificity of the biosensor was 

demonstrated with tests utilizing two types of real mouse fecal samples containing 

multiple proteins and impurities. In addition, we have demonstrated that the incorporation 

of a high-surface area platform material adds benefits to the overall biosensor 

performance by allowing a higher amount of the biological detection elements to be 

immobilized to the surface. A study was also performed to determine a packing density 

of the detection elements, or antibodies, that provide less variable detection results. The 

biosensor detection is a two-step, one-hour process, which is a vast improvement over 

current PCR techniques. In addition, utilizing bench top optical system is fairly 

inexpensive and does not require handling by highly trained technicians.  
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Chapter 10 

FUTURE WORK 
 
 
 
10.1 Introduction 

 The advancement of human health relies on the advancement of science. It is the 

responsibility of innovative individuals from new generations to continue on in the work 

of their mentors and predecessors. The discoveries and developments from this work 

have created several opportunities for advancement.  Three specific paths that can be 

taken with this work are in 1) the miniaturization and creation of a portable, robust 

sensor, 2) ability to achieve on-site detection and 3) incorporation of new detection 

elements for multiplexed sensing.  

 

10.2 Miniaturization 

 The development of a biosensor for the detection of Helicobacter hepaticus has 

been carried out to the successful performance on a laboratory bench top. While the 

components used thus far are semi-portable, such as the Ocean Optics USB 2000 

spectrometer and the smaller optical breadboard with exchangeable parts, the system 

should now be miniaturized. The excitation, sample chamber, light delivery and 

collection, and the detection system should be fabricated into a single device.  

 

10.3 On-Site Detection 

 In addition to miniaturization, the system should also be robust enough to sustain 

its test environment. In the case of this work, the environment is a laboratory mouse cage. 
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While the mouse cage environment does not typically pose temperature, humidity and 

weather threats, it is harsh nonetheless due to mice behavior. As a result of their 

confinement and lack of stimulating activity in the cages, mice are apt to interact with 

objects that they encounter (Würbel 2001). Therefore, in order for the biosensor to 

function properly inside the cages, it must be sturdy and resistant to damage by mouse 

teeth.  

 The development of a miniaturized system should take place before creating a 

field-deployable device. The first suggestion for the device design is to enclose the sensor 

area in a durable, strong casing. The casing would ensure that mice are not able to reach 

the biosensor with their teeth and impart damage. Inside the casing would be a single, 

larger chamber for housing the miniaturized biosensor, and a set of smaller ones to hold 

the fluids. Inflow and outflow ports would allow for fluid mixing and washing away of 

the non-bound material.  

 

10.4 Multiplexed Sensing 

 The final recommendation for future path of this work is the incorporation of a 

multi-array system that would allow for multiplexed sensing. Optical biosensors have 

previously been successfully developed into multiplexed arrays (Golden et al. 2005; 

Shriver-Lake and Ligler 2005; Taitt et al. 2008). The immunosensing nature of this work 

allows for the possibility of multi-analyte detection. Namely, the fibrous sol-gel 

nano/microfiber substrate can easily be patterned with a wide range of immobilized 

antibodies against pathogens affecting mice. The application can be expanded even 

further to other test subjects of interest, such as other rodents, animals or humans. A 
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biosensor capable of detecting multiple pathogens attacking a host is extremely valuable 

and, when combined with an integrated miniaturized system, is the future of the field 

(Ligler 2009). 
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Appendix I 
 
 
 

LASER CLASSIFICATION  
(UNITED STATES DEPARTMENT OF LABOR, WWW.OSHA.GOV) 

 
 

Class I: cannot emit laser radiation at known hazard levels (typically continuous wave: 
cw 0.4 µW at visible wavelengths). Users of Class I laser products are generally 
exempt from radiation hazard controls during operation and maintenance (but not 
necessarily during service).   Since lasers are not classified on beam access during 
service, most Class I industrial lasers will consist of a higher class (high power) 
laser enclosed in a properly interlocked and labeled protective enclosure. In some 
cases, the enclosure may be a room (walk-in protective housing) which requires a 
means to prevent operation when operators are inside the room. 

    
Class I.A.: a special designation that is based upon a 1000-second exposure and applies 

only to lasers that are "not intended for viewing" such as a supermarket laser 
scanner. The upper power limit of Class I.A. is 4.0 mW. The emission from a 
Class I.A. laser is defined such that the emission does not exceed the Class I limit 
for an emission duration of 1000 seconds.    

 
Class II: low-power visible lasers that emit above Class I levels but at a radiant power 

not above 1 mW. The concept is that the human aversion reaction to bright light 
will protect a person. Only limited controls are specified.    

 
 
Class IIIA: intermediate power lasers (cw: 1-5 mW). Only hazardous for intrabeam 

viewing. Some limited controls are usually recommended. NOTE:   There are 
different logotype labeling requirements for Class IIIA lasers with a beam 
irradiance that does not exceed 2.5 mW/cm2 (Caution logotype) and those where 
the beam irradiance does exceed 2.5 mW/cm2 (Danger logotype).    

 
Class IIIB: moderate power lasers (cw: 5-500 mW, pulsed: 10 J/cm2 or the diffuse 

reflection limit, whichever is lower). In general Class IIIB lasers will not be a fire 
hazard, nor are they generally capable of producing a hazardous diffuse reflection. 
Specific controls are recommended.    

 
  
Class IV: High power lasers (cw: 500 mW, pulsed: 10 J/cm2 or the diffuse reflection 

limit) are hazardous to view under any condition (directly or diffusely scattered) 
and are a potential fire hazard and a skin hazard. Significant controls are required 
of Class IV laser facilities. 
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WAVELENGTHS OF MOST COMMON LASERS  
(United States Department of Labor) 

 

Laser type 
 

Wavelength 
(µmeters) 

 
Laser type 
 

Wavelength 
(µmeters) 

 
Argon fluoride (Excimer‐
UV) 
Krypton chloride 
(Excimer‐UV) 
Krypton fluoride 
(Excimer‐UV) 
Xenon chloride (Excimer‐
UV) 
Xenon fluoride (Excimer‐
UV) 
Helium cadmium (UV) 
Nitrogen (UV) 
Helium cadmium (violet) 
Krypton (blue) 
Argon (blue) 
Copper vapor (green) 
Argon (green) 
Krypton (green) 
Frequency doubled  
     Nd YAG (green) 
Helium neon (green) 
Krypton (yellow) 
Copper vapor (yellow) 

0.193 
0.222 
0.248 
0.308 
0.351 
0.325 
0.337 
0.441 
0.476 
0.488 
0.510 
0.514 
0.528 
0.532 
 

0.543 
0.568 
0.570 

Helium neon (yellow) 
Helium neon (orange) 
Gold vapor (red) 
Helium neon (red) 
Krypton (red) 
Rohodamine 6G dye 
(tunable) 
Ruby (CrAlO3) (red) 
Gallium arsenide (diode‐
NIR) 
Nd:YAG (NIR) 
Helium neon (NIR) 
Erbium (NIR) 
Helium neon (NIR) 
Hydrogen fluoride (NIR) 
Carbon dioxide (FIR) 
Carbon dioxide (FIR) 

0.594 
0.610 
0.627 
0.633 
0.647 

0.570‐0.650 
0.694 
0.840 
1.064 
1.15   
1.504 
3.39 
2.70 
9.6    
10.6    

 
Key:      UV   =   ultraviolet (0.200‐0.400 µm)  
              VIS   =   visible (0.400‐0.700 µm)  
              NIR   =   near infrared (0.700‐1.400 µm) 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Af f ini ty Purif ied An t ibody
To Helicobacter pylori
BacTrace!

Produced In Goat

Catalog No. Size
01-93-94 1.0 mg
                                                                                                                                                                                    
DESCRIPTION
Affinity purified antibody, isolated from a serum pool of goats
immunized with Helicobacter pylori.

FORM/STORAGE
Lyophilized.  Store at 2 – 8°C until rehydrated.  Stable for a
minimum of one year at 2 – 8°C.

STABILIZER AND PRESERVATIVE
No stabilizers or preservatives added.  Non-sterile.

ANTIBODY CONCENTRATION
The concentration of affinity purified antibody is 1.0 mg as
determined by UV absorbance at 280 nm.

SPECIFICITY/CROSS-REACTIVITY
This antibody is reactive to Helicobacter pylori  and recognizes
the following serotypes from the American Type Culture
Collection: H. pylori 43504, 43526 and 43579.  It may also
show some cross-reactivity to other Helicobacter species (see
Table 1).

REHYDRATION AND STORAGE
Three methods for rehydration and storage are recommended
to meet most needs.  Procedure A using 50% glycerol is
preferred.  It eliminates freezing at –20°C and is an effective
biological inhibitor when the product us stored at 2 - 8°C.  At
a working dilution, the level of glycerol is too small to affect
most assays.  Solutions containing sodium chloride should not
be used to rehydrate this product.

PROCEDURE A
Solution Preparation: 50% Glycerol
Mix 1 mL glycerol with 1 mL reagent quality water in a test
tube.
Rehydration:
Transfer 1 mL of this 50% Glycerol solution to the product
vial.  Rotate the vial until the lyophilized pellet is totally
dissolved.  Antibody concentration = 1.0 mg/mL.  Dilute to
desired concentration with PBS or other buffer.
Storage:
This product may be stored either refrigerated or frozen as
desired.  Stable for a minimum of 1 year.

PROCEDURE B
Preparation of Buffers: Prepare immediately before use
• 0.01M Acetic Acid Solution –

25 µL of Glacial Acetic Acid and 40 mL reagent quality
water

• 0.177M Carbonate-Bicarbonate Solution –
1.09 g of Na2CO3 and 0.63 g of NaHCO 3 dissolved in 100
mL reagent quality water

Rehydration:
Add 0.1 mL of 0.01M Acetic Acid to 1 mg of antibody.  Rotate
vial until totally dissolved.  Add 0.1 mL of the Carbonate-
Bicarbonate Solution and rapidly mix to obtain a clear or
opalescent solution.  Heat at 37°C for 30 minutes and allow to
slowly cool to room temperature.  Antibody concentration is
5.0 mg/mL.  Dilute to desired concentration with PBS or other
buffer.
Storage:
This product may be stored for up to one week refrigerated;
thereafter, it should be stored frozen.  When frozen, product is
stable for a minimum of 1 year.

PROCEDURE C
Preparation of Buffers:
0.3M Sodium Phosphate Buffer (0.1M NaH2PO4, 0.2M
Na2HPO4) 1.38 g NaH2PO4 . H2O and 2.84 g Na 2HPO4,
diluted to 100 mL with reagent quality water (pH 7.4).
Rehydration:
Add 0.1 mL of Sodium Phosphate Buffer to 1.0 mg vial of
antibody.  Rotate vial until totally dissolved.  Heat at 37°C for
30 minutes and allow to cool to room temperature.  Antibody
concentration is 10 mg/mL.  Dilute to desired concentration
with PBS or other buffer.
Storage:
This product may be stored for up to 1 week refrigerated;
thereafter, it should be stored frozen.  When frozen, product is
stable for a minimum of 1 year.

SUGGESTED WORKING CONCENTRATION
Different assay conditions require that serial dilutions of all
reagents be performed to determine optimal working
concentrations.  Suggested starting concentrations are as
follows:
Agar Gel Diffusion 5 mg/mL
Capture antibody 10 µg/mL
Primary antibody 10 µg/mL
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Catalog No. 01-93-94 Page 2 of 2

             Gaithersburg, MD  •  USA
301-948-7755  •   800-638-3167  •   FAX 301-948-0169  •   www.kpl.com

TABLE 1
BACTERIA ATCC NUMBER RELATIVE

REACTIVITY
Helicobacter pylori 43504 4
H. pylori 43526 4
H. pylori 43579 4
H. mustelae 43772 3
Campylobacter coli 33559 1
C. coli 43474 1
C. coli 43479 1
C. coli 43482 1
C. coli 43488 1
C. concisus 33237 1
C. fetus 27374 1
C. fetus 33246 1
C. fetus 33247 1
C. fetus 33293 1
C. fetus subsp.
venerealis

33561 1

C. hyointestinalis 35217 1
C. jejuni 29428 1
C. jejuni 33291 1
C. jejuni 33560 1
C. jejuni 43429 1
C. jejuni 43435 1
C. jejuni 43440 1
C. jejuni 43457 1
C. jejuni 43502 1
C. lari 43675 1
C. mucosalis 43264 1
Borrelia burgdorferi 35210 0
Citrobacter freundii 8090 0
Escherichia coli 11775 0
E. coli 25922 0
Listeria innocua 33090 0
Proteus mirabilis 29906 0
Salmonella florida 10727 0
Serratia marcescens 29635 0
Reactivity Scale: 0 = no reactivity to 4 = strong reactivity

PRODUCT SAFETY AND HANDLING
This product is considered non-hazardous as defined by The
Hazard Communications Standard (29 CFR 1910.1200).
Avoid contact with skin and eyes.  In case of contact or
spillage, clean with copious amounts of water.  Disposal via
sanitary sewer.

L-265-02

RELATED PRODUCTS
H. pylori Positive Control Antigen Catalog No. 50-93-94
10% BSA Diluent/Blocking SolutionCatalog No. 50-61-00
Coating Solution Concentrate Catalog No. 50-84-00
Milk Diluent/Blocking Solution Catalog No. 50-82-01
Wash Solution Concentrate Catalog No. 50-63-00

See the KPL catalog for a wide selection of antibodies,
substrate, protein and nucleic acid detection kits and
immunohistochemistry reagents.

The product listed herein is for research use only and is not intended for
use in human or clinical diagnosis. Nothing disclosed herein is to be
construed as a recommendation to use this product in violation of any
patents. The information presented above is believed to be accurate.
However, said information and product are offered without warranty or
guarantee since the ultimate conditions of use and the variability of the
materials treated are beyond our control. We cannot be responsible for
patent infringements or other violations that may occur with the use of
this product. No claims beyond replacement of unacceptable material or
refund of purchase price shall be allowed.
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Molecular Probes’ Alexa Fluor® 546 Protein Labeling Kit

provides a convenient means to label proteins with our superior

Alexa Fluor 546 dye.  Alexa Fluor 546 dye–labeled proteins

have absorption and fluorescence emission maxima of approxi-

mately 558 nm and 573 nm, respectively, and are typically

brighter than similar proteins labeled with the Cy™3 fluoro-

phore.

The Alexa Fluor 546 Protein Labeling Kit contains every-

thing that is required to perform three separate labeling reactions

and to purify the resulting conjugates.  The Alexa Fluor 546

reactive dye (Figure 1) has a succinimidyl ester moiety that re-

acts efficiently with primary amines of proteins to form stable

dye–protein conjugates.  Each of the three vials of reactive dye

provided in the kit is sufficient for labeling ~1 mg of an IgG anti-

body, although other proteins can also be labeled.

A%0#*1%"B
C)20#20B
! Alexa Fluor 546 reactive dye (Component A), three vials,

each containing a magnetic stir bar

! Sodium bicarbonate (MW = 84, Component B), 84 mg

! Purification resin (Component C), ~25 mL

! 10X Elution buffer (Component D), ~25 mL

! Purification columns, three

! Column funnels, three

! Foam column holders, three

! Disposable pipets, three

! Collection tubes, three 4 mL tubes

D0)*%5#
Upon receipt, store Component A at !–20oC and Compo-

nents B-D at 2-6oC. DO NOT FREEZE THE PURIFICATION

RESIN (Component C).  Protect the reactive dye (Component A)

from light.  The reactive dye and sodium bicarbonate (Compo-

nent B) should be protected from moisture.  When stored prop-

erly, the kit components should be stable for at least three

months.

/*)0#12&/*#E%*%01)2
IMPORTANT:  For optimal labeling efficiency, the purified

protein should be in a buffer free of ammonium ions or primary

amines.  If the protein is in an unsuitable buffer (e.g. Tris or

glycine), the buffer should be replaced with phosphate-buffered

saline (PBS) by dialysis or another method.  Impure proteins

(e.g. antibodies in crude serum) will not label well.  The pres-

ence of low concentrations of sodium azide (!3 mM) or thimero-

sal (!1 mM) will not interfere with the conjugation reaction.

This kit can be used to label virtually any protein, although

the following protocol has been optimized for labeling IgG

antibodies.  Each vial of reactive dye contains the appropri-

ate amount of dye to label approximately 1 mg of IgG

(MW ~145,000) as 0.5 mL of IgG solution at 2 mg/mL.

For tips on optimizing the procedure for other proteins or for antibody

solutions at lower concentrations, as described in Tips for Using the Kit with

Other Proteins and/or Concentrations and Troubleshooting.

D0)*%5#&(E)2&*#@#1E0F

B)AC)2#20&!
D !E:9FB
D /*)0#>0&@*)A&"15G0
D /*)0#>0&@*)A&A)1H0(*#

B)AC)2#20H&I
D :E.FB
D /*)0#>0&@*)A&A)1H0(*#

B)AC)2#20H&B&%2=&J
D :E.FB&)2"KL&JM&NMO&'PQQRQ&BM7/MNQNO&B

!4BGHI&)J&@)2K(5%0#F&&,,ST,<;&2A

Figure 1.  Alexa Fluor 546 carboxylic acid, succinimidyl ester, sodium

salt (MW ~1079).
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1.1 Prepare a 1 M solution of sodium bicarbonate by adding

1 mL of deionized water (dH
2
O) to the provided vial of sodium

bicarbonate (Component B).  Vortex or pipet up and down until

fully dissolved.  The bicarbonate solution, which will have a

pH ~8.3, can be stored at 4°C for up to two weeks.

1.2 If the protein concentration is greater than 2 mg/mL, the pro-

tein should be diluted to 2 mg/mL in a suitable buffer, e.g. PBS

or 0.1 M sodium bicarbonate.

1.3 To 0.5 mL of  the 2 mg/mL protein solution, add 50 µL of

1 M bicarbonate (prepared in step1.1).

Bicarbonate, pH ~8.3, is added to raise the pH of the reaction mixture, since

succinimidyl esters react efficiently at pH 7.5–8.5.

1.4 Allow a vial of reactive dye to warm to room temperature.

Transfer the protein solution from step1.3 to the vial of reactive

dye.  This vial contains a magnetic stir bar.  Cap the vial and

invert a few times to fully dissolve the dye.  Stir the reaction

mixture for 1 hour at room temperature.

Because preparation of the purification column takes ~15 minutes, you may

wish to begin pouring the column (see Purification of the Labeled Protein)

during the labeling reaction.

./0&1&+",&-')-1),2$)!"#$%$3).0-,$&'
2.1 Assemble the column and position it upright (see Figure 2):

Attach a funnel to the top of a column.  Gently insert the column

through the X-cut in one of the provided foam holders.  Using

the foam holder, secure the column with a clamp to a ringstand.

Carefully remove the cap from the bottom of the column.

The foam holder is provided to prevent the clamp from damaging the

column.

2.2 Prepare elution buffer by diluting the 10X stock (Compo-

nent D) 10-fold in dH
2
O.  Typically, less than 10 mL will be re-

quired for each purification.  Set aside until step 2.5.

The 10X elution buffer (10X PBS) contains 0.1 M potassium phosphate,

1.5 M NaCl, pH 7.2, with 2 mM sodium azide.  The 10X stock should be

warmed to room temperature prior to use to ensure that the buffer is fully

dissolved.  Sufficient elution buffer is included to allow washing of the col-

umns for reuse, if desired.

2.3 Using one of the provided pipets, stir the purification resin

(Component C) thoroughly to ensure a homogeneous suspension.

Pipet the resin into the column, allowing excess buffer to drain

away into a small beaker or other container.  Resin should be

packed into the column until the resin is ~3 cm from the top of

the column.

Component C, Bio-Rad BioGel P-30 Fine size exclusion purification

resin, is designed to separate free dye from proteins with MW > 40,000.

This is packaged in PBS containing 2 mM sodium azide.  For smaller pro-

teins, gel filtration media of a suitable molecular weight cutoff should be se-

lected.  Labeled peptides may be separated from free dye by TLC or HPLC.

2.4  Allow the excess buffer to drain into the column bed.  Do

not worry about the column drying out, since the matrix will re-

main hydrated.  Make certain the buffer elutes through the col-

umn with a consistently even flow prior to adding the reaction

mixture.  If the flow of buffer is slow or stalled, repack the col-

umn.  Carefully load the reaction mixture from step 1.4 onto the

column.  You may wish to remove the column funnel to load the

sample.  Allow the mixture to enter the column resin.  Rinse the

reaction vial with ~100 µL of elution buffer and apply to the col-

umn.  Allow this solution to enter the column.

2.5 Replace the funnel if it was removed for sample loading.

Slowly add elution buffer (prepared in step 2.2), taking care not

to disturb the column bed.  Continue adding elution buffer until

the labeled protein has been eluted (typically about 30 minutes).

IMPORTANT:  Collect, and retain as fractions, all of the eluted buffer.

2.6 As the column runs, periodically illuminate the column with

a handheld UV lamp.  You should observe two fluorescent

bands, which represent the separation of the labeled protein from

the unincorporated dye.  Collect the first band, which contains

the labeled protein, into one of the provided collection tubes.

Add elution buffer to the column as necessary.  Do not collect

the slower moving band, which consists of unincorporated dye.

Once the fraction containing the labeled protein has been successfully

collected, all other fractions of eluted buffer may be discarded.  In rare

instances where there is no discernable band corresponding to labeled

protein, the retained fractions can be used to recover any unlabeled

protein.

Figure 2.  Column assembly.
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3.1 Measure the absorbance of the conjugate solution at 280 nm

and 558 nm (A
280

 and A
558

) in a cuvette with a 1 cm pathlength.

Dilution of the sample may be necessary.

3.2 Calculate the concentration of protein in the sample:

[ ]
protein concentration (M) 

A (A 0.12) dilution factor

203,000

280 558
=

! " "

where 203,000 cm-1M-1 the molar extinction coefficient of a typi-

cal IgG and 0.12 is a correction factor to account for absorption

of the dye at 280 nm.

Non-IgG proteins will likely have significantly different molar extinction

coefficients.

3.3 Calculate the degree of labeling:

moles dye per mole protein =
 A   dilution factor

104,000  protein concentration (M)

558 "

"

where 104,000 cm-1M-1 the approximate molar extinction coeffi-

cient of the Alexa Fluor 546 dye at 558 nm.  For IgGs, we find

that optimal labeling is achieved with 2–7 moles of Alexa Fluor

546 dye per mole of antibody.

0#)$(,"*('1*2('1/&',*)+*3)'45,(#"6
Store the labeled  protein — which will be in PBS, pH 7.2,

containing ~2 mM sodium azide — at 4°C, protected from light.

If the final concentration of purified protein conjugate is less than

1 mg/mL, add bovine serum albumin (BSA) or other stabilizing

protein to 1–10 mg/mL.  The conjugate should be stable at 4°C

for several months.  For long-term storage, divide the solution

into small aliquots and freeze at #–20°C.  AVOID REPEATED

FREEZING AND THAWING.  PROTECT FROM LIGHT.

It is a good practice to centrifuge conjugate solutions in a

microcentrifuge before use; only the supernatant should then be

used in the experiment.  This step will remove any aggregates

that may have formed during storage.

7&86*+)$*96&',*#:"*;&#*<&#:*=#:"$*>$)#"&'6*('1?)$
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Proteins at less than 2 mg/mL.  Proteins at concentrations less

than 2 mg/mL will not label as efficiently.  If the protein cannot

be concentrated to ~2 mg/mL, you may wish to use less than

1 mg protein per reaction to increase the molar ratio of dye to

protein.  In addition, using a dilute protein solution, especially at

<1 mg/mL, will make it more difficult to efficiently remove the

unconjugated dye from the dye-labeled protein with acceptable

yields, since the provided purification columns are designed to

purify conjugates from a total volume of less than 1 mL.  For

reaction volumes greater than 1 mL, you can divide the solution

of the conjugate and apply it to multiple purification columns or,

to avoid further dilution of the conjugate, you can remove free

dye by extensive dialysis.

Proteins with MW other than ~145,000.  Typically, lower MW

proteins require fewer dye molecules and higher MW proteins

require more dye molecules per protein for optimal labeling.  For

this reason, we recommend initially performing the reaction with

0.5 mL of 2 mg/mL protein solution, as described for IgGs.  The

labeling conditions can then be optimized based on the initial

results, if desired.

7$)5./"6:))#&',
Under-labeling.  If calculations indicate that the protein is label-

ed with significantly less than two moles of fluorophore per mole

of a 145,000 dalton protein, your protein may be under-labeled.

A number of conditions can cause a protein to label inefficiently:

! Trace amounts of primary amine–containing components in

the buffer will react with the dye and decrease the efficiency

of protein labeling.  If your protein has been in amine-

containing buffers (e.g. Tris or glycine), dialyze extensively

versus PBS before labeling.

! Dilute solutions of protein (#1 mg/mL) will not label effi-

ciently.  Please see Proteins at Less Than 2 mg/mL.

! The addition of sodium bicarbonate (step 1.3) is designed

to raise the pH of the reaction mixture to ~8, as succinimidyl

esters react most efficiently with primary amines at slightly

alkaline pH.  If the protein solution is strongly buffered at a

lower pH, the addition of bicarbonate will not raise the pH to

the optimal level.  Either more bicarbonate can be added, or

the buffer can be exchanged with PBS, which is only weakly

buffered, or with 0.1 M sodium bicarbonate, pH 8.3, by dialy-

sis or other method prior to starting the reaction.

! Because proteins, including different antibodies, react with

fluorophores at different rates and retain biological activity at

different degrees of dye labeling, the standard protocol may

not always result in optimal labeling.  To increase the amount

of labeling, you can relabel the same protein sample, or you

can label a new protein sample using either less protein or

more reactive dye per reaction.  To increase the amount of dye

in the reaction, you can combine the contents of two vials of

reactive dye together.  Some researchers obtain better labeling

with overnight incubations at 4°C after an initial incubation

of one hour at room temperature.

Over-labeling.  If calculations indicate that the protein conju-

gate is labeled with significantly more than seven moles of

fluorophore per mole of a 145,000 dalton protein, your protein

may be over-labeled.  Although conjugates with a high number

of attached dye molecules may be acceptable for use, over-

=labeling can cause aggregation of the protein conjugate and can

also reduce the antibody’s specificity for its antigen — both of

which can lead to nonspecific staining.  Over-labeling can also

cause fluorescence quenching of the attached dyes, which will

decrease the fluorescence of the conjugate.  To reduce the amount
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of labeling next time, you can either add more protein to your re-

action to decrease the molar ratio of dye to protein or allow the

reaction to proceed for a shorter time.

Inefficient removal of free dye.  Although we have had good

success in removing free dye from protein conjugates with the

provided columns, it is possible that trace amounts of free dye

will remain in the conjugate solution after purification, particu-

larly if a low molecular weight protein is labeled.  The presence

of free dye, which can be determined by thin layer chromato-

graphy, will result in erroneously high calculated values for the

degree of labeling (see Determination of Degree of Labeling).

Remaining traces of free dye can be removed by applying the

conjugate to another column or by extensive dialysis.
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