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ABSTRACT 

Semiconductor nanocrystals, otherwise known as Quantum dots (Q dots), are a new 

type of fluorophore that demonstrates many advantages over conventional organic 

fluorophores.  These advantages offer the opportunity to improve known 

immunofluorescent methods and immunofluorescent biosensors for rapid and portable 

bacterial detection in water.  The detection of the micro organism Escherichia coli 

O157:H7 by attenuation of a fluorophore’s signal in water was evaluated alone and in 

the presence of another bacterial species. A sandwich immunoassay with antibodies 

adhered to SU-8 as a conventional comparison to our novel attenuation detection was 

also conducted. The assays were tested for concentration determination as well as 

investigation for cross reactivity and interference from other bacteria and from partial 

target cells. In order to immobilize the capture antibodies on SU-8, an existing 

immobilization self-assembly monolayer (SAM) for glass was modified.  The SAM was 

composed of a silane ((3-Mercaptopropyl) trimethoxysilane (MTS)) and hetero-bi-

functional cross linker (N-γ-maleimidobutyryloxy succinimide ester (GMBS)) was utilized 

in this procedure. The SU-8 surface was activated using various acids baths and 

oxygenated plasma, and it was determined that the oxygenated plasma yielded the best 

surface attachment of antibodies. The use of direct fluorophore signal attenuation for 

detection of the target E. coli resulted in the lowest detectable population of 1x10
1 

cfu/mL.  It was not specific enough for quantitative assessment of target concentration, 

but could accurately differentiate between targeted and non-targeted species. The 
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sandwich immunofluorescent detection on SU-8 attained the lowest detectable 

population of 1x10
4
 cfu/ml.  The presence of Klebsiella pneumoniae in solution caused 

some interference with detection either from cross reactivity or binding site blocking. 

Partial target cells also caused interference with the detection of the target species, 

mainly by blocking binding sites so that differences in concentration were not 

discernable. The signal attenuation not only had a better lowest detectable population 

but also had less measurement error than the sandwich immunoassay on SU-8 which 

suffered from non-uniformed surface coverage by the antibodies.
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1 INTRODUCTION 

In the United States Escherichia coli O157:H7 is estimated to cause nearly 75,000 human 

infections every year (Mead et al, 1999).  E. coli O157:H7 is one of many strains of 

bacteria that produce a shiga toxin that can cause Hemolytic-Uremic Syndrome (HUS) 

which is a triad of renal failure, thrombocytopenia and hemolytic anemia (Thorpe et al, 

2002). The Centers for Disease control and Prevention (CDC) reported 5 E. coli O157:H7 

outbreaks from 2006-2008. Taking into account all foodborne pathogenic bacteria, 

6,647 outbreaks were reported to the CDC from 1998-2001 (Lynch et al, 2002).  

Detection of pathogenic bacteria in food and water sources is not only important in 

prevention of these outbreaks but is essential in locating the source of an outbreak and 

thus stopping its continual spread.  There has been a boom in the use of molecular 

techniques for faster and more accurate detection methods.  However, many of these 

methods require expensive equipment and a great deal of training to use. And like 

conventional methods, they may take several days to produce results and are not 

portable for onsite testing.  

The evolution of molecular techniques for cell and protein detection has bred a wide 

range of biosensors. These biosensors utilize biological components to detect whole cell 

and specific molecules including proteins and chemicals. These biosensors tend to be 

portable and rapid, with results being obtained in a matter of an hour or less in some 

cases. The design of these sensors have been benefitting from recent advances in 

microtechnology, including the development of microelectronics and microfluidics.  
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Semiconductor nanocyrstals also known as quantum dots (Q dots) have shown to be 

unique in their ability to absorb a wide spectrum of light and emit photons within a very 

specific and narrow wavelength.  They have also been shown to be immune to 

photobleaching, which is a degradation of signal that most organic fluorophores suffer 

from due to repeated excitation. Q dots can be tuned to specific wavelength while being 

excited by any wavelength of light shorter than their emission. This makes them an ideal 

fluorophore to use in immunoassay.   Q dots have been coated to allow them to be 

bound to biological proteins like DNA and antibodies. In comparison to standard 

fluorophore, Q dots have shown themselves to be 2 times in magnitude stronger than 

common organic fluorophores (Hahn et al, 2005).  

In this study the proximity signal attenuation of the Q dot emittance by natural bacterial 

absorption was first examined as a means of detecting bacterial concentrations.  This 

was followed by an investigation of a Q dot sandwich immunoassay on SU8, a material 

commonly used in microfluidic designs.  Part of the investigation included the 

modification of an established method for affixing antibodies to glass for use on SU8.
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2 BACKGROUND AND LITERATURE REVIEW 

2.1 Detection of Bacterial Pathogens from Conventional to Molecular 

Conventional methods for detection of pathogenic bacteria are largely dependent on 

specific isolation media. And isolation for a particular species or strain can take several 

stages of growth and isolation media, each stage taking from several hours to days to 

complete. Food and water samples also pose their own set of obstacles in the forms of 

other chemical compounds or microflora that make isolation challenging (Swaminathan, 

1994).  

In order to improve upon the conventional enrichment and isolation process used in 

microbiology, new molecular techniques are being applied. Everything from immuno 

assay and polymerase chain reaction (PCR) has been investigated as an alternative to 

the conventional methods. PCR has been demonstrated to be an accurate method for 

detection of multiple species of bacteria in food at a concentration of 100 cells in 10 g 

(Wang, et al, 1997).  However, in order for accurate detection to be achieved specific 

primers must have been identified for the species in question that distinguish it from 

other non-pathogenic species. PCR also requires extraction of DNA which can be a 

difficult process without proper training and experience. PCR also requires expensive 

equipment and materials that can further increase the cost of the assay. The cost of 

these machines goes down every year and the process is being refined and made more 

accessible as well. There may come a time when this becomes the preferred method of 

pathogen detection.  
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Flow cytometry utilizing laser induced fluorescence has been used to detect E. coli 

O157:H7 in ground beef (Johnson et al, 2001). The automated method was able to 

examine a large volume and was able to detect as little as a single organism. But as with 

PCR, flow cytometry requires expensive equipment and training.  

One of the greatest drawbacks to these methods is that they are not readily portable for 

onsite detection and may still require 1-2 days to complete. Therefore engineers 

proposed to take the process one step further, taking familiar molecular techniques and 

attempting to make them portable, smaller and cheaper while still retaining their 

accuracy at detecting microorganisms. These devices that rely on biological components 

to detect microorganisms and other molecules are called biosensors.  

2.2 Biosensors 

There are three main components to any given biosensor: the detector; the sensor 

surface; and the sample delivery. They are generally categorized by their detector and 

their bioreceptor. The detector usually falls into one of four categories: 1) optical; 2) 

electrochemical; 3) mass-sensitive; and 4) thermometric.  The bioreceptor falls into one 

of five categories; 1) enzymes; 2) antibodies and antigens; 3) nucleic acids, cellular 

structures and whole cells; and 5) biomimetic receptors (Marazuela and Morena-

Boundi, 2002).  From these categories a multitude of biosensor designs emerged each 

with their own set of strengths and weaknesses. In 2001 there were 6 manufacturers of 

biosensors platforms with many more emerging platforms on the way (Baird and 
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Myszka, 2001). This study focused on immunobased assays, as the use of antibodies 

have been extensively studied as a molecular technique and are easily obtained from 

commercial sources for many different target species. 

2.3 Immunoassay 

Immunoassays specifically utilize the natural antigen-antibody interaction to detect 

either an antigen or an antibody in a sample. An antigen can be any sort of chemical or 

particle foreign to the host organism.  In general these assays look to detect and 

quantify the amount of a target antigen rather than determing the effect of the antigen 

on the system. In each of the different immunoassays developed, an antibody was 

conjugated with a tag or signal molecule that could be detected in various ways. Tags or 

signal molecules come in many types including radioactive, fluorochromes, enzymes and 

iodine. The presence of these molecules can be detected using spectrometers, 

radiometers, etc. depending upon the type of signal that is being produced.  

Immunoassays can generally be split between direct and indirect detection methods. In 

direct detection the primary antibody has the attached signal molecule and is used to 

bind directly to the antigen and therefore is a one-step process. In the indirect or 

sandwich method, both a primary and a secondary antibody are bound to the target 

antigen. The signal molecules are conjugated to the secondary, not the primary 

antibody in this case. The main advantage of the indirect method is that the secondary 

antibody can be made to be generic and can bind to several different types of primary 

antibody, allowing for versatility in the target antigen. The process of binding signal 
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molecules can be difficult and time-consuming. The use of the indirect methods only 

requires the signal molecule to bind to one specific type of antibody (Maier et al, 2000). 

Antibody use in sensors has some limitations. They have a strong dependence on the 

assay conditions such as pH and temperature. The antibody-antigen interaction is 

generally considered irreversible; however, there has been some mixed success in 

reusing them (Marazuela and Morena Boundi, 2002). Its major drawback is that there is 

a high probability for cross reacting which may result in false positives. False negatives 

are also likely due to the possibility of blocked binding sites or altered binding sites. 

2.4 Detection Methods 

There are several different tags or signal molecules as previously stated, but the tags 

themselves have many methods of use. This means that there are more methods for 

detection than there are types of tagging molecules. There are in fact a few methods 

that do not require a tag at all and simply look for changes to a surface caused by the 

binding of a target to an antibody. Following are a few of the most common methods 

that have been used to detect pathogenic bacteria.  

2.5 Acoustic wave Immuno-detection 

One of the most commonly studied immunodetection methods is based on a quartz 

crystal substrate, whose resonance change upon binding of target bacteria. This method 

requires no tagging of the antibody making it simpler than many other methods. The 

change in resonance is monitored by observing the change in the voltage that passes 

across it. One such acoustic wave device (AWD) designed for the detection of 
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Salmonella was able to detect the bacteria in a range of 1x10
2
 – 1x10

7
 cells/mL in a 

phosphate buffered saline (PBS) (Pithirana et al, 2000).  This sensor also showed a good 

deal of longevity in that after 32 days in storage the device still produced ~75% 

sensitivity. However, little has been done to determine the effect of natural waters on 

the AWD and how much that might disrupt its sensitivity.  

2.6 Electrochemical Immuno-detection 

Electrochemical methods rely on the changes in electrical signal that can be detected as 

a result of the quantity of a molecular tag in solution. There are three main types of 

electrochemical sensors. One is a microelectrode based impedance sensor that detects 

the binding of a target organism by monitoring the change in the impedance. One such 

sensor developed for the detection of E. coli O157:H7 was capable of attaining a 

detection limit of 1x10
4
 cells/ml in 1.5 hours (Li et al, 2004). Another type of 

electrochemical biosensor is a potentiometeric immunoelectrodes that observes the 

potential difference between an indicator and a reference electrode. They are typically 

based on the electrocatalytic properties of redox enzymes and require an enzyme-linked 

antibody as well as an immobilization antibody (Shah and Wilkins, 2002). Detection with 

this method has been able to detect Rabbit IgG to a concentration as low as 400 µg/mL 

with 25mins of analysis (Ghindilis et al, 1998). The third type of electrochemical 

biosensor is the amperometric sensor that measures the current resulting from the 

electrochemical oxidation or reduction of an electroactive species at a constant applied 

potential. Almost all microorganisms can now be detected with an enzyme-catalyzed 
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electrooxidation/electroreduction of their involvement in a bioaffinity reaction (Shah 

and Wilkins, 2002). Using this method, concentrations of Staphylococcus aureus were 

detected at a concentration of 1x10
4
 to 1x10

5
 cfu/mL, with a limitation caused by 

variations in signal by different species (Brooks et al, 1992). Another amperometric 

biosensor for E. coli O157:H7 was developed in 2005 and resulted in reliable detection 

of the species down to as low as 2 cells/mL but was unable to accurately differentiate 

between concentrations due to the non linearity of their signal to concentration curve 

at concentrations higher than 100 cells/mL (Small et al, 2006).  

2.7 Enzyme Linked Immunosorbent Assay (ELISA) 

Enzyme Linked Immunosorbent Assay (ELISA) is used for the detection of an antigen or 

an antibody, using indirect or direct means, respectively. This method describes many 

different detection methods including subgroups of fluorescence or electrochemically. It 

was first developed in 1971 by Engvall and Perlman (Engvall, 1971), and seemed to have 

arisen from the fact that proteins were shown to top absorb onto plastic surfaces 

(Avarameas, 1969). For either case, the target antigen is concentrated and placed in a 

buffer solution. For direct detection of the antigen, a primary antibody is affixed to the 

surface and then the target antigen is allowed to bind to the antibody in what is called 

antigen capture. In the case of indirect detection, an antigen would be bound to the 

surface and an antibody would be allowed to incubate overnight in what is referred to 

as antibody capture (Maier, 2000). A secondary antibody which has been conjugated to 

a signal molecule or tag is then introduced to the surface. The surface is than washed to 
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remove any unbound molecules and a substrate is added. The signal molecule, tag or in 

the case of ELISA an enzyme linker are enzymes like alkaline phosphatase that react to a 

substrate causing a change in color of the solution. The most common of these “tags” is 

Alkaline phophatase used with the substrate p-nitrophenyl phosphate. The reaction can 

be detected by looking for a color change. Another common tag is horseradish 

peroxidase which uses the substrate ABTS, which reacts with H2O2 causing a blue-green 

color change (Javois, 1999). From the resulting change in color it can be determined 

whether or not the secondary antibody bound to the surface. In many cases the change 

in color can be compared to a calibration curve to determine the amount of antibody 

bound and thus the amount of antigen in the solution.  

Specific enzyme reactions have been devised to result in a luminescent signal that is 

more sensitive than traditional color change signals and comparative radioactive 

immunoassay methods (Johnstone, 1996).  An example of this would be luminescent 

lanthanide chelates that have a trivalent lanthanide ion bound to an organic chelating 

agent that contains a chromophore. This chromophore absorbs light in the ultraviolet 

region and passes this energy to the lanthanide ion where it is emitted. This emission 

can be detected like any other fluorescence. An enzyme is often used to convert a 

compound bound to a lanthanide ion from a non luminescent chelate to a luminescent 

one. Again the presence of the enzyme leads to a luminescent signal.  

A third method of ELISA is called competitive ELISA (cELISA). In this method a plate is 

coated with antibody and then a sample of untagged target antigen is added and 
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allowed to bind to the surface. A tagged known antibody is then introduced and allowed 

to bind to any remaining binding sites. The amount of signal found can again be 

compared to a known calibration curve and a concentration can be established. Because 

the signal strength works inversely to the concentration of the target this methods is 

most sensitive to low concentration of target being assayed. 

The general procedure for the traditional ELISA is as follows (Jarvois, 1999). The antigen 

is bound to the bottom of wells of a 96 well plate. The wells are blocked to prevent 

nonspecific binding. The antigen is then allowed to incubate in the presence of the 

primary antibody and unbound antibodies are washed away. The antigen is then 

incubated with the secondary enzyme linked antibody. Again the wells are rinsed to 

remove any unbound antibodies. The enzyme substrate is then added and the color of 

the reactions is read.  

A comparison of an ELISA detection method for E. coli O157:H7 was compared to 

conventional spread plate methods. ELISA was conducted in less than an hour, while the 

Sorbitol-MacConkey agar (SMAC) had to be cultured for a minimum of 18 hours. The 

ELISA assay was able to achieve sensitivity of 91.2% and a specificity of 99.5%.  In 

comparison, the conventional SMAC obtained a sensitivity of 82.4% and a selectivity of 

100% (Park, 1996). This demonstrates that while the ELISA is slightly less selective, it is 

more sensitive and much quicker in obtaining results.    
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2.8 Immunofluorescence  

Optical detection has many benefits over other detection methods. It is unhindered by 

harsh environments and is immune to electric and magnetic interference. It can be 

maintained at a low cost and its temperature dependence is lower than that of 

electrodes (Marazuela and Morena Boundi, 2002). 

Immunofluorescence microscopy is the easiest and most widely used of the 

immunoassays. This technique was first applied on environmental microbiology to study 

Rhizobia in soil (Maier et al, 2000). The most common use of the assay today in 

microbiology is in the detection of protozoan parasites such as Giardia sp. and 

Cryptosporidium in water samples. The method involves introducing antibodies with 

signal molecule into cell or an organism in order to witness what areas most strongly 

contain the target antigens. These signal molecules typically called fluorophores, are 

excited by exposure to certain wavelength of light and will emit light of a lower energy 

(longer wavelength) that can be easily detected with a spectrometer or with a 

microscope.  This method is relatively fast, producing results in a time frame on the 

order of hours and requires minimal amount of training (Maier et al, 2000). Some of the 

drawbacks to fluorophores include photobleaching, which is a reduction in emission 

from a fluorophore after repeated excitation. This means that after multiple exposures 

to light, a fluorophore emission will decrease and eventually stop emitting altogether. 

Another problem with organic fluorophores is that the light needed to excite the tag will 

be ever close to that of the wavelength of light being emitting, and those two signals 
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can obscure each other.  The obscuring may also be due to the emission from a 

fluorophore being very diffuse and difficult to discern from background light scattering. 

Some of the most common fluorophores are fluorescein isothiocyanate(FITC) and green 

fluorescent protein (GFP).  

2.9 Fluorescence Resonance Energy Transfer (FRET) 

Other than measuring direct emission from a fluorophore the interaction of multiple 

fluorophores can be measured. Fluorescence energy transfer is a distance-dependent 

detection method during which energy is transferred from a donor molecule to an 

acceptor molecule. The efficiency of this energy transfer is dependent upon the inverse 

sixth power of the intermolecular separation and is therefore effective in looking at bio-

macromolecules on the scale of 10-100 Angstroms. It is mainly used to look at molecular 

proximity and conformational changes in molecular shape and size (Wu and Brand, 

1994).  In a typical FRET system, two fluorophores are utilized, one that emits light at 

the specific frequency that the second fluorophore absorbs light. When the two 

fluorophores are in close proximity of each other, within 100nm, the emitted light from 

the first fluorophore is nearly completely absorbed by the second fluorophore, resulting 

in what is called quenching of the first fluorophores signal. This quenching can provide 

enough energy to the second fluorophore to emit light. FRET can also be conducted with 

one fluorophore and one quencher, where the first molecule is a fluorophore that emits 

light and the second molecule quenches this emitted light signal and  either produces 

not signal at all or emits an electrical  signal. This allows one to examine not only the 
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presence of the quenching species but also the proximity of the quencher in relation to 

the emitting fluorophore but monitoring the amount of quenching that occurs.  

This principle has led to the development of “molecular beacons” that fluoresce upon 

hybridization with a complementary DNA target. This utilizes a stem and loop structure 

and when closed holds the two fluorophores together in a quenched state (Brown et al, 

2000).  When a DNA target binds to the structure, it unfolds and the fluorophores 

becomes unquenched and then can be detected. There has been some success with 

using this method to detect E. coli O157:H7.  Mckillip and Drake (2002) were able to 

detect the slt2 gene of the bacteria in skimmed milk during PCR amplification. This 

eliminated the need for electrophoresis, thus reducing the time and equipment required 

to achieve detection of the organism. Without enrichment they were able to detect 10
2
 

CFU/mL in raw milk and in apple juice. With 6 hours of enrichment, this improved their 

limit of detection to 1 CFU/mL.   

2.10 Quantum dots in Immunoassay 

Semiconductor nanocrystals also known as quantum dots have emerged in recent years 

as an improvement to fluorescent assays. Quantum dots have several improvements 

beyond standard fluorophores. They can be excited by light of any wavelength shorter 

than that of its emission wavelength. Their emission wavelength is highly customizable 

by the size and composition of the crystal. Crystals can be coated with a biologically 

compatible shell that allows it to easily be attached to any sort of protein or chemical 

marker. They are generally brighter than other fluorophores and do not suffer from 
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photobleaching that causes a reduction in signal after repeated excitation.  Yang and Li 

(2005) showed that quantum dots used instead of standard fluorophores (FITC) were 

able to lower the detectable limit of Salmonella in washwater by 100 times. A separate 

study also found that quantum dots were 2 orders of magnitude more sensitive than 

standard FITC detection of E. coli O157:H7 (Hahn et al, 2005). This study also showed 

that while there was some non-specific binding that occurred, the strength of this signal 

was small in comparison to the signal of bound Q dots. A comparison between the 

targeted bacteria and the non-targeted bacteria were compared using a student’s T-test 

and the results showed that there was 99.9% probability that they were different.  

A bead-based device enzyme linked immunosorbent assay with a labeling fluorophore 

for virus detection was able to improve its detection limit from 360 ng/mL to 22 ng/mL 

by using quantum dots instead of FITC. This also effectively reduced the detection time 

from 3.25 hours to less than 30 mins and reduced the amount of antibody required by a 

factor of 14.3 (Liu, 2005). 

Quantum dot fluorescence used in combination with immunomagnetic bead separation 

for the detection of Listeria monocytogenes was able to develop a linear relationship 

between fluorescence intensity and bacterial concentration for the range between 

1x10
0
-1x10

7
 cfu/mL, with a detectable limit of 2-3 cfu/ ml. The total detection time was 

1.5 hours (Wang et al, 2007). Another study that also used magnetic bead separation 

along with quantum dots was focused on the detection of E. coli O157:H7. The Q dots 

were illuminated with a blue LED and detected with a CCD-array spectrometer. The 
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study showed that the peak intensity of the quantum dots was proportional to the cell 

concentration for the range of 1x10
3
-1x10

7
 cfu/mL. Peak heights for 1x10

1
 and the blank 

were not centered at the same wavelength as those of higher concentrations and their 

values at that expected peak were indistinguishable. This was believed to be a result of 

the high background reflection and back scatter caused by the magnetic beads.  

Therefore, a limit of detection of 1x10
3
 was stated (Su and Li, 2004). 

2.11 Capture Methods 

Immuno tagging methods are susceptible to having their signal obscured by non-

targeted chemicals and particles in the solution. In particular antibody cross reactivity 

with similar cells or proteins can cause false positives and lowered signals due to site 

blocking (Maier et al, 2000). In order to reduce the interference by these non-targeted 

particles as well as to remove the effect of the sample native pH, conductivity, and 

optical clarity, a separation technique may be employed. The two main separation 

methods are immunomagnetic separation and surface adhesion. Both methods capture 

the target with antibodies and then isolate them to allow for easier detection.  

2.12 Immunomagnetic separation 

Immunomagnetic separation (IMS) is a method that uses small super-paramagnetic 

particles or beads coated with antibodies for target cell structures. These super 

paramagnetic beads allow for the separation of these bead-bound cells or proteins from 

non-targeted cells and proteins by the application of a magnetic field.  When not in the 

field the beads are not magnetized and will flow freely in solution. This method cannot 
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only isolate the targeted cells but can also be used to concentrate them and enrich 

them. The bound cells will remain viable and can be reused to produce more cells. Both 

polyclonal and monoclonal antibodies have been employed in this method (Olsvik et al, 

1994). Under optimal conditions, one to six bacteria attach to the bead (Osvik et al, 

1991). These bacteria can be detected by many common means from direct microscopy, 

to cultivation and enrichment methods as well as immunofluorescent assays.   

Two commercially available immunomagnetic separation and detection methods for 

bacteria were examined for their ability to improve the detection of  small quantities of 

E. coli O157:H7 over conventional spread plating. Both the EHEC-Tek ELISA system and 

the Dynabead have a capture stage, followed by an enrichment phase that lasts several 

hours. The EHEC-tek completes with an ELISA detection stage while the Dynabead 

leaves the detection method open to conventional or molecule techniques. The study 

determined that the use of magnetic separation reduced the detection time of the assay 

by 1 day, but was still dependent on enrichment broth (Bennett et al, 1995). 

When Immunomagnetic separation is combined with a rapid detection method such as 

an ELISA and without the enrichment phase, the assay time is reduced to less than 24 

hours. However, the detection limit was 1x10
5
-1x10

6
 cfu/ml for Salmonella (Mansfield 

and Forsyth, 2000). An enzyme linked electrochemical detection method with 

immunomagnetic separation also for the detection of Salmonella typhimurium showed 

a much better detection limit and time requirement. A detection limit of 8x10
3
 cells/ml 

was achieved in an 80 min assay time (Gehring et al, 1996). 
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A commercial IMS + electrochemiluminescent bacterial detection system was able to 

detect E. coli O157:H7 and Salmonella typhimurium at a concentration of 2000 cells/mL 

in a wide range of sample sources, including bay water, drinking water, river water, 

chicken, fish, ground beef, apple juice and milk (Yu and Bruno, 1995). This demonstrates 

the usefulness of IMS in all manner of food and natural water sources.  

Immunomagnetic separation however can take time to complete. An immunomagnetic 

method, utilizing an enzymatic reaction for detection showed that, for a concentration 

of 1.8x10
3 

cfu/mL E. coli O157:H7 after 1 hour, approximately 40% of the bacteria were 

captured. This increased to 45% after 2 hours. Other factors such as pH were 

determined to have minor affects on the capture. A pH of around 7-8 was determined to 

achieve 40% capture, but as it moved outside this range the capture percent dropped to 

20-30%. PBS buffer concentration of at least 0.01M to 0.05M had little effect on 

capture.  Temperature for the 1 hour capture process was found to be best at 33
o
C with 

an efficiency of 50% (Liu and Li, 2002). 

2.13 Immuno-surface capture on Evanescent waveguides and fiber 

optic probes. 

The main two methods for surface capture involving immunofluorescence rely on an 

evanescent waveguide either in the form of a microfabricated waveguide or a fiberoptic 

probe. In order to bind an organic molecule like an antibody to an inorganic surface like 

glass or other silicon oxide, it is necessary to coat the inorganic surface. Many of these 
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coating are self assembly monolayers (SAM) made to bridge the gap between activated 

epoxy groups and organic linking molecules like biotin and streptavidin. 

The additional benefit to surface adhesion to waveguides are the possibility for 

increased sensitivity over standard fluorescent readings. Waveguides and fiber optic 

probes for bacterial detection both operate utilizing the same principle of evanescent 

wave propagation. Light travels down an optical fiber or other waveguide in much the 

same way that total internal reflection within the fiber or guide must be larger than that 

of the surrounding material. When light strikes the boundary between the two materials 

of differing refractive indexes, the angle of incidence becomes larger than the critical 

angle, defined by Snell’s Law (θc=Sin
-1

[n2/n1]). The light will be totally internally 

reflected and propagate through the guide or fiber. When this occurs a small portion of 

the light penetrates into the outer medium by a fraction of a wavelength. This tiny 

electromagnetic field is called an evanescent wave and is the wave that is utilized in 

most fiberoptic and waveguide based spectral detection (Marazuela and Morena 

Boundi, 2002).  A myriad of spectroscopic detection methods can be used with this 

evanescent wave including, absorption, fluorescence, phosphorescence, Raman, and 

surface plasmon resonance to name a few. Because of the limited area that the 

evanescent wave penetrates the boundary, it is ideal for immuno capture in that it will 

only illuminate the finite area where the antigen is meant to bind.  

Fiber optic and waveguide detection does not come without its own set of drawbacks. 

Ambient light can sometimes interfere with readings but this can usually be isolated and 
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eliminated from data as it tends to be consistent. Some indicators and fluorophores 

suffer photo bleaching or a decrease in fluorescence after frequent or repeated 

exposure to excitation sources. Background absorbance, fluorescence and Raman 

scattering in the guide or fiber can also be a problem (Marazuela and Morena Boundi, 

2002).   

Many fiber optic based detection methods developed use chemical detection via 

colorimetric indicators. A few have been designed specifically for bacterial detection 

using simple sandwich immuno fluorescent detection methods. Zhou et al (1997) were 

able to detect concentrations of Salmonella typhimurium as low as 1x10
4
 cfu/mL. A 

commercially available fiberoptic device for the detection of the bacterial toxin by 

Staphylococcal enterotoxin is called the “Analyte 2000” (Research International, 

Woodinvill, WA, USA). The device utilizes a 637nm laser and the Cy5 fluorophore, and 

has a detection limit of 0.5 ng/mL in buffer, urine, human sera and aqueous extract from 

ham (Tempelman et al 1996).  A later version of this same sensor was used to detect E. 

coli O157:H7 and was able to do so in concentrations as low as 3-30 CFU/mL in seeded 

samples of ground beef in 20mins. The group reported no false positives (DeMarco et al 

1999). Later, this group demonstrated with another fiberoptic sensor for detection of E. 

coli in ground beef samples. 25g and 10g samples were tested and they were successful 

in detecting as little as 5.2x10
2 

cfu/g in the 10g samples and 9.0x10
3
 CFU/g in the 25 g 

samples. Three of the 15, 25 g samples were false positives and the sensor was able to 

identify 8 out of 9 of the spiked samples. There were no false positives for the 10 g 
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samples and 100% of samples with greater than 5.2x10
2
 CFU/g in the 10 g samples 

(DeMarco and Lim 2002).  

Waveguides and fiberoptic systems have been designed so that multiple species can be 

detected simultaneously on their surface. One such “array” biosensor was able to detect 

Bacilllus globigii, MS2 bacteriophage and staphylococcal enterotoxin B at levels of 1x10
5
 

cfu/ml, 1x10
7
 pfu/ml and 10ng/ml, respectively (Rowe, 1999). A cyanine dye Cy5 

bifunctional reactive dye was used on the tagging antibodies in a simple sandwich assay. 

While the tagged antibodies for the multiple species were mixed in solution and showed 

no cross reaction, each sample only contained a single target species.  

Other than the possibility for multiple lanes for detection of multiple species, recent 

studies have shown that altering the geometry of a waveguide can increase its 

sensitivity.  One such design is a spiral shaped waveguide, designed by Jiang and Pau 

(2007), which showed an increase in the absorbance sensitivity in the evanescent wave 

field compared to linear geometry waveguides.  
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Table 1: Summary of Detectable limits for various detection methods: 

Detection method Separation 

method 

Detection 

limit 

Time Species Citation 

PCR - 100cells/10g - Multiple species (Wang et al, 

1997) 

Flow Cytometry - 1cell/ml - E. coli O157:H7 (Johnson et 

al, 2001) 

Acoustic wave Immuno 1x10
2
 

cells/ml 

- Salmonella 

typhimurium 

(Pithirana et 

al, 2000) 

Impedance-

electrochemical 

Immuno 1x10
4
 cfu/ml 1.5 hrs E. coli O157:H7 (Li et al, 

2004) 

Amperometric - 

electrochemical 

Immuno 2 cfu/ml - E. coli O157:H7 (Small et al, 

2006) 

Quantum dot  Immunosorbent 22ng/ml 30mins viruses (Liu et al, 

2005) 

Quantum dot Immunomagnetic 

bead 

2-3 cfu/mL 1.5hrs Listeria 

Monocytogenes 

(Wang et al, 

2007) 

Immunofluorescent 

(Cy5) evanescent 

wave 

Surface adhesion 0.5ng/ml  Staphylococcus 

aureus 

(Tempelman 

et al, 1996) 

Immunofluorescent 

(Cy5) evanescent 

wave 

Surface adhesion 3cfu/ml 20 mins E. coli O157:H7 (DeMarco et 

al, 1999) 
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3 OBJECTIVES AND HYPOTHESES 

3.1 Overall goal and hypothesis 

Overall goal: To utilize quantum dots in immuno-based biosensing to detect and 

measure bacterial pathogens in water samples. 

Overall hypothesis:  Quantum dot signal attenuation can be used to detect targeted 

bacteria even in the presence of other species, and this simple method is more precise 

than more complex methods such as sandwich immune-assay.  

3.2 Specific objectives and hypotheses 

Phase 1 – Main objective:  To determine the degree in reduction of spectral emission of 

Q dots in aqueous solution with bacterial pathogens. 

• Determine the effect if any of sample volume in measuring quantum dots in a 

96-well plate. 

• To evaluate use of a linear relationship between quantum dot concentration and 

peak height at the maximum emission point.  

• To determine if there was a linear relationship between the reduction in peak 

height and E. coli concentration with a constant Q dot concentration.  

• To determine whether there was cross reactivity or interference from other 

bacterial species in the water sample and whether it is enough to require target 

separation from the sample before readings could be accurately taken.  
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Phase 1 - Hypothesis: Proximity of the targeted pathogens to the Q dot will amplify its 

absorbance of the Q dot emission over those of non targeted bacterial species, 

providing a qualitative method for rapid detection of specific pathogens.  

Phase 2 – Main objective: To determine a method for antibody affixation on SU8 in 

order to achieve target separation from aqueous samples. 

• Determine the most reliable method for surface activation of SU8, based on 

amount of successful antibodies bound to the surface.  

Phase 2 – Hypothesis: A successful method for affixing antibodies to SU8 can be derived 

from methods successfully used on silicon and glass, provided that a reliable surface 

activation can be established.  

Phase 3 – Main objective:  Establish a method for conducting a sandwich immune assay 

for pathogenic bacteria in water samples.  

• To determine the clarity of the quantum dot signature when illuminated with a 

3.0V blue laser and detected with the Ocean Optics hand held spectrometer.  

• Observe the peak of the signal in relation to background noise, SU8 Auto 

fluorescence, and possible Silane spectral signal.  

• To establish a calibration curve for quantum dot concentration in relation to 

peak height with blue laser excitation. 

• To determine if there is a clear relationship between the peak height and the E. 

coli concentration.  
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• To establish the lower limit of detection.  

• To determine the cross reactivity or interference caused by non-targeted 

bacterial species present in the sample.  

• To determine the cross reactivity or interference caused by targeted cell 

fragments present in the sample.  

Phase 3 – Hypothesis:  Sandwich immuno assay will function accurately on SU8 and will 

provide a comparable detection limit to other quantum dot immuno detection methods.  

There will be little to no interference from non-targeted bacterial species, but partial 

cells could produce large amounts of interference.  
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4 MATERIALS 

Two different fluorophore excitation sources were used: Ocean optics LS-470nm 

Blue LED light source for phase 1 and a blue laser emitting at 470nm for Phase 2 and 3.  

A high intensity Blue LED at 470nm, 3000mcd replaced the standard bulb and was 

purchased from Jameco electronics.  

Quantum dots with an emittance of 655nm were purchased from Quantum dot 

Corp, later from Invitrogen Corporation in the form of an antibody conjugation kit or 

carboxyl linked dots. These quantum dots are created with a CdSe crystal core and had 

been coated with an additional ZnS shell to improve their optical properties.  This was 

then coated with an additional polymer shell that allowed for biological molecule 

conjugation (Invitrogen, 2006). This kit allowed for the activation and purification both 

of the Q dots and the antibodies, attaching the Q dot to the antibody at the center hinge 

region. Q dots for the repetition of the signal attenuation experiment were also 

purchased from Invitrogen, but were carboxyl-conjugated Q dots and not part of the 

antibody binding kit. These Q dots were conjugated to whole antibodies at their amine 

groups using the compound 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 

hydrochloride (EDC ).  The EDC was purchased from Sigma-Aldrich as a dry powder that 

could be easily dissolved into phosphate buffered saline (PBS).  

Antibodies were purchased separately  from Fitzgerald biologics and then later 

from Fisher scientific. Polyclonal IgG Rabbit  antibodies specific for  the K antigen site 

were selected.  Samples of Escherichia coli :O157  and  Klebsiella pneumoniae were 
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obtained from the Laboratory of Dr. Charles Gerba, in the department of Soil, Water and 

Environmental Sciences at The University of Arizona, Tucson, AZ.  

The Q dot emittance was detected with an Ocean Optics Fiber optic 

reflection/backscattering probe, (UV-Vis rang (200-800nm)) connected to an Ocean 

Optics USB 2000 UV-VIS Spectrometer. For the repetition of the signal attenuation 

experiments, an improved version of the USB 2000 called the USB 4000 VIS-NIR hand 

held spectrometer was used. Both hand-held portable spectrometers used a charged 

couple device (CCD) that counted individual photons in a fraction of a second. 

During Phase 1, NUNC Maxisorp, Flat bottom 96 well plates were purchased from Fisher 

Scientific. Phase 2 and 3 detection was conducted on silicon microchips coated with SU8  

provided by Dr. Stanley Pau and Dr. Linan Jiang Department of Optical Science at The 

University of Arizona.  They also provided the oxygenated plasma treatment needed to 

activate the SU8 surface for silane coating.  

The silane used in the surface adhesion process (3-Mercaptopropyl)trimethoxysilane 

(MTS)  and its solvent liquids toluene was purchased from Sigma Aldrich (Figure 1). 

Figure 1: (3-Mercaptopropyl)trimethoxysilane (MTS) 
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The heterobifunctional cross linker N-γ-maleimidobutyryloxy succinimide ester (GMBS)  

was purchased from Fisher Scientific and their procedure was followed for its 

application to the silane surface (Figure 2).   

Figure 2: N-γ-maleimidobutyryloxy succinimide ester (GMBS) 
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5 METHODS 

5.1 Quantum dot attachment to antibodies 

This method was used for all phases of our research to tag the antibodies with 

655nm Quantum dots, except for the re-examination of the signal attenuation 

experiments. The procedure put forth by Quantum dot Corp/ Invitrogen corp. that came 

as part of the antibody conjugation kit was followed in its entirety. This method first 

activated the surface of the quantum dot, then split the antibody down at the center by 

reducing its double disulfide bonds through a process called Malemide activation.  This 

left two identical fragments that contained an Fc and a Fab region bound by a signal 

sulfide bond. The Q dots were then bound to these open sulfhydryl groups on each part 

of the antibody. The bound Quantum dots are separated from the unbound Q dots and 

untagged antibodies, and then the concentration was determined by absorbance.   

The re-examination of the signal attenuation experiments utilized a different Q 

dot conjugation method that would allow binding of the Q dot to whole antibodies. This 

was changed to improve the binding affinity of the antibodies to the targets. The 

antibodies were conjugated to Q dots with activated carboxyl groups already attached 

to them. The conjugation was conducted on PBS at neutral pH.  The nano-molar ratio for 

the conjugation was 1:15:4000 Antibody/Q dot/1-ethyl-3(3-dimethylamino-

propyl)carbodiimide (EDC).  The mixture was allowed to react for 2 hours and then was 

filtered through a 0.5 µm syringe filter to remove any large aggregates.   
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5.2 Bacteria preparation and enumeration 

Samples of cultured bacteria were obtained from the Environmental 

Microbiology lab run by Dr. Charles P. Gerba, Department of Soil, Water and 

Environmental Science, The University of Arizona, Tucson, AZ. The samples were 

cultured in Trypic soy broth (TSB) for 24 hours at 35
o
C.  Three plates of tryptic soy 

agar(TSA) were streaked for isolated colonies from these cultures. Two plates were then 

sealed with wax, 1 was frozen at -20
o
c, and the second was stored at 4

o
C. The third plate 

was used to generate cultures for a period of 1 week before it was disposed of and a 

new culture was streaked onto 3 plates again. Plates were checked for contamination 

from fungi, other bacteria and algae.  In the case of contamination, then stored 4
o
C 

plates were used to start a new culture and if that was deemed nonviable a frozen plate 

was used.  

Cultures for each experiment were grown up two days prior to use, by inoculating 1 

isolated colony into 20 mL of TSB and allowing growth for 24 hours. The sample was 

then spun down and the TSA removed and replaced with PBS to prevent further growth 

and interference by the growth media with the optical readings.  The PBS samples were 

enumerated using standard dilution and plate count procedures, and the appropriate 

dilutions were made to obtain the desired population for experimentation.  The PBS 

suspensions were considered usable for a period of 24 hours before significant 

reduction in population by cell death could be expected. Storage of the samples at 4
o
C 

allowed use for a period of up to 48 hours. Samples stored at 4
o
C were left at ambient 
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room temperature for 2 hours before use to allow slow equilibration to experimental 

temperature;  thus, reducing the possibility for cell death or morphological change due 

to stress. 

After each experiment, each sample had its bacterial population enumerated on TSA 

following standard plate count methods. Any change from the expected and the actual 

populations were noted and the appropriate changes made for proper data analysis.  

Partial dead target cell samples were prepared similarly, but after enumeration the cells 

were exposed to 1% triton-X and sonicated for 30 mins to lyse the cells. The cell 

fragments were then spun down and resuspended into PBS free of the surfactant. 

Enumeration of the partial cells was conducted to assure that no viable cells were still 

present.  

5.3 Phase 1 Experiments 

The Q dot complexes and target bacterial cells were freely dispersed in PBS in 

individual wells of a 96 well plate. The bacterial samples were added to each well first 

and then mixed on a shaker for 15 mins, before the Q dots were added to the wells.  

This was then allowed to react for 1 hour at room temperature before readings were 

taken. Blank wells followed the same procedure but used autoclaved PBS instead of 

bacterial samples. Wells were filled all at one time starting from A1 and moving from 1 

to 12 of each row before moving to the next row. The reflectance probe was mounted 

so that readings could be taken of each well from the top down with the probe being 

approximately 1 cm from the meniscus of the liquid. A white piece of paper was placed 
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under the plate to maximize back scattering of light. Each well was read three times in 

succession, with each reading being made up of 10 incremental readings that were then 

averaged. The CCD was cleared by turning the excitation source off between readings. 

Wells were read in the sample in the order that they were filled.  

5.4 Phase 2 Experiments 

 When considering the affixation or mounting of antibodies on a surface for the 

purposes of immunoassay, one must consider several variables that must be controlled. 

The first of these is the orientation of the antibody on the surface. Orientation is 

essential to assure that the antibody presents the antigen binding arms to the sample 

while the Fc tail is securely anchored to the surface. This can be attained by looking for 

molecules that bind specifically to the tail Fc region of the antibody and are capable of 

anchoring it to a foundation. The Fc region or “tail” of the antibody (Figure 3) is where a 

terminal amine group can be found, and is often utilized in a reaction with a NHS group 

creating a covalent bond with the Self-Assembled Monolayer (SAM) (Vaughan et al, 

1999). 
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Figure 3: Structure of an Immunoglobulin 

 

This worked particularly well for the setup because the Quantum dot would be bound to 

the antibody at the Sulhydryl group at the now broken hinge region of the antibody. 

Another aspect that must be controlled was the amount of space on the naked surface 

susceptible to “non-specific” binding of the antigen, misaligned antibodies and other 

molecules that might cause false positives or other types of improper readings. The 

most common manner to assure this is to use a thin layer of metal or metal oxide. These 

surfaces are regular and make good foundations for SAM’s placed on them. SAM’s are 

tightly assembled with little to no gaps; thus, limiting the surface area susceptible to 
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“non-specific” binding, Because of this, blockers such as Bovine serum albumen (BSA) 

are not as essential to prevention of non-specific binding; thus, reducing the number of 

washing steps required to maintain a high degree to sensitivity.   

5.5 Affixing antibodies to Silicon oxide and SU-8 surfaces 

The most commonly used method for mounting of antibodies on a surface for 

immuno-based biosensors is the use of hydrophilic polymers as a support structure. 

More specifically, the use of gold-coated surfaces in conjunction with self-assembled 

monolayers has been used for a high degree for stability and repeatability. Silica and 

glass surfaces have been used less often due to problems with non-specific binding to 

the surface and unreliable orientation to the surface. However, a method has been 

developed using a Thiol-terminal silane coated silica surface with a heterobifunctional 

cross linker which results in a stable and repeatable support mechanism for antibody 

mounting (Bhatia, et al 1989).  

Bhatia et al, (1989) developed a three-step procedure. The first step was to clean 

the silica surface and coat it with silane film to create a foundation. Next, a 

heterobifunctional cross linker with two reactive ends was mounted on the silane 

foundation. And finally the cross linker created an amine bond with the terminal amine 

of the Fc region of the antibody. The method used was based on this same support 

structure. But instead of using a clean silica surface, it was done on a hydrophilic SU8 

surface.  
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SU-8 is a photoresist used in microfabrication for the development of many 

devices. The binding of antibodies and other hydrophilic bio-molecules requires 

alteration of the normally hydrophilic surface. More specifically, the epoxy rings that 

form the surface of the SU-8 must be opened. Several methods have been suggested to 

accomplish this activation of the surface molecules.  

One of the most popular methods for surface activation is exposure to 

oxygenated plasma (Chen and Lee, 2007, Anders and Derand, 2002. Walther et al, 

2007). However, this activation only lasts a short period of time and can be used on 

difficult-to-reach surfaces such as the inside of tubes and enclosed devices.  

Several different acid treatments have been proposed which include exposure to  

concentrated hydrogen fluoride (Tao et al, 2007), sulfuric acid or hydrochloric acid, at 

varying temperatures and durations. These methods are based on methods used to 

activate silicon surfaces, and they can cause burning of the SU-8 which can lead to 

discoloration.  

Wu et al, (2003) proposed a more permanent method utilizing a copolymer 

glycerol which would be premixed into the SU-8 and would provide an activated, cross 

linkable surface. While they did improve the hydrophilic properties of the surface, it was 

not as effective as that of oxygenated plasma.  

Another approach that has been used is the use of a Chromium(Cr) layer 

(Nordstrom et al, 2004). This was accomplished by etching the surface with a Cr catalyst 

and then soaking the samples in 100 mM ethanolamine. It is believed that, while the 
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hydrophobicity of the surface was not as high as oxygenated plasma, increasing the 

amount of Cr catalyst could further open the epoxy rings. However the catalyst is 

hazardous to work with and the surface remains active for only approximately 10 mins, 

making it equally as effective at activating the surface as oxygenated plasma.  

A sulfur chromic solution was also utilized by Joshi et al (2007) in conjunction with a 

silane with good results. In order to accomplish this, the surface was first treated with 

2% Hydrofluoric acid and then coated with a sulphorchromic solution.  

After the surface has been activated, a silane is used to bind the inorganic SU-8 epoxy 

rings to an organic crosslinker that affixes those antibodies. The most widely used silane 

and crosslinker combination (Turner et al, 1995)  is that of 3-

mercaptopropyltrimethoxysilane (MTS) and N-g-maleimidobutyryloxy succinimide ester 

(GMBS), as was applied by Bhatia et al (1989).  The original methods were used for 

cleaned glass slides and covered slips. This method has since been used to bind 

antibodies to fiberoptic cables (Pierce and Grant, 2004; Carome et al, 1993) and silicon 

oxide waveguides and many other silicon surfaces.  

Antibodies are bound to surfaces by means of molecules called linkers or 

combinations of linkers that are sometimes referred to as support structure. This leads 

to another of the variables that must be considered when choosing an affixation 

methodology, i.e., the stability and reliability of the support structure. Not all linking 

molecules bind with the same affinity, and some have trouble with different species of 

antibodies. For example Protein A and Protein G, both of which are used for the 
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This surface was then submerged in a 2% MTS in Toluene solution for 2 hours, taking 

special care to suspend the sample in the liquid to assure even coating. The sample was 

then rinsed in Toluene three times and allowed to dry in a nitrogen gas atmosphere. 

Again, special care was taken to suspend the sample by one edge to prevent it from 

binding to a surface with the residual silane.  

The sample should now have a slightly opaque appearance and could be removed from 

the inert atmosphere. It could also now be safely placed at the bottom of a sample dish. 

Hetero-cross-linker solution was now applied to the surface.  GMBS was dissolved in a 

minimum amount of DMF and then diluted with ethanol to a final concentration of 

2mM in accordance with Pierce Scientifics’ guidelines.  

The sample surface was coated in GMBS solution and allowed to react for 1 hour before 

it was rinsed with PBS.  Antibodies were then applied to the surface and allowed to 

react for 1 hour before being washed with PBS. The antibodies were tagged with Q dots 

that emitted at 655nm. This tag was used to monitor the location of the antibodies and 

assured that they were affixed securely to the surface.  

The antibodies were cleaved at their hinge region and the dots were bound to the now 

exposed sulfide groups. The amines in the Fc region was connected to the cross linker, 

leaving the Fab regions free and selectivity unaltered.  

The result was a silicon wafer that was coated with SU-8, the SAM layer and selective 

antibodies. These antibodies will selectively capture the targeted species on to the 

surface. These captured bacteria were then detected by a secondary antibody that was 
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linked to a detectable compound in this case the Q dot fluorophore. The secondary 

antibody was also specific to the targeted species and created the final layer of our 

“Sandwich” immunoassay.  

 

Figure 5: Illustration for a typical sandwich immuno-assay. A surface is coated in a SAM and then 

antibodies specific to the target species. The target species is selectively captured to this surface and 

then tagged by a secondary antibody that is bound to a fluorophore. 

 

5.6 Procedure for Antibody surface adhesion to glass and SU-8 

Microscope slides were cut into 1 cm x 2 cm chips. The chips were then cleaned 

with a series of acid baths. The acid cleaning process consisted of a 30 min soak in a 

50/50 Methanol/HCL solution, followed by a 30 min soak in H2SO4, then a double rinsed 

in DI water.  The final stage of the cleaning process was to boil the chips in DI water for 

30 mins. After the cleaning process was completed the chips were dried on lint free 

paper making sure the surface was clear and unmarked.  
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The chips were then transferred to glass dishes. The chips were arranged on the 

bottom so that the chips did not overlap. The dish was then placed in an Anoxic 

environment, (Glove box or Glove Bag), under an inert atmosphere either of Nitrogen 

gas or Argon gas. 10 mL of Toluene were added to the dish making sure that the chips 

were completely coated with a 1 cm depth of solution. 200ul of MTS was added to the 

Toluene solution in each dish creating a 2% MTS to Toluene solution.  The dish was 

covered with a glass lid and then the solution swirled for 30 seconds to assure complete 

mixing of the solution. The dishes were then left to set for 2 hours in the inert 

atmosphere.  

After 2 hours the solution was poured out of the dish and the chips washed two 

times with 100% Toluene for 30 seconds, to assure a single layer of silane on the chip 

surface. Each chip was removed from the dish with a tweezers and placed on a wire 

mesh to dry under an inert atmosphere for 1 hour.  The now dry chips were transferred 

to new dishes, again placed in a single layer along the bottom.  

Each chip was then covered with a 100ul solution of 2mM GMBS in absolute 

ethanol. This volume should spread out evenly and smoothly over the now hydrophilic 

surface. This was allowed to set for 1 hour, again this was conducted under inert 

atmosphere.  The ethanol should not be allowed to completely evaporate from the 

surface of the chip. After the cross-linker has been allowed to set for 1 hour and dishes 

were filled with 10mL of PBS. The chips were rinsed for 30 seconds and then the PBS 
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solution replaced with another 10mL of PBS for a second 30 seconds and the dishes 

were then drained.  

100 µl of 1 mg/mL of Antibody was PBS is then applied to the surface at room 

temperature. The antibody solution should spread evenly over the surface and form a 

thin bubble over the chip. This was allowed to set at room temperature under a normal 

atmosphere for 1 hour.  The dishes were then filled with 10mL of PBS and rinsed for 30 

seconds. The dish was then drained and then filled with 10mL of 2% non-fat milk 

blocking buffer. The dish was set on a shaker for 30mins. After the blocking had been 

allowed to set the dish was drained and washed twice with PBS for 30 seconds each.  

The chips were then separated into mini plates separated by treatment. 

Duplicate chips of a treatment were placed in the same dish. Each dish was then filled 

with 3 mL of treatment solution. The mini dishes were then placed on a shaker for 1 

hour to allow for complete binding. 

Each dish was drained and washed 2 times with PBS for 30 seconds each. Post 

rinsing of the chips, they were coated with 100 µl of Q dot complex solution at 100 nM 

concentration. The solution should have a slightly orange-red tint to the naked eye 

under typical over head lighting. The mini dishes were returned to the shaker for 1 more 

hour as the surface was tagged. The dishes were washed 3 times with PBS after this final 

step to remove unbound fraction.  
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mini dish was sealed with 

read.    

5.7 96-Well Plate Spectrometer Setup

96 –well plates with flat bottom wells were clamped

counter top. The Ocean Optics re

plate so that the end of the probe was flush with the bottom of the well. 

light source illuminated the six outer fibers of the reflectance probe and the

spectrometer read the reflected light detec

5.8 Laser and Spectrometer setup

The Laser setup consisted of a power supply, mounted blue laser, mirror, sample base, 

and fiber optic probe mount. This could be seen in Figure 6, where 

drawn in to show the path that

the naked eye when the picture was taken. 

Figure 6: Laser Setup - Drawn in laser path
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Well Plate Spectrometer Setup 

well plates with flat bottom wells were clamped horizontally parallel to the 

. The Ocean Optics reflectance probe was clamped inverted beneath the 

end of the probe was flush with the bottom of the well. 

the six outer fibers of the reflectance probe and the

the reflected light detected by the center fiber. 

Laser and Spectrometer setup 

The Laser setup consisted of a power supply, mounted blue laser, mirror, sample base, 

iber optic probe mount. This could be seen in Figure 6, where the blue laser was 

drawn in to show the path that the laser would take even though it was not visible to 

the naked eye when the picture was taken.  
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Figure 7: Laser Setup with Distances 

 

The blue laser was set to 3 volts when readings were taken. As shown in the 

image above the laser was refracted onto the sample stage to illuminate a 1 mm
2
 

section of the chip. The reflected light was then read by the fiber optic probe that was 

mounted perpendicular to the stage with a microscope focusing lens and a filter to 

remove any reflected light with a wavelength below 540nm from being detected by the 

spectrometer. Close ups with measurements are shown in Figure 8. The stage allowed 

for fine movement on both the X and Y axles which allowed for pinpoint movement over 

the surface. The chips were read while submerged in 1 cm of PBS to assure that the chip 

did not dry out. It was determined during experimentation that drying out of the surface 

led to dramatic changes in the spectral signature.  



 

 

Figure 8: Sample Stage with laser on 

 

5.9 Modeling of Spectral Data for direct comparison

The Q-dot complexes alone in solution were

obtain a best fit for each of the other spectral distributions.  

curve for the 655 Q dot complexes without any cells bound to the surface

Gaussian distribution in accor

The curve fit was conducted on a small spec

peak Q dot emission.  

The coefficient of determination, R

comparing the model’s curve to that of the collected data to

fit the signature of the Q dot. 

: Sample Stage with laser on  Figure 9: Sample stage with measurements

Modeling of Spectral Data for direct comparison 

complexes alone in solution were used as a model that would be adjust

obtain a best fit for each of the other spectral distributions.  The initial characterization 

curve for the 655 Q dot complexes without any cells bound to the surface

distribution in accordance with the equation and figure found in Appendix I

The curve fit was conducted on a small spectral area at +/- 15nm from the c

oefficient of determination, R-squared, was calculated for each curve fit  

the model’s curve to that of the collected data to determine how the

signature of the Q dot.  

61 

 

: Sample stage with measurements 

used as a model that would be adjusted to 

he initial characterization 

curve for the 655 Q dot complexes without any cells bound to the surface was fitted to a 

dance with the equation and figure found in Appendix I.  

15nm from the center of the 

squared, was calculated for each curve fit  

determine how the model 



62 

 

 

Equation 1: Coefficient of Determination 
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The Error of the estimated curve was determined using Equation 3, where E is equal to 

the sum of the differences at each point in the model between the curve of the 

collected data and the estimated Gaussian curve squared.   

Equation 2: Error of Estimated Curve 

� � � ��
�

���
 

The total variance in the data set ‘V’ was calculated using equation 3 below, by 

examining the sum of the values squared in comparison to the square of the total sum 

of the values.  

Equation 3: Total Variance in Data set curve 

� � � ∑ �� �  ∑ �!�

�  

The R-squared for our initial model of the Q dots in solution at a concentration of 

100mM was 0.978. In fitting the data the Ocean optics spectrometer showed signs of 

spectral drift where the Q dot emission peak height would be at 654 instead of 655nm. 

The graph shows that the peak emission had drifted on the spectra readings by 

approximately 1nm from 655nm to 654nm. Looking at the fit in a larger range of 600-

700nm the fit had an R-squared of 0.9796. It also became clear that not only is the peak 

not centered where it was expected to be but that it was also  non-symmetrical, 

meaning that it was likely that tailing off the excitation source was shifting the data 
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slightly.  A Gaussian curve fit was conducted on the excitation source and this was 

removed from the data, thus, allowing the examination the Q dot signature alone.  With 

this adjustment, the maxima tended to return to 655nm and the peak became 

symmetrical which allowed for clear peak maxima to peak maxima comparison.  
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6 SPECTRAL CHARACTERIZATION OF E. COLI 

This study began with an examination of the spectral qualities of the target organism, E. 

coli.  The most important aspect was the absorbance signature of E. coli. The spectral 

signature for Tris buffer and Tris with a high concentration of E. coli (1x10
8
 cells) was 

recorded. Both spectral readings were done with the ocean optics spectrometer 

illuminated with a Tungsten light source, 3s interval to keep the max intensity within the 

detectable range. The spectra observed for the full visible light spectrum from 400 nm 

to 1000 nm.  

Figure 10: Absorbance of 1x10
8
 cfu/mL E coli or tungsten white light source: A=-log(I/I

o
) 

 

The quotient in the two signals was used to determine the amount of the tungsten’s 

light that was absorbed by the E. coli. The amount of absorbance is shown in Figure 10.  

The highest amount of light absorbed appeared in the blue spectra and in the red 
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spectra. In order to select a Q dot emission that would be farthest from its excitation 

source, and have that source not be in the ultraviolet range, a Q dot in the red 

wavelength was chosen. Specifically 655nm emitting Q dots were selected. Absorbance 

in this range was around 0.045, which was one of the higher regions of absorbance for 

the E. coli.  

The signal attenuation experiments would look for a change in the spectral signal at the 

emission peak. This change in signal could be caused by this small absorbance by the 

bacteria or by shielding of the Q dot by the bulk of the E. coli cell.  The binding of the Q 

dot to the E. coli cell would enhance this effect making the signal change greater due to 

its close proximity(<50 nm)  to the cell.  
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7 SIGNAL ATTENUATION EXPERIMENTS 

7.1 Q dots in Solution with Target species 

The first experiment conducted was to look at quantum dots and E. coli in solution together at 

varying volumes and cell concentrations. The purpose of this experiment was to establish the 

feasibility of quantum dot signal attenuation as a means of detecting species in solution as well 

as determine the effect of volume, Q dot concentration and the E. coli concentration on the 

spectral signal read.  

 Two concentrations of E. coli and two of Quantum dots, a high and low value for each, were 

mixed together with 6 different total volumes.  In Table 2 in Appendix II the exact values for 

each well can be found.  In summary each well had either 2 µM or 4 µM Q dots, and either 

1x10
7
 or 1x10

8
 cfu/mL E coli. The total well volume was 200 µl, 300 µl, 400 µl, 500 µl, 600 µl and 

700 µl. This resulted in two ratios of Q dots to cells and several concentrations of Q dots and E 

coli.    

7.2 E. coli signal attenuation with respect to cell concentration. 

The second experiment in this survey was to determine how much signal reduction occurred in 

relation to the Q dot concentration. Four wells were filled with bacteria at concentrations of 

1x10
9
, 1x10

8
, 1x10

7 
and 1x10

6 
cfu/mL. This experiment was to determine first if there was a 

linear relationship between the signal attenuation and the E. coli concentration and to 

determine sensitivity of the detection process to changes in the concentration. 
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Five different integration times for the spectrometer were also tested to determine which 

integration time detected in the best results.  The integration times were 50 ms, 250 ms, 500 

ms, 750 ms and 1000 ms.  Each well of a single 96 well plate had a total volume of 300 µl, with 

100 µl of 100 nM Q dots.   

7.3 Multiple Species Experiment: 

The third experiment in this survey was to evaluate the effect of having two species in solution. 

One species was the targeted E. coli species and a second non-targeted species was introduced 

to determine how much interference other bacterial species was likely to cause.  All bacteria 

had similar spectral absorbance characteristics, but the binding of the fluorophore to the 

bacterial cell should bring the two in close proximity. This close proximity should attenuate the 

fluorophore’s signal more due to a combination of signal absorbance and shielding of the 

fluorophore from the excitation source. Unbound species in solution with the fluorophore 

might also result in signal attenuation but it should be significantly less than what was observed 

with bound species.  

Three types of samples were prepared for this experiment; E. coli only, K. pneumoniae only and 

a mixture of E. coli and K. pneumonia. In combination four different concentrations of total 

bacteria were used, 1x10
2
, 1x10

3
, 1x10

4
, 1x10

6. 
The samples were set up to observe both 

individual species and then mixed species at comparable concentrations, as shown in Table 2. 
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Table 2: Multiple species Experiment 

Sample E. coli K. pneumonia 

1 0 0 

2 1x10
2
 0 

3 0 1x10
2
 

4 1x10
3
 0 

5 0 1x10
3
 

6 1x10
4
 0 

7 0 1x10
4
 

8 1x10
6
 0 

9 0 1x10
6
 

10 1x10
2
 1x10

2
 

11 1x10
3
 1x10

3
 

 

Each sample had a total volume of 300 µl, with cells suspended in PBS was placed in a well in a 

96-well plate. Each well had an equal concentrations of 100 nM Q dots. Solutions were added 

to the wells in the following order, PBS, E. coli, K. pneumonia, Q dots, PBS. The integration time 

for this experiment was held at a constant 400ms.  

7.4 Results and Discussion - Attenuation Experiments 

7.4.1 Results of Q dots in Solution with Target Experiment 

Curve fits were conducted on all collected spectral data as well as their corresponding 

excitation source. The excitation tailing was removed from the data. The curves were then 

assessed for their maxima – the highest point in the 655 curve and their total integrated area, 

the integrated area under the curve for a given interval. Three intervals were monitored, 600-

700nm, 640-670nm and 650-660nm.  The R-squared values which can be found in the table in 

the appendix confirmed that the data fit a Gaussian curve for all data sets getting 97% or 

better.   

The standard deviations for our data sets were in general low in comparison to the peak 

height, except in the case of the 300 volumes, where the variation was very high when E. coli 

was present in the sample and slightly higher than the other standard deviation when Q dots 
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were alone in solution. The 700H sample with only Q dots also had a large standard deviation of 

nearly 100 counts in comparison to the peak height at 655nm which was only 457 counts.  The 

average signal to noise ratio was 3.989 which was low, but there were 4 wells that had a signal 

to noise ratio higher than 10. The best signal to noise ratio was for 500H and 400H indicating 

that these volumes had the least variability from reading to reading. The lowest signal to noise 

ratios were 300L and 600L.  The lower concentration of Q dots obviously had a greater degree 

of variability from reading to reading than the higher concentration.  

A quick check of the data was done to see if the peak height for each Gaussian distribution 

correlated with the integrated area under that curve fit.  Figure 7 in the Appendix confirms that 

there was a linear relationship for all three intervals that the integrated area was taken. This 

being established, further comparisons of spectral data would be conducted only on the 

maxima of the peak and the integrated area would not be used further in this study.   

The relationship between the peak height and Q dot concentration with no E. coli present was 

not as linear was expected. A plot of this data can be seen in Figure 11. The more Q dots were 

present in the solution, the stronger the 655nm Q dot signal that was detected. If this was not 

the case, it indicated that not all of the Q dots in the solution were being accurately detected. 

This might indicate Q dot-Q dot quenching or that our light source was not focused in such a 

way that it could illuminate all the dots. A general trend of more dots resulting in greater peak 

height could be inferred but the change in the peak height for many cases was small especially 

in comparison to the standard deviation from reading to reading.  
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Figure 11: Linear relationship between Q-dots alone in solution and Peak Height on the model for the spectral 

distribution. 

 

An examination of the change in the peak height caused by the presence of E. coli in the 

solution shows that while in all cases where E. coli was present there was a change in peak 

height, this change does appear to be somewhat related to the concentration. However 

because the two E. coli concentrations examined where so close in magnitude it was difficult to 

determine if  there was a significant difference between the E. coli concentrations. The 

standard deviation was shown to be 10% of the change in peak height and in some cases the 

deviation was higher than the change in peak height. The specific values could be found in 

Appendix II Table 6.  Analysis of the effect of the well volume was conducted and it was 

determined that it had no significant effect on peak height or the standard deviation. A plot of 

this data can be found in Appendix II.  
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7.4.2 Results for E. coli signal attenuation with respect to Cell concentration. 

Analysis on the integration time and the peak height for each E. coli concentration showed the 

expected ratio of longer integration times resulting in higher peak height but also greater signal 

to noise ratio.  Figures for this data can be found in Appendix II. An integration time of 400 ms 

was chosen for the majority of the readings based on the data which showed that at 400 ms 

resulted in the largest peak height while still having low background noise.  

The emission peak height was expected to decrease as the E. coli cell concentration increases.  

Interestingly the blank taken for this experiment, which contained Q dots in solution with no E. 

coli, which was expected to have the highest peak, resulted in the lowest peak among all the 

readings. Evaluation in terms of peak height reduction could not be conducted, instead a 

comparison of the peak height directly was used for evaluation. The reason for this low peak 

height in the blank most likely was due to clustering of the unbound Q-dots in solution that led 

to Qdot-Qdot signal attenuation due to Q dots shielding one another from the excitation 

source.  

The first set of data evaluated was for the longest integration time, that of 1 second. Readings 

taken for longer than a 1-second interval had so much background noise that the signal peak 

became obscured. Oddly the 1-second interval was the only data set that showed a decrease in 

peak height with respect to the E. coli concentration.  This longest integration interval was the 

most affected by settling of the solution because the total reading process took approximately 

2 mins in length.  This decrease in signal matched with the low blank readings as well and 

suggested that the Q-dots were settling in such a way that they were attenuating the total 

signal because of clumping that caused only the exposed Q dots to be excited. As the E. coli 
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concentration increased the Q dots became bound to the bacteria’s surface and became more 

spaced out and, therefore, no longer blocked the excitation source. Comparing the average 

emission peak height and the standard deviation within the spectral data, an optimum 

integration time for the Q dot signal readings was chosen to be around 500 ms. This standard 

deviation was based on the variations in the emission counts for a wavelength range, which 

should be relatively stable when no significant signal was present. The Q dots emitted a signal 

at 655 nm +/- 5nm and the blue LED excited at 470nm, which means that for the range of 

700nm-750nm there should be no significant signal detected other than background noise and 

the tailing off of the blue LED excitation source.  This comparison showed us the signal to noise 

ratios for our detection method and indicate how distinct our emission peak height is from the 

background noise detected by the spectrometer. The higher the signal to noise ratio, the more 

distinct the emission peak was and the more confidence could be placed on the value of the 

emission peak.  The signal to noise ratio was plotted in relation to the integration time so that 

the best integration time could be easily identified.  

The highest signal to noise ratios occurred for the integration times of 500 ms and 750 ms.  The 

variation based on the standard deviation values were higher for 750 ms than for 500 ms thus a 

500ms integration time would be used.  

Student T-tests were conducted comparing each of the values to determine how similar they 

were. The values for the T-test and the P-values could be found in Tables 1 and 2 in the 

Appendix. The T-test revealed that the lower integration times of 250 ms and especially 50 ms 

were not considered to be significantly different; whereas the values for the longer integration 

times were significantly different.  These data showed that 750 ms had the most significantly 
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different values with only 2 values that were not significantly different from the blank. 1000 ms 

and 500 ms only 2 values that were not significantly different and 1 that was not significantly 

different from the blank.  

Table 3: The change in Q dot emission caused by E. coli concentration observed at various integration times with 

the Ocean optics Spectrometer. 

 

1000ms 750ms 500ms 250ms 50ms 

EC2-EC5 -154.00 257.00 190.75 95.90 14.02 

EC3-EC5 -237.00 45.30 17.75 5.40 -0.98 

EC4-EC5 -125.30 156.00 99.05 55.50 12.12 

 

Because the blank values were lower than most of our other readings, and in order to evaluate 

the amount of peak height change caused by changes in the concentration the lowest 

concentration was used for comparison. The change in peak height between the 1x10
6
 and 

each of the other concentrations was calculated.  The 1000 ms integration time showed 

negative values for this comparison, and the 50 ms integration time showed 1 negative value.  

The negative values in the 1000 ms data made sense since the emission peak height decreased 

with the increase in cell concentration. The negative value in the 50ms integration time was 

within the standard deviation of the values, which means it was just an indication of the 

variation in the signal. The values for the integration times of 250 ms, 500 ms and 750 ms had 

differences that were larger than their standard deviations. It was clear that the change in the 

emission peak height did not directly correlate with the magnitude of the change in E. coli 

concentration.  The lowest change in emission peak height was between 1x10
8
 and 1x10

6
, while 

as expected the largest change in emission peak height was between 1x10
9
 and 1x10

6
.  
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7.4.3 Results for Multiple Species 

Comparisons were conducted for samples with the same total concentration of bacteria. 

Therefore samples were evaluated in the following subsets: 2,3; 4, 5; 6,7,10 and 8, 9, 11. 

Comparisons between the following subsets with equal amount of E. coli were also examined; 

4,5, 11 and 2, 3, 10. If pronounced signal attenuation due to proximity to the target organisms 

were occurring, a greater reduction in Q-dot fluorescence when E. coli are present then in cases 

where only K. pneumonia is present would occur. The first comparisons were done for different 

concentrations of the same bacterial species to determine if the concentration of bacteria led 

to a predictable change in the peak intensity of the curve.   

Due to an error, well 2 was spilled and half of its volume was lost. No readings were taken of it; 

however, the remaining wells were read successfully.  The R-squared values for the Gaussian fit 

were all excellent with at least an R-squared of 0.98. The widths of the peaks were also similar 

showing that the Q-dot signature was still discernable.  

The peak height data were normalized in relationship to the blank data set to minimize 

instrument error. A linear curve fit of the peak height data in relation to the cell concentration 

resulted in a linear fit with an R-squared of 0.891 which were a good fit. The difference in peak 

height was not significant but there is a discernable trend similar to that found in the signal 

attenuation experiment.  This trend was more distinct in this experiment due to the E. coli 

concentrations being more varied in magnitude than in the previous experiment.  

 

 

 



75 

 

 

Figure 12: Multiple species: E. coli concentration related to peak height for E. coli alone in solution, read in a 

single well of a 96 well plate. 

 

The peak height in relation to the bacterial concentration for the K. pneumonia did not show as 

clear a trend as was seen in the E. coli data. The Gaussian curve fits were again very good with 

minimum R-squared value of 0.977. The widths of the peaks were nearly identical all around 

11.55 which was characteristic of the Q-dot signature.  

The K. pneumonia should also cause a decrease in the Q-dot signal, but the amount of 

attenuation should be less than that of the antibody targeted E. coli.  The peak height should 

change in relation to the bacterial concentration with a linear relationship but that the slope of 

this line would be lower than that of E. coli. Because the E. coli was closer to the fluorophore, it 

should cause a greater signal attenuation. For the K. Pneumoniae the peak heights are nearly 

identical with differences between the values of as much as 20 and as little as 2.  

The peak heights were plotted in relation to the cell concentration of the K. pneumonia as was 

done with the E. coli to look for the expected linear relationship. The R-squared for this 

relationship is low with an R-squared of 0.379 and the slope indicated an increase in the peak 
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height with cell concentration. The slope was actually lower than that of the E. coli but was also 

sloping in the opposite direction so the data did not support the expectation that the slope 

would be larger. However, the fact that the peak height was also exactly the same made it hard 

to say how much effect the K. pneumonia had on attenuating the signal.  It certainly appears to 

be less than the attenuation that was caused by the antibody targeting E. coli.  

Figure 13: Multiple species: K. Pneumoniae Concentration related to peak height for KP alone in solution, read in 

a single well of a 96 well plate. 

 

The individual species data were then compared to the mixed species data. The curve fits were 

good with R-squared values of at least 0.98 and widths around 11-12.  
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Figure 14: Peak heights for mixed cultures of E. coli and K. pnuemoniae 

 

The mixed cultures were both lower than either of the individual cultures, with the lower 

concentration having a lower peak height than the higher concentration. Comparing the K. 

pneumoniae peak height for both concentrations and that of the E. coli peak height,  the K. 

pneumoniae was lower than that of the E. coli. The K. pneumoniae values do not appear to be 

significantly different. The fact that the mixed cultures had lower peak heights than either 

species alone suggested that there was an interactive effect where the two species were 

creating additional shielding of the fluorophore.   

7.5 Conclusion: Signal Attenuation Experiments  

The initial experiment demonstrated that the modeling method for evaluating the Quantum 

dot spectral signature collected by the ocean optics spectrometer was successful for isolating 

the signal from background noise and spectral drift.  The Gaussian curve was an accurate means 

to represent the Q dot signature peak and allowed to compare samples and obtain clear 

quantitative evaluation of Q dot concentration in solution. A change in the maxima of the Q dot 
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signature in relation to the presence and absence of targeted E. coli cells in the solution was 

also observed. This change in the peak height was correlated to the concentration of E. coli 

present with an R-squared value of 0.826.  It was determine that a well volume of 300-400 µl 

resulted in strong signals that had less variability than that of other volumes. The ratio of Q-

dots to E. coli affected the amount of signal attenuation and that the lower the ratio the greater 

the attenuation monitored.  

In the signal attenuation experiments, revealed a trend that implied a linear relationship 

between the cell concentration and the peak height.  A spectrometer integration time of 500 

ms resulted in a distinct signal change with the least amount of variation. Shorter intervals 

resulted in less variation but in less distinct signals, and the longer integration time resulted in 

greater variation with somewhat greater signal.  That interval of 500 ms resulted in a difference 

between cell concentrations that was distinctly larger than the variation from reading to 

reading.  

Further study of the signal attenuation for mixed cultures resulted in mixed cultures having 

significantly lower peak heights than for either individual culture of the same concentration. 

This indicated that an interactive effect was going on that was causing this pronounced 

reduction. This might be due to the K. pneumonia clumping around the E. coli cells not 

necessarily cross reactivity with the antibodies.  

However, the K. pneumonia showed a greater signal reduction than the EC at certain 

concentrations. This meant that the proximity of the fluorophore to the target did not have 

enough of an increased effect to make it distinguishable from the unbound KP’s signal 

attenuation.  
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 The instrumental error for 500 ms reading the blank for this experiment was 3.9 from 

wavelength to wavelength and 79 counts from reading to reading. This error was large enough 

to make many of the changes in peak height observed with the error of the instrument which 

made it difficult to assess the significance of the change in signal.  The inconclusive nature of 

these results in combination with the acquisition of a new USB spectrometer with a higher 

sensitivity led to a second set of experiments to re-examine the signal attenuation of the Q dots 

in the presence of a targeted bacterium.  
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8 RE-EXAMINATION OF SIGNAL ATTENUATION OF THE Q 

DOT SIGNAL IN SOLUTION WITH TARGETED AND NON-

TARGETED SPECIES 

The previous experiments on the attenuation of the Q dot signal in the presence of 

targeted bacteria produced data that could be interpreted in a manner that proximity to the 

fluorophore might attenuate the signal of the fluorophore. The high degree of variability 

observed in that data set may have been caused by the method of conjugation of Q dot to 

antibody. The previous method used a cleaved antibody and a melamine bound to attach the Q 

dot to the broken double sulfhydral bonds at the center of the antibody fragment.  This cleaving 

can cause a reduction in antibody binding capability. A new method utilizing 1-ethyl-3(3-

dimethylamino-propyl)carbodiimide (EDC) and a carboxyl tagged Q dot would allow the Q dots 

to be conjugated to whole antibodies at their amine groups.  The whole antibodies should have 

a higher affinity coefficient than the cleaved antibody fragments.  This change in combination 

with use of a more sensitive USB spectrometer should improve readings.  

Three 96 well plates were used to conduct three experiments to determine: 

1. If targeted bacteria (Escherichia coli O157(E. coli)) bound to Q dot conjugated to 

antibodies significantly attenuate the Q dot emittance.   

a. If this attenuation is present can it be used to quantitatively assess the E. coli 

concentration in the solution?  

2. If non-targeted bacteria (Klebsiella pneumoniae (K. pneumoniae)) in solution not bound 

to Q dot conjugated antibodies significantly attenuate the Q dot emittance. 

a. If there is significant attenuation, is the effect associated with the non-targeted 

bacterial concentration? 
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3.   In a mixed culture with both targeted and non-targeted species, can the samples with 

targeted bacteria still be separated from those without targeted species?  

a. Can the different concentrations of the targeted species be distinguished from 

each other? 

b. Does the concentration of the non-targeted species have an adverse affect on 

the detection of the targeted species?   

8.1 Experimental Setup: 

Three 96 well plates were set up for observing the Q dot emittance alone in solution, with the 

target bacteria, with a non-targeted bacterial species, and then with both targeted and non-

targeted species.  

The first plate prepared directly after the antibody conjugation was completed.   

Row A – 10 wells were filled with 300 µl of PBS to serve as a blank. 

Row B – 10 wells were filled with 150 µl of 100nM Q dot conjugate and 150 µl of PBS to 

serve as a Q dot blank.  

Row C, D - 10 wells were filled with 150 µl of E. coli and 150 µl of PBS to determine if the 

bacteria themselves have any emittance. These wells were duplicated in Row D. 

Row E, F, G – For each E. coli concentration 150 µl of E. coli was added to 150 µl of 100 

nM Q dots.  This was conducted in triplicate. 

The second plate was modeled on the first plate but the E. coli were replaced with K. 

pneumoniae at the same concentrations.  

The third plate mapped below was designed for observing whether the non-targeted species 

could obscure or mask any change in signal caused by the targeted species. The concentration 

of Q dots used was slightly lower due to the need to add two species to the well and not only 1. 

New blanks and Q dot blank were conducted and it was determined that this lower 

concentration of Q dots could still be easily detected as the concentration was not significantly 

different from the previous plates. 

Row A – 10 wells of 300 µl of PBS to establish a baseline. 

Row B – 10 wells with 100 µl of 100 nM Q dots and 200 µl of PBS to establish the Q dot 

signal. 
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Row D and G – 100 µl of five different K. pneumoniae concentrations in each well along 

with 100 µl of 100 nM of Q dots.  100 µl of 1E9 of E. coli were added to serve as a high 

concentration. These wells were duplicated in Row G.  

Rows E and F – 100 µl of five different K. pneumoniae concentrations in each well along 

with 100 µl of 100 nM of Q dots.  100 µl of 1E8 of E. coli were added to serve as a lower 

concentration. These wells were duplicated in Row G. 

The plates were placed on a white background to maximize the amount of light being reflected 

back into the reading fiber.  The reflectance probe was mounted to read each well from above 

with the reading fiber end at the height of the top of each well and to be perpendicular to the 

bottom of the well. Each well was read 10 times at an integration time of 400ms.    

8.2 Results: 

8.2.1 Q Dots and targeted bacteria 

At an integration time of 400ms, the blank wells registered counts from a minimum of 

99 to a maximum of 524. The instrumental reading for the blank on average was 251 counts for 

the range of 650-660nm, the average standard deviation from well to well and reading to 

reading was 70 counts. Figure 15 shows the average blank data with the counts on the Y-axis 

for the range of 600-700nm. There is a slight curve of to the data that is from the tail of the 

saturated blue LED light signal.  Using the full blank signal this tailing was modeled with a 

Gaussian curve fit with an R squared of ~1 for the data between 650-660nm. Adjusting the Q 

dot data to remove this tailing a more symmetrical Q dot peak was achieved.   

The 655 nm Q dot peak with the blank curvature removed, the maximum counts 

detected was at 655.82 nm. This shows that the USB 4000 Ocean Optics spectrometer had little 

to no signal drift.  The maxima of the peak was 5246 counts, which was well above the noise 

observed in the blank wells.  With the USB 2000 the peak maxima was often at 650-645 nm 

which led to misalignment of the peak heights when comparing the counts at a specific 

wavelength. While the integration time was slightly smaller than that used in the previous 

study, the number of counts were much higher. The Q dot peak height maxima for 100 nM Q 

dots with the USB 2000 was around 1800 counts and with E. coli present was no higher than 

1000 counts. The USB 4000 captured nearly 3 times were many counts as the previous model, 
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the Q dot peak for 100nM Q dots was 5246 and with E. coli present ranged between 2500-4000 

counts.  

Figure 15: Blank wells - PBS only with USB 4000 spectrometer, Blue LED excitation source. 

 

 

The variance in the Q dot readings was higher than that observed in the blank wells. The blank 

standard deviation from well to well was 40-50, and wavelength to wavelength was 100-150 

counts. The Q dot signal varied within a single well, with the standard deviation ranging from 

16-106 counts.  The well to well standard deviation was much higher ranging from 90-1051 

counts, with the highest deviation at 655, having an average standard deviation of 1045 counts.  

This illustrates that highest source of variance in the experiment was the placement of the 

reflectance probe in relation to the sample in the well or in its preparation.  Differences in the 

meniscus of the sample surface and the orientation of the probe in relation to the well could 

cause large differences in the Q dot signal detected. While the probe was mounted, it was likely 

that there was still some variation in the probes orientation that affected the signal detected.  

The variance in the blank at 655nm was very small at 18.57 counts +/-.  Due to this 

extremely low variance, when the blank is compared to the E. coli blank some of the E. coli 

concentrations were significantly different. The E. coli in PBS without Q dots tended to have 
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lower 655nm emission and similarly low variance to the blank, even for the very small 

concentration of E coli.  The fact that the well to well variance was not as high for these wells as 

it was for the Q dots showed that the light being detected in these samples at this wavelength 

was directly related to the orientation of the fiberoptic probe. The signal detected was most 

likely caused by light scattering, electrical dark and some bleed over on the CCD from the lower 

470nm blue LED light source saturating the detector at 470nm. The presence of the E. coli in 

the solution seemed to alter the light scattering in the sample and also the location of the well 

in the plate also played a minor role in increasing the variance from well to well. The E. coli 

blank samples were not always significantly different, even if they were all significantly 

different from the blank and from the Q dot blank.  

Figure 16  illustrates that the blank and E. coli values were nearly the same while the Q 

dot emittance was dramatically different and could easily be distinguished even with a standard 

deviation of approximately 1000 counts.  

 

Figure 16: The peak height normalized with the blank for E. coli concentrations. The error bars show the 

normalized standard deviations, and stars indicate the values that are significantly different from the Q dot 

blank for a p-value of 0.05.  
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being for the highest concentrations of E. coli. The excitation source showed signs of the signal 

being strongly diffused and absorbed by the sample due to the high concentration of E. coli. 

This can be observed from looking at the change in the excitation signal of the high 

concentration wells compared to the lower concentration wells.  Figure 17 shows the blue LED 

light signature for the highest E. coli concentrations.   

Figure 17: Observation of Blue LED excitation signal for high concentrations of E. coli 

 

 

The saturated LED signal for 1x10
8
 was the same for the lower concentrations of E. coli. 1x10

9
 

showed that the LED signal was being attenuated enough that the detector was no longer being 
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with E. coli present was evaluated to judge the degree of the change in the signal.  Keeping in 

mind that the standard deviation in the Q dot signature was approximately 1000 counts, most 

of the E. coli containing samples had a signal that fell within 1 standard deviation of the Q dot 

blank signal. For the highest E. coli concentrations, the signal was 2 to 3 standard deviations 

from the average Q dot blank.  

The E. coli signals were shown to be not statistically different from the Q dot blank except for 

1x10
5
, 1x10

9
 and 1x10

10
. The 1x10

6 
was significant if the p-value was increased to 0.10. 1x10

7
 

had the highest deviation from well to well indicating that one or more of the readings taken 

for this group was done with a probe in a very different alignment from the other readings 

taken.  This showed that in most cases it was possible to determine the presence or absence of 

E. coli in the sample. 

Figure 18: E. coli and Q dots in solution 
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in the sample could not be determined simply by evaluating the signal change.  This was largely 

due to the high degree of deviation from well to well. Looking at the four highest 

concentrations of E. coli a trend was implied  i.e., as the concentration increased the peak 

height decreased. This could not be statistically verified because of the large deviation of well 

to well readings.  

8.2.2 Q dots and non-targeted bacteria 

A new set of blanks and Q dots alone in the solution was conducted in case the length of time 

from conjugation had a significant effect on the Q dot signature. The second plate was 

prepared 3 hours after conjugation of the Q dot to the antibodies were completed.  

During this second trial the amount of variation in the blank was around 60 counts and the 

average deviation in the 655 signal from well to well was half as much as in the previous plate. 

The greatest standard deviation was again found in the 655nm values and had a magnitude of 

around 600 counts. The reduction in the deviation maybe due to better proficiency in the 

positioning of the probe above each well.   
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Figure 19: Peak height normalized by the blank for K. pneumoniae alone in solution. Error bars show the 

instrumental error and stars indicate the values that were significantly different from the Q dot blank with a p-

value of 0.05.  

  

As was done with the targeted bacterial species the K. pneumoniae was monitored in PBS alone 

to determine if the bacteria produced any notable signal on its own. As expected the K. 

pneumoniae alone was statistically different from the Q dot signature and nearly identical to 

the blank.  A few of the K. pneumoniae values were statistically different from the blank, much 

the same as was seen with the E. coli alone in the solution. Similarly the change in the emission 

at 655nm was usually a lower signal and the cases where it was a significant lowering were 

where the deviation from well to well was very low.  

The change in concentration of the K. pneumoniae did not have a significant effect on the 

readings of them alone in the solution. Some concentrations were shown to be significantly 

different from each other but no trend could be established that showed a linear relationship 

between change in emission at 655nm and the change in concentration.  
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As with the E. coli there was an observed change in the excitation signal at the highest 

concentrations of bacteria.  This change was not as noticeable in the actual signal read at 

655nm as it was seen with the E. coli. The highest bacterial concentrations were not 

distinguishable from the other concentrations of K. pneumoniae. 

Figure 20: Observation of the Excitation source for High concentrations of K. pneumoniae 

 

 

Comparing the Q dot blank signal to the Q dot signal with K. pneumoniae, they were all very 

similar. Interestingly, the signal appeared to increase with the addition of the K. pneumoniae 

and not decrease. This increase did not seem to be related to the concentration of the bacteria 

in the solution, but was consistently true in all samples with K. pneumoniae and Q dots.  
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Figure 21: K. pneumoniae + Q dots in solution 

 

 

The difference between the Q dot blank signal and the Q dot signal with K. pneumoniae and 

comparing that to the standard deviation within the Q dot signal which was 567 counts, only 4 

signals were outside of 1 standard deviation from the Q dot signal average.  However these 4 

signals were within 2 deviations of the average Q dot signal. Half of the signals were 

determined to be statistically significant; however, the difference in the signal was that of a 

significant increase in the signal not a decrease.   

Overall the data did not show that the presence or absence of K. pneumoniae could be 

determined. Comparing the signals of various concentrations of K. pneumoniae, all the samples, 

except that of the highest concentration, were statistically the same due to the high degree of 

deviation between wells with the same bacterial concentration and Q dot content.   
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The K. pneumoniae did not seem to attenuate the Q dot signature as predictably as the E. coli. 

However it was interesting that the Q dot signal appeared to increase in the presence of the 

non-targeted K. pneumoniae.  

8.2.3 Mixed cultures 

The third plate was prepared 10 hours from completion of the Q dot to antibody conjugation. 

Blank readings and blank Q dot readings were taken again in case there was significant signal 

degradation after 10 hours of storage at 4
o
C.  This was also conducted because the Q dot 

concentration in the wells was slightly different from the concentration used in previous 

experiments.  

The difference in the Q dot signal from well to well was around 320 counts which was again 

lower than that of the previous plates.  The blank had a well to well deviation of 16 counts 

which again indicated that continual use of the set up has decreased the well to well variability.  

The signal strength at 655 nm appeared to be affected by the presence of the E. coli.  Looking 

directly at the difference between the change in signal and the standard deviation in the Q dot 

signal of 320 counts, the high concentration of E. coli was within 1 standard deviation while the 

lower concentration signal was outside of 2 standard deviations.  
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Figure 22: Observation of Q dot signal in a Mixed Culture in relation to the E. coli concentration 

 

 

Statistical analysis showed that the Q dot signal with low concentration of E. coli was 

significantly different from the Q dot signal alone. Meanwhile the Q dot signal with the high 

concentration of E. coli was not significantly different from the Q dot signal alone but was 

significantly different from the low E. coli concentration signal.  The noticeable increase in the Q 

dot signal in the presence of K. pneumoniae while not consistent might be the cause of the 

signal being higher than the Q dot signal alone.  
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indistinguishable.  Figure 23displaying the 655 nm signal in relation to the K. pneumoniae 

concentration showed that this was not entirely the case.  

Figure 23: Peak heights normalized with the blank, for mixed bacterial species with a constant low E. coli 

concentration and multiple K. pneumoniae concentrations. Error bars are set to instrument error and stars show 

significantly different from the Q dot blank with a P-value of 0.05.  
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The 655 nm signal for the various K. pneumoniae concentrations mixed with a high 

concentration of E. coli had similar results. All the Q dot containing samples were 

distinguishable from the blank but were not significantly different from each other.  This was 

largely due to the high degree of variability from well to well.  

Figure 24 emphasizes this lack of difference and also shows that changes in the peak height as 

was seen in the previous experiments are usually higher than the Q dots alone in solution. This 

increase in signal did not seem to be dependent upon the K. pneumoniae concentration 

because it does not seem to increase or decrease as the K. pneumoniae concentration 

increased.  

Figure 24: Peak height normalized with the blank for 1x10
9
 cfu/mL E. coli concentration and various K. 

pneumoniae concentrations. Error bars are set to instrumental error and stars indicate significantly different 

from the Q dot value for a P-value of 0.05.  
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Averaging the values for both E. coli concentrations to see if the K. pneumoniae concentrations 

had more of an effect on the 655 Q dot signal than the E. coli concentration, the variability 

increased further.  As with the previous analysis the Q dot containing samples were still 

distinguishable from the blank but the different concentrations were not significantly different 

from each other.   

Figure 25 below illustrates what was determined statistically.  The peak height values 

were averaged over both concentrations of E. coli, no clear trend was revealed, but the 

standard deviations of each K. pneumonia concentration was increased. This indicates that the 

E. coli concentration was having a greater effect on the 655 nm Q dot signal than the K. 

pneumonia concentration. Interestingly, considering the previously noted increase in 655 Q dot 

signal in the presence of K. pneumoniae, the difference in E. coli concentration still resulted in a 

significant difference in the Q dot signal.  
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Figure 25: Peak height normalized with blank for both High and Low E. coli concentrations in relation to the K. 

pnuemoniae concentration (cfu/mL). Error bars show instrumental error and stars indicate values that are 

significantly different from the blank with a p-value of 0.05

 

 

8.3 Discussion – Re-Examination of Signal Attenuation of Q dot 
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The second experiment which focused on the interaction of non-targeted bacteria and the 

conjugated Q dots resulted in an interesting change in the 655 nm Q dot signal. The difference 

was significant in half of the samples read and seemed to be not related to the bacterial 

concentration. The change in the signal was not an attenuation as was observed with the 

targeted bacteria but an amplification of the signal.  This increase in signal was minor usually 

within 1 or 2 standard deviations of the blank. Whether this was a property specific to K. 

pneumoniae or occurred with any non-targeted bacterial species was not clear.   

The spectral signature of the K. pneumoniae in solution alone was not significantly different 

from the blank PBS filled well or the E. coli wells which meant that the species on its own was 

not emitting a significant amount of light. It can also be assumed that it was not more reflective 

than E. coli in solution. However this assumption could not be confirmed without excitation of 

the sample with a red light source near 655 nm.  

One possible explanation of this observed increase in Q dot emittance was that the Q dots are 

self quenching when they were alone in solution and when they were bound to the target 

organism. When the Q dots became more spread out in the non-targeted species they no 

longer quenched each other leading to a brighter signature. However, Invitrogen had stated 

that they had no evidence that self quenching was occurring. Thus, the cause of the increase 

was some other property of the Q dots or of the K. pneumoniae. The most likely cause of the 

signal increase was that the Q dot conjugates alone in solution form aggregates, clumping 

together and shielding each other from the excitation source. When another bio-molecule was 

introduced such as a non-targeted species or a protein like bovine serum albumen (BSA) the 

aggregates break up and the Q dots were no longer shielded from the excitation source. This 
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resulted in the higher signal than was found in the sample where the conjugates were clumping 

together. To prove this, further testing with other non-targeted species or BSA would be 

necessary.  At this time, the cause for this signal increase was unclear and further investigation 

would need to be conducted. 

The third experiment was focused on observing interactive effects between the targeted and 

non-targeted species in solution together.  Again all Q dot containing samples were 

distinguishable from the blank.  Looking at the 655 nm Q dot signature in relation to the E. coli 

concentration regardless of the K. pneumoniae concentration, the low E. coli concentration 

could be differentiated from the Q dots alone in the solution. The high concentration could not 

be statistically differentiated from the Q dots alone.   K. pneumoniae produced the same 

increase in signal strength as was observed in experiment 2 and, therefore, did interfere with 

the detection of the E. coli in the sample.  However because this increase in signal was again 

not related to the concentration of K. pneumoniae in the solution, a difference between the 

high and low concentrations of E. coli in the sample could be discerned.  This third experiment 

had the largest variation from well to well which might have been cause by the longer time 

since Q dot conjugation and the presence of the non-targeted species.  

The results of these experiments made it clear that the close proximity of the targeted bacteria 

to the conjugated Q dots created a significant attenuation of the signal, but not one that 

currently could be incrementally associated with the bacterial concentration. This might be 

achievable with a different experimental set up, such as a microfluidic device or use of a flow 

cell cytometer.  By increasing the precision of the measurements, differentiation between 

bacterial concentrations might be achieved.   
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The surprising interaction with the K. pneumoniae that caused the increase in the signal 

strength needs to be further investigated to determine if this is a unique property of the K. 

pneumoniae or is true of every non-targeted bacterial species.  Once this has been determined 

it would be interesting to investigate if this increase is similar in all cases and attempt to 

determine the physical or chemical cause for the signal amplification.   

Interference caused by the unbound species, in this case an increase in signal, may not be 

predictable which leads to the need to separate the bound from the unbound species.  Two 

methods to accomplish this had been proposed. One was to use tagged antibodies bound to 

magnetic beads and the other was to affix the antibodies to a surface to capture them from 

solution.  

Immunomagnetic bead separation uses a magnetic field to separate bound from unbound 

targets. Several methods for use of magnetic beads have been investigated previously with 

fairly good results. Wang et al. (2007) have already shown that Q dots in conjunction with 

immunomagnetic bead separation is capable of achieving a lower limit of detection of 3cfu/mL. 

This shows that this method is very accurate, but requires special equipment for generating a 

strong magnetic field for separation.  

The binding of antibodies to glass or silicon oxide surfaces has been conducted previously and 

several methods have been tested, but none has utilized quantum dots as their main detection 

method and/or have been conducted on SU-8. Also improvement in waveguide geometry may 

lead to improved detection beyond what is found with magnetic beads.  When considering the 

hand held Ocean Optics spectrometer as the detector, it is desirable to develop a micro-

platform. The easiest means of accomplishing this is with a fiberoptic probe or a waveguide.  
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Waveguides made with SU8 would be cheaper to make and could be made to be more accurate 

than a standard fiberoptic probe.  SU8 is a negative photoresist that is cheap and easily formed 

into various shapes while still being optically clear for transmitting light.  There have only been 

a few methods for binding antibodies to SU8, most of them based on methods for binding to 

Silicon oxide. It was decided to try altering an accepted method for Antibody binding to glass 

for use on SU8. The next part of our study was dedicated to adopting the antibody binding 

method of Bhatia et al. (1989) for use on SU8. 
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9 PROCEDURE FOR ANTIBODY FIXATION TO SU8 

COATED SURFACES 

9.1 Surface activation survey   

The first stage in adapting the Bhatia method for affixing antibodies to the SU8 surface was to 

look at the different methods used to reactivate the surface so that the silane properly coats 

the surface. The SU8 surface forms with closed epoxy rings and, for the silane to bind to the 

SU8, it is necessary to activate or open these rings.  

Figure 26: SU8 Molecule: On the left with the closed 1,2-epoxy rings and on the right with open 1,2-epoxy rings. 

 

 

 

 

 

 

 

 

Four acid based methods for reactivating the SU8 surface were tested in comparison to 

exposure to oxygenated plasma.  

Table 4: Surface Treatments for Surface activation Experiments 

Method Surface Treatment 

1 100% H2SO4, Room temp, 10s 

2 70/30 H2SO4/H2O2, 80C, 30min 

3 95% H2SO4, 80C, 10s 

4 95% H2SO4, 80C, 30s 
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the surface to 95% sulfuric acid at 80C for 30s and Method 4: Exposure of the surface 

to70/30(v/v) Sulfuric acid/Hydrogen peroxide. SU8 coated SiO piece was subjected to each 

treatment and all 4 samples were coated with cross linker and 10ul of 1.5uM of Quantum dots. 

A glass cover slip was coated according to the Bhatia method as a baseline for comparison for 

the other samples. Reflectance readings were then taken of each sample and compared to 

determine which surface had the most uniformity over the entire surface while maintaining a 

strong reflectance reading. A 470nm Blue LED was used as the excitation light source for the 

quantum dots, because its narrow peak could be easily removed from the spectral distribution 

resulting in little interference from the excitation source. 

9.2 Antibody Surface Coverage Experiment: 

Once a successful method for activating the SU8 surface for antibody binding was developed, a 

set of trials was conducted to determine the amount of antibodies being bound to the surface 

to determine the optimum amount of antibodies needed to cover the surface.  

A set of trials was conducted to determine the amount of antibodies that bind to a sample in 

order to produce good surface coverage.  A set of 5 different concentrations of Q dot 

complexes were applied to the SU8 surface, each chip was assessed for spectral signature both 

before and after being washed to remove unbound antibodies. Treatments 3-5 were conducted 

twice to verify the results. 
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Table 5: Surface coverage of SU-8 coated Silicon oxide, evaluated with different concentrations of antibodies 

tagged with 655nm Q dots. 

 Treatment Conc. (µM) 

Treatment 1 1.000 

Treatment 2 0.500 

Treatment 3 0.300 

Treatment 4 0.150 

Treatment 5 0.075 

 

9.3 Results for Procedure for antibodies affixation to SU8 coated 

surfaces 

9.3.1 Results for Surface Activation Survey 

The different activation methods were conducted as well as single glass cover slip for 

comparison to the expected amount of antibody binding.  The Gaussian curves based on the 

spectral distributions collected were centered at 655nm and can be seen in Figure 27 below.  

Figure 27: Surface activation evaluated by monitoring the Q dot emission from Q dot tagged antibodies adhered 

to the surface of the activated SU-8. Glass served as a blank standard. 

 

0

50

100

150

200

250

600 610 620 630 640 650 660 670 680 690 700

E
m

it
ta

n
ce

 (
C

o
u

n
ts

)

Wavelength (nm)

Surface Activation Methods

Oxygenated Plasma Glass Method 1

Method 2 Method 3 Method 4



104 

 

 

A strong signal was present from the glass cover slip that was treated following the Bhatia 

methodology. There were larger differences between activation methods. The Oxygenated 

plasma activated surface had by far the highest and most distinct peak, which was  higher than 

what was expected for that concentration of quantum dots. The glass cover slip had a nice peak 

showing that the basic procedure worked as expected and the only treatment that had 

comparable results was the oxygenated plasma treatment. A Summary of the Gaussian curve fit 

characteristics can be found in Table 16. 

Table 6: Surface activation comparison data, evaluated by monitoring the Q dot emission from Q dot tagged 

antibodies adhered to the surface of the activated SU-8 

Treatment A – Peak Height C - width R-Squared Integrated Area (650-660) 

Glass 107.00 10.1 0.96619 3.37x10
3
 

Oxygenated Plasma 224.00 11.1 0.97882 7.10x10
3
 

Method 1 18.00 11.0 0.47352 5.70x10
2
 

Method 2 4.00 40.0 0.05499 1.32x10
2
 

Method 3 12.00 9.00 0.70876 3.73x10
2
 

Method 4 9.5.00 8.50 0.49387 2.93x10
2
 

 

The R-squared values were good for the plasma treated and glass samples, but the remaining 

samples had poor values. These poor readings indicate the curve was not pronounced and was 

difficult to discern from background noise. The heights of the peak being almost equal to their 

widths at ½ height indicate a peak that did not match the characteristics of quantum dots as 

they have been previously characterized.  It could therefore be concluded that while the 4 acid 

treatments were either not successful in activating the surface as in the case of method 4, the 

SU8 itself showed signs of discoloration and deformation due to long term exposure to heat 

and concentrated acid.  
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9.3.2 Results for Surface Coverage Experiments 

Initial assessment of the chips were conducted by taking readings of the total concentration of 

Q dots applied to the surface before washing the surface with PBS to remove unbound fraction.  

By examining the relationship between the Q dot concentration and the spectral peak height 

the accuracy of the readings can be determined.  For each spectral distribution a Gaussian 

curve fit was conducted to allow us to easily compare them. The curve fits for each set of data 

had a high degree of accuracy for concentrations of 1 µM - 0.125 µM, with R-squared values of 

0.93 or greater. The curve fits for the 0.075 µM concentrations were lower but still managed an 

R-squared 0.86 and 0.69. The spectral distributions of the lowest concentration were unclear 

and difficult to characterize due to ambient noise in the signal. This was also our indication that 

0.075 µM was near the limit of detection for this set up in characterizing the Q dot signature on 

the SU8 chip surface.  

A plot of the different Gaussian peaks of the spectral distributions shows us a very linear 

relationship between the peak height and the Q dot concentration. A linear regression shown in 

the Figure 28 had an R-squared of 0.989 which supported the linear relationship between 

spectral peak height and Q dot concentration. This also indicates that the readings for these 

chips should be accurate as well.  
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Figure 28: Comparison of Peak height for each concentration of applied Q dot tagged antibodies in relation to 

the concentration of Q dots tagged Antibodies. 

 

The characteristics for each curve fit are shown in Table 7. The R-squared values previously 

described can be found there as well as values for the peak height and integrated area under 

the curve for the wavelength range of 650-660nm. The peak width at half height is also a good 

indication of curve fit, as the curve fit widens beyond 12 the R-Squared values lowers. Quantum 

dots produce a narrow tall Gaussian peak, and the wider the peak becomes the more obscured 

the Q dot signatures becomes.  

Table 7: Summary of Gaussian Curve characteristics for antibodies applied before final washing to remove 

unbound fraction. 

Sample Antibodies 

(µM) 

A – Peak 

Height 

C – Peak width 

at half height 

R-Squared Integrated Area 

(650-660nm) 

Sample 1 1.00 762.3 11.30 0.990 2.42x10
4
 

Sample 2 0.500 359 12.00 0.988 1.14x10
4
 

Sample 3a 0.300 153.1 12.30 0.963 4.88x10
3
 

Sample 3b 0.300 239 11.50 0.981 7.62x10
3
 

Sample 4a 0.125 75.2 12.62 0.931 2.4x10
3
 

Sample 4b 0.125 77.0 12.20 0.957 2.46x10
3
 

Sample 5a 0.075 19.8 14.20 0.693 6.31x10
2
 

Sample 5b 0.075 45.5 12.10 0.866 1.45x10
3
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The samples were then washed with PBS to remove unbound antibodies and the surfaces were 

re-examined with the handheld spectrometer.  

Samples 1 and 2 both have clearly defined Q dot signatures that show successful binding of a 

detectable amount of antibodies. That sample 2 seems to have more surface coverage than 

Sample 1 may be due to variation between samples and is possibly a sign of surface saturation.  

The R-squared values for the curve fits show that fit for Sample 1 was not as good as for Sample 

2, indicating an undefined curve due to noise most likely. The R-square values became even 

worse with samples 3a and 3b, both managing barely 0.20.  The remaining samples have curve 

fits that have R-squared values so low that the curve can be considered completely obscured by 

background noise. It may be at this level of binding that the concentration of Q dots on the 

surface is at or below the setup’s detectable level. Using the equation from the linear 

regression conducted on the prewashed samples an estimation of the concentration of 

Quantum dots on the surface of the chip can be done, these values can be seen in the table 

below.   

Table 8: Gaussian Curve fit Characteristics for Q dot emission peaks after the final wash to remove unbound 

fraction. 

 

Sample Antibodies 

(µM) 

A – 

Peak 

Height 

C – Peak 

width at half 

height 

R-Squared Integrated Area 

(650-660nm) 

Estimated Q 

dot con. (µM) 

Sample 1 1.000 23.1 12.2 0.67819 7.37x10
2
 0.06210 

Sample 2 0.500 37.4 12.5 0.9210 1.20x10
3
 0.07640 

Sample 3a 0.300 6.74 20.2 0.2100 2.20x10
2
 0.04574 

Sample 3b 0.300 8.69 14.5 0.18360 2.80x10
2
 0.04769 

Sample 4a 0.125 4.79 28.0 0.0965 1.57x10
2
 0.04379 

Sample 4b 0.125 5.90 14.6 0.11645 1.90x10
2
 0.04490 

Sample 5a 0.075 8.50 18.0 -0.2021 2.76x10
2
 0.04750 

Sample 5b 0.075 10.3 20.0 0.22378 3.36x10
2
 0.04930 
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Based on estimated values for the two samples that had R-squared values that indicate the 

curve fits were at least somewhat reliable, samples 1 and 2 had surface Q dot concentrations 

that were at the minimum detection limit as determined by the prewash readings.  

It can then be concluded that a concentration of at least 0.5 µM applied to the surface of the 

chip resulted in a detectable level of antibodies on the surface. Below that level the amount of 

antibodies being affixed was not clear nor could it be guarantee that any antibodies were 

present on the surface.  

9.4 Discussion for Procedure for antibodies affixation to SU8 coated 

surfaces: 

The Bhatia method could be adapted to work on SU8. Two different methods for surface 

activation were tested included 4 variations of the acid bath. The only successful method for 

surface activation was activating the SU8 coated surface to oxygenated plasma. This method 

proved to be as good as working on glass if not better, but had to be completed within 48-hours 

of surface activation. If not, the surface showed signs of deactivation.  

Experiments were conducted to determine the concentration of antibodies required to 

achieve a good surface coverage. The detection limit was around 0.075 µM of Q-dots of the 

surface of the chip. After the surface wash, good detectable surface coverage was achieved at 

high concentrations (1 µM and 0.5 µM). The remaining samples resulted in antibody coverage 

that was lower than the instrumental detection limit. Now that a procedure for binding 

antibodies to the surface of SU8 has been established the investigation proceeded to the 

sandwich immuno assay experiments.
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10 SANDWICH IMMUNO ASSAY ON SU8 – PART A 

The SU8 coated silicon chips did not show any signs of autofluorescence at the 

integration times or laser illumination levels used. This was demonstrated with a flat 

baseline of SU8 blank, which could be distinguished from the quantum dot’s sharp peak 

at 655 nm.  The glass samples resulted in an alteration of the surface’s spectral 

characteristics that were barely detectable. The longest reliable integration time was 

900 ms. Intervals greater than 1 second resulted in a high degree of noise that began to 

erode the certainty of the peaks.  Shorter intervals resulted in the Q dot peak fading into 

the background noise.   

Figure 29: Spectral readings of the Glass, SU-8 coated silicon wafer and SU-silicon wafer with Q-dot 

tagged antibodies. 

 

100

150

200

250

300

350

400

600 620 640 660 680 700

E
m

it
ta

n
ce

 (
co

u
n

ts
)

Wavelength (nm)

Comparison of baseline emittance of SAM coated SU8 with and 

without to Q dots present

Glass SU8 Q dot 100pm



110 

 

 

The lower limit of detection for 100 pM quantum dots on the surface of the chip was 

determined. Readings were taken for Q dot concentrations between 100 nM to 10 pM.  

These spectral distributions were modeled using a Gaussian curve fit. These modeled 

curves were then centered at a common maximum so that they could be easily 

compared.  

Looking at the characteristics of the curves, it is clear that good curve fits for four of the 

spectral distributions was achieved. R- squared values were greater than 0.93 and width 

at half peak height of around 11, which was what was expected of quantum dot 

signatures observed with the Ocean Optics spectrometer.  

Table 9: Summary emission peaks of 10ul of Quantum dot tagged on SU-8 coated silicon wafer to 

determine detection limit of Q dot Concentration. 

Quantum Dot Concentration (µM) 1x10
-1

 1x10
-2

 1x10
-3

 1x10
-4

 1x10
-5

 

C –Width at half peak height 11.85 11.7 11 9.2 6.1 

A – Peak Height 2385 565 220 67 17 

R-Squared for model fit 0.97865 0.9877 0.9541 0.93156 0.6838 

 

The lowest concentration at which an acceptable curve fit could be made was 10 pM 

(1x10
-5

 µM), with an R-squared value was 0.6838.  This R-squared value indicates that 

this data set was the limit of what was accurately detectable with the set up and still be 

characterized as a Gaussian curve. The noise in the blank readings were +/-1 335 counts 

from wavelength to wavelength in the 650-660 nm range and 102 counts from reading 

to reading on the same spot on the sample. The peak heights for each quantum dot 
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concentrations was then plotted against the quantum dot concentration and a linear 

regression conducted to determine if a linear relationship could be determined.  

Figure 30: Q dot emission peak height in relation to Q dot tagged antibody concentration on SU-8 

coated silicon oxide. 

 

10.1 Initial Survey of E. coli concentrations 

The first test of the immunoassay was conducted at three different concentrations 

starting at a common lower limit of detection of 1x10
3
, ending at an easily detectable 
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9
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7
 as being in between the two.  

The chips were coated according to the previously determined procedure. The chips 

were set in mini dishes and covered with 2.5ml of PBS to keep them from drying out 
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10.2 Full Range E. coli concentration Experiments 

Once the initial survey was completed successfully a full range of concentrations from 

1x10
9
 to 1x10

3
 was conducted. Concentrations were set at regular intervals, 1x10

3
, 

1x10
4
, 1x10

5
, 1x10

6
, 1x10

7
, 1x10

8
, and 1x109 to determine how well different 

concentrations of E. coli could be differentiated from one another.  The chips were 

created in an identical fashion as the initial survey. Due to materials constraints the 

chips could only be created in singlet but where still read multiple times and at multiple 

locations on the chip. 

10.3 Results and Discussion – Sandwich Immuno Assay Part A: 

10.3.1 Results and Discussion – Initial Survey 

E. coli targeted sandwich immunoassay results are shown in table 10. Three 

concentrations were conducted to determine if the methodology was sound.  Gaussian 

curve fits were conducted on all three spectral distributions and those modeled curves 

centered at 655nm and compared in figure 31.  

The three curves nicely line up, with the greatest concentration having the greatest and 

most distinct signal, and the lowest concentration having the least distinct and lower 

peak. The lowest concentration had the least accurate fit.  The curve was barely 

discernible from the background noise. This was clear from both the R-Squared values 

as well as the oddly wide width at half the peak height. This width was typically between 

12 and 10 and in the best case was near 11.  
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Table 10: Curve Characteristics for the initial survey of the Sandwich Immunoassay with E. coli and 

655nm Quantum dots on Su-8 coated silicon wafer to confirm methodology. 

E. coli Concentration (cfu) 1x10
3
 1x10

5
 1x10

7
 

C – Width at half peak height 15.00 12.20 11.00 

A – Peak Height 6.00 71.20 120.0 

Standard Deviation 19 51 89 

R-Squared of model fit 0.18735 0.96758 0.9892 

 

The three points in the initial survey suggested a linear relationship between the peak 

height and the E. coli concentration.  Figure 31 below is a log-log chart of the data that 

shows the linear trend clearly. The standard deviation was calculated on the 655 values 

before the curve fitting was done on the average curve data. The variation between 

readings on the same chip was high in comparison to the peak height detected. In some 

cases this variation was higher than the determined peak height above the blank. 

Figure 31: Sandwich Immunoassay with E. coli and 655nm Quantum dots on Su-8 Coated silicon wafer 

Initial Survey Q dot emission peak height in relation to the E. coli concentration. 
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The high standard deviation also made the peak height not statistically different from 

each other. Even though the peak height averages showed a linear relationship, this 

might be coincidental and was not statistically relavent.  

10.3.2 Results and Discussion – Full Range E. coli Concentrations 

 A total of 7 points were observed with concentrations ranging from 1x10
9
 cfu/mL to 

1x10
3
 cfu/mL. A reading for a sample at 1x10

2
 was taken, but no discernible curve could 

be detected. The curves showed a good trend with larger concentrations having higher 

peaks and lower concentrations having lower peak heights. A summary of the model 

characteristics is shown in the table 11. Five of the seven points had very good curve fits 

with R-Squared values over 0.95, which indicates a high degree of accuracy. The 1x10
8
 

sample, however, had an unusually wide peak.  This width at half peak height was 13, 

which was outside the typical quantum dot signature with a width of 10-12. The 

standard deviations for the readings on the same chip ranged from as low as 21 to as 

high as 108 counts.  

Table 11: Q dot emission curve fit data for the Sandwich Immunoassay with E. coli and 655nm Quantum 

dots on Su-8 Coated silicon wafer for 1x10
9
 to 1x10

3 
cfu/ml. 

E. coli Concentration (cfu) 10
9
 10

8
 10

7
 10

6
 10

5
 10

4
 10

3
 

C - Width at half Peak Height 10 13.1 10.25 10.74 11.5 10.4 10.4 

A - Peak Height 492.7 167 382 192 8.4 51.9 23.4 

Standard deviation 79 108 55 35 63 21 29 

R-squared - Model Fit 0.997 0.972 0.996 0.991 0.323 0.969 0.827 

 

The values were tested for statistical differences and the highest values were 

statistically different from each other. The 1x10
8
 values was not different from 1x10

6
 or 
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1x10
4
. another point that has a peak lower than expected1x10

5
, was not statistically 

different from 1x10
4
, 1x10

3
 or 1x10

8
. A comparison of the peak height in relation to the 

E. coli concentration was conducted and a linear regression was done on those points. 

The linear regressions was poor but the trend could be seen in the figure 32. There 

appeared to be two sets of points both linearly moving down as the concentration 

decreased.     

Figure 32: Q dot emission peak height for the Sandwich Immunoassay with E. coli and 655nm Quantum 

dots on Su-8 Coated silicon wafer for 1x10
9
 to 1x10

3 
cfu/ml. 
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This variability was caused by the irregular pattern of high and low antibody binding 

best described as “hot and cold spots” observed on the sample chips. The antigen sites 

of the first E. coli cell encountered by the tagging solution were saturated and the other 

cells farther from where the tagging solution were introduced remained untagged. The 

E. coli cells themselves might not be bound uniformly over the surface of the chip. For 

the higher concentrations, the area of the chip became saturated and, thus, a more 

uniformed spectral distribution could be obtained. As the concentration was lowered, 

the likelihood of hot and cold spots increased. Reducing the binding surface area would 

improve the sensitivity of the sensor for lower concentrations and increase the accuracy 

as well. 

10.4 Discussion for Sandwich Immuno Assay on SU8 – Part A.  

The lowest detectable concentration of quantum dots was determined to be 

approximately 100-10 pM.  The SU8 autofluorescence did not register any notable 

interference and the slight change in the reflectance signal caused by the silane and 

cross-inker also did not interfere with the readings being taken. The sandwich immuno 

fluorescent readings were successful in detecting the target organism in a range of 

concentrations between 1x10
3
 to 1x10

9
 cfu/mL.  There was a linear trend in the data 

suggesting that a higher concentration resulted in a higher peak height.  This trend could 

not be confirmed for all points statistically. Surface coverage was uneven in general, 

with hot and cold spots. Places where there were strong and weak signal led to large 
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amount, of variability. Reducing the sensor surface to a size that could be read in its 

entirety would alleviate some of this variability. 

The current sensor assembly while crude was successful in demonstrating that the 

Ocean Optics USB hand held spectrometer could be used to take accurate readings for 

quantum dot tagged organisms at concentrations as low as 1x10
3
 cfu on a 1cm

2
 SU8 

coated chip. This sensitivity was not as good as we would like to see in a biosensor, and 

not as good as other studies found with immunomagnetic separation and Q dots (Wang 

et al, 20007).  

Further testing was conducted on glass chips due to limited availability of the SU8 

coated samples. It was important to determine if 1x10
3
 was the lowest limit detectable 

concentration with the current setup. In addition, we wanted to re-examine cross 

reactivity with both other species and with partial dead target cells.  Many critics of 

immuno assay and DNA detection of bacteria claimed that such procedures were poor 

at differentiating viable cells from non-viable cells, suffering from false positives from 

dead cells that might be present in the sample but would not actually infect an 

organism.  This was a reasonable concern and it was important to observe if and how 

much these target bacteria cell fragments might amplify or distort a positive signal.  
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11 SANDWICH IMMUNOASSAY ON SU8 – PART B. 

Glass chips were coated following the Bhatia et al. (1989) procedure. Each chip was 

made in duplicate to take into account the chip-to-chip variations that would occur.  

Three experiments were conducted. The first was to re-examine our lower limit of 

detection to determine if we could detect concentrations lower than 1x10
3
 cfu.  

11.1 Lower Limit of Detection: 

The chips were run in duplicate, 2 for each E. coli concentration. 1x10
3 

and 1x10
4 

were 

conducted to overlap the already observed values from previous experiments. Each 

sample was exposed to 3 ml of the appropriate concentration for 1 hour at room 

temperature on a shaker.  

Table 12: Lower limit of detection Experiment setup 

Designation E. coli concentration 

LC11 1x10
1
 

LC12 1x10
1
 

LC21 1x10
2
 

LC22 1x10
2
 

LC31 1x10
3
 

LC32 1x10
3
 

LC41 1x10
4
 

LC42 1x10
4
 

 

The previous lowest detectable concentration was 1x10
3
, however it was the lowest 

concentration tested so there were not lower concentrations to compare it to.  From 

the previous results it was expected that 1x10
3
 to be the lower limit, because the 1x10

3
 

peaks from pervious experiments were barely detectable.  
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11.2 Cross Reactivity Experiment #1: Other bacterial species – 

Klebsiella 

Each chip was run in duplicate, 2 chips for each concentration. The minimum 

concentration was maintained at 1x10
4
 cfu/ml, as this was determined to be a 

concentration where good signal had been achieved previously.  Interference from cross 

species was examined based on the ratio of target to interfering species. The 

concentration value was the concentration of the sample prior to the mixing of species. 

1.5 ml of each concentration was mixed in a 5ml test tube to create a 3mL sample that 

the sample was exposed to for 1 hour at room temperature on a shaker.  This was done 

to assure equal opportunity for each species to bind to the surface binding sites and was 

based on the time required to achieve maximum binding.   

Table 13: Cross Reaction - Klebsiella pneumonia Experimental Setup 

 E. coli Concentration K. pneumoniae concentration Ratio EC/KP 

ECKP41 1x10
4
 1x10

4
 1 

ECKP42 1x10
4
 1x10

4
 1 

ECKP51 1x10
5
 1x10

4
 10 

ECKP52 1x10
5
 1x10

4
 10 

ECKP61 1x10
6
 1x10

4
 100 

ECKP62 1x10
6
 1x10

4
 100 

ECKP71 1x10
7
 1x10

4
 1000 

ECKP72 1x10
7
 1x10

4
 1000 

KP41 1x10
4
 1x10

4
 1 

KP42 1x10
4
 1x10

4
 1 

KP51 1x10
4
 1x10

5
 0.1 

KP52 1x10
4
 1x10

5
 0.1 

KP61 1x10
4
 1x10

6
 0.01 

KP62 1x10
4
 1x10

6
 0.01 

KP71 1x10
4
 1x10

7
 0.001 

KP72 1x10
4
 1x10

7
 0.001 
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It was expected that there might be some minor cross reactivity from the K. 

pneumoniae, but not enough to completely obscure the detection of our target 

organism. This methodology depend on specific binding by antibodies both to the 

surface and then by the fluorophore. This was expected to lead to minimal cross 

reactivity.  

11.3 Cross Reactivity experiment #2: Partial E. coli Cells.  

As was conducted with the previous experiments the chips were run in duplicate for 

each test concentration. The partial cell concentration was based on the cell 

concentration in the solution prior to the cells being lysed. 1.5ml of each concentration 

of partial dead cells and live whole cells were combined in a 5ml-test tube and then 

vortexed to assure complete mixing.  This was done to assure equal opportunity to 

surface binding sites. The samples were then exposed to the mixed solution for a period 

of 1 hour at room temperature on a shaker to assure complete binding.  Partial cell 

concentrations  were  tested via standard spread plating method to assure no viable 

colonies survived the lysing process. As with the previous cross reactivity study the ratio 

of target to interfering species was varied while the minimal concentration of target 

cells was maintained at a known detectable level.   
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Table 14: Cross Reaction - Partial Cells Experimental Setup 

 E. coli Concentration P.C. Concentration Ratio EC/KP 

ECPC41 1x10
4
 1x10

4
 1 

ECPC42 1x10
4
 1x10

4
 1 

ECPC51 1x10
5
 1x10

4
 10 

ECPC52 1x10
5
 1x10

4
 10 

ECPC61 1x10
6
 1x10

4
 100 

ECPC62 1x10
6
 1x10

4
 100 

ECPC71 1x10
7
 1x10

4
 1000 

ECPC72 1x10
7
 1x10

4
 1000 

PC41 1x10
4
 1x10

4
 1 

PC42 1x10
4
 1x10

4
 1 

PC51 1x10
4
 1x10

5
 0.1 

PC52 1x10
4
 1x10

5
 0.1 

PC61 1x10
4
 1x10

6
 0.01 

PC62 1x10
4
 1x10

6
 0.01 

PC71 1x10
4
 1x10

7
 0.001 

PC72 1x10
4
 1x10

7
 0.001 

 

It was expected that the partial dead cells of E. coli would cause some interference but 

that because these cells were partial, they would not be able to bind both to the surface 

and the antibodies.  The partial cell might be able to block the surface binding sights 

which would lead to lower signals for high concentrations of E. coli.  If the partial cells 

were blocking the surface binding sites, the level of competition between the two 

species could be determined by examining the ratio of E. coli to partial cells in relation 

to the signal strength.  
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11.4 Results for Sandwich Immuno Assay on SU8 – Part B:  

Due to the new set up the silane showed a slight rise on the spectroscopic readings of 

the glass coated samples. Figure 33 shows the raw data collected with the new set up. A 

clear 655nm Q dot peak can be seen and reflected spikes can be seen at 470nm and 

950nm of the blue laser.  

Figure 33: Example of raw data from Q dot tagged antibodies on glass coasted with Silane and 

crosslinker in comparison to and a blank glass coated with silane and crosslinker. 

 

The surface had a slight fluorescence that was modeled using a Gaussian fit shown here 

as the red line. This was removed from each reading to eliminate artificial increases in 

the 655nm peak height. This background curve was modeled for wavelengths between 

520-600nm. 520nm was the edge of the filter used to eliminate the laser from the 

spectra. 600nm was considered to be the lowest point expected to have the Q dot peak. 

Once this background signal was removed the 655nm peak was then modeled using the 
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same methodology but focusing on the wavelengths 640-660nm, which was considered 

to be the center of the Q dot peak.  

11.5 Results Lower Limit of Detection:  

Table 15 contains the data that was collected for the lower limit of detection 

experiments. The target concentration was the concentration of E. coli in solution 

allowed to bind to the surface of the chip. The R-Squared values show the fit values 

between the data and model for the range 650-660nm wavelength.  The standard 

deviation values are the average deviation between the three models, one for each 

reading taken on a chip. The peak height is the maxima of the model’s peak.   

Table 15: Lower limit of detection result Summary 

Sample Target Concentration Peak Height 

 EC Average STD 

LC42 1x10
4
 1203.333 440.2742 

LC41 1x10
4
 411.8333 205.3596 

LC32 1x10
3
 65.76667 21.98507 

LC31 1x10
3
 63.63333 21.13299 

LC22 1x10
2
 81.06667 49.68313 

LC21 1x10
2
 116.0333 25.13411 

LC12 1x10
1
 145.0333 6.310573 

LC11 1x10
1
 102.9667 34.09844 

 

There was variation between chips similar to the difference between the treatments. 

This showed on a chip-to-chip basis that there was still a great deal of variation.  On a 

log-log graph (Figure 34), it can be seen that the 1x10
4
 stood out as higher from the 

other values, but that the other three values were very similar.  
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Figure 34: Lower limit of detection Q dot emission peak height in comparison to E. coli concentration. 

 

Statistical analysis comparing the average values of populations to determine the 

probability that the values \were the same or of the same population showed that only 

the 1x10
4
 values were significantly different from the remaining three.  This set the 

lowest detectable concentration at 1x10
4
 which was the same as was found in the 

previous experiment.  The signal to noise ratio of the sensor was rather low, ranging 

from 1.6 to 20. These values could be seen in Table 16. The significant values for the 

1x10
4
 concentration of cells had a S:N ratio of 2 and 2.7. The deviations were likely due 

to the surface being non-uniform with higher and lower readings irregularly appearing. 

The implementation of a waveguide setup that would read the entire capture surface 

should eliminate this variability in the readings.  
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Table 16: Lower Limit of detection Averages, standard deviations and signal to noise values 

Designation E. coli concentration Peak Height Signal to Noise 

(Avg/Std) Average STD 

LC42 104 1203.33 440.27 2.73 

LC41 104 411.83 205.35 2.00 

LC32 103 65.76 21.98 2.99 

LC31 103 63.63 21.13 3.01 

LC22 102 81.06 49.68 1.63 

LC21 102 116.03 25.13 4.61 

LC12 101 145.03 6.31 22.98 

LC11 101 102.96 34.09 3.01 

 

11.6 Results Cross Reactivity Experiment #1: Other Bacterial species – 

Klebsiella 

The following data were collected for the first cross reactivity study.  The R-Squared 

values indicate how accurately the Gaussian model fit the data for the range 650-

660nm. The STD is the average standard deviation between the three models, 1 for each 

reading taken on each chip. E. coli concentration, K. pneumoniae concentration and 

ratio of target to K. pneumoniae are as stated previously. The peak height is the maxima 

of the model’s peak and the FWHH is the width of the peak at half its maximum height.  

From previous experience, the Quantum dot signature could be expected of have a peak 

width of 10-12nm and an R-squared of 90% or greater.   

The model fits were in general very poor, especially for peak height below 100 counts. 

This was further defined by the width of the peak becoming small and outside what was 

expected for a quantum dot peak. It was also notable that as the peak height increases 
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the deviation between readings increased. This was a quantification of the hot and cold 

spots previously encountered.  

The data collected were then charted on a log-log chart (Figure 35) both looking at a 

relation between target (E. coli) concentration and emission peak height as well as 

looking at the ratio of target E. coli to non-target K. pneumoniae in relation to the peak 

height.  

Figure 35: Cross reactivity – Klebsiella pneumoniae - E. coli concentration related to peak height 

 

There was no correlation between the peak height and the E. coli concentration, 

suggesting some interference. Particularly at the 1x10
4
 concentration values, there was 

a very large range in values. This might indicate that the K. pneumoniae was preventing 

the E. coli from binding to the sample surface in some cases.  Increased concentrations 

of E. coli were showing lower signal than that of some of the lower concentration 

1.0E+00

1.0E+01

1E+04 1E+05 1E+06 1E+07

P
e

a
k

 H
e

ig
h

t/
b

la
n

k

E. coli Concentration (cfu/ml)

Mixed culture on glass



127 

 

 

treatments. This indicates that there was something preventing the cells from binding to 

the surface or preventing the tags from binding to the cells properly. 

Figure 36: Cross reactivity – Klebsiella pneumoniae- K. pneumoniae concentration related to peak 

height 

 

In Figure 37, the peak height was plotted in relation to the concentration of K. 

pnuemoniae or interfering species to determine if the K. pneumoniae was binding the Q-

dot tags. Again there was no clear correlation, meaning that the K. pneumoniae was not 

preferentially binding the antibodies.  This is an indication that if there was cross 

reactivity occurring, it was small and not affected by the K. pneumonia’s concentration. 

There was less variation in the 1x10
4
 K. pneumoniae than was seen in the 1x10

4
 E. coli 

concentration peaks.  Figure 37 shows the peak height in relation to the ratio of EC of 

the interfering species K. pneumoniae.  
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Figure 37: Cross reactivity – Klebsiella pneumoniae Ratio(Ec/KP) in relation to Emission peak height 

 

There was no obvious trend, meaning that the ratio of E. coli to K. pneumoniae was 

having little to no effect on the signal strength.  This reinforced our previous assessment 

that while no major cross reactivity was occurring, the K. pneumoniae was interfering 

with the E. colis' ability to bind to the surface at least to some degree.  At this point a 

statistical analysis comparing averages between treatments was conducted to 

determine the probability that the averages were the same.  The test statistic values for 

these calculations can be found in the Appendix. Looking at the probabilities, it can be 

seen that only 2 chips had readings that were significantly different from the others.  

Those two values were KP7 and KP5, the high concentrations of K. pneumoniae with an 

E. coli concentration of 1x10
4
. This indicates that some cross reactivity might be 
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occurring where the K. pneumoniae was binding to the surface and binding the tagged 

antibodies.   

The signal to noise values for these readings had a wide range from 0.9 to as high as 17 

and can be seen in table 17.  In terms of the two points that were considered to be 

significantly different, KP7 had a S:N value of 4 and 12, while KP5 had low S:N values of 

1.5 and 0.9. In the case of KP5, the deviations in the readings were larger than the signal 

itself. This suggests that the surface for many of these chips did not have proper 

antibody binding.  

Table 17: Cross reactivity - K. pneumoniae Averages, standard deviations and signal to noise values. 

 

Peak Height 

Signal to Noise 

(avg/std) Designation E. coli Conc. 

K. pneumoniae 

Conc. EC/KB Average 

Standard 

Deviation 

KP72 104 107 0.001 330.46 80.38 4.110 

KP71 104 107 0.001 58.03 4.56 12.720 

KP62 104 106 0.01 160.83 19.60 8.202 

KP61 104 106 0.01 58.00 62.42 0.929 

KP52 104 105 0.1 696.30 737.25 0.944 

KP51 104 105 0.1 323.30 213.95 1.511 

KP42 104 104 1 65.66 46.28 1.418 

KP41 104 104 1 42.33 11.23 3.766 

ECKP72 107 104 1000 31.33 3.21 9.747 

ECKP71 107 104 1000 51.73 18.19 2.843 

ECKP62 106 104 100 60.33 11.67 5.165 

ECKP61 106 104 100 43.33 2.51 17.218 

ECKP52 105 104 10 26.33 2.30 11.402 

ECKP51 105 104 10 166.00 35.36 4.693 

ECKP42 104 104 1 33.40 3.41 9.772 

ECKP41 104 104 1 71.93 22.63 3.178 
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11.7 Cross Reactivity Experiment #2: Partial E. coli Cells.  

The following data were collected for the second cross reactivity study examining the 

interference caused by partial cells of the same species. The term “partial cells” is being 

used here to describe cell fragments made by lysing of the target cells, in this case E. 

coli. These cell fragments might still present the exterior antigen sites that the 

antibodies were specific to and therefore might cause interference in the detection of 

the target bacteria. The R-squared values indicate how accurately the Gaussian model fit 

the data of various ranges. The STD is the standard deviation between the models 

conducted on each of the three readings taken on each chip. Target concentration, 

partial cell concentration and ratio of target to partial cells  are as stated previously. The 

peak height is the maxima of the model’s peak and the FWHH is the width of the peak at 

half its maximum height.  From previous experience the quantum dot signature could be 

expected to have a peak width of 10-12nm and an R-squared of 90% or greater.    

The model fits were far better than those noted in the previous cross reactivity study. 

The peak heights were also significantly higher and the widths of the peaks were closer 

to what was expected. The deviations are a bit larger than we would have liked to have 

seen but this is again evidence of the hot and cold spotting that was noted in previous 

experiments. The data were charted on a log-log graph (Figure 38) to look for 

relationships between the E. coli concentration and the peak height, the partial cells 

concentration and the peak height and the ratio of the E. coli cells to partial cells to the 

peak height.  
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Figure 38: Cross Reactivity - Partial Cells - E. coli concentration in relation to the emission peak height 

  

 

There was no clear relation between the increase in peak height and the change in 

concentration. The readings were all very close to each other within their deviations for 

error. All the 1x10
4
 peak heights were clustered indicating that the partial cells might 

not be interfering in the binding process.  When the partial cell concentration was 

examined in relation to the peak height in Figure 39 again there was not much 

difference between the values or any trends.  
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Figure 39: Cross Reactivity - Partial Cells; Partial Cell concentration related to Emission Peak height 

 

Comparing the total cell concentration with whole and partial cells to the peak height, 

there was some clustering observed as in Figure 40. This indicates that the overall cell 

concentration was not affecting the signal being detected. This indicates that something 

was preventing the proper binding of the tagged antibodies to the target organism 

either by the partial cells clumping around the whole cells or by partial cells blocking the 

surface binding sights and preventing whole cells from affixing to the surface.  
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Figure 40: Cross Reactivity - Partial Cells; Total Cell concentration related to Emission Peak height 

 

The Ratio of EC/PC had no discernible effect on the peak height of the Q dot signal 

detected.  There was a great deal more variability in samples near the 1/1 ratio which 

might indicate some competitive binding between the partial cell fragments and the 

whole cell fragments to the surface. When more whole cells were bound to the surface 

the signal would be stronger than when more partial cells were bound to the surface.  
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Figure 41:Cross Reactivity - Partial Cells; Ratio(EC/PC) related to Emission Peak height 

 

Statistical analysis for the peak heights was conducted using a student’s T-test to 

determine which values were significantly different from each other. The only value to 

stand out from most of the other values was the ECPC7 peak height, which was the 

largest peak height of the ones measured.  These p-values and calculations can be found 

in the Tables in the Appendix.  

The signal to noise ratios, like the ones seen in the previous experiments, ranged from 

1.6-20, which was a high degree of variability between chips. The one point that was 

considered to be significantly different via the student’s t-test, ECPC7 had a S:N ratio of 

6, which was better than most of the other measurements.  
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11.8 Discussion on the Sandwich Immuno Assay on SU8 – Part B: 

Three studies were completed with successful Q dot signals detected. The blank showed 

that the silane and heterobifunctional crosslinker on glass  showed some auto 

fluorescence that had to be removed from the readings using a Gaussian curve fit. This 

background fluorescence varied across chips indicating that the coating was not entirely 

uniform.  

While a trend of increased peak height with increased cell concentration was found, the 

change in signal with respect to the change in cell concentration was within a data set’s 

standard deviation.  This low signal to noise ratio continued in the cross reactivity 

studies.  In both cases the deviations from reading to reading and from chip to chip 

were almost equal to the differences between the treatments.   

The low readings that occurred with the K. pneumonia cross reactivity study seems to 

have occurred for all the chips in that experimental study. These chips were prepared at 

the same time and with the same methods indicating that the non-targeted species 

seemed to have blocked the targeted species from binding to the surface and therefore 

prevented much tagging from occurring. This was curious because if the antibodies were 

binding the K. pneumonia, there should have been an overall increase in signal as both 

the tagged and untagged antibodies would have bound to the K. pneumonia. This 

reduction in signal seemed to indicate that the K. pneumonia was preventing the E. coli 

from binding or it bound to the E. coli itself. The K. pneumonia was either blocking the 

antibodies from binding E. coli and then being washed off or it was being bound to the 
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surface by some other means than the antibodies. This could be binding to the blocking 

proteins in the blocking buffer or to the cross linker itself.  

The partial cells, on the other hand, had peak heights that were all within the margin of 

error between readings. This might be an indication of antibody saturation at the lowest 

concentration meaning that the lowest concentration of cells and cell fragments 

saturated the antibodies bound to the surface.  Thus, any additional amount added did 

not change the amount of surface coverage.  Surface saturation, however, should not 

have been accomplished with only a concentration of 1x10
4
 cells of E. coli.  During 

pervious experiments, it was shown that a greater number of cells could be identified,  

indicating that the partial cells were binding to the surface and thus blocking the surface 

binding sites. These cell fragments, however, might not have available sites for tagging 

and were thus not artificially increasing the signal. It was, however, curious that the 

ratio of whole to partial cells did not affect the readings. Even with the cell fragments 

blocking the sites, one would expect that larger quantities of whole cells would have a 

large signal. The antibodies should have no preference between whole and partial cells, 

in terms of their ability to bind the antigen sites on the surface of both. However, this 

might be an indication that in solution the orientation of the cells and accessibility of the 

surface to cell binding might have a great impact on the amount of fragments versus 

whole cells that were bound. That greater amount of cell fragments did not greatly 

reduce the signal also indicated that the cell fragments were not more easily bound.  
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Mixed cultures of the target organism and other species or even fragments of the same 

species affected the accuracy of the sensor. The most obvious result of these 

experiments was that steps need to be taken in order to improve the signal to noise 

ratio so that changes in the cell concentration would lead to more significant changes in 

Q dot emission peak height. 



138 

 

 

12 DISCUSSION 

Quantum dot emittance was more significantly reduced by an antibody bound to a 

targeted bacteria than by a non-targeted bacteria. This change in peak height could be 

used to determine the presence of the species but with the current setup it could not 

distinguish between concentrations of bacteria. Non-targeted species did not appear to 

block binding sites, but there were some notable interactive effects that warranted 

further examination to determine their effect on the emission peak.  

Quantum dot emittance was successfully modeled using a Gaussian curve fit to 

eliminate spectral drift and the tailing of the excitation source that could skew and 

obfuscate data.  A linear fit was established for sandwich immunoassay on SU-8 and 

further development could lead to highly sensitive waveguide biosensors. However the 

MTS  based SAM did not have consistent results for antibody adhesion which might 

account for the great deal of variation in readings. It is therefore important to develop a 

better surface adhesion method that will allow the very bright and distinct Q dots to 

improve the sensitivity.  The use of a more consistent adhesion method in conjunction 

with a detection method that allows for sensing of the entire binding surface and not 

just small spots on the surface should significantly increase the signal to noise ratio of 

our detection method. 

Quantification of changes in Q dot emission whether in solution or bound to a surface 

showed a great deal of variability. This variance was reduced significantly when a higher 

resolution spectrometer, the USB 4000, was implemented and with further refinement 



139 

 

 

of the Q dot emission measurement process both methods for bacterial detection could 

achieve highly selective repeatable results.  

 Capture methodology, such as the surface capture method utilized in phase 2 

and 3 did not significantly increase the sensitivity of the method in that the change in Q 

dot emittance could not reliably predict a change in the bacterial concentration. This 

was due to the large amount of variance in the number of antibodies binding to the 

surface and in some cases the lack of any binding at all.  Further refinement of this 

affixation method may improve the sensitivity. The re-examination of the signal 

attenuation experiments demonstrated that whole antibodies appeared to bind better 

to the target organism than the cleaved antibodies. This indicates that whatever 

affixation method is used, great care needs to be taken in order prevent the binding 

affinity of the antibody to its targeted antigen from declining.   

The signal attenuation experiments indicate that this added level of complexity 

may not be necessary for the detection of bacterial species.  Instead the use of a 

sensitive spectrometer on a microfluidic device might be sufficient to improve the 

detection of the change in the Q dot emission peak that changes in the bacterial 

concentration can be differentiated.  The instrumental error determined by looking at 

the standard deviation between blank readings was small for the signal attenuation 

experiment than in the sandwich immuno assay.  The signal attenuation had an 

instrument error of +/- 70 and an average value at 655nm of 251 counts. The sandwich 

immuno assay had on average an instrument error of 128 counts and an average blank 
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value at 655 of 365 counts. This indicates that the signal attenuation setup has a lower 

intrinsic error than the sandwich immune assay. The sandwich immuno assay also has 

several more steps than the signal attenuation detection method, which means there 

are more steps during which errors can occur. 

The greatest concern in this system is the interactive effect that caused the Q 

dot signature to increase when in the presence of K. pneumoniae. It is essential to 

determine if this effect is specific to K. pneumoniae or is true of any non-targeted 

species. The cause of this increase may indicate that the Q dots are self quenching. 

Invitrogen states in their information guide that they have no evidence for Q dot–Q dot 

quenching. Thus, for the most logical explanation for this increase in Q dot emission in 

the presence of non-targeted species would be Q dot-Q dot shielding due to 

aggregation formation.  In solution alone or when it is bound to a target bacterium, the 

Q dots are close enough to one another that they shield each other, blocking the  

excitation source from some of the Q dots. In solution with non-targeted bacteria the Q 

dots are spread farther apart from each other because they are neither bound to the 

cells nor are they being allowed to settle in the well. This increased distance prevents 

them from blocking light from other Q dots in the solution, therefore more of the 

emitted light is scattered up into the reflectance probe.  The Q dot-Q dot shielding 

caused by aggregate formation needs to be more carefully investigated to determine if 

the amount of signal change can be predicted and modeled. If it is a predictable 

amount, it can be removed from data and detection of single species could be achieved. 



141 

 

 

If it can be modeled well, it could even be used to estimate the population of non-

targeted species in solution with a known targeted population of bacteria.  
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13 FUTURE STUDIES 

Since the results showed a higher limit of detection than was determined with 

immunomagnetic separation, one could conclude that immunomagnetic separation is a 

better detection method. Our method read only three spots on the surface of the chip, 

each with an illuminated 1 mm
2
 area.  The use of a fiberoptic cable or a patterned 

waveguide would allow for the detection of fluorescing tags along its entire length, 

providing a detection area that could be as much as 1 mm by 1 mm on a 1cm
2
 chip with 

the implementation of spiral geometries (Jiang and Pau, 2007). This increased surface 

area for detection may improve the detection limit as well as the specificity of the 

sensor.  These patterned chips would also allow for the detection of multiple species as 

well as having built in filtration systems that could remove cell fragments and other 

debris.  Further investigation with different SAM’s, specifically with sulfur chromic 

surface adhesion (Joshi et al, 2007) and with other silanes, may prove to be more 

reliable than the MTS and GMBS that was used in this study.   

Previous experiments with Q dots used biotin and streptavidin as connective proteins to 

the Q dots and as part of their surface adhesion. The fact that the studies were able to 

obtain detection limits lower than 1x10
4
, implies that those connective proteins may 

lead to more accurate Q dot tagging and better surface adhesion. 

The results of the cross reactivity studies suggest that another method of capture may 

prove to be more accurate than antibodies.  Pathogenic species of E. coli O157:H7 have 

adhesive virulence factors, or binding proteins made to attach to healthy cells in the 
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host. These proteins allow pathogenic organisms to infect healthy cells leading to their 

death. These proteins are made to bind to specific receptors on the cell’s surface 

(Williams et al, 1997). These receptors are specific to the pathogenic species and could 

be used as a method for both adhering pathogenic species of bacteria but also for 

determining viability of the cell as the binding process is an active reaction to the 

receptor site and not just a passive key and lock reaction the way antibodies are.  

Studies also need to be conducted into how long these biosensor surface remain 

active and what the effect of long-term storage might have on the sensor surface. It is 

obvious from the few studies that have been conducted on the effects of storage on 

biosensors (Pithirana et al, 2000) that some degradation may occur. Cold storage 

parameters for biological components such as antibodies are well known but the effect 

of such storage on the connective proteins, silanes, crosslinkers and other components 

is not as well known.  SU-8 when stored at 4
o
C for several months eventually began to 

turn brown and peal from the silicon chips, showing that long term storage of SU-8 

based biosensors may not be practical.  

These are only a few of the many challenges remaining in the development of 

biosensors for portable rapid detection of bacteria.
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14 CONCLUSIONS 

14.1 Phase 1: 

• An attenuation of the Q dot emission peak height was detected and this 

attenuation was evident in the target species in solution. 

• The difference in attenuation in relation to E. coli concentration was not distinct 

enough to lead to a quantitative assessment of E. coli concentration, but worked 

well as a qualitative assessment of the presence of E. coli. 

• A linear relationship between Q dots alone in solution and the peak height of the 

Gaussian curve was established.  

• Cross reactivity was not detected in that the non-targeted K. pneumoniae did not 

cause signal attenuation the way that the targeted E. coli species did.  

• An interactive effect with the non-targeted K. pneumoniae was detected in that 

there was an increase in Q dot emittance when the non-targeted species was in 

solution.  

• The conjugation of Q dots to whole antibodies did seem to improve the results in 

terms of the peak height being reduced in the presence of the targeted species 

in all cases.  

• The USB 4000 spectrometer produced nearly 3 times the resolution of the USB 

2000 and greatly improved the data collected.  
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14.2 Phase 2  

• Oxygenated plasma resulted in much higher antibody binding than any of the 

acid treatments.  

• The acid treatments showed signs of deformation of the SU-8 surface and some 

burning of the SU-8 that led to discoloration of the normally optically clear 

material.  

14.3 Phase 3  

• A clear and distinct quantum dot signature was observed when illuminated with 

a 3.0V blue laser and detected with the Ocean Optics hand held spectrometer.  

• SU8 autofluorescence and Silane spectral signal did not obscure the Q dot 

signature for Q dot concentrations higher than 100pM.  

• A linear relationship between the Q dot concentration and the Q dot emission 

peak height developed, but was not clearly defined. 

• The lower limit of detection for the sandwich immunoassay was 1x10
4
 cfu/ml of 

E. coli. 

• Some cross reactivity and some blocking of binding sites were noticeably caused 

by non-targeted bacterial species.  

• Some cross reactivity and some blocking of binding sites were noticeably caused 

by targeted cell fragments present in the sample.  

• Signal to noise ratios were rather low and revealed a great deal of variability 

from one chip to another. 
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APPENDIX A: GAUSSIAN DISTRIBUTION 

Equation 4: Gaussian distribution    

  
 "! � #$% &%'!�
�(�    

 

 

Figure 42: Gaussian Curve for 100mM Q dots 
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APPENDIX B: DATA TABLES AND CHARTS 

Table 18: Initial Q dots in Solution Experiment 

Designation Total Volume (µl) Q dots added E. coli cells added Ratio of Dots/E. coli Q dot µM E. coli CFU/mL 

700L 700 2uM 2.5x10
7
 5.6x10

10
 3uM 3.57x10

7
 

600L 600 2uM 2.5x10
7
 5.6x10

10
 3.5uM 4.17x10

7
 

500L 500 2uM 2.5x10
7
 5.6x10

10
 4uM 5.0x10

7
 

400L 400 2uM 2.5x10
7
 5.6x10

10
 5uM 6.25x10

7
 

300L 300 2uM 2.5x10
7
 5.6x10

10
 7uM 8.33x10

7
 

200L 200 2uM 2.5x10
7
 5.6x10

10
 10uM 1.25x10

8
 

700H 700 4uM 2.5x10
8
 1.12x10

10
 6uM 3.57x10

8
 

600H 600 4uM 2.5x10
8
 1.12x10

10
 7uM 4.17x10

8
 

500H 500 4uM 2.5x10
8
 1.12x10

10
 8.5uM 5x10

8
 

400H 400 4uM 2.5x10
8
 1.12x10

10
 10uM 6.2x10

8
 

300H 300 4uM 2.5x10
8
 1.12x10

10
 14uM 8.3x10

8
 

200H 200 4uM 2.5x10
8
 1.12x10

10
 21uM 1.25x10

9
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Table 19: Results of initial Experiment 

Data Set Q dot dots/ml E. coli CFU/mL Dots/E. coli Change in Max counts Change in Integrated Area R-Squared (640-670) 

600-700 640-670 650-660 EC QD 

200H 1.4x10
19

 1.25x10
9
 1.12x10

10
 256.35 23093.06 19493.72 8696.14 0.9739 0.9760 

200L 7.0x10
18

 1.25x10
8
 5.60x10

10
 164.7 16026.72 12709.50 14025.61 0.9814 0.9770 

300H 9.33x10
18

 8.33x10
8
 1.12x10

10
 372.4 31824.05 26994.33 12115.39 0.9734 0.9760 

300L 4.67x10
18

 7.5x10
7
 5.6x10

10
 77.98 6093.52 5333.10 2449.07 0.9805 0.9726 

400H 7.0x10
18

 6.25x10
8
 1.12x10

10
 313.7 28515.23 23583.00 10379.19 0.9766 0.9745 

400L 3.5x10
18

 6.25x10
7
 5.60x10

10
 32.2 2417.05 2212.18 1063.62 0.9660 0.9748 

500H 5.6x10
18

 5.0x10
8
 1.12x10

10
 256.1 25140.17 19895.78 8470.84 0.9779 0.9739 

500L 2.8x10
18

 7.5x10
7
 5.60x10

10
 127.1 11019.06 9321.64 4171.91 0.9770 0.9709 

600H 4.6x10
18

 4.17x10
8
 1.12x10

10
 64.54 5900.12 4712.75 2013.06 0.9750 0.9755 

600L 2.33x10
18

 4.17x10
7
 5.6x10

10
 12.3 1341.64 852.26 280.82 0.9743 0.9674 

700H 4.0x10
18

 6.57x10
8
 1.12x10

10
 70.85 5448.99 4954.56 2360.35 0.9695 0.9767 

700L 2.0x10
18

 3.58x10
7
 5.60x10

10
 7.55 744.84 562.00 226.94 0.9688 0.9759 
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Table 20: Peak Heights, Standard deviations, change in peak height and Signal to Noise values for volume and High versus Low Q dot and E. coli samples.  

 

Model Peak height based 

off the Average data 
Standard Deviation 655nm Change in 

Peak height 
Signal:noise 

Data Set 
Q dots Q dots + E. coli Q dots Q dots + E. coli 

200H 1721.85 1465.5 25.25 12.87 256.35 13.450 

200L 1457 1292.3 16.775 28.676 164.7 7.247 

300H 1188.2 815.8 72.536 263.28 372.4 2.218 

300L 805.6 727.62 67.574 129.446 77.98 0.792 

400H 861.2 547.5 13.013 17.96 313.7 20.256 

400L 421.9 389.7 10.6 8.79 32.2 3.321 

500H 1133 876.9 8.89 14.01 256.1 22.367 

500L 577 449.9 4.463 11.7 127.1 15.727 

600H 649.3 584.76 6.697 17.989 64.54 5.229 

600L 308.15 295.85 16.75 17.397 12.3 0.720 

700H 457.5 386.65 96.92 6.57 70.85 1.369 

700L 214.8 207.25 2.41 9.72 7.55 1.245 

Average 

  

28.490 44.867 146.314 3.989 
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Figure 43: Confirmation of a linear relation between Peak Height and Integrated area under the spectral curve for three wavelength ranges, 600-700nm, 650-660nm and 

655nm. 
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Table 21: Summary of data for signal attenuation of Q dot emission by E. coli in 96-well plates, observed with Ocean optics hand held spectrometer with reflectance probe. 

E. coli  (cfu) Int (ms) Maxima Center Width 
R-Squared 

600-700 640-670 650-660 

1x10
9
 

1000 959.00 655.20 12.45 0.7508 0.9878 0.5948 

750 867.50 655.70 12.00 0.9473 0.9905 0.7149 

500 582.50 655.79 12.17 0.9422 0.9899 0.6670 

250 290.90 655.80 12.19 0.9445 0.9901 0.6493 

50 56.90 655.80 12.90 0.9042 0.9450 -0.5761 

1x10
8
 

1000 876.00 655.10 12.59 0.6694 0.9849 0.5763 

750 655.80 655.63 12.00 0.9412 0.9887 0.6584 

500 409.50 655.76 12.19 0.9133 0.9878 0.5968 

250 200.40 655.63 12.08 0.9257 0.9845 0.4139 

50 41.90 655.60 12.30 0.8051 0.9111 -2.5199 

1x10
7
 

1000 987.70 655.14 12.65 0.7364 0.9882 0.5337 

750 766.50 655.80 12.00 0.9438 0.9898 0.6645 

500 490.80 655.71 12.10 0.9378 0.9892 0.6254 

250 250.50 655.73 12.10 0.936 0.9863 0.5489 

50 55.00 655.60 12.36 0.8841 0.9595 -0.5802 

1x10
6
 

1000 1113.00 655.20 12.35 0.7951 0.9889 0.5811 

750 610.50 655.75 12.00 0.941 0.9895 0.6827 

500 391.75 655.61 12.10 0.9261 0.9854 0.5063 

250 195.00 655.60 12.16 0.9278 0.9858 0.4135 

50 42.88 655.50 12.52 0.8257 0.9283 -1.4421 
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Table 22: Summary of the peak height data for integration time comparison. 

E Coli Concentration 

1000.00 750.00 500.00 250.00 50.00 

AVG STD  AVG STD  AVG STD  AVG STD  AVG STD  

1.00E+09 959.00 21.26 867.50 12.22 582.50 8.55 290.90 4.44 56.90 1.88 

1.00E+08 876.00 22.50 655.80 10.62 409.50 7.43 200.40 3.75 41.90 1.75 

1.00E+07 987.70 21.88 766.50 11.67 490.80 8.02 250.50 4.04 55.00 1.79 

1.00E+06 1113.00 21.90 610.50 10.51 391.75 7.43 195.00 3.89 42.88 1.75 

Blank 868.90 3.73 630.70 5.43 414.50 3.90 200.50 1.45 44.00 1.65 

 

 

Table 23: Normalized peak height (Peak Height/blank) 

Values/blank 

     E Coli Concentration 1000ms 750ms 500ms 250ms 50ms 

1.00E+09 1.10 1.38 1.41 1.45 1.29 

1.00E+08 1.01 1.04 0.99 1.00 0.95 

1.00E+07 1.14 1.22 1.18 1.25 1.25 

1.00E+06 1.28 0.97 0.95 0.97 0.97 

 

 

 

Table 24: Signal to noise (Average/Standard Deviation) for Peak heights at different integration times. 

E Coli Concentration 1000ms 750ms 500ms 250ms 50ms 

10
9
 45.11 70.99 68.13 65.56 30.27 

10
8
 38.93 61.75 55.14 53.44 23.94 

10
7
 45.14 65.68 61.21 62.04 30.73 

10
6
 50.81 58.11 52.69 50.15 24.54 
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Figure 44: Signal to Noise ratios for Q dots in solution with E. coli at four concentrations. The ratio was determined by dividing the average emission peak height by the 

standard deviation from 700-750nm) 
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Figure 45: Peak height of Q dot emission in relation to E. coli concentration measured at integration times of 1000ma, 750ms, 500ms, 250ms, and 50ms.  Linear fits were 

conducted and their R-squares and Equations can be found on the right hand side. 
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Table 25: Multiple species: Curve fits and spectral data for E. coli alone in solution, read in a single well of a 96 well plate. 

E. coli Concentration (cfu) 1x10
3
 1x10

4
 1x10

6
 

C 11.56 11.5 11.539 

B 655 655 655 

A 3641.4 3612.7 3557.6 

R-Square 0.9832 0.9821 0.9821 

Integrated Area Under Curve 3.08x10
5
 3.18x10

5
 3.14x10

5
 

 

 

Table 26:Multiple species: Curve fit and Spectral data for K. Pneumonia alone in solution, read in a single well of a 96-well plate. 

 

K. Pneumonia (cfu/mL) 1x10
2
 1x10

3
 1x10

4
 1x10

6
 

C 11.55 11.546 11.5 11.6 

B 655 655 655 655 

A 3523.8 3509.3 3505.1 3525.4 

R-Square 0.977 0.977 0.983 0.984 

Integrated Area Under Curve 3.11x10
5
 3.10x10

5
 3.08x10

5
 3.13x10

5
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Table 27:Signal Attenuation T-Test values 

Comparison 1000ms 750ms 500ms 250ms 50ms 

EC2-EC3 6.389 34.527 40.345 41.800 14.846 

EC2-EC4 2.272 16.430 17.563 21.490 12.676 

EC2-EC5 12.177 25.717 23.076 24.724 12.016 

EC2-Blank 41.895 6.448 10.104 6.556 1.177 

EC3-EC4 8.842 33.564 34.033 35.290 11.885 

EC3-EC5 18.740 7.468 4.135 2.406 0.972 

EC3-blank 3.301 8.012 2.221 0.119 2.206 

EC3-EC2 6.762 14.316 18.576 15.771 1.750 

EC4-EC5 9.908 25.717 23.076 24.724 12.016 

EC4-blank 55.240 43.349 33.886 59.603 11.556 

EC4-EC2 2.338 14.316 18.576 15.771 1.750 

EC4-EC3 8.599 18.054 18.960 23.140 12.966 

EC5-blank 113.502 6.448 10.104 6.556 1.177 

EC5-EC2 7.340 33.564 34.033 35.290 11.885 

EC5-EC3 18.244 7.388 4.139 2.494 0.970 

EC5-EC4 9.919 23.153 21.397 23.806 11.728 

Blank -EC2 7.340 33.564 34.033 35.290 11.885 

Blank - EC3 0.547 4.094 1.166 0.046 2.078 

Blank - EC4 9.404 20.155 16.483 21.447 10.644 

Blank - EC5 19.302 3.330 5.300 2.450 1.110 
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Figure 46: Difference in Q dot emission Peak height in relation to the E. coli concentration 
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Figure 47:  Effect of total volume in each well on the Q dot emission peak height. 
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Table 28: Signal Attenuation P- Values 

Comparison 1000ms 750ms 500ms 250ms 50ms 

EC2-EC3 0.05 0.001 0.001 0.001 0.01 

EC2-EC4 0.2 0.01 0.01 0.01 0.01 

EC2-EC5 0.01 0.002 0.002 0.002 0.01 

EC2-Blank 0.001 0.05 0.01 0.05 0.5 

EC3-EC4 0.02 0.001 0.001 0.001 0.01 

EC3-EC5 0.01 0.02 0.1 0.2 0.5 

EC3-blank 0.1 0.02 0.2 1 0.2 

EC3-EC2 0.05 0.01 0.01 0.01 0.5 

EC4-EC5 0.02 0.002 0.002 0.002 0.01 

EC4-blank 0.001 0.001 0.001 0.001 0.01 

EC4-EC2 0.2 0.01 0.01 0.01 0.5 

EC4-EC3 0.02 0.01 0.01 0.002 0.01 

EC5-blank 0.001 0.05 0.01 0.05 0.5 

EC5-EC2 0.02 0.001 0.001 0.001 0.01 

EC5-EC3 0.01 0.02 0.1 0.2 0.5 

EC5-EC4 0.02 0.002 0.01 0.002 0.01 

Blank -EC2 0.02 0.001 0.001 0.001 0.01 

Blank - EC3 0.8 0.1 0.5 1 0.2 

Blank - EC4 0.02 0.01 0.01 0.01 0.01 

Blank - EC5 0.01 0.1 0.05 0.2 0.5 
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Table 29:E coli alone in solution, statistical analysis for comparison of peak height at 655nm.  

E coli Only Blank Qdot 1E+01 1E+02 1E+03 1E+04 1E+05 1E+06 1E+07 1E+08 1E+09 1E+10 

Average 318.26 5364.40 281.18 210.91 236.18 207.73 257.13 175.18 239.64 220.52 155.70 152.29 

STDEV 18.57 1417.63 18.42 81.71 71.76 73.70 3.81 31.37 114.10 52.13 15.19 8.68 

T-value Blank 0.00 813.39 5.98 17.30 13.23 17.82 9.85 23.06 12.67 15.75 26.20 26.75 

T-value Q dot 11.26 0.00 11.34 11.50 11.44 11.51 11.40 11.58 11.43 11.48 11.62 11.63 

T-value 1E1 2.88 312.38 0.00 4.33 2.76 4.43 1.60 6.53 2.61 3.53 7.61 7.77 

T-value 1E2 1.86 89.19 1.22 0.00 0.44 0.16 0.80 0.62 0.50 0.17 0.96 1.01 

T-value 1E3 1.62 101.06 0.89 0.50 0.00 0.56 0.41 1.20 0.21 0.31 1.59 1.65 

T-value 1E4 2.12 98.95 1.41 0.18 0.55 0.00 0.95 0.62 0.61 0.25 1.00 1.06 

T-value 1E5 22.67 1893.69 9.74 17.14 7.76 18.31 0.00 30.38 6.48 13.57 37.61 38.87 

T-value 1E6 6.45 233.97 4.78 1.61 2.75 1.47 3.69 0.00 2.91 2.04 0.88 1.03 

T-value 1E7 0.97 63.52 0.51 0.36 0.13 0.40 0.22 0.80 0.00 0.25 1.04 1.08 

T-value 1E8 2.65 139.55 1.65 0.27 0.42 0.36 0.99 1.23 0.54 0.00 1.76 1.85 

T-value 1E9 15.14 485.02 11.68 5.14 7.49 4.84 9.44 1.81 7.82 6.04 0.00 0.52 

T-values 1E10 27.05 849.38 21.00 9.55 13.67 9.03 17.08 3.73 14.23 11.12 0.92 0.00 
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Table 30: Q dots + E. Coli in solution, T-test statistics for comparing the averages to the blank and the Q dot alone in solution. P=0.05, t-value greater than 2.920 is considered 

to be significantly different.  

Q dots + E coli Blank Q dot 1E+01 1E+02 1E+03 1E+04 1E+05 1E+06 1E+07 1E+08 1E+09 1E+10 

Average 318.2 5364.4 3401 3150 4537 3412 4229 4244 3533.67 3441.03 2636.92 1517.23 

STDEV 18.61 1417.2 151.37 762.36 2136.38 839.78 986.09 320.36 1385.43 968.65 698.34 290.99 

T-value Blank 0.00 857.39 523.84 481.22 716.89 525.71 664.60 667.18 546.33 530.59 393.96 203.72 

T-value Q dot 11.26 0.00 4.38 4.94 1.85 4.36 2.53 2.50 4.08 4.29 6.09 8.58 

T-value 1E1 35.2 22.462 0.000 2.871 13.000 0.141 9.479 9.653 1.514 0.454 8.746 21.558 

T-value 1E2 6.435 5.030 0.570 0.000 3.151 0.595 2.452 2.487 0.871 0.660 1.167 3.711 

T-value 1E3 3.421 0.670 0.921 1.125 0.000 0.912 0.250 0.237 0.814 0.889 1.541 2.449 

T-value 1E4 6.382 4.026 0.025 0.540 2.321 0.000 1.686 1.717 0.250 0.059 1.599 3.909 

T-value 1E5 6.870 1.993 1.455 1.896 0.541 1.436 0.000 0.027 1.223 1.385 2.798 4.764 

T-value 1E6 21.230 6.053 4.561 5.918 1.582 4.502 0.082 0.000 3.846 4.347 8.694 14.748 

T-value 1E7 4.020 2.289 0.165 0.479 1.255 0.152 0.870 0.889 0.000 0.116 1.121 2.521 

T-value 1E8 4.559 2.808 0.058 0.424 1.601 0.042 1.151 1.174 0.135 0.000 1.174 2.809 

T-value 1E9 5.751 6.765 1.896 1.274 4.714 1.923 3.951 3.988 2.224 1.994 0.000 2.777 

T-values 1E10 7.137 22.899 11.215 9.721 17.977 11.280 16.145 16.236 12.002 11.451 6.665 0.000 
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Table 31: K. pneumoniae alone in solution, T-test statistics in comparison to blank and Q dots alone in solution, p-value: 0.05, t-value greater than 6.314 is significant.  

K. pneu Blank Q dot 1E+01 1E+02 1E+03 1E+04 1E+05 1E+06 1E+07 1E+08 1E+09 1E+10 

Average 285 3200.23 237.5 153.7 147.4 177.7 265.4 163.7 139.6 162.7 176.4 123.3 

STDEV 58.28 567.495 6.603 11.72 12.51 28.93 27.63 18.73 14.10 24.78 60.32 8.692 

T-value Blank 0.00 158.0 40.96 7.117 7.457 5.813 1.537 6.573 7.878 6.627 5.887 8.761 

T-value Q dot 16.1 0.000 13.67 16.8 16.86 16.69 16.20 16.77 16.90 16.77 16.70 16.99 

T-value 1E1 120 658.4 0.000 132.4 134.1 128.2 118.8 131.0 134.9 131.5 128.8 138.8 

T-value 1E2 19.3 449.9 119.1 0.00 1.294 3.553 16.50 1.767 2.874 2.117 3.745 4.481 

T-value 1E3 19.0 422.60 112.55 1.212 0.000 4.199 16.33 2.658 2.436 2.217 4.010 3.331 

T-value 1E4 6.42 180.92 46.852 1.440 1.816 0.000 5.248 0.839 2.281 0.899 0.752 3.256 

T-value 1E5 1.77 183.91 46.383 7.001 7.395 5.494 0.000 6.372 7.882 6.435 5.579 8.903 

T-value 1E6 11.2 280.77 73.671 1.106 1.775 1.296 9.402 0.000 2.485 0.540 1.275 3.734 

T-value 1E7 17.8 375.77 100.78 2.389 2.160 4.679 15.44 3.299 0.000 2.851 4.511 2.000 

T-value 1E8 6.97 173.29 45.513 0.818 0.914 0.857 5.858 0.333 1.325 0.000 0.779 2.247 

T-value 1E9 3.11 86.816 22.511 0.728 0.832 0.360 2.556 0.396 1.055 0.392 0.000 1.523 

T-values 1E10 32.2 613.10 166.80 6.045 4.795 10.83 28.30 8.046 3.246 7.847 10.567 0.000 
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Table 32: K. pneumoniae + Q dots in solution, T-test statistic for comparison to Blank and Q dots alone. P-value: 0.05, t-value greater than 6.314 is significant. 

Q dots + K. pneu Blank Q dot 1E+01 1E+02 1E+03 1E+04 1E+05 1E+06 1E+07 1E+08 1E+9 1E+10 

Average 285.03 3200.23 3888.78 3824.87 3874.19 3949.47 3526.62 3791.47 3616.70 4092.48 4351.7 3069.1 

STDEV 58.28 567.4 359.6 376.3 22.88 314.4 943.6 330.7 919.9 401.8 253.8 240.9 

T-value Blank 0.000 157.9 195.2 191.8 194.4 198.5 175.6 189.9 180.5 206.3 220.3 150.8 

T-value Q dot 16.21 0.000 3.837 3.481 3.756 4.175 1.819 3.295 2.321 4.972 6.417 0.730 

T-value 1E1 17.33 3.316 0.000 0.308 0.247 0.292 1.744 0.469 1.310 0.981 2.230 3.948 

T-value 1E2 16.26 2.875 0.294 0.000 0.227 0.573 1.373 0.154 0.958 1.232 2.425 3.478 

T-value 1E3 271.2 50.99 3.883 3.732 0.000 5.696 26.30 6.260 19.48 16.51 36.13 60.91 

T-value 1E4 20.15 4.127 0.334 0.686 0.415 0.000 2.329 0.870 1.833 0.788 2.216 4.849 

T-value 1E5 5.941 0.599 0.665 0.547 0.638 0.776 0.000 0.486 0.165 1.039 1.514 0.840 

T-value 1E6 18.33 3.096 0.510 0.175 0.433 0.827 1.387 0.000 0.915 1.576 2.934 3.783 

T-value 1E7 6.264 0.784 0.512 0.392 0.485 0.627 0.170 0.329 0.000 0.896 1.384 1.031 

T-value 1E8 13.38 3.140 0.717 0.942 0.768 0.503 1.991 1.059 1.674 0.000 0.912 3.601 

T-value 1E9 27.71 7.856 3.158 3.594 3.258 2.744 5.629 3.822 5.015 1.769 0.000 8.750 

T-values 1E10 19.98 0.942 5.893 5.433 5.788 6.329 3.289 5.193 3.937 7.357 9.221 0.000 

 

Table 33: Mixed Cultures: T-test statistics for comparison based on E. coli concentrations, p-value: 0.05, t-value greater than 2.92 is significant. 

Mixed Cultures, E. coli conc. 
E. coli concentration 

Blank Q dot 1E+08 1E+09 

Average 1.68E+01 1.56E+03 2.30E+03 1.79E+03 

STDEV 9.17 112.85 114.96 123.02 

T-value Blank 0.00 130.08 192.39 149.32 

T-value Q dot 130.08 0.00 62.31 19.24 

T-values 1E+08 192.39 4.60 0.00 6.93 

T-value 1E+09 149.32 1.42 2.81 0.00 
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Table 34: Mixed Culture; T-test statistics for comparison to the blank and Q dot. 

Mixed Culture; E. coli 1E+08   
K. pneumonia Conc. 

Blank Q dot 1E+09 1E+08 1E+07 1E+06 1E+05 

Average 209.58 1561.05 1966.00 2489.98 2603.76 1849.82 2594.27 

STDEV 16.79 321.70 294.45 353.86 411.37 662.86 1318.67 

T-value Blank 0.00 15.20 26.65 12.11 10.89 4.79 3.39 

T-value Q dot 15.20 0.00 3.62 9.14 10.26 2.84 10.17 

 

Table 35: Mixed Culture; E. coli 1E+09, T-test statistics for comparison of averages to Blank and Q dots lone. 

Mixed culture;  E. coli 1E+09   
K. pneumonia Conc. 

Blank Q dot 1E+09 1E+08 1E+07 1E+06 1E+05 

Average 209.58 1561.05 1764.18 1565.69 1950.45 1886.11 1781.07 

STDEV 16.79 321.70 400.93 443.34 454.05 277.00 19.51 

T-value Blank 0.00 254.55 292.81 255.43 327.89 315.78 295.99 

T-value Q dot 13.28 0.00 2.00 0.14 3.83 3.20 2.16 

 

Table 36: Mixed culture; regardless of E coli concentration, t-test statistics for comparison to blank and Q dots alone. 

Mixed Culture; Avg of both E. coli Conc.   
K. pneumonia Conc. 

Blank Q dot 1E+09 1E+08 1E+07 1E+06 1E+05 

Average 209.58 1561.05 1865.09 2027.84 2277.10 1867.96 2187.67 

STDEV 16.79 321.70 294.45 626.12 517.11 415.30 894.52 

T-value Blank 0.00 159.31 197.22 255.14 266.88 189.10 265.90 

T-value Q dot 9.60 0.00 2.28 5.78 6.48 1.80 6.42 
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Table 37: E Coli only in solution, T-test statistics for comparison to Blank and Q dots alone. P-value = 0.05 the t-value of greater than 6.314 is considered significantly 

different. 

E coli Only Blank Q dot 1E+01 1E+02 1E+03 1E+04 1E+05 1E+06 1E+07 1E+08 1E+09 1E+10 

Average 318.26 5364.40 281.18 210.91 236.18 207.73 257.13 175.18 239.64 220.52 155.70 152.29 

STDEV 18.57 1417.63 18.42 81.71 71.76 73.70 3.81 31.37 114.10 52.13 15.19 8.68 

T-value Blank 0.00 813.39 5.98 17.30 13.23 17.82 9.85 23.06 12.67 15.75 26.20 26.75 

T-value Q dot 11.26 0.00 11.34 11.50 11.44 11.51 11.40 11.58 11.43 11.48 11.62 11.63 

T-value 1E1 2.88 312.38 0.00 4.33 2.76 4.43 1.60 6.53 2.61 3.53 7.61 7.77 

T-value 1E2 1.86 89.19 1.22 0.00 0.44 0.16 0.80 0.62 0.50 0.17 0.96 1.01 

T-value 1E3 1.62 101.06 0.89 0.50 0.00 0.56 0.41 1.20 0.21 0.31 1.59 1.65 

T-value 1E4 2.12 98.95 1.41 0.18 0.55 0.00 0.95 0.62 0.61 0.25 1.00 1.06 

T-value 1E5 22.67 1893.69 9.74 17.14 7.76 18.31 0.00 30.38 6.48 13.57 37.61 38.87 

T-value 1E6 6.45 233.97 4.78 1.61 2.75 1.47 3.69 0.00 2.91 2.04 0.88 1.03 

T-value 1E7 0.97 63.52 0.51 0.36 0.13 0.40 0.22 0.80 0.00 0.25 1.04 1.08 

T-value 1E8 2.65 139.55 1.65 0.27 0.42 0.36 0.99 1.23 0.54 0.00 1.76 1.85 

T-value 1E9 15.14 485.02 11.68 5.14 7.49 4.84 9.44 1.81 7.82 6.04 0.00 0.52 

T-values 1E10 27.05 849.38 21.00 9.55 13.67 9.03 17.08 3.73 14.23 11.12 0.92 0.00 
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