Chapter 1
Literature Review of Botulinum and Cholera Toxins: 
Characterization and Detection Assays.
Introduction


Over the last century, it has become increasingly important for analytical sciences to produce methods with which to accurately measure biologically related substances.  Biological samples have proved specifically challenging to measure due to the variety of substances in biological samples, the complex molecular structures, and time-dependent concentrations.    To date, many of the older biochemical protocols and assays which require extensive time, equipment, and cost are still used to make such quantifications.  

The more recent advent of biosensors seeks to improve upon some of these outdated techniques in order to specifically, accurately, and quickly measure these substances.  One working definition of a biosensor would be; a compact analytical device incorporating a biological or biologically derived sensing element either integrated within or intimately associated with a physicochemical transducer.  Example of well known biosensors would include those used to detect blood glucose levels (1), as well as pregnancy tests (2).  

Various biosensing devices have been designed which utilize almost every type of basic instrumental technique for measurement.  Each analytical problem has unique parameters which would explain the diversity of biosensors currently available, and under development.   When considering the design parameters for devices utilized to detect potential bioterrorism agents, the demands become more stringent.  A biosensor for such agents must be rapid on the order of minutes or seconds, because lives may be at stake.  They must be specific and accurate to at least the limit of pathological effects so that a proper analysis of danger in the field can be made.  And, they must be easy to use, portable and durable to withstand unknown conditions and be operated with minimal training in the field.  These are the specific challenges which direct the approach taken in the present study.

Botulinum Toxin

Botulinum toxin is a neurotoxin produced by the anaerobic bacterium Clostridium botulinum.  It has been considered the most toxic biological substance with an estimated human lethal dose of only 70 g orally, 0.09-0.15 g intravenously, and 0.7-0.9g inhalationally.  A single gram of crystalline toxin, evenly dispersed and inhaled, would kill more than 1 million people, although technical factors would make such dissemination difficult (3).  The bacterium produces seven different serotypes of the toxin, designated A, B, C, D, E, F, and G, which are structurally and functionally similar but differ immunologically (4).  The pathology resulting from the toxin includes neurological symptoms of flaccid muscular paralysis, which can cause death from respiratory failure if untreated.  An outbreak of Botulism constitutes an emergency that requires prompt provision of botulinum antitoxin and, often, mechanical ventilation (5).  Currently, it is also possible to build up some immunity to the toxin via vaccination with an inactive fragment of the toxin (6).

Botulinum toxin is a simple dichain polypeptide that consists of a 100 kDa “heavy” chain joined by a single disulfide bond to a 50 kDa “light” chain (Figure 1.1).  The toxin’s light chain is a (Zn++)-containing endopeptidase that blocks acetylcholine-containing vesicles from fusing with the terminal membrane of the motor neuron, resulting in flaccid muscle paralysis (Figure 1.2) (7, 8).


Botulism can be classified into a number of groups; depending on the route the toxin enters the body.  These would include food borne botulism (classical) (9), infant botulism (10), wound botulism (11), hidden botulism (12), inadvertent botulism (12), and inhalational botulism (3).

Detection methods for botulinum toxin

There have been two major themes in the research involving botulinum toxin detection.  Primarily much research simply attempts to develop new methods that can detect the toxin alone in a non-interfering sample such as pure water.  The more challenging line of research applies these detection methods to more complicated samples such as food, body fluids, and excretions. 
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At present, the mouse bioassay is still the most dependable method for the detection of botulinum toxin in serum or food samples (13), and the 50% mouse lethal dose (mLD50) is commonly used as a quantitative unit.  The mouse bioassay is a standard by which all botulinum assays and biosensors must measure themselves (14, 15, 16, 17).  The mouse bioassay involves the in vivo introduction of a test and control sample into live mice followed by periodic observations for typical neurological symptoms or death.  This test can be made specific for toxin serotype by including control mice with type-specific antitoxin protecting them from ill effects.  While this assay is highly sensitive, with a detection limit of 10-20 pg/mL, it is laborious, time-consuming (3-5 days), expensive, and requires the use of large numbers of laboratory animals (3, 16, 18).  Because of these drawbacks, the development of alternative detection methods is of value.


Since the establishment of the mouse assay as a standard, a number of in vitro assays have been developed using a variety of techniques to detect different toxin serotypes: immunological assays, polymerase chain reaction (PCR)-based assays, protease activity-based assays and biosensors (19, 20).  Many variations on immunological assays have been attempted. One example involves immunodiffusion which utilizes capillary tubes containing antitoxin in an agar support.  This method has been demonstrated to yield an insufficient limit of detection, especially in food samples (21, 22). Electroimmunodiffusion methods were able to achieve slightly higher limits of detection, but are still considered inadequate (23).  Another example is the passive haemagglutination assay (PHA) which reacts test sample with a constant amount of free antibody, followed by addition of toxin coated erythrocytes which agglutinate when free antibody is present (20, 24).  A similar approach is reversed passive haemagglutination (RPHA) in which the erythrocytes are coated with the antibodies, but this time agglutination occurs when the detectable amount of toxin is present (20, 25).  These methods are simple and rapid to perform, but relatively expensive, and gives only semi-quantitative results.  


Among all immunological assays, enzyme-linked immunosorbent assays (ELISAs), has been most commonly used to confirm the presence of toxin and in the more recent past has become the alternative standard detection method by which newer assays and biosensors measure themselves (15,16, 26-33).  The original ELISA took the proteins in a sample and adsorbed them onto an inert surface, usually a 96-well polystyrene plate.  The surface is washed with a solution of an inexpensive nonspecific protein (often casein) to block proteins in subsequent steps from also adsorbing to this surface.  Next, the surface is treated with a solution containing the primary antibody against the antigen of interest (in this case botulinum toxin).  Unbound antibody is washed away and the surface is treated with a solution containing antibodies against the bound secondary the primary antibody.  These secondary antibodies have been linked to an enzyme that catalyzes a reaction (that typically forms a colored product).  After unbound secondary antibody is washed away, the substrate of the antibody-linked enzyme is added, and the concentration of the antigen can be quantified by signal intensity (color) (34).  Although older versions of botulinum toxin ELISAs were not as reliable nor sensitive as the mouse assay, the introduction of amplification techniques in the early 1990’s paved the way for an array of new approaches to ELISAs with limits of detection comparable to that of the mouse assay.  Ekong et al. (31) detected botulinum toxin A in therapeutic preparations, using sandwich ELISA, with a detection limit of 4-8 pg/mL, equivalent to 1-2 mLD50.  Shone et al. (16) developed an enzyme amplification system using monoclonal antibody with a detection of 5-10 mLD50s.  Ferreira et al. (9) obtained a limit of detection of 1 ng/mL. Zechmeister et al. (15) used an immunostick –ELISA that showed a similar sensitivity to the mouse-bioassay.


Another variation on ELISA is the enzyme-linked coagulation assay (ELCA) which is a modified ELISA which relies on a coagulation activating enzyme as demonstrated by Doellgast et al. (35), who used (RVV-XA) isolated from viper venom conjugated to serotype specific toxin antibodies. Because of the ability to detect RVV-XA by this coagulation assay at concentrations less than 0.1 pg/mL, it was possible to measure C. botulinum toxins A, B, and E at mouse bioassay levels (< 10 pg/ml).


A chemiluminescent-immunosorbent assay (CLISA) was developed by Ligieza et al. (36, 37) where Luminol labeled botulinum antitoxin globulins create strongly positive specific immunochemiluminescent reactions with BT on polystyrene balls.  At one hour with a detection limit about ten-fold higher than both ELISA and passive hemagglutination test, this assay is fairly rapid and sensitive.


A radioimmunoassay was developed by Boroff et al. (38) in which pure type A toxin was labeled with 131I.  A standard curve was constructed from varying dilutions of toxin antibody which were mixed with a sample of the labeled toxin and various concentrations of unlabeled toxin.  This assay was sensitive to 100 mLD50s.

One of the better and more recent advents to immunicological assays is time-resolved fluorescence (TRF) which is based on the use of lanthanide chelate labels with unique fluorescence properties (long fluorescence decay time).  This technology is easily applied to ELISA based immunoassays.  Peruski et al. (39) obtained a detection limit of 200 pg/mL using this method.


A different approach to the botulinum toxin assay is based on the endopeptidase activity of botulinum toxin.  It has been demonstrated that these toxins act at the cellular level as highly specific zinc endoproteases that cleave various isoforms of three small proteins which control the docking of the synaptic vesicles with the synaptic membrane.  In these assays, the cleavage of immobilized peptide substrates by botulinum toxin is monitored and detected using highly specific antibody-enzyme reagents (40, 41).  The peptidase activity-based assays have several advantages over ELISA.  Because the cleavage reaction is highly specific, the assays are a direct measurement of the toxin’s biological activity and false positives are rare.  Wictome et al. (14, 42) developed a variation on this assay which detected type B toxin at a concentration of 5 pg/mL (0.5 mLD50) in approximately 5 hours, which is better than the mouse bioassay.


Molecular biological techniques also have been developed to detect botulinum toxins, by identifying genes encoding the toxin.  Since this assay detects the genetic precursors of the toxins serotypes, they have a tendency to overestimate the amount of toxin actually present in the sample, and while highly specific for the genes, can give false positives for the toxin.  This assay is not a quantitative measurement of the toxin, but an indicator of its actual or potential presence.  More specifically this assay detects the presence of the bacterium.  Since Ferreira et al. (43) detected botulinum toxin A using the PCR method in 1992, PCR methods have been utilized for the detection of all serotypes. (44-49) Szabo el al. (45) was able to detect as little as 10 fg of DNA in serotypes A, B, and E from amplified DNA extracts, vegetative cells, and spore preparations.  This level of detection roughly equates to approximately three clostridial cells.


Quite recently, in the aftermath of 9/11 the demand for a better detection method has boomed.  This has led to an explosion in the field of biosensors for a variety of potentially threatening biological and chemical substances.  This can also be seen in the research involving botulinum toxin.  The majority of recent research has been dedicated to biosensors as opposed to laboratory detection assays.  The most challenging element of biosensor development is the advent of a design which is rapid, inexpensive, and simple without sacrificing a low limit of detection.   Biosensors are typically much more rapid than any other detection method, sensing on the order of minutes as opposed to hours or days.  

In the mid 90’s, fiber-optic biosensors were developed for the quantitative detection of botulinum toxin which were very rapid and fairly sensitive.  The fiber optic-based biosensor utilizes the evanescent wave of a tapered optical fiber for signal discrimination. Evanescent wave technology detects toxin optically.  Botulinum toxin was detected within a minute, at concentrations as low as 5 ng/mL (51-53).  At the turn of the century, Song et al. (53) demonstrated that biologically active cell membrane components can be incorporated into conjugated polymers with desirable optical properties.  Target molecule binding onto the material triggers conformational and electronic shifts that are reflected in a chromatic ( a so-called biochromic shift) change that is conveniently observed and recorded.  Biochromic conjugated polymer (BCP) sensors have their molecular recognition and signal transduction functionalities resident in a single functional unit, making them amenable to convenient microfabrication and use. Around the same time Liu et al. (54) developed a mechanosensor which relied on the detection of an agarose bead detachment from the tip of a micro-machined cantilever resulting from botulinum toxin action on its substratum, which was attached to the beads. 

The threshold of toxin detection, defined as a bead detachment within 15 min after addition of the toxin, was 8 nM.  


In 2000 Singh et al. (55) demonstrated that gangliosides (natural cellular receptors for toxins) could be used as the detection element of a biosensor when incorporated into a liposome surface. Their group was able to achieve a limit of detection as low as 1 nM for both botulinum and cholera toxins using gangliosides GT1b and GM1 respectively.  Later, Ahn-Yoon et al. (56) accomplished a similar study applying this technique to a test strip sandwich-based assay.  In this design, GT1b gangliosides were incorporated into the surface of dye encapsulated liposomes.  Antibodies to botulinum toxin were immobilized in a band on a nitrocellulose membrane strip.  When a sample solution was drawn up the test strip in the presence of toxin-bound ganglioside-liposomes they are captured by the immobilized antibodies leaving a colored band across the strip.  This band can be quantified by intensity.  The limit of detection for this biosensor was determined to be as low as 15 pg/mL, with signal detection in less than 20 minutes. This biosensor is extremely promising due to its specificity and simplistic use.  This promising design will be relatively cheap to produce and has a limit of detection similar to that of the mouse assay.

Cholera toxin


Cholera toxin is a protein enterotoxin which is produced by the bacterium Vibrio cholerae.  Cholera is an epidemic disease caused by the toxin which is characterized by severe watery diarrhea, which can lead to rapid dehydration, acidosis, and even death within 3-4 hours in untreated cases.  A number of volunteer experiments showed that ingestion of only a few micrograms of cholera toxin was enough to cause severe watery diarrhea (57).  Cholera remains a major concern throughout many underdeveloped countries with poverty and poor sanitation systems, where clean drinking water is not easily available (58).  


Cholera toxin (85 kDa) is the prototype of A-B5 subunit toxins, consisting of a single enzymatic A subunit (27 kDa) and five identical B subunits (11.6 kDa each) (Figure 1.3).  The A subunit has two peptide fragments, A1 (22 kDa) and A2 (5 kDa), linked by non-covalent interactions and a single disulfide bond.  The A1 fragment contains the enzymatic portion responsible for adenylate cyclase activity, while the A2 fragment connects A1 to the B pentamers. The B subunit is involved in specific binding of the toxin to the cell surface receptor, monosialoganglioside GM1 (59).


The toxic mechanism begins between the toxin and intestinal epithelial cells where cholera toxin binds to GM1 via its B subunit.  Next, the A subunit is translocated 
across the membrane and enters the cell by receptor mediated endocytosis, where it undergoes processing and is divided in to A1 and A2 fragments.  The enzymatic A1 fragment catalyzes the formation of adenosine diphosphate-ribose (ADP-ribose) which is transferred to the Gs regulatory GTPase enzyme which controls the activity of adenylate cyclase.  This results in cAMP accumulation and subsequent activation of a cAMP-dependent protein kinase A which opens chloride ion channels, causing a net fluid secretion by inhibiting sodium chloride absorption and increasing chloride ion secretion, leading to diarrhea (60, 61).
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Figure 1.3. Structure of cholera toxin.
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Detection methods for Cholera toxin


The types of detection methods developed for Cholera toxin are fairly similar to those used in the detection of Botulinum toxin.  The nature of Cholera and the regions of the world it mostly effects (South Asia, Africa, or South America) demand a cheap simple biosensor (62).  Only two (O1 and O139) out of 60 of the bacterium serotypes produce cholera toxin.  Because of this, conventional microbiological methods for the detection of the bacterium, which require several days to complete, are not sufficient for detection of the toxin.  One of the earliest methods of detection is the animal bioassay, where animal models have the toxin orally administered.  Takeda et al. (63) demonstrated that a detection limit of 50 g/mL could be obtained using suckling hamsters.  The obvious drawbacks to this approach includes the significant delay in diagnosis and utilization of a large number of lab animals.


To replace these laborious outdated methods, immunological assays, PCR- and DNA-based assays, enzymatic activity-based assays, and most recently biosensors, have been developed for the detection of cholera toxin. Immunological assays include ELISA (64-68), radioimmunoassay (69), latex agglutination assay (70), and microgravimetric immunoassay (71).  Again, ELISA is the most commonly used immunological assay.  It has many advantages over the animal assay or microbiological detection methods in that it is faster on the order of hours as opposed to days, and it is relatively sensitive and specific.  Uesaka et al. (67) detected cholera toxin at a limit of 1ng/mL using ELISA.  Using similar techniques, Ramamurthy et al. (72) was able to obtain a limit of detection of 26 pg/mL from stool specimens.  Modified ELISA techniques even improved the sensitivity about 100 times from that of the standard ELISA (68).  While ELISA is a standard detection method for countless analytes, it is laborious, and not fast or simple enough for field screening.


Cholera toxin can also be detected by taking advantage of the enzymatic activity of its A subunit.  Spiegel et al. (73) prepared non-toxic B subunits from cholera toxin, and detected toxin A subunit contaminant remaining in the B subunit preparations, utilizing a sensitive adenylate cyclase activation assay.  Osawa et al. (74) and Jesudason et al. (75) developed assays which took advantage of the degradation of NAD by cholera toxin.  While these assays are easy to perform and reproduce, they quantify enzymatic activity and have not been translated into a toxin limit of detection.


Molecular biological assays using PCR (76) or DNA-probe hybridization (77, 78) have been developed for the detection of the cholera toxin gene since the 1990’s.   The problem with these detection methods is that they detect the cholera toxin gene (ctx), and not the toxin itself to detect the presence of the bacterium V. cholerae.  These assays can not be quantitative for toxin presence, but can merely act as predictors for its presence.  PCR-based assays have been developed to detect V. cholerae from food samples (79), stool specimens (80), and water samples (81).  Ramamurthy et al. (80) compared PCR-based detection assays with other detection assays such as ELISA and culture methods, showing PCR provides more sensitive and specific assays for diagnosis of cholera.  Molecular biological assays are highly specific and quite sensitive, but typically require amplification of the genetic material for detection.  This usually requires a time order of hours to complete and thus less desirable as a rapid detection method.


Most recently, the development of biosensors for cholera toxin has become much more common.  In the late 1990’s, Song et al. (82-85) developed a series of biosensor methods which could be applied to the detection of cholera toxin. This group developed an ultrasensitive optical biosensor which could detect less than 0.05 nM (about 2.5 ng/mL) in under 5 minutes (82, 83)  They also developed a resonant-energy-transfer-based biosensor for detection of multivalent proteins.  This operated by a distance- dependent fluorescence self-quenching and resonant fluorescence energy transfer mechanisms which were coupled with a multivalent interaction to probe the receptor aggregation process, providing a sensitive and specific signal transduction method for binding of cholera toxin as high as 10 pM (84).  Lastly, in 2000 this group developed a flow cytometry-based biosensor which utilized a distance-dependent fluorescent resonant energy transfer (FRET).  When cholera toxin bound to fluorophore labeled ganglioside GM1 on a biomimetic membrane surface, the resulting fluorescence was able to achieve a limit of detection of about 10 pM within 30 minutes (85).  Also in 2000, Rowe-Taitt et al. (86) developed a similar biosensor with a limit of detection of 200ng/mL in direct assays and 40 ng/mL and 1 g/mL in sandwich-type assays performed using rabbit and goat tracer antibodies.   This biosensor assay took only 20 minutes to complete.


Around the same time, a capillary electrokinetic chromatography detection unit using muliphoton-excited fluorescence was developed.  This technique was able to detect 3.4 amol of cholera toxin A-subunit in only 80 seconds.  Although extremely rapid and sensitive this biosensor is neither simple, nor portable at this point (87).  A lipid layer-based biosensor was also developed by Puu (88), which showed great potential as a detection device for protein toxins.  The assay was rapid and simple, with no need for reagents and the lipid sensor surface was readily regenerated after binding while remaining very stable.

In addition to the biosensors discussed so far, biosensors using an electronic microchip was also developed which was able to assay large numbers of samples within a few minutes (89).  Biosensor based assays such as this have the advantage of rapidity over currently used methods, as well as simplicity in that they do not require complicated preparation steps.  Despite this rapidity, in the earlier stages of development, biosensor-based assays showed much lower sensitivity than other assays, such as immunological methods.  However, detection methods developed by Alfonta et al. (90) combining conventional immunological methods with electrochemical and quartz crystal microbalance transduction techniques, showed very high sensitivity, which can detect cholera toxin concentrations as low as 5 pg/mL.  


In 2002, a microarray immunoassay for the simultaneous detection of proteins and bacteria was developed which was employed to detect protein and bacterial analytes both individually and in samples containing mixtures of analytes. Assays were completed in only 15 min, and the detection of cholera toxin was demonstrated at levels as low as 8 ng/mL.  This assay was rapid compared to other methods for measuring antibody-antigen interactions using microarrays on the order of minutes versus hours (91).


Further research was pursued in 2003 on utilizing gangliosides as receptors for toxins in biosensors, and interaction which was demonstrated by Magnani et al. (92).   Ahn-Yoon et al. (93) utilized this relationship in a test strip assay which incorporated the GM1 ganglioside, specific for cholera toxin, into the surface of dye encapsulating liposomes.  This assay was very similar to the one developed for botulinum toxin (56).  The limit of detection of cholera toxin in this 20 minute assay was found to be 10 fg/mL, which is amazingly low for a test strip assay.  This biosensor seems to meet every criterion for an ideal field detection assay, in that it is rapid, sensitive, specific, easy to use, cheap, and portable.


Most recently there have been additional design attempts such as a novel reagentless optical biosensor (ROB) which utilizes waveguide-based evanescent fluorescence excitation (94, 95), and an electrochemical biosensor which utilizes functional lipid microstructures immobilized on a gold electrode.  The working range of detection for this device is approximately 10-500 pM (96).

The ongoing challenge of combining a recognition step in the biosensor with signal transduction and amplification is no doubt heading in the right direction.  The trends seem to indicate an inevitable replacement of many commonplace assays with well designed reliable biosensors which stand withstand the trials of time.

Chapter 2 

Reassessment of a ganglioside-liposome biosensor for

the detection of botulinum and cholera toxins

INTRODUCTION

The test strip biosensors designed by Ahn-Yoon et al. (56, 93) for the detection of BT subtype A and CT were considered to be a very efficient assay due to its simplicity, rapidity, and low limit of detection.  The biosensor for CT was especially strong, with a detection limit of an astounding 10 fg/mL.  The biosensor for BT was determined to have a detection limit of 15 pg/mL.  Although considered to be comparable to the limit of detection obtained by the mouse bioassay, the potent lethality of the toxin, suggests that it would be favorable to detect BT in the smallest quantities possible.  Therefore, it was the objective of this study to optimize every aspect of the BT test strip biosensor, in order to obtain a lower limit of detection.  


All major aspects of the biosensor design were kept constant, including the use of dye encapsulating ganglioside-incorporated liposomes, immobilized antibodies on a NC membrane, and toxin samples prepared in buffer solution.   The major variables would include variations in antibody type, combinations of different antibodies at different ratios, test strip fabrication method, and BT toxin variant.  The latter implies the trial of different BT samples including BT heavy chain, BT toxoid, and hopefully native toxin as well.  In the original study by Ahn-Yoon et al. (56), the biosensor was never tested on the native toxin, which was hoped to be remedied by this study.


Nowakowski and Marks et al. (97) developed and isolated 3 new versions of BT antibody labeled as C25, S25, and 3D12.  Initially, it was thought that trials utilizing combinations of these antibodies in place of the Biogenesis purchased rabbit antibodies utilized by Ahn-Yoon, might yield more promising results.  But, the age (3/26/02) and failure of early attempts with these antibodies, led to abandonment of these trials in this study.


The use of gangliosides in this study has been unchanged mainly due to their more simplistic incorporation into liposomes, and their specificity for the target toxin.  Gangliosides, sialic acid-containing glycosphingolipids, are complex molecules.  They contain both hydrophilic and hydrophobic regions, and carry negative electric charges.  The hydrophobic portion, ceramide, consists of a long-chain fatty acid linked to an amino alcohol, sphingosine, through an amide bond.  The hydrophilic carbohydrate moiety is composed of hexoses, N-acetylated hexosamines, and at least one sialic acid (98).  The function of gangliosides as a receptor for biological toxins has been reported by many research groups.  Kitamura et al. (99) demonstrated specific interactions between C. botulinum toxin A and gangliosides by measuring the detoxifying effect.  Holmgren et al. (100) described the function of gangliosides as receptors for cholera toxin, tetanus toxin and Sendai virus.  


The use of liposomes was also unaltered due to their ability to encapsulate such a large number of dye molecules, and thus provide a simple and effective amplification of the signal.  Liposomes are spherical vesicles composed of a phospholipid bilayer surrounding an aqueous cavity.  They were originally developed to study cell membranes (101), however, due to their ability to carry various molecules in the aqueous cavity (102), liposomes have been utilized in diagnostics, drug delivery, cosmetics, and the food industry (103, 104).  In this study, ganglioside-liposomes were prepared with GM1 or GT1b incorporated on the surface for detection of cholera toxin and botulinum toxin, respectively (Figure 2.1).  


The method of test strip fabrication became a variable in this study due to a new standard method utilized by the lab in which this study was performed.  The method utilized by Ahn-Yoon involved a system of pre-wetting and vacuum drying, a procedure which takes about a day to complete.  The newer simpler method utilizes a more rapid drying technique at a higher temperature, and takes far less time.  The best fabrication approach became an important aspect of this study.  


One final consideration in this study is the comparative use of adhesive strips over filter paper, for the more rapid advancement of the test solution as a means to make the assay faster.  If the assay works as it should, the toxin should bind to both the gangliosides on the liposomes, and the antibodies immobilized on the test strip.  This binding is the basis for the sandwich assay, yielding indirect binding of the dye encapsulating liposomes to the detection zone of the test strip.  The greater the toxin concentration, the greater the liposome binding which results in a higher signal density (Figure 2.2).

The present study although originally intending to improve upon the biosensor designed by Ahn-Yoon, became an attempt to replicate her results and confirm their repeatability. 
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MATERIALS AND METHODS
Materials.  Dipalmitoyl phosphatidylcholine (DPPC) and dipalmitoyl phosphatidylethanolamine (DPPG) were purchased from Avanti Polar Lipids, Inc. (Alabaster, AL).  To avoid biological hazard, commercial toxin subunits or toxoids (formaldehyde-inactivated toxins) were used in this study (105-107).  Cholera toxin B subunit (Lot 063K1073) was purchased from Sigma Chemical Co. (St. Louis, MO).  Botulinum neurotoxin type A toxoid (Lot # 1331B), and Botulinum neurotoxin A heavy chain (Lot #1323C) were obtained from List Biological Laboratories, Inc. (Campbell, CA).  Rabbit polyclonal antibodies #2119-2990 (Lot 24022652), made from enzymatically denatured native botulinum toxin subtype A (purified by ammonium sulphate fractionation), and rabbit polyclonal anti-sera #2119-3004 (Lot 93278) made from native botulinum toxin subtype A were both purchased from Biogenesis (Poole, UK).  Mouse monoclonal antibodies #C86204M (Lot 5I27203) for the B subunit of cholera toxin were obtained from Biodesign International (Saco, ME).  Monoclonal antibodies to botulinum toxin type A designated as C25, S25, and 3D12 were a gift from Dr. Marks at UCSF Medical Ctr., provided via a materials transfer agreement on 9/25/2002.  Methanol and chloroform were from Mallinckrodt Baker Inc. (Paris, KY).  Nitrocellulose membrane (NC) with plastic backing (sizes HF120, and HF180) was from Millipore (Bedford, MA).  Nucleopore track-tech membrane (19mm) with pore sizes of 0.2 and 0.4 m, as well as 110 mm filter paper were obtained from Whatman International Ltd.  (Maidstone, PA).  Bioscience #900 adsorptive pads were purchased from Schleicher and Schuell (Dassel, Germany) Size exclusion gel beads (G-25) were obtained from Sephadex.  Monosialoganglioside (GM1), trisialoganglioside (GT1b), sulforhodamine B (SRB), cholesterol, N-acetyl-neuraminic acid (NANA), and all other chemicals were purchased from Sigma (St. Louis, MO). 
Preparation of ganglioside-incorporated liposomes.  Ganglioside-incorporated liposomes were prepared by the extrusion-method after repetitive cycles of freezing and thawing (108, 109) from a mixture of DPPC, DPPG, cholesterol and GM1 or GT1b, in a molar ratio of 40.3 : 4.2 : 40.9 : 1.3.  This method was chosen over reverse-phase evaporation, and post-insertion, according to studies accomplished by Ahn-Yoon (93).  The lipid mixture (31.08 mol) was dissolved in 7 mL of chloroform/methanol mixture (6:1, v/v), by swirling in a 100 mL round bottom flask.  The dissolved lipid mixture was dried by evaporation under vacuum on a rotary evaporator to form a thin lipid film on the flask wall.  To further dry out the flask, a low flow N2 was directed into the flask.  To the dry lipid mixture, 4 mL of 150 mM aqueous SRB solution (SRB in 20 mM HEPES buffer containing 0.01% sodium azide, pH 7.5, at 475 mosm osmolarity, preheated to 50 oC) was added.  After gentle swirling, 5 cycles of freezing and thawing were performed, by alternating placement of the flask in a dry ice/acetone bath and a 50 oC water bath, swirling intermittently.  The hydrated liposomes were extruded 31 times each, first through a PC filter membrane of pore size 0.2 m, then of pore size 0.4 m, using a mini-extruder (Avanti polar lipids, Inc., Alabaster, AL).  The resulting liposomes were then gel-filtered through a 1.5 x 25 cm Sephadex G-50 column, equilibrated with Tris-buffered saline (TBS) containing 0.01% sodium azide and sucrose for osmolarity control.  This process removes the unencapsulated dye molecules.  The resulting liposome solution should be kept refrigerated at 4o C at which it has been demonstrated to maintain stability for at least 9 months (93).  In every aspect of study where liposomes were used, the osmolarity of other solutions which were to be mixed with the liposomes was measured and adjusted to bring it close to the osmolarity of the SRB solution encapsulated in the liposomes.  These steps were taken in order to prevent the liposomes from bursting due to osmotic pressures.  Bursting of liposomes could be detected under UV light using a Chromato-Vue Cabinet (San Gabriel, CA).  If liposomes had leaked or burst, this could be observed by a significantly higher fluorescent glow on the test strip under UV light.
Liposome characterization.  The phospholipids concentration in the resulting liposomes was measured by quantification of phosphorus, using Bartlett’s phosphorus assay (110).  Ganglioside concentration in the liposomes was estimated from the amount of sialic acid quantified by Hikita et al.’s (111) DMB assay, using N-acetylneuraminic acid (NANA) as the standard.  Liposomes were characterized as a means to demonstrate that they were similar to those produced in the previous similar study by Ahn-Toon who also used these techniques (56).

Preparation of test strips.  Test strips were prepared by two distinct methods.  The first method was utilized by Ahn-Yoon, which was reported by Siebert et al. (112) with modifications.  NC membrane with plastic backing was cut to the desired size, typically (10 x 5 cm), pre-wetted with 10% (v/v) methanol in PBS (pH 7.4) containing 0.01% sodium azide, and dried in a vacuum oven at room temperature.  The optimal values of antibody volume and density for test strip fabrication were not determined in this study but a range of 2-10 L/cm antibody solution density and a range of 1-9.1 g/cm antibody density were tested for BT.  An antibody solution volume of 10 L/cm, and an antibody density of 7.22g/cm was used in the CT test strip fabrication which is the same as was used in the study by Ahn-Toon.  These solutions were applied to the analytical zone (about 2 cm from the bottom end of the membrane) of the NC membrane, using a Linomat IV TLC Applicator (Camag Scientific, Wrightsville Beach, NC).  The antibody-immobilized membranes were dried for 1.5 hrs under vacuum at room temperature, and then incubated in the blocking solution (2% PVP, 0.01% gelatin, 0.002% Tween 20 in PBS, pH 7.4) for one hour with shaking, and dried overnight under vacuum at room temperature.  Membranes were cut into test strips (5 cm x 5 mm) after drying, and adhesive pads or filter paper, cut to the appropriate size, was attached to the top of the test strips prior to use in a detection assay.

The second method is currently the standard method utilized by the lab in which this research was performed.  NC membrane with plastic backing was cut to the desired size, typically (10 x 5 cm).  Antibodies in PBS, were similarly applied to the analytical zone (about 2 cm from the bottom end of the membrane) of the NC membrane, using a Linomat IV TLC Applicator (Camag Scientific, Wrightsville Beach, NC).  The antibody-immobilized membranes were dried for 30 minutes in a shaking convection incubator from VWR International Scientific Products (Westchester, PA) at 37 o C, and then incubated in the blocking solution (2% PVP, 0.01% gelatin, 0.002% Tween 20 in PBS, pH 7.4) for 5 minutes with shaking, and dried first by first pressing NC membrane between two pieces of Kimwipes purchased from Kimberly Clark (Mississauga, Ontario), and then drying for one hour in the shaking convection incubator at 37 o C.  Membranes were cut into test strips (5 cm x 5 mm) after drying, and adhesive pads or filter paper, cut to the appropriate size, was attached to the top of the test strips prior to use in a detection assay.

Assay formats.  The assay was performed exactly as described by Ahn-Yoon et al. (93) by adding ganglioside liposomes which have been diluted in Tris-buffered saline (TBS pH 7.4) by a ratio of (1:5, v/v) at a volume of (60 L for GT1b-liposomes, 30 L for GM1-liposomes) to the toxin sample (40 L for BT, 70 L for CT) in (10 x 75 mm) Fiberbrand 12 x 75 mm Disposable Culture Tubes purchased from Fisher Scientific (Pittsburgh, PA).  The spectrum of toxin concentrations tested are indicated on Table 2.1.

When botulinum neurotoxin toxoids were used instead of heavy subunits, sodium acetate buffer (pH 5.2) was utilized to prepare toxin samples at various concentrations, to provide low pH environment, which can cause partial unfolding and lead to better 
Table 2.1. Toxin Test Concentrations.
	Botulinum Toxin Test Concentrations
	10, 1, 1x10-1, 1x10-2, 1x10-3, 1x10-4, 1x10-5g/mL, and a negative control (PBS buffer only).

	Cholera Toxin Test Concentrations
	10, 1, 1x10-1,1x10-2, 1x10-3, 1x10-4, 1x10-5, 1x10-6, 1x10-7 g/mL, and a negative control (PBS buffer only).


binding to ganglioside receptors.  The total volume of the reaction mixture was 100 L.  At this point two approaches were taken.  Either the contents were briefly vortexed, or 
allowed to gently shake at room temperature for 15 minutes.  After which, the test strips were inserted into the mixture and left in the tube until all of the mixture solution was drawn from the bottom of the test tube.  This migration took approximately 15-35 minutes depending on the assay variables (Figure 2.3).
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Detection and quantification.  The signal intensity on the test strips was detected visually and qualitatively.  For quantification of the signal intensity, grayscale densitometry was used.  The test strips were scanned using an Epson Expression 636 color image scanner (Torrance, CA) and the scanned images were converted into grayscale readings, and then the intensities were quantified with Scan Analysis densitometry software (Biosoft, Ferguson, MO)  This analysis was used only briefly in this study.  The lack of signal density made qualitative analysis more practical until the promising results could be obtained.  
RESULTS AND DISCUSSION
BT Initial trials.  Since the current research was directly based on that done by Ahn-Yoon et al. (56, 93), the repeatability of assay had to be demonstrated.  One of the earliest problems was the lack of sufficient information to exactly replicate the biosensor developed by Ahn-Yoon.  Specifically, although the concentration (g/mL) of antibody solution was provided, neither the volume (L/cm), nor the density (g/cm) was recorded at which the biosensor was found to work best.  Within the lab notes of the prior study, it was once mentioned that a volume of 10 L/cm was used in test strip fabrication.  This was set as the standard.  Qualitative preliminary trials designed to determine the best antibody density indicated higher liposome binding at about 2 g/cm (Figure 2.4-A).  But, this binding was not determined to be toxin concentration dependent.  When trials were completed testing the full toxin concentration spectrum, it was found that the negative control was yielding a positive signal with the same intensity as the lowest 5 toxin concentration signals (Figure 2.5).  This became one of the primary problems encountered in this project.  It is possible that this negative control binding is a result of non-specific binding, or aggregation of the liposomes.
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Figure 2.4. Antibody Density Trials. 
(A) BT antibody density optimizing trial using undiluted liposomes.  This trial was run as previously described with no “chaser”. Qualitative analysis, and densometry quantification indicates greater binding at 2 g/cm.  (B) This assay replicates that of A, but utilizes a 30 L casein “chaser” which removes the background signal. Although difficult to see here, the strongest signal, although still weak compared to the previous study, is that of  2 g/cm.  The arrow in both figures indicates the general position of the detection zone. 
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Figure 2.5.  Initial Trial of full BT spectrum.
This trial was run with undiluted liposomes as well.  The highest toxin concentration indicated on Table 2.1 is the first test strip, with the negative control as the last test strip (#8).  A distinct band can be seen on test strip #8, that is as dark, if not darker than strips #2-#7.  Any negative control signal is undesirable.
Liposome Concentration.  Another unspecified value from the original assay, was that of liposome concentration.  Originally in this study, the raw liposome solution, which was formed in the procedure described earlier, was used directly in the assays.  A very high background signal was apparent in the earlier trials indicating the need to dilute the liposome solution used in assays.  It was also considered that the high liposome concentration may be at least partially responsible for the negative control binding issue.  One solution to the high background signal which was tested was the running of a “chaser” up the test strip following the adsorption of all the test solution up the test strip.  The “chaser” used was either a Blocker casein solution in TBS from Pierce (Rockford, IL) or a simple 1 M NaCl solution.  The casein solution, which can also be used as a blocking solution, serves the purpose of displacing antibody on the test strip which has not yet made it past the detection zone.   It also serves the simple purpose of pushing along any liposomes which have not been dragged past the detection zone by providing additional liquid for capillary action to continue to operate.  The NaCl solution is very ionic, and this principle will help to break up electrostatic interactions of non-specific binding.  Because of these properties, the casein solution was chosen to help remove lipsome background signal, and NaCl was chosen to help eliminate any non-specific binding of the liposomes in the detection zone.  While the “chaser” successfully removed the majority of the negative control signal, it also wiped out most of the desired signal as well (Figure 2.4-B).  A reference to a 1:5 dilution of the raw liposome solution was found in Ahn-Yoon’s notes.  A trial comparing the signals from an undiluted, 1:5, 1:10, and 1:15 dilutions, qualitatively confirmed that a 1:5 dilution yields a similar background signal at that found in the original study.  While a lower liposome concentration also removed most of the negative control signal, it also worked to eliminate signal from every test strip except the one given a toxin concentration of 10 g/mL (Figure 2.6).  
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Figure 2.6.  Liposome Dilution Trial.
Three different dilution ratios were tested as indicated on the image.  (T) stands for toxin, and (NT) stands for no toxin.  The test strips with toxin solution added were exposed to 0.1 g/mL of heavy chain BT.  The 1:5 dilution yielded the densest binding with the least background signal, similar to the binding seen in the previous study (56).  The bands are barely visible in this image compared to the actual test strip.  Additionally, the negative control band was again as dark as that of the non-control.  Negative control binding continues to be a problem. 
Preliminary UCSF Medical Center Antibody Trials.  Brief trials using the C25, S25, and 3D12 antibodies yielded test strips qualitatively similar to those run with the purchased antibodies.  The negative control signal was still present, and the concentration gradient still non-existent.  It was determined that since these trials showed no preliminary improvement, they would be abandoned until the assay described by Ahn-Yoon could be successfully replicated.  
Increasing assay speed.  It was also observed early on, that the BT assay required at least 45-50 minutes for the 100 L of test solution to be drawn up the test strip when filter paper was glued to the top end of the test strip.  Since the assay described by Ahn-Yoon was said to take 20 minutes complete, a modification to the test strip was made.  Instead of a piece of filter paper, a similarly sized piece of adsorptive pad was taped to the top of the test strip.  This modification improved the speed of solution migration up the test strip to 30-35 minutes. 
Incubation time.  Another variable considered in the earlier study was that of incubation time.  This being the time in which the liposome and toxin solutions were allowed to mix on a shaker at room temperature.  The previous study found that signal intensity increased with incubation time, but that the time cost was not worth the slightly larger signal intensity.  Ultimately that study determined that a 15 minute incubation time was most favorable.  In this study, trials comparing assays with a 15 minute incubation time, vs. trials with a brief mixing before addition of a test strip, also indicated little to no difference in signal intensity.  This was tested multiple times as different changes were made to the assay, to confirm its consistency.

Fresh toxins and antibodies.  At this point in the study, a lack of any success with the biosensor indicated that problems may exist with the viability of the antibodies and/or the toxin test samples (Figure 2.7). Fresh toxin heavy chain and antibodies of the same type, were purchased, and immediately utilized in a set of trials, to confirm that neither toxin, nor antibody degradation was the reason for assay failure.  Although these new test strips yielded signals of higher intensity, a positive signal was again present in the negative control.  Another concern that should be addressed is the confusion over antibody type used in the successful trials completed by Ahn-Yoon.  In her paper, she claims to have used an affinity purified antibody, but records indicate the purchase of only the toxin anti-sera used initially in this study.  In fact, no such affinity purified BT antibody is available from the company she indicated as having purchased it.  This could simply have been an error, but this study went ahead and tested both the BT anti-sera and the BT antibody purified by ammonium sulphate fractionation which were both from Biogenesis.  But the results of trials where one antibody was tested against the other also yielded no significant difference. 
  

     [image: image11.jpg]



Figure 2.7.  Typical BT trial up to this point.

This example trial utilized heavy chain BT toxin, in the full toxin spectrum as indicated on Table 2.1.  Clearly, little or no signal is present after an NaCl chaser is run up the test strips.  These types of results were found in an array of trials manipulating many different variables.  

Test strip preparation method.  The procedural variable of test strip preparation was also considered.  In the prior study, a less intensive, but much more time consuming test strip fabrication method was utilized.  In the present study, the newer, lab-standard method had been used up to this point.  Although demonstrated to work successfully in the lab, it was considered that the higher temperatures, lack of pre-wetting, and brevity of blocking solution application, might affect the viability of the resulting antibody immobilized test strip.    Another test strip fabrication method tested was that of methanol addition.  While the incorporation of 5% methanol by volume into the antibody solution a standard practice in the lab, previous research did not indicate this practice.  Trials were run to test the effect of fabrication with and without this methanol.  The effect of volume of antibody solution applied per centimeter to the test strips was also not addressed in the previous study.  A volume of 10 L/cm was assumed, but this assumption was tested against volumes of 2 L/cm and 5L/cm.  This mostly affected the band width to a very small degree, and had no overall effect on signal density.  Trials varying only the test strip fabrication method were also unable to remove the negative control signal, nor obtain a better signal intensity gradient dependent on toxin concentration.  
Liposome characterization.  In order to demonstrate that the liposomes made for this study were similar to those used in the previous one, they were characterized using methods described earlier.  Although they should be similar based on the procedure and mole ratios used, this study will remove liposome composition as a factor in assay failure.  From the Bartletts assay, the phosphorous content ratios of the liposomes in the present study were found to be 27.6, 35.9, and 70.7 nmol phosphorus from 20 L for the first batch second batch, and ganglioside free batch (obtained from a separate study used for comparison) respectively.  The previous study used liposomes with a phosphorous content of 23.2 nmoles phosphorus from 20 L.  These values indicate the liposome concentration present in the raw solution.  From these values, more accurate dilutions were made to exactly match those used in the previous study.  The DMB assay yielded a value of 1.22, 1.12, and 0.65 nmol for the first batch, second batch, and ganglioside-free batch respectively.  This assay quantifies the presence of sialic acid, which is found in gangliosides, thus allowing for quantification of gangliosides.  Using the ganglioside-free batch as a comparative control, the sialic acid content was determined to be 0.57 nmol and 0.47 nmol for the first and second batches, respectively.  This confirms the successful incorporation of gangliosides into the liposomes.  This also indicates that the problem with the assay lies elsewhere. 
Toxin Variations.  In the study by Ahn-Yoon there was also some discrepancy as to which BT subtype A toxin variation was being successfully utilized to test the previously developed assay.  Although the purchase and usage of both BT subtype A heavy chain, and BT subtype A toxoid was documented, the possibility of variable interaction with the rabbit antibody was not addressed.  Since it was never specified which form of the toxin was utilized in the previous study, this study underwent trials comparing signals obtained using the heavy chain vs. using the toxoid.  It was found that the toxin type had little effect on the success of the assay as well (Figure 2.8).  Certainly none of the factors tested so far made any difference between the biosensor working and not working.  Unfortunately, due to time constraints and the lack of success in replicating the results obtained by Ahn-Yoon, trials were never able to be run testing the native form of the toxin.  It is possible that such trials might have yielded better detection since the anti-sera was produced from the native toxin.
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Figure 2.8.  Toxin Type Variation.
This figure demonstrates a trial comparing the binding of liposomes caused by the BT toxoid vs. the binding caused by the BT heavy chain at two different toxin concentrations.  The two strips under each title are duplicates. Although faint in this image, a qualitative analysis suggests little difference between the use of one non-native toxin type over the other.
Blocking solution.  One of the final variations tested for the BT assay was that of the blocking solution.  In the previous study, a (2% PVP, 0.01% gelatin, 0.002% Tween 20) in PBS blocking solution was used, which optimized the biosensor for the highest signal densities.  The percent PVP in this blocking solution seemed high in comparison to the typical PVP content of 0.2% used in the lab.  As a result a blocking solution with a PVP content of 0.2%, 0.01% gelatin, 0.002% Tween 20 with a pH of 7.4 was tested in test strip fabrication, but these trials yielded no improved signals on the test strips.   
Human Error.  In consideration that the problem may be associated with the researcher, a second scientist was recruited to replicate and expand on the variables of optimization for this assay.  After a month of similar testing and trials, this second researcher was also unable to replicate the results obtained in the previous study.  

Summary of Results for the BT Assay.  Up to this point in the present study, there has been no success detecting BT at concentrations lower than 10 g/mL.  The assay developed by Ahn-Yoon was replicated using all conditions optimized in that study.  Variations on the design specified by Ahn-Yoon were also tested in hopes of obtaining some sign of a working biosensor.  Antibody density antibody solution volume, toxin type, test strip fabrication method, and blocking solution were all tested and varied independently.  The results of these variations were in conflict with those found in the previous study.  Considering that every aspect of the previous study was replicated, including the use of the same antibody from the same production batch (verified by the company), it seems that some unidentified variable might have played a role in the original findings. A potential explanation for the results of the previous study might include the presence of a pH gradient in the serial dilutions of toxin solutions, which might have affected liposome binding.  But this does not explain the negative control signal persistent throughout most BT trials.  Since the results of the original assay were not replicated by this researcher, the validity of that study is in question.  
CT Assay.  Although originally outside the intended scope of this project, the functionality of the CT test strip assay, also developed by Ahn-Yoon, was tested as a comparison.  It was felt that if both assays failed to function as reported, it would indicate the presence of an unknown variable not yet addressed or considered.  The CT assay differed from the BT assay by the volume of the toxin test solution used in the assay, the use of an antibody specific to CT as opposed to BT, and the use of a CT-specific GM1 ganglioside as opposed to the BT-specific GT1b ganglioside.  The first set of CT test strips were prepared identically to those described in the previous research, with the exception of using the new test strip fabrication method.  The results of this first trial were promising in that a signal was clearly detected for the three highest toxin concentrations (LoD of 0.1 g/mL), and no negative control signal was observed.  But the detection limit was still off from the previously reported limit of 10 fg/mL by seven orders of magnitude (Figure 2.9).  
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Figure 2.9. Initial CT assay trial.

The test strips in this trial were made from 180 NC membrane using the new fabrication method, and the assay was performed with a 1:5 liposome dilution.  The full CT toxin gradient indicated on Table 2.1 was tested here with strip #1 being the highest concentration, and strip #10 being the negative control.  This trial indicates a LoD of 0.1 g/mL and no negative control signal can be seen on strip #10.

At this point the membrane pore size variable was tested.  In the previous study, a 120 NC membrane was found to work best.  Comparative trials tested here confirmed that 120 NC membrane yielded stronger, clearer signal densities (Figure 2.10).  Next, the CT assay was tested with test strips fabricated by the old method, completely replicating the test strip prepared by Ahn-Yoon.  This improved the results to a detection limit 0.01 g/mL (Figure 2.11).  But, a hook effect was apparent in these last trials, revealing that CT toxin concentrations higher than 1 g/mL would not yield a denser signal.  The band which can be seen at the bottom of test strip #1 is a result of liposome aggregation caused by the presence of too much toxin.  When there is enough toxin present, it causes the liposomes to stick together in an aggregation which has trouble progressing up the test strip.  Further trials using smaller toxin sample dilutions and a narrower toxin concentration gradient more closely homed in on the assays limit of detection, as well as 
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Figure 2.10. CT trial (membrane / liposome dilution variables).

The test strips in this trial were made from 120 NC membrane using the new fabrication method, and the assay was performed with a 1:2 liposome dilution. The full CT toxin gradient indicated in Table 2.1 was tested here with #1 being the highest concentration, and #10 being the negative control.  This trial indicates a LoD of about 0.01 g/mL but, due to a higher liposome concentration, a slight negative control signal is visible in #10.  Compared to Figure 2.9, and other similar trials, the 120 membrane yields a clearer signal, and less of a hook effect, as will be discussed later.  The higher liposome concentration simply allowed for the presence of a negative control signal, and had to beneficial effect on the assay.
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Figure 2.11. CT trial (Test strip fabrication variable).

The test strips in this trial were made from 120 NC membrane using the old fabrication method, and the assay was performed with a 1:5 liposome dilution. The full CT toxin gradient indicated in Table 2.1 was tested here with #1 being the highest concentration, and #10 being the negative control. This trial indicates a LoD of 0.01 g/mL and no negative control signal can be seen on strip #10.
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Figure 2.12. Toxin Step-wise Dilution Narrowed.

(A) The toxin step-wise dilutions tested on test strips #1 thru #10 are dilutions by 1:2 with strip #1 at 10 g/mL and #10 as a negative control.  These test strips indicate the higher end of the detection threshold.  The hook effect is quite visible in this assay, as test strips #1 thru #4 have significant liposome aggregation near the base of the test strip keeping them from reaching the detection zone.  (B) The toxin step-wise dilutions tested on test strips #1 thru #10 are dilutions by 1:5 with strip #1 at 10 g/mL, and #10 as a negative control.  A faint signal on strip #6 indicates the LoD of 0.64 ng/mL.  The test strips in both trials (A, B) were made from 120 NC membrane using the old fabrication method, and the assay was performed with a 1:5 liposome dilution.
the point at which the hook effect began (Figure 2.12).  The final limit of detection for the CT assay was determined to be 0.64 ng/mL.  It was also determined that a toxin concentration greater than 0.31 g/mL would be subject to the hook effect of the biosensor, where liposome aggregation prevented the liposome-toxin complex from completely reaching the detection zone.  Another improvement on the BT assay was the assay completion time for the CT, which was much faster.  A signal could be seen in only 5-10 minutes, and the assay was complete in 20 minutes.  In consideration of these results, one of the biggest questions is why the negative control in CT showed no signal, while the negative control for BT caused this assay so much trouble.  And for the purposes of this study, the LoD was estimated from the lowest toxin concentration at which a qualitatively detectable difference in signal could be observed.  This less accurate method was used because it was not a goal of this study to optimize the CT assay, but simply to demonstrate that it worked to some extent as a comparison to the BT assay.
CONCLUSIONS


The study described here concentrated on the reassessment of a rapid and sensitive detection assay for BT and CT based on the work done by Ahn-Yoon.  Since some toxins can exert their toxicity at very low levels, more sensitive detection assays have been desired.  Various detection assays for BT and CT have been developed, including immunological assays and PCR methods, and some of the more recent detection assays, using amplification techniques, have shown high sensitivity.  However, most of these assays are costly, laborious and time consuming.  Studies performed in this lab have demonstrated that the capillary migration test strip assays, using immunoliposomes, worked very well for detection of various targets with high sensitivity.  Ganglioside-liposomes are natural cell membrane receptors for toxins, with a very strong, specific interaction.  Since gangliosides have both hydrophilic and hydrophobic portions, ganglioside-liposomes could be prepared without the complex chemical steps that are required in the preparation of immunoliposomes. Additionally, test strip assays have the benefit of rapidity and simplicity over other detection methods.  But despite the promising results reported by Ahn-Yoon, a failure to replicate anything close to these results indicates that such results may have been obtained under some fortuitous and irreproducible conditions, and the actual reason for that assay’s success was never discovered.  The fact that the CT assay worked to some extent indicates that there might be an inherent issue between the BT toxin and BT rabbit antibody preventing this biosensor from operating as it should.  It is believed that the unavailability of various values and information from the Ahn-Yoon study makes this biosensor extremely difficult to replicate, and perhaps impossible to disprove.  Because of this, no solid conclusions can be drawn from this study.  Although every aspect of the biosensor was replicated to the best of our abilities, the lack of critical information on that study prevents it from being either proven or disproved.  Therefore, the best conclusion that can be made is that an alternative method for the detection of botulinum toxin subtype A should be explored.  Perhaps the ganglioside incorporated liposome test strip assay is only useful in situations of very high toxin ganglioside affinity, which may not be available in the present study.
FUTURE STUDIES


Failure to reproduce the BT biosensor described by Ahn-Yoon has left significant room for further study in this area.  Because this study has now placed some doubt on the reproducibility of the test strip, ganglioside-liposome design for BT, a completely new approach should be considered.  Since the scope of this study became narrowed to an attempt to reproduce the BT biosensor results, trials testing different antibodies and combinations of antibodies never commenced.  One might consider an immunoassay for the identification of the best antibody, or combination of antibodies, which had the strongest interaction with BT.  But, there is no guarantee that what works in an immunoassay will work the same once immobilized on a test strip.  Thus, the best and most direct way to test different antibodies is to make the effort to test them via test strip immobilization.  If such studies are able to obtain detection limits similar to those claimed by Ahn-Yoon, then there are other trials and modifications to the assay to consider.  First and foremost, would be a trial utilizing the native toxin as the antigen.  This of course is the ultimate and best test of the biosensor’s usefulness.  I also beleive that the goals originally set for this project should be readdressed, including trials of different antibody sources for BT, in different combinations and concentrations, and the application of the ganglioside-liposome to a microfluidic biosensor device.  The field of biosensors at this point in time is seemingly limitless in its aspects of design and creativity and many alternative design approaches might be considered for a BT or CT biosensor.  
Chapter 3
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Figure 1.1. Structure of botulinum toxin and its activation.

