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Development of analytical techniques for thiamine quantification

Abstract:  Thiamine (vitamin B1) is essential for the health of all organisms.  In its diphosphate form, thiamine serves as a cofactor for several enzymes involved in carbohydrate metabolism.  Deficiencies in thiamine result in increased morbidity and mortality in wild birds, reptiles, and domesticated livestock.  In the Great Lakes, such deficiencies have harmed valuable sport fisheries for naturalized Pacific salmon (e.g. chinook, coho and rainbow trout) and hampered restoration of native apex predators (e.g. lake trout, Atlantic salmon).  These deficiencies result in an inability to spawn and cause muscular and neurological impairments of fry.  The current method for thiamine quantification is high-performance liquid chromatography (HPLC) which requires significant acquisition expense, a laboratory environment, and considerable cost in maintenance and a trained technician for operation.  The purpose of this work was to develop a high-throughput microtiter plate-based assay for thiamine that would improve sample throughput and reduce expense.  Our approach was similar in operation to an enzyme-linked immunosorbent assay (ELISA), but utilized a periplasmic binding protein for specific recognition of thiamine rather than an antibody, and fluorescent dye-encapsulating liposomes rather than an enzyme for signal generation.  The method exhibited excellent specificity towards thiamine, thiamine monophosphate, and thiamine diphosphate versus thiamine fragments and analogues.  The method yielded a limit of detection of 0.5 nM with the potential to assay up to 96-standards and samples in less than one hour.  This laboratory-based method could readily be expanded to a 384-well format allowing for higher throughput.  Also developed was a point-of-use strip assay yielding a visibly-colored line with its intensity representing the concentration of thiamine.  Additional work will streamline sample preparation and validate the aforementioned methods in environmental sample matrices.
Background/Overview:

The intent of this project was to develop high-throughput and point-of-use assays for thiamine.  Thiamine deficiency in salmonid fish species results in an inability to spawn and cause muscular and neurological impairments of fry.  The primary method of analysis at present is HPLC, which requires a laboratory environment, trained personnel, considerable start-up and maintenance expense, and between 20 to 30 minutes per sample or standard.  Most HPLC methods rely on the oxidation of thiamine (non-fluorescent) to thiochrome (fluorescent) (Figure 1) to provide lower detection limits prior to separation on a reverse-phase column.  
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Figure 1.  Oxidation of thiamine to thiochrome, shown here using potassium ferricyanide under alkaline conditions
Rather than employ this method based solely on chemical properties, our approach instead relies on biorecognition where, much like an antibody-antigen interaction, a binding protein provides specific recognition of thiamine.  Although techniques utilizing antibody-antigen interactions are well-established, no adequate antibodies against thiamine are available.  Thus, while antibody-based techniques, such as enzyme-linked immunosorbent assays (ELISAs), are widely utilized for other environmental analytes, these are not applicable to thiamine quantification.  The benefit to such techniques include potential for high throughput, improved user friendliness, and lower instrumentation costs.

Instead of an antibody, our method utilizes a periplasmic binding protein expressed in Escherichia coli that is specific to thiamine.  Even if a suitable antibody for thiamine was available, periplasmic binding proteins provide advantages in both reduced costs and increased specificity.  Such proteins can be abundantly produced at markedly lower costs than antibodies (e.g. hundreds of milligrams for the same cost as 0.5 mg of a commercially available antibody).  Perhaps more important, such proteins offer exquisite specificity towards their small molecule targets, which cannot be rivaled by their antibody counterparts.  This specificity is also an advantage over microbiological-based methods that quantify thiamine based on the growth of thiamine-dependent microorganisms (bacteria, algae, and fungi).  These methods not only suffer from prolonged assay times (e.g. days) but also lack specificity because many of these microorganisms can synthesize thiamine from its constitutive fragments potentially present in a sample.
In our approach, a specific biorecognition event is coupled with a signaling mechanism that allows the user to quantify the concentration of thiamine in a sample.  In addition, an amplification strategy is required to take a single binding event that occurs at the molecular level and produce a visibly discernible signal. Our laboratory has developed dye-encapsulating liposomes that encapsulate hundreds of thousands to millions of visible and fluorescent dye molecules, thereby providing marked signal enhancement to any binding event (Figure 2).  In lateral flow assay formats relying on visible detection, these liposomes serve as highly colored markers and provide signal in their intact form.  In formats relying on fluorescence quantification, these liposomes are lysed with surfactant to release their markers to provide further signal amplification.
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Figure 2. The liposome structure consists of a lipid bilayer surrounding an aqueous core.  Our technology uses the interior volume of the liposome to encapsulate hundreds of thousands to millions of water soluble marker molecules to provide signal enhancement – here, visible and fluorescent dyes.  The exterior of the liposome may be conjugated to an antibody or other biorecognition molecule to provide specific recognition of analytes of interest
The thiamine assay developed in this project was based on competitive binding.  In the absence of thiamine in a sample, thiamine-binding protein (TBP) conjugated liposomes would bind maximally to an immobilized thiamine derivative.  As the thiamine concentration in the sample increased, competitive binding between the sample thiamine and the immobilized thiamine analogue would result in a decreased signal (Figure 3).  

[image: image3.emf]
Figure 3. Competitive assay for thiamine using fluorescent dye-encapsulating liposomes for signal amplification and the thiamine binding protein for specific biorecognition.  In the absence of thiamine, these liposomes bind maximally to the immobilized thiamine derivative (top left), whereas competition with thiamine in a sample reduces their binding (bottom left).  After competition with sample thiamine, unbound materials are removed (middle) and liposomes remaining bound are lysed to release dye yielding a signal inversely proportional to thiamine concentration (right)

This assay was successfully developed in both the microtiter plate-based format and lateral flow assay format as outlined in the original proposal. Yet we had to address some challenges with assay development (outlined further in the discussion) that delayed its completion.  These challenges were ultimately overcome, but hindered our ability to complete a thorough evaluation of the assays in environmental matrices during the funded duration of the project.  However, the developed assays exhibit exquisite specificity for thiamine, which will provide a foundation for ongoing work after the GLFT project has ended.
Outcomes:

Knowledge: We have gained valuable knowledge about the chemical behavior of thiamine during the course of our investigations.  We also became aware, unfortunately, that some of the thiamine research in the scientific literature may not be accurate with respect to synthetic organic modifications.  During the course of our work, we also had the opportunity to evaluate several commercially available thiamine antibodies and a thiamine ELISA.  These antibodies or antibody-based methods were found not to detect free thiamine, therefore are not suitable for evaluating thiamine levels in the eggs of valuable Great Lakes fishes.  Without a priori knowledge that these commercial assays were inadequate, researchers and managers would have incorrectly assumed that egg samples contained either very low levels or no thiamine.  The antibody vendor has since updated their listing to note that their antibody only recognizes a thiamine-bovine serum albumin conjugate, not the free vitamin.  Additionally, upon repeated inquiry, the vendor for the ELISA kits removed their thiamine assay kits from their listing, hence our evaluation has successfully preempted further misleading results for other laboratories assaying samples for thiamine.  Both of these issues were noted in our publication in the ACS journal Analytical Chemistry.  The knowledge gained from our unpublished investigations will be disseminated on our thiamine deficiency website as our research continues.
Training: Under this grant, four undergraduate students (Seth Feder, Lu Han, Woo Jin Seog, and Nicole Tu-Maung) and one graduate student (Binbin Wang) learned experimental techniques required to carry out this assay as well as the traditional technique for measuring thiamine via thiochrome formation.  Along with these students who gained direct laboratory experience, two additional undergraduate students (Krystal Cheng and Caitlin O’Brien) carried out a thorough literature review on aspects of thiamine analysis as part of an independent study.  These students presented their research at on-campus research symposiums which expanded their communication skills and furthered dissemination of how thiamine deficiency influences Great Lakes resource management.
Relationships: This work expanded interactions between the primary researcher and researchers and managers working at the USGS Great Lakes Science Center, USGS Northern Appalachian Research Lab, New York State Department of Environmental Conservation, and Department of Natural Resources at Cornell University.
Important outcomes: 
· We achieved our goals of a high-throughput and point-of-use assay for thiamine.  Our liposome-based technology proved to provide the necessary level of sensitivity towards thiamine for use in tissue samples.  The microtiter plate platform would allow 96 samples and standards to be analyzed within an hour – Exclusive of labor costs, the supplies required to run a 96-well plate (including the plates themselves, liposomes, thiamine standards, and associated buffers) is estimated to be less than $10/plate.    
· As there are no antibodies available for thiamine, the exceptional specificity towards thiamine using TBP as a biorecognition molecule was a key finding, which will allow for the development of other technologies using this entity.
· The liposome technology has been well established in our laboratory, though may be a limiting factor until these self-made reagents can be widely distributed.
· Given our demonstrated implementation of TBP as a viable option for thiamine biorecognition, more traditional and commercially available mechanisms for signal enhancement, such as enzymes, can now be employed to extend this method to other laboratories.
· We have established a SOP (standard operating procedure) for the microtiter plate-based method developed in this project which is being shared with laboratories upon request.
· One of the key limitations in any thiamine assay lies in the sample preparation.  We are currently investigating alternative strategies to reduce matrix effects and provide for sample pre-concentration of thiamine, which is necessary if environmental waters are to be analyzed.
· As our work is available in analytical chemistry journals and has been presented at analytical conferences, rather than environmental forums, one of the key outcomes is that the issue of thiamine deficiency has been disseminated to audiences that may otherwise be unaware of it as a result of this work.  

Related Efforts:

The research associate’s salary was supported in part (5%, from 1/1/16 - 9/30/16) by a multistate award from the USDA.  This funding and associated supplies allowed us to initiate limited studies in food matrices.
As a result of the GLFT work, we will analyze fish tissue and egg samples through a project funded by the New York State Department of Environmental Conservation.  Additional currently unfunded work will focus on sample pre-concentration to allow for this assay to work in environmental water samples and removal of matrix effects.  We are actively seeking funding partners to further this work in the environmental realm, as well as human clinical and veterinary diagnostic applications.
Communication/Publication of Findings:

Peer-reviewed publications:

Edwards KA, Seog WJ, Han L, Feder S, Kraft CE, Baeumner AJ, High-throughput detection of thiamine using periplasmic binding protein-based biorecognition, Anal Chem, 2016, 88(16): 8248-8256.
Edwards KA, Tu-Maung, N, Cheng, K, Wang B, Baeumner AJ, Kraft CE, Thiamine assays - Advances, challenges, and caveats, submitted Nov. 2016.

Presentations:

National/International:

· Edwards K, High throughput thiamine quantification in environmental matrices using periplasmic binding protein recognition, Poster, July 3, 2016, Gordon Research Conference on Bioanalytical Sensors, Newport, RI
· Edwards K, High throughput thiamine quantification in environmental matrices using periplasmic binding protein recognition, Poster, March 7, 2016, Pittsburgh Conference, Atlanta, GA
· Edwards K, High throughput thiamine quantification in fish eggs using periplasmic binding protein recognition, Oral presentation, March 9, 2015, Pittsburgh Conference, New Orleans, LA
· Edwards K, Environmentally-relevant analyte detection via periplasmic binding proteins, Oral presentation, March 20, 2014, BIOMONAR PI meeting, Nancy, France
Campus-wide:

· Feder S, Utilization of magnetic microbeads to improve thiamine concentration determination at environmentally relevant levels, Cornell Undergraduate Research Board Spring Forum, April 2016
· Tu-Maung N,  Adsorption of thiamine by various labware, Cornell Undergraduate Research Board Spring Forum, April 2016
· Han L,  Thiamine deficiency: A concern in fish, Cornell Undergraduate Research Board Spring Forum, April 2016

Outreach:

· Meeting amongst colleagues from the USGS, NYS DEC, SUNY Stonybrook, SUNY ESF, SUNY Oswego, and Cornell University held at the USGS facility, Cortland, NY, May 2015

· A standard operating protocol for the microtiter plate-based method has been established and can be distributed upon request to any laboratory interested in this work.
· We will have available shortly a website on thiamine deficiency which can be accessed at http://thiamine.dnr.cornell.edu/ and will continually be updated as our knowledge in this realm grows.
Discussion:

The assay devised herein is a competitive assay where TBP-conjugated liposomes competitively bind to thiamine present in a sample or a fixed amount thiamine immobilized onto a surface.  The net result is a quantitative decrease in signal with increasing thiamine concentrations.  The key challenge with the development of this assay was the synthesis of a suitable analogue of thiamine that would provide the proper structural features required for recognition by the thiamine binding protein, minimize steric hindrance, and provide an appropriate level of binding as well as competition with sample thiamine.  Thiamine is a highly water soluble small molecule (337 Da) composed of a pyrimidine ring and thiazole ring, with a pendant amine and hydroxyl group.  The structural features of this molecule required for recognition by the thiamine periplasmic binding protein were elucidated using solution-phase binding experiments with various analogues and fragments of thiamine.  These experiments resulted in determining that only modification of thiamine at the hydroxyl terminus would allow for binding by the protein.  After unsuccessful attempts at modification of thiamine under aqueous conditions, thiamine was ultimately modified to form thiamine monosuccinate under anhydrous conditions (Figure 4a).  Further, as the 34 kDa thiamine periplasmic binding protein undergoes a significant conformational shift upon binding, a spacer between the surface and thiamine analogue was required to permit this interaction when immobilized.  By modifying the carboxylic acid group of thiamine monosuccinate with the amine group of a long chain polyethylene glycol (PEG), this requirement was met (Figure 4b).  The distal end of the PEG chain was functionalized with biotin, which has strong binding by streptavidin, a commonly used protein for immobilization.  The end result was a stable surface allowing for binding by the TBP (Figure 4c).
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Figure 4. a.) Formation of thiamine monosuccinate from thiamine under anhydrous conditions b.) Modification of the carboxylic acid group with a long chain PEG spacer with a distal biotin molecule c.) Immobilization of the formed thiamine derivative with a long PEG spacer between thiamine monosuccinate and biotin to accommodate the binding sites of both TBP (green) used for thiamine recognition and tetrameric streptavidin (blue) used for immobilization.

The importance of the design of the thiamine analogue structure was exemplified in the subsequent assay performance and specificity studies.  After thorough optimization of the assay steps, the limit of detection for thiamine was determined to be 0.5 nM with a quantifiable range from 1 to 370 nM.  The immobilized thiamine analogue was recognized by the TBP with such high specificity that thiamine fragments such as toxopyrimidine (HMP) or 4-methyl-5-thiazoethanol did not compete for binding even at a concentration of 1 mM (Figure 5).  Thiamine analogues such as oxythiamine and thiamine impurity E showed competition only at 103-fold higher concentrations.


Figure 5. Specificity of the competitive assay to thiamine versus thiamine fragments and derivatives.  a.) TMP, TDP, and 3-benzyl-5-(2-hydroxyethyl)-4-methylthiazolium chloride, b.) 4-methylthiazole (4-MT), 4-methyl-5-thiazoethanol (4-MTE), 4-aminopyridine, and biotin c.) thiazole, toxopyrimidine, and oxythiamine d.) thiamine disulfide, thiamine impurity E, fursultiamine, and pyrithiamine.  Each point represents the average of triplicate determinations with error bars representing the standard deviation of these measurements.

Further, the assay showed no significant differences in response when laboratory-grade water was compared with natural pond water, both spiked with thiamine (Figure 6).  This preliminary application study indicates that matrix effects will not be a problem in environmental samples.

Figure 6.  Response of the assay to thiamine spiked into HPLC grade water and filtered pond water, both adjusted to a final composition of 20 mM MES, 200 mM NaCl, pH 6.5.  Each point represents the average of triplicate determinations with error bars representing the standard deviation of these measurements.
We have further demonstrated proof of principle of this assay for thiamine using a lateral flow format (Figure 7).  Here, the same set-up was utilized, but instead, the thiamine monosuccinate-PEG-biotin/streptavidin mixture was immobilized in a line onto nitrocellulose membranes and TBP conjugated visible-dye-encapsulating liposomes were used without lysis for signal generation.  A strong signal in the absence of thiamine resulted, with decreasing intensity with added thiamine.  The specificity shown in the microtiter plate format was observed in this format in this preliminary evaluation.  This is an exciting finding as this visibly detectable assay format could avoid the need for a plate reader and laboratory environment.
[image: image6.emf]
Figure 7. Lateral flow assay for thiamine.  The formed thiamine derivative with a long PEG spacer between thiamine monosuccinate and biotin was immobilized with streptavidin in the observed line.  In the absence of thiamine, a strong visible signal was observed due to binding by TBP-conjugated liposomes.  As the thiamine concentration in the sample increased, the signal decreased.  (The signal intensity in this photo was weaker than that observed in person.)

As noted above, the greatest challenge in this project was the development of a suitable thiamine derivative for immobilization.  This challenge was ultimately surmounted and a significant knowledge base of the chemical behavior of thiamine was gained in the process, but overcoming this hurdle did require a considerable amount of time.  Hence, while our development studies for these methods are complete, our studies towards method validation against HPLC and application of our methods in environmental samples are in the early stages and are ongoing.  The reported concentrations of thiamine in environmental water are below 200 pM, hence for application of this method (as well as HPLC with fluorescence detection), a sample pre-concentration approach is required.  We are currently developing a solid-phase extraction method based on weak cation exchange to concentrate the thiamine present in environmental water samples while removing potential matrix interferences.  For tissue samples, one of the significant bottlenecks is the laborious and laboratory-based sample preparation to extract thiamine.  Our current efforts rely on using established protocols for thiamine extraction, however, we are evaluating a phospholipid and protein solid phase extraction approach that may simplify this necessary step.  It is hoped that these sample preparation strategies will improve throughput and increase data acquisition potential not only for our methods, but for established procedures as well.

The broader relevance to this study is that, by increasing sample throughput and reducing costs for analysis, environmental researchers and fisheries managers will be increasingly able to expand their knowledge base of thiamine deficiency in valuable fisheries and its implications.  We are mindful of matrix effects that must be overcome in any assay and are currently working to adapt this method for a variety of sample matrices.
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