Introduction
In recent years, increasing attention has been focused on the pressing need to develop automated, in situ methods for the determination of the presence, abundance and activity of marine microbes.  The National Oceanographic Partnership Program (NOPP)-sponsored workshop entitled “Monitoring and Measurement of the Ocean Genome” held in Washington, DC on March 7-8, 2005 issued an executive summary noting that “ocean observatory facilities are a central feature of the future of ocean science, management and monitoring activities and will require associated instrumentation to serve as the necessary sensory organs.” Workshop participants concluded that “Arguably the least well developed instrumentation, and the most important from both scientific as well as societal perspectives are biological sensors.  For ocean science, few if any robust bio-monitoring devices are currently available.… Development efforts for autonomous biological sampling and sensing instruments are nascent and much more effort will be required to produce readily available and robust biological sensors.”  Given this feedback from the research community, it is not surprising that the National Ocean Research Priorities Plan and Implementation Strategy (1-26-2007) identified sensors for marine ecosystems as one of the four highest-priority areas of research that should be pursued in the next 2-5 years.  New prototype biosensors are promising but much research and development work is still needed before they can become a real and trustworthy alternative (Lazcka et al., 2007).  
Recognizing the need for automated biological sensors and specifically for sensors focused on marine microbial organisms and processes, we developed the Capillary Waveguide Biosensor (CWB) for rapid, quantitative detection of the abundance of targeted nucleic acid sequences in samples of marine microbial communities (Dhadwal et al., 2004, 2007a, b). The CWB is a bench top instrument capable of measuring picogram quantities of specific, targeted nucleic acids through repeated cycles over long intervals. Based on its demonstrated capabilities, we now propose to take the logical next step and transform the CWB into an automated, in situ monitoring device, by coupling the bench top instrument to the Environmental Sample Processor (ESP) developed by Dr. Christopher Scholin and colleagues at the Monterey Bay Aquarium Research Institute (MBARI). The goal of our research partnership is to develop a rapid-response, quantitative and sensitive optical biosensor for use in moored and deployable instruments targeted to fundamental questions in microbial oceanography.
Prior NSF Support: NSF OCE-0352252.  Development of Analytical Protocols and Optimization of a Capillary Waveguide Biosensor for Marine Microbial Process Studies (P.F. Kemp, J.Y. Aller, and H.S. Dhadwal, 03/17/04-5/31/07, $364,759).  During the period of this grant, we extensively modified and improved the prototype sensor system and its control software. The current system includes: 1) a fully automated fluid control system for batch mode operation; 2) replaceable, interchangeable capillary reaction chambers; 3) automated temperature control (20 ºC to 65 ºC) to precisely regulate hybridization stringency; 4) a graphical user interface with data recording and playback features, and 5) a new dual-detector internal standardization protocol that provides normalized measurements of fluorescent intensity, independent of changes in the microenvironment that inevitably occur between any two sets of measurements.  We adopted and tested a new procedure for attaching nucleic acid probes to the biosensor surface.  Although the method we had used previously is commonly applied in nucleic acid biosensors, we found that it yields inconsistent results, sometimes exhibiting substantial degradation of capillary performance over time. We now use a covalent bonding method to generate probe coatings with greatly improved stability.  Considerable effort was put toward understanding the relationship between hybridization and the resulting fluorescent signal.  Significant advances were made in the development of a seawater-based, one-step lysis/hybridization buffer solution allowing vastly simplified sample processing.  This grant supported two published papers, 1 book chapter in preparation, 1 provisional patent application, 2 theses, 2 senior design projects and 2 conference abstracts.  It supported 2 PhD, 1 Master’s and 2 undergraduate students diverse in ethnic background and gender. Students were cross-trained in both optical engineering and molecular microbiological techniques.
Background
Optical Nucleic Acid Hybridization Biosensors
The CWB improves upon a class of biosensors in which a monolayer coating of single-stranded DNA probe (“capture probes”) is bound at one end to the surface of an optical fiber.  The remainder of the probe is available for hybridization to its complementary target, which is presented to the probe molecules in a buffered carrier solution. Hybridization is detected by a gain or loss of fluorescence, depending on the detection approach.  For example, in a complementary hybridization (a “sandwich assay”), target molecules are captured onto the sensor surface (e.g. Tyrell et al., 2002; Lee et al., 2003; Rowan et al., 2005; Ahn et al., 2006) by specific probes, and are rendered fluorescent by a secondary hybridization with fluorochrome-labeled detection probes.  The detection probes can be selective for further discrimination among captured targets, or non-selective if they are only needed to impart a fluorescent signal.  Successful hybridization results in an increase in measured fluorescence.  Molecular beacons (e.g. Tyagi and Kramer, 1996) are oligonucleotide probes that have a fluorochrome molecule coupled to one end and a quenching agent coupled to the other end, each attached via a stem of several nucleotides.  The two stems are complementary and hybridize weakly, resulting in hairpin folding of the molecular beacon when it is not hybridized to its target. In the folded molecular beacon, the fluorochrome and quenching agent are brought into close proximity and emission energy is transferred to the non-fluorescent quenching agent through Förster Resonance Energy Transfer (FRET; also known as fluorescence resonance energy transfer).  Hybridization to a target molecule causes dissociation of the stems, the probe molecule unfolds and the fluorochrome is free to fluoresce in proportion to the number of target molecules that were captured.  It is possible to modify the molecular beacon structure to allow attachment of the beacon to a surface, and the beacon can be regenerated as with other oligonucleotide probes (Liu and Tan, 1999).  In a competitive hybridization a synthetic, fluorescently labeled target is added to a sample prior to introducing it into the biosensor. Unlabeled natural target competes for probe sites and consequently the measured fluorescence is lower in samples with higher natural concentrations of the target (e.g. Shanks et al., 2006a, b).  
In each of these strategies, fluorescence is induced by exciting the optical fiber and its captured targets by a laser. Total internal light reflection along the fiber generates an evanescent wave, an electromagnetic field that extends beyond its surface to a distance of ca. 200 nm. The strength of the evanescent wave is dependent on the light source and the design of the optical fiber, including its composition, physical dimensions and curvature.  Because the refractive index of the monolayer coating of nucleic acid (1.46-1.50) is almost identical to that of the fiber itself, the outer boundary for internal reflection tends to occur at the monolayer-solution interface, rather than the fiber-monolayer interface.  Thus, the nucleic acid monolayer is at least partially excited by internally reflected light, as well as by the evanescent wave. Fluorescent light generated in either manner is coupled back into the optical fiber (Krull et al., 1991) as well as radiating outward.  The probe-coated solid fiber is mounted in a flow cell through which hybridization, sample, denaturing, and wash solutions can be pumped. Hybridization stringency is controlled by adjusting the solution temperature and composition.  Following hybridization, the immobilized double-stranded DNA or DNA-RNA duplex can be chemically or thermally denatured. The target single-stranded DNA or RNA dissociates from the immobilized probe DNA and is washed from the cell, leaving the probe coating ready for a new hybridization reaction.
Many sensors following this basic design have been tested, and provide a solid background of supporting data (Abel et al., 1996; Almadidy et al., 2002; Piunno et al., 1995; Rogers et al., 2001; Rosenzweig and Kopelman, 1996; Shriver-Lake et al., 1995; Shortread et al., 1996; Watterson et al., 2002; Watts et al., 1994, 1995; Yeung et al., 1995).  
The Capillary Waveguide Biosensor
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The central component of the CWB (Figure 1, at right) is a microbore capillary (ID=1mm, OD, 1.3 mm) that serves as both optical waveguide and mixing chamber, eliminating the need for an external flow cell.  The inner surface of the glass capillary is coated with probe DNA. A compact optical/fluid connector contains one or more peripheral multimode optical fibers leading from one or more lasers. A central stainless steel tube in the connector delivers solutions to the glass capillary interior.  Excitation light delivered by optical fibers is coupled directly into the wall of the capillary which forms the waveguide (the fluid-filled capillary interior space is a leaky waveguide over these short lengths).  This direct coupling greatly increases the excitation energy delivered to the interior surface, and consequently increases the fluorescence response due to hybridization.  Excitation energy guided by the walls of the capillary tube generates an evanescent wave along its interior surface, and as with optical fiber sensors, the probe coating also receives some direct excitation.  
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When designing the capillary, the challenge is to determine the inner and outer radii that maximize the transmission of free fluorescence outward through the capillary wall, rather than being trapped in the guided modes of the capillary wall (Figure 2, above left).  In the CWB the fluorescent signal preferentially (ca. 80% yield) leaves the capillary in an orthogonal direction, with minor capture in the capillary wall (Figure 2, above right).  The net emission from an optimized capillary is greater than from a solid-fiber sensor, and therefore the sensitivity of the instrument should be greater.   Emitted fluorescence is detected by one or more optical fibers mounted orthogonal to the long axis of the capillary. The orthogonal geometry separates the excitation and emission paths and reduces the background signal that results from overlap between the excitation and emission bands, effectively increasing the signal/noise ratio.  
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A schematic of the current bench top CWB is shown in Figure 3 (below).  One detail that may not be obvious in the schematic is that the single 1-mm diameter detection fiber can be repositioned along the length of the capillary, and multiple detection fibers can be employed, located at different positions along the capillary.  The purpose is to allow construction of capillaries with a sequence of different probes located at different positions, to support simultaneous, multiple hybridization assays of a single sample.  We will return to this later.  The schematic also does not show that a sample carousel allows pre-loading of samples for unattended analyses (e.g. Mushtaq and Aristides, 2006). 
Figure 3. A schematic of the Capillary Waveguide Biosensor. PMT1 and PMT2 – photomultipliers; OF – optical filters set; F3 – 1 mm optical fiber, S – Optical splitter; F4 – 110 micron optical fiber; ND – neutral density filter; F2 – 1 mm optical fiber for collecting the fluorescent photons; LDD – laser diode driver; LD – laser diode (532 nm); OC – optical coupling; S – push-pull solenoid shutter; F1 – 110 micron optical fiber; OFC – opto/fluid connector; RC – temperature controlled reaction chamber; V – solenoid valve; P – diaphragm pump; PV – solenoid 2X1 pinch valve; T1 – control thermistor; T2 – sense thermistor; WF – waste fluid output port; DF – denature fluid port; S/B – sample/buffer port; TC – temperature controller; DAC – data acquisition system; USB – USB2.0 interface IC; CR – MOSFET Switches. 

Considerable effort was put into designing control software that permits unattended analyses.  The software graphic interface allows programmed control over all biosensor components (laser, photomultiplier, fan, heating, reagent pumps, detection fiber position, and sample carousel position).  The software also provides a real-time display as shown in Figure 4 (next page), a screen shot from the CWB software display.  The display shows variability in excitation over a 5 min interval (upper right, this was intentionally varied for demonstration purposes), the resulting variability in fluorescence (upper left), and a standardized signal derived using a novel internal standardization procedure (lower left) explained in the following section.  Chamber temperature during the same interval is also shown (lower right).
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Data Standardization
Absolute concentration measurements based on fluorescence are difficult because many experimental parameters cannot be reproduced exactly.  Even in a perfect instrument, the quantum yield of different batches of a dye will vary. The challenge is to develop a standardization protocol that allows comparison of measurements taken at different times.  A common approach to standardization of fluorescence measurements is to use standard reference solutions, but this approach cannot be applied when the instrument itself or its internal microenvironment varies. An instrument such as the CWB cannot guarantee a constant microenvironment between two measurements, particularly due to the many optical interfaces present including unavoidable micro-bubbles in natural samples.  We developed a novel dual-detector internal standardization method that removes most sources of instrument variability (Dhadwal et al., 2007a), and a provisional patent disclosure has been filed (Dhadwal et al., 2007b).  The following briefly summarizes the standardization procedure and its theoretical basis.  
The fluorescence response of an idealized instrument is dependent on the integration time over which fluorescence is measured, the target concentration, and the slope of the fluorescence response to target concentration. That slope is a function of both instrumental and molecular factors.  The optical geometry factor  collects much of the variability (“noise”) due to instrument factors, and is defined as:
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where (r) represents the spatial properties of the collection optics and is dependent on complex optical properties of the instrument such as the optical interfaces represented by the fluid/coating, coating/capillary wall and capillary wall/air interfaces. Io(r) is the emitted photon flux at point r (m-2s-1), and represents a combination of the evanescent field and any direct excitation. The evanescent field is strongly dependent on and can be influenced by any changes in the optical properties of the waveguide system. For example, the appearance of micro-bubbles at the coating/fluid interface can have strong affect on the excitation intensity. In short, the optical geometry factor  captures instrument factors that can fluctuate between measurements or even during a single measurement, resulting in large variations for the same concentration of target.
The CWB employs a second PMT (see Figure 3) to track instantaneous temporal fluctuation in by measuring and normalizing to the photon counts due to Rayleigh scattering.  Thus, it is possible to derive fluorescent intensity measurements that are independent of  and therefore independent of most sources of instrument variability.  In Figure 4 (above), a fluctuating excitation intensity (upper right panel) results in a fluctuating fluorescence measurement (upper left panel), but the standardized signal based on the dual detector method (lower left panel) is nearly constant.  
Measuring Target Concentrations
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As improvements in design led to increasingly consistent biosensor performance, we observed that the maximum signal obtained after the biosensor reached equilibrium depended on the target concentration.  We had expected that under conditions that allow hybridization, hybridization in the CWB would behave essentially as an irreversible reaction, with important consequences for the behavior of the system. For example, we had anticipated that hybridization signal would increase until all available probe molecules on the sensor surface were hybridized, slowing as the hybridization reaction approached completion.  This would have the undesirable effect that all target concentrations would produce the same signal at equilibrium.  Instead, we found that hybridization proceeded in a manner consistent with a diffusion-limited equilibrium reaction (e.g. Wilkins Stevens, Henry and Kelso, 1999).  We now have abundant evidence for this interpretation but will show only one example in Figure 5 (at right, 3 panels).  
Experiments were conducted in which target molecules were pumped repeatedly into the capillary chamber at different concentrations.  We found that the maximum response signal was proportional to the target concentration (Figure 5, top and middle panels) even when an unlimited supply of target was provided at a constant concentration.  The observed relationship has been found in other optical biosensors (Ahn et al, 2006), and is precisely what one would expect for an equilibrium reaction.  

The time to reach a constant sensor response is also dependent on target concentration (Figure 5, lower panel). We found that a stable signal was reached much more quickly with repeated injections of target than with a single injection at the same target concentration (data not shown), suggesting that the reaction rate is diffusion-limited. This is not surprising, in a capillary chamber.  At low target concentrations (100 pg/ml) an equilibrium signal is approached after about 30 minutes of hybridization.  At still lower target concentrations, it may be desirable to concentrate samples to avoid the relatively long hybridization times (e.g. 1-2 hours) needed to reach equilibrium. However, an equilibrium signal is required only if quantitative data are needed.  If only presence-absence data are needed, a detectable signal is reached within a few minutes at even the lowest concentrations we have tested to date.  Note that the concept of a “detectable signal” is extremely important and will be considered further in the following section. 
The observed simple relationships shown in Figure 5 are appealing and convenient to interpretation: they strongly suggest that an order of magnitude or better estimate of target concentration can be obtained easily from the fluorescence signal at equilibrium.  However, we do not know the reaction kinetics that produced these relationships.  The reaction kinetics of hybridization are complex and imperfectly understood, particularly for nucleic acids immobilized on a solid surface (e.g. Erickson et al 2003).  Fortunately, an empirical understanding of the behavior of the CWB is sufficient to explore procedural modifications to increase its specificity, speed and reliability. 
At this point it may be worthwhile to pause and consider why we want to measure target abundance, since the presence/absence of a specific targeted molecule alone can be informative and valuable.  Examples include detection of the characteristic molecular signature of a known pathogen, detection of mRNA indicating induction of a metabolic pathway, and detection of indicator organisms that suggest a shift in ecosystem function.  However, detection of the abundance and inferred concentration of a targeted nucleic acid enables a host of additional assays and interpretations.  For example, the abundance of a targeted gene can be interpreted as the abundance of a targeted microorganism if gene copy number is known.  Changes in the abundance of rDNA targets can be used to infer time-dependent shifts in community structure.  The ratio of abundance of an rRNA target to its corresponding rDNA can be used to infer the growth rate of a targeted organism (e.g. Lee and Kemp, 1994; Lee et al, 1993).  Many other examples could be cited, of course.

Detection limits
Most commonly, detection limit is expressed in terms of the lowest concentration giving rise to a measurable signal that is statistically significant, conventionally defined as three standard deviations above the background.  The lowest reported detection limits for an optical/fluorescence hybridization biosensor were given by Abel et al (1996), who used a microscope-based, fiber-optic biosensor to detect the concentration of a fluorescently-labeled synthetic DNA target. Their lowest concentration yielding a conventionally significant signal was 1.3 pg mL-1 of target DNA, following a 60 min hybridization.  We have obtained a conventionally significant signal at a concentration of 31 pg mL-1 of a pre-labeled, synthetic target DNA oligonucleotide, the lowest concentration we have tested to date.  
To put these target concentrations into a more meaningful context, we calculate that they are equivalent to detecting rRNA from moderately active bacterial cells comprising only 1% of the total bacterial population extracted from 10 mL of coastal seawater or 100 mL of open-ocean seawater; dormant, barely-alive cells would need to comprise 10% of the same bacterial populations.  To detect the expression of a gene by 1% of bacteria using an mRNA target, the required sample size would increase to 100-1000 mL of water.  We are confident that any microbial oceanographer would agree that quantitative methods to study populations comprising minor fractions (e.g. 1 or 10%) of the community would be enormously valuable. Indeed, microbial oceanographers usually can only conduct quantitative studies of the microbial community as a whole.  

However, two readily available methods allow detection of target molecules at much lower concentrations.  The first is simply pre-concentration of larger sample volumes.  The MBARI Environmental Sample Processor (ESP, see later discussion) can easily handle concentration of cells from liters to milliliters of volume if pre-concentration is desired.  The second approach involves an alternative analysis of error, briefly summarized below (see Dhadwal et al, 2003 for full discussion).  Rather than the conventional statistical approach, we can use the terminology of a modern digital communication system to define sensitivity and detection limits. The reliability of a digital communication channel  is expressed in terms of a bit-error-rate (BER) which measures the number of times a digital signal (one or zero) is decoded incorrectly from a train of pulses comprising ones and zeros.  Borrowing these ideas, we can express the background signal (absence of target species) as being equivalent to a zero and the detection of the target species equivalent to a digital one. We define the limit of detection in term of a target-detection-error-rate (TDER).  One approach is to express TDER as a ratio of the number of errors Ne to the total number NT of measurements. A TDER = 10-3 implies that the target was misidentified only once in one thousand measurements, that is, with a probability of false detection equal to only 0.001. 
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The example in Figure 6 (at right) shows the sensor response to hybridization of a fluorochrome-labeled oligonucleotide target at a concentration of 31 pg/ml.  Consistent with the TDER terminology, nS and nB represent the average photon counts per sample interval T, of the target and background signals, respectively.  The signal nS = 1060 counts per second (cps) with S = 25 cps, and the background nB = 1000 cps with B = 38 cps. Although the signal is only slightly above background, the TDER for a ten second measurement interval is 1.35 x 10-3; i.e. the probability of false detection is only 0.00135.  We have opted to use a sixty second measurement interval, which for this example gives a TDER = 10-15; i.e. a negligible false detection probability.  To a considerable extent, the limit of detection can be made arbitrarily low by lengthening the measurement interval.  It is entirely feasible to detect targets at concentrations one or two orders of magnitude lower than in the above example.  Their signal would not appear significantly above background in a conventional statistical sense, but would be readily detectable by TDER analysis.  Because very low concentrations of target demand long hybridization times to reach equilibrium, TDER analysis will be particularly valuable when presence-absence data are desired and it is not necessary to achieve equilibrium during hybridization.  
Finally, we also note that we expect very substantial further improvements in detection limits through refinement of detection protocols, as discussed later in our research plan.
Sensor Preparation
Our original procedure for attaching DNA probe molecules to glass surfaces was adopted because of its use in other hybridization biosensors and immunosensors (e.g. Akkoyun and Bilitewski, 2002).  The procedure involves acid treatment of capillary surfaces followed by exposure to aminopropyltriethoxysilane, followed by a time-consuming application of carboxymethyldextran, then exposure to streptavidin or avidin, and finally attachment of biotinylated probe molecules.  Through experience and testing, we reached the conclusion that this lengthy procedure gives inconsistent results.  Some capillaries proved to be durable and were used over months and numerous hybridization and denaturing cycles.  Others exhibited substantial and sometimes rapid degradation of performance with repeated use.  Experiments using fluorochrome-labeled probes suggested that physical erosion and sloughing of the probe coating occurred unpredictably during repeated hybridization and rinse cycles.

Unreliability is anathema to any instrument, and particularly to unattended ones.  We have overcome this problem by adopting an alternative attachment procedure in which thiol-modified oligonucleotide probe is covalently attached to an activated glass surface by means of a mercaptosilane moiety (see Kumar et al., 2000; Rogers et al., 1999 for examples).  Using this approach, signal intensities remain stable after numerous hybridization cycles (data not shown).  Furthermore, the ability to prepare silanized probe batches in advance, and attach probes on demand using a simple procedure, allows much more rapid and consistent capillary preparation than the previous method.  
Selectivity
There is abundant evidence that hybridization to immobilized probes on sensor surfaces is highly specific and selective, as is generally achievable with any hybridization based method.  A number studies have shown that biosensors based on nucleic acid hybridization are highly selective for a specific targeted sequence (e.g. Watterson et al 2002), with low non-specific binding (e.g. Abel et al 1996), and little effect of abundant non-target nucleic acids (e.g. Almadidy et al 2002).  We found that the presence of abundant (100X) non-target nucleic acids increases hybridization time but has no effect on the equilibrium signal resulting from a given target concentration (data not shown).  Watterson et al. (2002) showed that the selectivity of a biosensor could be improved by about two orders of magnitude through careful selection of probe coating density and hybridization conditions.  We recognize the need for control over selectivity and this will be a high priority as we optimize hybridization protocols.   
The Environmental Sample Processor

From the beginning, the CWB was intended as an in situ sensor of microbial populations and processes.  To meet this goal, we must have the means to collect water samples, extract nucleic acids and deliver them to the CWB in a powered, water- and pressure-proof housing.  Fortunately, those all-important functions are already provided by a highly advanced device designed specifically for this purpose, the Environmental Sample Processor developed by Chris Scholin and colleagues of the Monterey Bay Aquarium Research Institute.  Detailed information on the ESP is available via the website http://www.mbari.org/microbial/esp/.  The ESP allows autonomous application of molecular probe assays in surface and deep-water ocean environments. The system consists of three major components: an external sampling module, the core sample processor (“core ESP”), and analytical modules. The ESP is bundled with chemical and physical sensors (“contextual sensors”) so that samples collected, and the assay results obtained, can be referenced against the concurrent environmental background. 

The ESP is designed to provide the following capabilities:  1) sample collection; 2) cell concentration, preservation, and disruption; 3) separation of molecules based on physical properties; 4) addition of reagents in timed sequence; 5) temperature control; 6) support target detection chemistry; 7) archive samples for confirmation or other studies after recovery.  The ESP is readily capable of concentrating volumes of several hundred mL or greater, down to one or two mL (C. Scholin, personal comm.).  It has been employed already to collect and concentrate microbes in aquatic samples, then extract and deliver microbial nucleic acids to a filter-based DNA probe array targeting harmful algae and larvae of invasive species (Greenfield et al. 2006; Jones et al, 2008).  Other applications are in development and cited below.  C. Scholin, the leader of the ESP development team, is keenly interested in broadening the scope of the analytical modules that use the ESP as the front-end sample processor.  His willingness to work with us to adapt the CWB to interface with the ESP is the key to a successful transition to a fully automated, in-situ biosensor for monitoring of microbial populations and processes.  Scholin and Kemp are members of the Center for Microbial Oceanography; Research and Education (C-MORE).  The proposed partnership will provide a highly valuable measurement capability to the C-MORE team, and conversely we will be able to take advantage of C-MORE facilities and cruises, e.g. for field testing.

Research Plan 
The major goal of our research partnership is to have a CWB analytical module integrated with the ESP in three years. We will demonstrate in the laboratory a complete analytical cycle from collection to analysis of real-world samples, using the CWB as an analytical module within the ESP framework. To accomplish this, our specific objectives are to: 1) adapt the existing CWB to enable coupling to the ESP; 2) select among alternative hybridization and detection protocols and optimize the selected protocol(s); and 3) develop additional methods and protocols for simultaneous detection of multiple targets.  
Objective 1: Coupling the CWB to the ESP: the Microfluidic Block (MFB) interface 
The core ESP can handle large volumes of natural samples and can deliver collected, processed materials on a millifluidic scale. However many detection approaches would require microfluidic scale sample manipulations, including the CWB. For microfluidic applications, a separate fluid handling station can be added to the existing core ESP. This device is referred to as the “microfluidic block”, or MFB, and was designed in collaboration with Lawrence Livermore National Laboratory (LLNL). In this configuration, the core ESP provides sample collection and processing (e.g. concentration, extraction), and delivers the processed sample to the MFB.  The MFB in turn acts as the interface for distributing microfluidic scale samples and reagents to one or more downstream analytical modules.  The latest version of the MFB is designed to support delivery of sample and reagents for a real-time PCR device built at LLNL, which is the first analytical module being fully integrated into the core ESP. However, the MFB was designed to support multiple sample/reagent distribution functions in an analytical cascade, for example to support the CWB downstream of the LLNL PCR module.  This offers enormous potential for obtaining data for a single sample from complementary measurement strategies. 
The MFB can be added to or removed from the core ESP as a single unit together with its attendant analytical module(s), without disassembly. This capability allows analytical module developers to work independently, using a duplicate MFB to provide sample and reagent delivery without needing the core ESP itself.  The reason for taking this approach was to encourage collaborations with remote groups interested in developing novel molecular detection chemistries and technologies appropriate for use with the ESP, without needing to clone the entire ESP.  The present proposal to interface the CWB and ESP is a perfect example.  
The development of an ESP-compatible analytical module based on the bench top CWB will be undertaken under the supervision of Harbans Dhadwal in close consultation with the research team headed by Chris Scholin at MBARI. This will enable us to determine what changes in the CWB hardware are needed to make it fully compatible with upstream sample handling and delivery by the ESP’s microfluidic interface.  Our proposed budget includes funds to construct an MFB dedicated to this project.  
Development of the CWB analytical module will be based on evolutionary changes that are necessitated by working within the context of the ESP system. For example, the photomultipliers will be replaced by ambient temperature avalanche photodiodes, which save space and provide increased sensitivity and wider dynamic range. All electro/mechanical components will undergo a thorough life-time analysis to determine their suitability for unattended in situ operation. Other components that will be subjected to intense scrutiny include the design of a smaller capillary housing, and use of chemically inert materials whenever possible.  We anticipate that this evolutionary redesign of the bench top CWB will occupy the first year of the project.  
The ESP is specifically designed to collect and process samples for delivery to downstream analytical modules, including one employing real-time PCR (the LLNL project) and another detection system employing filter hybridization (Greenfield et al, 2006).  Thus, downstream hybridization and detection of targets in real-world samples has already been demonstrated and we do not anticipate that we will need to focus on improving the core ESP sample extraction and preparation capabilities.  However, we have explored the possibility of modifying seawater to create a simple, one-step lysis/hybridization buffer. This approach may be useful as a means of simplifying and minimizing the steps needed to prepare samples for assaying. We find that it is possible to achieve nearly complete lysis of cells in a modified seawater buffer, and to conduct hybridization of oligonucleotide probes and targets in the same seawater-based buffer. We have not attempted to optimize this procedure to achieve complete lysis and have not explored hybridization specificity and sensitivity within a seawater-based buffer.  This is not a high priority activity but remains an interesting possibility.  

Objective 2: Select and optimize hybridization and detection protocols
To date, we have used conventional hybridization buffers that are similar to ones already used in the ESP. Temperature cycling is time- and energy-consuming, so we have employed a constant elevated temperature with a denaturing buffer selected to yield complete dissociation of probe-target hybrids. Power for the constant elevated temperature may not be limiting if the ESP is on a powered mooring or cable, but could be a problem for deployment on battery power.  The use of chaotropic hybridization buffers (Van Ness et al, 1991) allows ambient-temperature hybridization and therefore can reduce power requirements.  However, many (not all) chaotropes are chemically reactive and over time can break down the covalent bond linking oligonucleotide probes to the capillary’s interior surface.  If power requirements become a critical issue, we can explore chaotropic buffers as a possible solution.  
There are nearly as many variations on hybridization techniques as there are researchers who use them.  Three general approaches are readily adaptable to the CWB and employ compatible chemistries. In order of their promise for the CWB/ESP application, they are complementary hybridization, molecular beacons, and competitive hybridization.  

Complementary hybridization - In a typical complementary hybridization (also referred to as a “sandwich assay”), targeted nucleic acids are detected by hybridization to one or more fluorescently labeled detection probes, which can be relatively non-selective.  Either before or after the detection hybridization, a selective probe immobilized on the biosensor’s surface is used to capture the desired target DNA or RNA, together with their fluorochrome tags.  Complementary hybridization is potentially much more sensitive than a competitive hybridization (Bosch et al., 1996) and can be used with a crude sample extract.  Multiple detection probes can be employed to increase the fluorescence response per target molecules in direct, linear proportion to the number of probes used (Lee et al, 1993).  Detection probes can also be comparatively long (e.g. several hundred bases in length) and heavily labeled with fluorochrome molecules, resulting in a very substantial increase in the fluorescence response per target molecule.  Greenfield et al. (2006) used this approach to detect Pseudo-nitzschia australis rRNA using the ESP as the sample pre-processor and a DNA probe array as the detector.  Remarkably, Ahn et al (2006) applied a sandwich assay with Cy3-labeled probes in a fiber-optic biosensor to detect the rRNA from as few as 5 cells of harmful algal bloom species, representing ca. 4 x 107 target molecules. The complementary hybridization assay, which offers numerous opportunities for increased labeling of target molecules, holds enormous promise for detection of targets at even lower abundances, reducing the need for concentrating cells from larger samples.  
Random decamer probes- We are currently working on a very exciting competitive hybridization strategy to yield much higher fluorescence signals from each hybridization event.  The procedure involves capture of natural target nucleic acids using a specific primary probe bound to the CWB interior surface. The secondary hybridization employs fluorescently-labeled random decamer probes.  The random decamers bind to all possible random combinations of bases in 10-base strings.  For 16S rRNA, which has a length of approximately 1500 bases, there are up to 150 possible target sites if decamer probes were packed as closely as possible.  Although we would not expect such close packing, we do expect that tens of random decamers will bind to the captured target molecules. Since each random decamer carries one fluorochrome molecule, each captured target molecule can be labeled with tens of fluorochromes rather than one or a few.  We anticipate at least an order of magnitude greater sensitivity to result from this approach.  Initial tests are underway even as we prepare this funding proposal.  

Because the random decamers are non-specific, the biosensor’s specificity would be determined by the specificity of the capture probes.  If we wish to assay for multiple target sequences using the random decamer approach, we can do so by spatial separation of the different capture probe sequences, e.g. by positioning a series of different capture probes along the length of the capillary (see later discussion). 

Molecular beacons- Molecular beacons were mentioned earlier as an alternative detection protocol.  The primary disadvantage of a surface-mounted molecular beacon is that modification of a molecular beacon for attachment tends to destabilize the association of its two stem components, resulting in reduced quenching and an increase in the background signal.  Careful design of the molecular beacon is needed to avoid this undesirable effect.  Molecular beacons are advantageous because of the simplicity of the assay, but may require considerable groundwork to create an effective surface-mounted beacon with maximal quenching and minimal background. It also offers few possibilities for signal amplification, unlike complimentary hybridization.  We will assess whether this approach has potential for the CWB and may explore it further if it looks promising.  
Competitive hybridization- In this approach (e.g. Abel et al 1996) a synthetic, fluorescently labeled target oligonucleotide is added to sample material containing unlabeled target sequences.  The competitive oligonucleotide is identical in sequence to the targeted portion of natural sample material, and competes with the unlabeled natural target molecules for positions on the probe coating.  As the ratio of natural target to synthetic target increases, the fluorescent yield from hybridization decreases, at a rate that depends on the number of copies of the unlabeled target DNA or RNA sequence in the sample. Because the standardized biosensor response is stable, even small decreases in the maximum fluorescence signal are detectable. We have tested competitive hybridization protocols successfully in the CWB with competing labeled and unlabeled synthetic targets (data not shown).  However, the complementary hybridization approach offers greater opportunities for increased fluorescence response and therefore greater sensitivity.  We will reserve the competitive hybridization approach as a backup plan if we encounter unexpected problems with developing a reliable and effective complementary hybridization assay.  
Selectivity- Watterson et al. (2002) showed that the ability of a biosensor to discriminate between target and non-target molecules can be improved by about two orders of magnitude through careful selection of probe coating density and hybridization conditions.  An important conclusion of their work is that under conditions that favor maximum selectivity, nearly twice as many probe molecules are hybridized when immobilized on surfaces, as are hybridized when free in solution.  Thus, biosensors based on surface-immobilized probes theoretically can be much more sensitive than ones based on hybridization in solution.   

Probe coating density is an important determinant of the number of hybridized probe molecules per unit area, which in turn determines the hybridization signal and consequently the sensitivity of the instrument.  We have not yet optimized the probe coating and hybridization protocols to balance between the dual goals of obtaining maximum sensitivity and achieving maximal control over selectivity.  This will be approached through a systematic study of the hybridization signal developed at different probe coating densities and different hybridization conditions.  Probe coating density can be manipulated by adjusting the concentration of probes during the attachment procedure.
As a practical matter we do not need or propose to study the theoretical basis for hybridization in the CWB, but we see several obvious possibilities for optimizing the hybridization conditions to improve sensor performance.  For example, in their comprehensive theoretical treatment of the hybridization kinetics of surface-attached nucleic acids, Erickson et al (2006) note that an increase in probe density will result in a decrease in reaction rates.  At the same time, a decrease in probe density ultimately results in fewer hybridized target molecules in total, and therefore a reduced sensor response.  We can optimize probe density to maximize sensor response per target concentration, and minimize time to equilibrium.  We also need to examine the shape of the sensor response at low target concentrations, to determine the degree to which low target concentrations can be estimated (as opposed to merely detected), and to assess when it will be desirable to pre-concentrate targets, and to what degree.  We will use the bench top CWB to address these questions through a systematic study.  Hybridization protocol selection and development will be conducted at UH (Kemp lab) and SBU (Aller lab). A bench top model of the CWB will be transferred to UH for this purpose. 
Objective 3: Development of methods and protocols for multiple target detection

We are keenly interested in using the CWB to conduct simultaneous time series measurements of the presence, abundance and activity of multiple organisms or processes.  The CWB can be modified to detect multiple targets either by using a mixture of multiple excitation sources and fluorophores with distinct emission spectra, or by spatially separating the reaction sites. The former technique is popular in the simultaneous detection of a few targets while the latter is the approach used in microarray systems. In the former approach, the capillary interior surface would be coated with a mixture of different probe sequences, each labeled with a distinct fluorochrome. One disadvantage is the reduction in the density of probes against any one specific target, in inverse proportion to the number of different probes used.  It would also be necessary to determine whether a single excitation wavelength would be feasible, or if multiple excitation sources would be required.  Detection of a spectrum of emitted fluorescence wavelengths could be facilitated through the use of a spectrometer.
Spatial separation of probes against multiple targets is more attractive as it will be more robust and can be performed in the existing CWB without modification of the data acquisition and control systems.  It will require developing the means for spatial separation of different probe sequences on the interior surface of the capillary.  One possibility is to sequentially expose segments of the capillary in turn to different capture probes in small volumes of carrier solutions. Each probe would bind to the capillary surface in a given, newly exposed segment, to the exclusion of probes introduced later.  An alternative approach would be based on physically assembling short sections of capillaries, each coated with a different probe sequence, into a single optical unit. Each sub-section would be a few mm long and would be abutted to the adjacent segment at an optically flat interface. All sections, once assembled, could be illuminated by a single excitation source.  With either approach, only one fluorochrome would be used and an array of fibers or a moveable single fiber would provide spatially-distinct fluorescence detection.  We estimate that as many as ten different targets could be detected with little modification of the current CWB design, other than to accommodate an array of detection fibers or a single fiber scanning along the capillary.  More targets would require additional modifications but it is certainly conceivable.  This spatial separation approach is fully compatible with any of the target detection strategies outlined earlier.  This task will be jointly managed by all PIs and proceed in parallel with the above two tasks.
Model systems
We need to test the efficacy of the CWB and analytical protocols with different target types in one or more well characterized microbial model systems. A large number of marine microbes are now in culture and might be used.  Some are of particular interest because of their abundance, ecological importance, or their human health impact.  One example is the photosynthetic cyanobacterium Prochlorococcus (Chisholm et al., 1988), possibly the most abundant single organism on earth and the subject of more than two decades of research by S.W. Chisholm, a C-MORE colleague. Another is Vibrio vulnificus, a well characterized marine bacterial model and a widespread inhabitant of estuarine environments (Kaysner et al., 1987, O'Neill et al., 1992, De Paola et al., 1994) that causes a range of seafood-related illnesses in humans. Cultures are available to the PIs for these model organisms, among many others, through local collaborations at our respective institutions and through our close connections to C-MORE colleagues. 
We intend to test alternative protocols for a range of possible targets including DNA, rRNA and mRNA targets, each of which provides access to a wide variety of studies of microbial populations and processes.  For all, we will employ appropriately specific sites for target capture.  For complementary hybridization, we will use less specific target sites for the secondary detection probes, including the random decamer detection scheme described earlier.  Molecular beacon assays eliminate the secondary hybridization altogether.  Competitive hybridization assays will use pre-labeled, synthetic competitive targets.  

For DNA targets, we will use commercially synthesized DNA complementary to the probe DNA sequence.  For RNA targets, we will use an in-vitro transcription system to synthesize RNA complementary to the probe DNA, as described in standard molecular protocol texts (e.g. Titus, 1991).  These methods involve insertion of the DNA template into a suitable plasmid vector, linearization of the plasmid by a restriction endonuclease, addition of ribonucleotides and RNA polymerase, transcription, and finally DNAse digestion of the DNA template.  The RNA transcripts can be modified with an amino linker and labeled with fluorochrome for use in competitive hybridization assays.  

Broader Impacts
During the course of this research, graduate, undergraduate and high school students will be involved directly and will be trained in the fundamentals of design and analysis of systems. H. Dhadwal regularly teaches theoretical and laboratory courses designed to help students learn how to solve engineering problems. We are keenly aware of the value of gender and ethnic diversity, since we reflect that diversity ourselves, and we invariably involve male and female graduate and undergraduate students of diverse ethnic backgrounds and nationalities. Two or three outside students take part in our sponsored research projects each year. Paul Kemp is the Associate Director of the Center for Microbial Oceanography; Research and Education (C-MORE), which has a very strong education component with a focus on outreach to Hawaiian and Pacific Islander minorities.  He works closely with several web-based, NSF-sponsored programs seeking to increase the participation of minorities in the aquatic sciences and to provide enhanced educational experiences for college students and recent graduates.  He also participates in a C-MORE-sponsored summer course in microbial oceanography in Hawaii.  C. Scholin’s location at MBARI offers numerous opportunities to interact with its education and outreach efforts, and Scholin is also a C-MORE investigator.  We intend to take advantage of these multiple opportunities to engage diverse students and underserved minorities, by incorporating our research ideas and work into these existing activities.  

Although our own interests lie primarily with addressing challenging ecological questions, numerous other applications would benefit from the CWB analytical module development. The capacity to examine microbial abundance and population dynamics, biomass production and gene expression in marine environments has enormous potential benefit for water quality management and the seafood industry, both economically and with respect to food safety. The biosensor can be used for detection of human pathogens in processed seafood, fish pathogens in aquaculture facilities, and other harmful and nuisance species in a diverse range of environments. Other potential applications beyond ecological research include detection and quantification of microbial contaminants for estuary management, shellfish aquaculture, and water quality for public health purposes.  The biosensor also has implications for homeland security issues, particularly monitoring for the presence of potentially harmful organisms in recreational waters and reservoirs, and in coastal waters.
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