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Abstract 





We present a micro fluidic device that allows rapid and defined delivery of discrete and homogeneous reagents or samples to allow kinetic studies of surface-tethered biomolecules. We developed an Electro Osmotic Flow (EOF) based device consisting of an asymmetric Y-junction with an incorporated fast, pressure driven valve, two embedded measurement electrodes and reservoirs. The EOF is used to circumvent kinetic limitations on reagent transport to the surface of these tethered biomolecules due to the slow diffusion across parabolic concentration gradients in conventional pressure-driven flow devices. Using Fluorescein isothiocyanate (FITC) as the pH sensitive surface-immobilized biomolecules, we show that the reagent solution can be repeatedly exchanged within milliseconds, and that by using a synchronized triggering scheme we can monitor the reaction of our sensor biomolecules to the change of the environment on a time scale of 10ms.





Introduction

Micro fluidic devices and microarray technology have become important tools for modern biochemical and biomedical analysis for their quick and effective testing of micro size samples with exceedingly high sensitivity [1]. The reduction in reaction volume in these types of assays is accompanied by an increasing importance of designs accounting for micro-scale volumetric and physiological effects [2] at the fluid/solid or fluid/gas interface, fluidic properties in the nano-liter regime, modified surface-targeted techniques with shorter reaction times, and variable boundary conditions that lead to significant changes in flow characteristics. The latter effect is exemplified by the fact that all flows become laminar at typical micro fluidic dimensions and velocities, resulting in a parabolic velocity profile of pressure-driven flows (PDF) across micro channels. This makes the delivery of samples to molecules that are anchored at the channel walls difficult, as diffusion across the parabolic concentration gradient to the walls is comparatively slow. This effect limits those experiments that require the study of folding and unfolding kinetics of single or low number of biomolecules that undergo fast responses to changes in the chemical environment near a wall. In contrast to inorganic chemical reactions, the activity of biomolecules such as proteins, DNA [3], and especially RNA and aptameric enzymes [4], relies primarily on the spatial configuration of their active sites. It has also become apparent that misfolding or insufficient folding of proteins cause intra-cellular stress responses [5] and may be associated with a pathway to neurodegenerative diseases [6]. Due to the complex energy landscape of typical folding and unfolding processes, we are presented with many possible pathways to the final functional state or states, and it is therefore essential that a reliable system be used to unambiguously identify these intermediary states [7,8]. Due to these constraints, single-molecule approaches seem to be more effective than bulk measurements, although these approaches also have their limitations. For example, photochemical triggering studies require secondary attached motifs that result in a limited folding landscape or lower folding entropy [9-15], ultrafast mixing studies require channel dimensions on the order of 50 nm that would jeopardize folding due to its closeness or even smaller dimensions compared to the inherent radius of gyration of many biomolecules of interest, not mentioning the user-unfriendly clogging [16], highly questionable reusability [17], and image variability due to pressure fluctuations [18]. The buffer exchange times for pressure driven flow based systems are ten times slower compared to those of EOFs [19], and are therefore mostly suitable for the study of larger proteins with longer folding response times such as those of rotary bimotors' inactivation rates [20]. Although there some studies that show the use of nanoliter volumes to electro kinetically controlled DNA hybridization, the fluid of interest that is pushed and sandwiched between the two neutral buffers would become diluted due to diffusion at the interphases with these buffers [21], therefore defeating the purpose of producing discrete and homogeneous environmental changes.



Our proposed design of a micro fluidic device to perform single molecule kinetic studies of surface-tethered biomolecules alleviates many of these problems. Our device permits complete  buffer exchanges at the surface on timescales of milliseconds by replacing pressure-driven flow with mechanically switched EOF via a thoroughly separated PDMS based valve. The molecules of interest are tethered on glass located at the bottom of the channel, and total internal reflection (TIRF) is used to focus on those molecules tethered on glass only. The reaction is observed by fluorescence microscopy at the junction of three channels carrying the different solutions of interest towards the tethered molecules. Switching between the solutions in the reaction surface area is accomplished by rapidly opening and closing a pneumatically controlled valve that eliminate the diffusion between buffers. For example, when the main channel's valve is closed, the solution in the channel immediately to the left of the valve can be maintained at a certain pH, while the solution immediately to the right of the valve can be exchanged or left to vary without altering the contents to the left of the valve.EOF is continuously on and is used to drive the solution of interest through the main channel that becomes more active when the valve is opened. This results in a steeper concentration gradient and thinner diffusion layer near the surface when compared to PDF, leading to a fast, efficient and reproducible reagent delivery mechanism that can be switched on within 10 milliseconds.





Methods



A modified Y junction with channel cross sections of 110 by 8.5μm2 was manufactured by spin-coating PDMS (4:1 resin to catalyst, RTV615 kit, GE Silicones, Wilton, CT) onto a lithographically patterned wafer at 1900rpm for 50s, resulting in a total layer thickness of 35μm. A second, top layer (10:1) containing the pneumatic valves (120 by 9μm2) was similarly patterned, carefully positioned on top of the first layer, and allowed to anneal. The PDMS chip containing both layers was then plasma bonded onto a glass cover slip that was patterned with Au-Ti electrodes (hTi=5nm, hAu = 55nm) using a conventional high vacuum evaporation coater. In order to protect the chip, the fluidic reservoirs, and the electrode interconnects from possible damages during handling and mounting due to external forces, the chip was embedded in
 an aluminum frame and protected using epoxy resin. The final design and implementation of this chip is shown in (Figure 1) and more thorough descriptions of this platform can be found in our earlier publications [22,23]. The glass bottom surfaces of the micro channels were silanized by injecting a 1:49 (v/v) mixture of 3-amino-propyltriethoxysilane (APTES, Sigma, St. Louis, MO) and acetone into the flow channels and incubating them for a maximum of 20s to avoid damage to the valves. After drying the channels with nitrogen gas, pH-sensitive fluorescine-5-isothicyanate (FITC, 1mg/ml in DMSO) molecules were allowed to attach to the amine- moiety of APTES on the channel surfaces for at most 8h at 4 °C since longer incubations resulted in the formation of residue and PDMS degeneration impeding proper fluid actuations. Fluorescence images of the microchip were collected via a home-built, TIRF microscope using a 60x objective (Olympus, Plan-Apo, NA=1.45) with a cooled CCD camera (Cascade, Photometrics, Tucson, AZ). Sample illumination using an Argon-Ion laser (532nm) was controlled using a fast switching acousto-optic modulator (AOM, Gooch & Housego, Bedford, MA). Image acquisition, laser pulse triggering, valve opening, and EOF actuation were triggered and timed using a custom-built analogue electronic synchronization system (ESS). The acquired data was first processed and then saved via Lab view (Austin, TX). The study system comprised of the PDMS micro fluidics chip with embedded electrodes, fluidic manifold, controllers, modulators, TIRF microscope, optical setup, and peripheral components are shown in (Figure 2). The PDMS chip is embedded in the aluminum block via epoxy, placed above the inverted TIRF Microscope's platform, buffer external lines connected onto the control valves, and the main channel are plugged into the pressure manifold. The electronic synchronization system is Lab view coded to modulate the AOM laser modulator, CCD camera trigger, control valves, electrode voltages, manifold pressure valves, buffer line inflow, signal the high voltage supply to activate EOF, and provide "valve open/close" feedback from a conductivity sensor across the main channel.



Results and Discussion
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Figure 1: Layout of a microfluidic chip on a Au-Ti patterned cover glass. The picture shows the main valve channel.

a.	With Y shaped fluidic channel

b.	Beneath the valve (see inset). Two electrodes

c.	With pads for wire bonding are coated onto the cover glass.
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Figure 2: The study of the microfluidic chips required the synchronization of different electronic controllers, reagent delivery manifolds, and optical components.

 


An effective reagent exchange system allows for effective switching between discrete and highly homogeneous solutions in the surface area with tethered molecules of interest, leading way to a reproducible reagent delivery mechanism that can be switched on and off without mechanically disturbing the environment. To allow for the delivery of the compartmentalized fluid of interest, we optimized the dimensions and shape for the valve, fluidic channels, and the valve driving pressures [22] to allow the valves to open within milliseconds using conventional PDMS-based microfluidic components [22,23]. To decrease the diffusion distance between the molecules and solution of interest, EOF was used to deliver plug-shaped flows to produce steep concentration gradients near the surface of interest that contrasts to a much longer diffusion time using parabolic Hagen-Poiseuille flows. To demonstrate the capability of this delivery system, the prepared microfluidic chip with the surface-attached FITC as fluorescent pH sensor was secured on the inverted microscope stage described in the previous section. The device was setup by first priming the control valves were with deionized water to prevent bubble formation and attaching the pressure and reagent delivery manifold to the inlets of the chip, followed by checking the valve and main channel integrity using a short testing routine. The electrode contacts were then attached to the Electronic Synchronization System (ESS) provided the high voltages needed for the EOF and controlled the triggering scheme. The ESS system functioned as a hub to channel data and to quickly trigger image acquisition, laser pulse triggering, valve opening, and EOF actuation via a main trigger via a custom Lab view code that operated in a single shot or cyclic mode. Thus, all time-critical operations were hardware-implemented in the ESS to avoid introducing jitter from unpredictable delays introduced by the computer, operating system, and Lab view software.



We employed micro particle image-based velocimetry to characterize the mean flow velocities at different Electroosmotic driving voltages for each chip. The velocity profile u(x) as a function of the electric potential E for 10mM NaBr at pH 9.1 followed the theoretical expectation:
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Which is derived from the PDF and gravity-free Navier Stokes equation in the low Zeta-potential limit [24]? Our observed values near the center of the channel, where dominant x is much larger than the Debye length, λD, allowed for more homogenous data collection and are shown in (Figure 3). In this figure, the electrode separation for this particular chip was 19mm, the normalized Zeta Potential ζ/pC at the wall was approximately 31Mv [25-27], the relative dielectric constant for water used was εr=80, the viscosity n of water used at 25 °C was 0.89mPas, and the voltages used to drive the EOF were limited to 800V. We noted that higher voltages led to random bubble formations in the channels due to redox reactions on the integrated and etched Ti-Au electrodes. The timing sequence for buffer exchange and data acquisition is shown in (Figure 4) and this triggering scheme primarily consists of driving the voltage for the EOF, opening a relief valve in the manifold to actuate the microfluidic valve, opening the camera exposure, and firing a laser pulse for stroboscopic sample illumination. The primary cycle trigger is directly routed to the EOF power supply to build Electroosmotic pressure across the valve during the closed state, and during the opened state that is actuated after a delay of t1 which is optimized independently for each chip. The definition of this delay t1 is mostly defined by the time the pneumatic system took to reduce the air pressure to the point where the different microfluidic valves opened, and thus varied slightly from chip to chip. Similarly, the camera exposure cycle delay t2 is mostly defined by the time to ready the camera before the valve physically opened; this delay however should not be set too long as unnecessarily exposure time usually increases camera noise. Typical camera exposure time signals started 10ms before the valve opening signals. Since there was considerable timing jitter in the physical opening of the microfluidic valves, we used the resistance drop across the valve that denoted real time valve opening as a secondary trigger delay to start the laser pulse. Two Au-Ti electrodes (hTi=5nm, hAu=55nm) were patterned on either side of the valve to measure the resistance drop across during valve-actuated buffer exchanges. To avoid accidental misfiring of the laser pulse, the secondary trigger was armed only after the real time valve actuation was sensed. The delay after the real time valve opening tR, and the length of the laser pulse tL, were both programmed to trigger within 1.5μs. After the main valve closed (tB=1s), the measurement cycle was concluded by opening an external buffer valve and flushing the sample area for several seconds with buffer solution at pH 7.4, at which point the sample delivery cycle could be triggered and analyzed again. Theoretically, when EOF is initiated, the diffusive layer created by a typical PDF is predicted to be larger than 400nmat approximately 37μm from the valve's edge, while an EOF profile can potentially be tuned to be smaller than 100nm, which is within the TIRF evanescent wave (1/e) distance of 120nm, thus allowing exponentially more accurate fluorescent signal to track the dynamics of tethered molecules via TIRF microscopy. 
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Figure 3:   Velocity of the EOF flow as a function of applied voltage. Above a voltage of 800 V the flow became disturbed by the formation of bubbles due to a redox reaction at the electrodes on the chip.
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Figure 4:  Triggering scheme for stroboscopic sub-millisecond fluorescence microscopy. All signal delays were triggered by the main cycle trigger, except for the laser pulse delay which was initiated by the electrical signal from the opening of the valve.
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Figure 5:   FITC fluorescence response to a pH change as a function of time after opening of the valve. The acidity of the buffer solution was changed from pH 7.6 to pH 9.1. Results from individual runs with different delay constants tR and cyclic measurements agree and allow to follow the buffer exchange, or more generally the response to the delivery of a reagent to surface immobilized probe molecules with sub-millisecond time resolution.

 


Figure 5 shows rapid buffer exchanges for 10mM NaBr from pH 7.2 to pH 9.1 where reagent delivery to the surface of the microfluidic channel were assayed by monitoring the pH-dependent fluorescence of the FITC reporter molecules. The arm of the main channel containing the reporter molecules was first completely flushed with NaBr buffer at pH 7.2, and a potential of 450V was then applied to start the EOF. Using the triggering scheme detailed above and shown in (Figure 4), the valve was then opened to allow the NaBr buffer at pH 9.1 to flow through the area of interest. The fluorescence emission was acquired as a function of time and extracted from the images. In (Figure 5) we report the fluorescence as a measure of pH for those molecules located 37μm away from the valve edge and in the center of the main channel. Profiles for runs 1 through 5 were constructed by acquiring images at 2.3ms/image with continuous laser excitation, while the cyclic measurement was done by acquiring images at 1.7ms/image with a laser excitation pulse tL of 112μs to increase the acquisition time resolution. Runs 1 through 5 were all time-adjusted for delays in the triggering and picture processing of the camera. The measured signal to noise ratio for the fluorescent measurements was approximately 150 and 10ms was required to deliver the desired solution to the surface- tethered molecules of interest in between the electrodes.



Conclusion

We have developed a compact and reusable rapid buffer exchange microfluidic tool to analyze fast kinetics of reactions involving surface-immobilized molecules. We have demonstrated its utility by using pH-dependent FITC fluorescent molecules and shown that buffer exchange is feasible within 10ms. Key to obtaining such rapid reagent delivery to a surface is the use of EOF due to its plug flow profile and steep concentration gradients near the surface-tethered molecules of interest. Our data indicate that the actual delivery time of the reagents to the surface near the valve is limited primarily by the opening dynamics of the valve, and not longer by diffusion as seen in most PDF-based schemes. In addition, the presented microfluidic platform is highly stable and repeatable, and thus suitable for applications requiring the acquisition of high quality fluorescence images requiring discrete and homogeneous buffer exchange for an extended period of time. Using a triggering scheme with stroboscopic data acquisition, we followed the buffer exchange on a time scale of 10ms, which suggests that folding and unfolding kinetics of larger biomolecules can be followed with this type of device on the millisecond time scale using valve actuated EOF.
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