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Abstract

The combination of microarray technologies with microfluidic sample delivery and real-time
detection methods has the capability to simultaneously monitor 10s to 1000s of biomolecular
interactions in a single experiment. Despite the benefits that microfluidic systems provide, they
typically operate in the laminar flow regime under mass transfer limitations, where large analyte
depletion layers act as a resistance to analyte capture. By locally stirring the fluid and delivering fresh
analyte to the capture spot, the use of passive mixing structures in a microarray environment can
reduce the negative effects of these depletion layers and enhance the sensor performance. Despite their
large potential, little attention has been given to the integration of these mixing structures in
microarray sensing environments. In this study, we use passive mixing structures to enhance the mass
transfer of analyte to a capture spot within a microfluidic flow cell. Using numerical methods,
different structure shapes and heights were evaluated as means to increase local fluid velocities, and in
turn, rates of mass transfer to a capture spot. These results were verified experimentally via the real-
time detection of 20-mer ssDNA for an array of microspots. Both numerical and experimental results
showed that a passive mixing structure situated directly over the capture spot can significantly enhance
the binding rate of analyte to the sensing surface. Moreover, we show that these structures can be used
to enhance mass transfer in experiments regarding an array of capture spots. The results of this study
can be applied to any experimental system using microfluidic sample delivery methods for microarray

detection techniques.
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1. Introduction

A microarray is a two-dimensional set of specific biological capture probes deposited in an orderly
grid of spots on a flat substrate, typically a glass slide. Each microarray spot contains one type of
capture probe, and is immobilized to a region that is tens or hundreds of microns in diameter, herein
referred to as a capture spot (Wu et al. 2012). Multiplexing capabilities are produced by spatially
encoding the array, where each location serves as a reporter for a specific analyte (Situma et al. 2006).
Microarrayers, the instruments used for the deposition of sample probes, typically operate with a
positional resolution from 2.5 up to 5 um, where the size of the spot can be varied through a selection
of contact surface tips from around 30 to above 600 pum in diameter. To maximize the performance of
the detection assays, it is important to increase the rate of mass transfer to the capture spot; an increase
in the amount of captured analyte within a set assay time will lead to an assay with higher sensitivity.
Microarray-based assays were initially carried out in a simple manner via the immersion of the
microarray substrate into a target solution (Ekins and Chu 1991). The sensitivity of these static assays,
measured as the diffusive analyte flux to the center of the capture spot, has shown to be inversely
proportional to the capture spot diameter (Dandy et al. 2007; Ekins 1998). In this static regime the flux
remains proportional to the analyte diffusivity, and mass transfer rates remain low for assays involving
larger biomolecules having inherently low diffusivities.

Further increases in analyte mass transfer rates to a capture spot can be obtained through the addition
of fluid convection to the system. The use of a shaking plate to stir fluid over a capture spot has been
shown to provide dramatic increases in assay sensitivity (Kusnezow et al. 2006; Saviranta et al. 2004).
To further exploit the use of convective fluid transport in the array sensors, many researchers have
turned to the use of microfluidic continuous flow cells. These microfluidic flow cells provide several
benefits to array technologies, including a reduction of reagent consumption, reduced footprints, and
decreases in the characteristic time for diffusive mixing and surface reactions.

The use of microarray technologies in a microfluidic format has been used in multiple instruments
that can simultaneously sense thousands of different samples per square centimeter in a flow chamber
(Campbell and Kim 2007; Eddings et al. 2009; Homola et al. 2005; Piliarik et al. 2010; Piliarik and
Homola 2008). The ability to simultaneously investigate large numbers of targets has been effectively
applied in genomics (DNA microarrays) and proteomics (protein microarrays) on a regular basis.
These experiments are useful in many areas, including the identification of biomarker catalogues for
diagnosis and prognosis, to relate physiological states to gene or protein expression patterns, and to
study the progression of diseases as well as cellular response to stimuli (Malic et al. 2011; Trevino et
al. 2007).

Current microfluidic-based microarray technologies use simple rectangular microfluidic flow cells,

where there is no change in the microchannel cross-section over the length of the array. However,
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these benefits are also tied to the disadvantages of laminar flow, present due to the small characteristic
lengths and fluid velocities encountered with microfluidics. For microarray systems under mass
transfer limitations (where rates of analyte capture are much greater than the rate of analyte transport
to the sensor), the lack of turbulence can lead to large analyte depletion layers that act as a resistance
to analyte capture and detection. These depletion layers can also affect other similar capture spots
situated directly downstream, which are subjected to lower concentrations of analyte. Several authors
have taken steps to mitigate the effects of these depletion layers with the use of more complex
pumping techniques. Adey et al. used an air bladder to pump fluid back and forth across a microarray
chamber to improve hybridization rates (Adey et al. 2002). Furthermore, several authors have used
alternating pairs of syringe pumps to periodically alter the flow direction within a microfluidic
chamber, where the resulting flow profile serves to improve the performance of the microarray assay
(Hertzsch et al. 2007; McQuain et al. 2004; Raynal et al. 2007). It should be noted, however, that
although periodic changes in the microfluidic flow direction can serve to enhance the microarray
performance, they do not modify the flow field to mitigate the presence of any analyte depletion
layers. In this area there remains an opportunity for sensor improvement from the implementation of
microfabrication techniques to modify the fluid flow profile only in the vicinity of each spot, while
still allowing for the use of a simple, single source fluid delivery technique. Specifically, the use of
passive mixing structures above each spot can serve to increase local rates of mass-transfer to each
spot, thereby increasing the sensitivity of the assay.

Over the past 15 years there has been a large effort focused on enhancing the rate of mixing in
microfluidic systems. These efforts can be divided into two broad categories, mixing via an active or
passive manner. Active systems manipulate and mix fluid quickly (often in an adjustable manner)
through a variety of mechanisms, including piezoelectric, thermal, acoustic, and magnetic methods
(Hessel et al. 2005). Although these systems possess the ability to provide efficient mixing profiles,
they are generally very complex and require additional equipment or materials. Furthermore, they
often suffer from problems associated with heat transfer and bubble formation. In contrast, passive
mixers have the ability to enhance fluid mixing without the requirement of supplementary energy
while often employing a much simpler fabrication process (Beebe et al. 2002; Wu et al. 2004).

Despite the large amount of literature devoted to passive mixing techniques, there remains little
information concerning the use of these mixers for the enhancement of mass transfer to a sensor
surface. Liu et al. used a chaotic micromixer to mix the target solution (and remove depletion layers)
entering and leaving a hybridization chamber (Liu et al. 2006); however, the mixer was situated
outside the boundaries of the microarray, and the system required a built in peristaltic pump for
operation. Several authors have utilized microfluidic mixers situated directly over the sensing
chamber. Kirtland and Stroock used theoretical and numerical methods to show the benefits that

chaotic mixing in a rectangular channel can have on mass transfer to a channel surface (Kirtland et al.
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2006). In another numerical study, Forbes and Kralj examined optimal geometric designs of the
staggered herringbone mixer for the enhancement of interaction between fluid streamlines and a
sensing surface (Forbes and Kralj 2012). Experimentally, Golden et al. demonstrated an enhancement
of binding for an affinity assay in a microchannel fabricated with grooved passive mixing structures
(Golden et al. 2007). Similarly, Foley et al. showed only modest improvements in mass-transfer using
similar structures (Foley et al. 2008). These studies utilized sensing domains consisting of a long
reactive boundary of length 1-100 mm for the capture of a single analyte. Obviously, this characteristic
size is much larger than that of a typical microarray, where within the same space using a microarray
there might be hundreds or thousands of reactive surfaces, each having specificity for a unique analyte.
To our knowledge there exists no information on the use of passive mixing structures to enhance the
mass transfer of an analyte to a reactive surface having a characteristic size similar to a traditional
microarray capture spot. The use of such structures has great potential in the enhancement of these
microarrays; increases in mass transfer will lead to shorter assay times, and furthermore, a reduction in
the microarray limit of detection.

In this paper we explore the utilization of passive mixing structures to increase the efficiency of
mass transfer of analyte to an individual capture spot. Figure 1 shows the particular approach of this
work, where passive mixing structures situated on the surface opposite of a capture spot serves to
provide higher fluid velocities, and in turn, higher rates of analyte delivery. These benefits come at the
expense of small increases in the viscous resistance of the channel; however, the additional pressure
drops are negligible with respect to those that would be encountered by simply reducing the overall
height of the channel. Furthermore, these structures act to stir the fluid for the prevention of any
detrimental downstream effects, which would not be seen in a simple channel of reduced height.

Using computational methods, we examine how the shape of a several passive mixing structures
affect local rates of mass transfer to a capture spot. Additionally, we examine the relationship between
the positions of the passive mixing structures relative to the positions of the reactive spots on the
sensor performance. The numerical results are verified experimentally using a self-referencing surface
plasmon resonance (SPR) imaging sensor for the real-time detection of 20-mer single stranded DNA
(ssDNA). We show that the passive mixing structures increase the binding rate of an analyte to a
microarray spot with respect to a reference channel having no structures, both for a single spot as well
as multispot arrays.

The results of this study can be applied to any study using microarray technologies with microfluidic
analyte delivery techniques, including DNA biochips relying on fluorescent labeling (Stoughton 2005)
or biosensors based on surface plasmon resonance imaging (SPRi) (Piliarik et al. 2010). In addition to
microarray technologies, this methodology can be extended to other systems requiring the delivery of
target solute to a localized area present on the surface of a microchannel (e.g. electrochemical

detector).
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Figure 1. Example of the work presented here: a single passive mixing structure situated beneath a capture spot
serves to increase the average fluid velocity near the spot (from v to v’) and increase local rates of mass transfer.

2. Methods

Computational Simulations. The passive structures used in this study can be characterized by having
a height hg, with a gap in between the structure and the top surface having a height h¢ (Fig. 1). In this
configuration the upstream and downstream portions of the channel have a height H=hgt+hc. The
structures are located in a microchannel with width W, where a fluid with average velocity v
(measured in the upstream portion of the channel) carries an analyte with concentration ¢ and
diffusivity D towards the capture spot.

The capture of an analyte by a microarray spot is a complex process, involving the time-dependent
microscopic convection and diffusion of analyte throughout the microfluidic flow cell. The analysis of
this process can be simplified with a few well-justified assumptions. We first assume the binding of
target analyte to capture probe follows an affinity relationship, where the analyte in the bulk solution
reversibly binds to an immobilized capture probe. A good model system for this interaction is seen via
the hybridization of 20-mer DNA. For this model system, the forward and reverse reaction rate
constants and the concentration of surface probes can be assumed to be k; = 2x10' M s ko =107 57,
and b, = 5x10™"* mol mm™, respectively (Lynn et al. 2013; Sipova et al. 2012). These values are also
typical for other nucleic acid, antibody/antigen, and aptamer microarrays. The operation regime of
heterogeneous affinity assays operated under convective means are best described by the ratio of
reactive to diffusive analyte flux to the capture spot, also known as the Damkohler number (Da),

Da=khb,5/D, 1)

where o is the thickness of the analyte depletion layer above the capture spot. If Da>>1, then the
reactive flux is much larger than the diffusive flux, and the system becomes mass transport limited.

Conversely, if Da<<I, the system is reaction limited. The depletion layer thickness is a function of the



Peclet number Pe = hv/D, where an estimate of J can be calculated as & = (hc2 L / 6Pe)g (Squires et al.

2008). For a system with h = 40 um, v = 0.15 mm s’ L =200 pm, and D = 10* mm?® s, the
Damkohler number can be calculated as Da = 96, and therefore it is safe to assume that the assay falls
within the mass transfer limited regime in the early stages of the assay. Furthermore, for sufficiently
low analyte concentrations, where ¢ << K4, we can assume that the sensor will not reach equilibrium in
a reasonable time.

With these assumptions, the distribution of analyte within the fluidic chamber will resemble the
steady-state solution to the convection-diffusion equation, where the analyte concentration on each
capture spot is set to zero. A good metric for the performance of each structure can then be calculated
as the diffusive flux (J) of analyte normal to its respective capture spot.

The evaluation of the performance of each structure is carried out numerically via the solution to the
Navier-Stokes equations coupled to the convection-diffusion equation. The solutions to these
equations were obtained using the COMSOL finite element package (ver. 4.2a), using linear and
quadratic shape functions for the momentum and mass transport equations, respectively. The
computational domains extended from a distance W and 0.5W upstream and downstream of each
structure (or capture spots), respectively. The boundary conditions consisted of a fully developed fluid
velocity profile at the inlet with average fluid velocity v, a zero pressure condition on the outlet, and a
condition of ¢ = 0 on all capture spots. Using these boundary conditions, the solution for the velocity,
pressure, and analyte concentrations were obtained using the Generalized Minimal Residual iterative
solver, with a PARADISO course solver, using a successive over-relaxation method for the pre- and
post-smoother. After convergence of the solutions, the normal diffusive flux of analyte toward each
reactive spot was calculated using built in COMSOL functions. The solution to the convection-
diffusion equation is prone to numerical errors for flows having a high mass transfer Peclet number
(Finlayson 1980); therefore, it is necessary to find an appropriate mesh density such that all solutions
converge to a state that is free from numerical error. We examined the diffusive flux towards the
sensor surface as a function of the characteristic size of the mesh for simulations with constant Pe =
150 (h; = 10 um, H = 40 um, v = 150 pm/s, D = 10" m%s), where the mesh was composed of
triangular elements in the X,y-plane that were swept in the z-direction to form a hexahedral element. A
mesh with a characteristic size of 1.5 um (X,y-direction) and 0.5 pm (z-direction) was found to provide
solutions that were independent of the mesh density. This meshing scheme corresponds to a total
number of 3-5 million degrees of freedom, varying for each microstructure array.

SPR imaging system and microfluidic flow cell. A self-referencing SPR imaging sensor (Fig. 2) with
polarization contrast was developed at the Institute of Photonics and Electronics in Prague, Czech
Republic (Piliarik et al. 2010). This sensor is based on the Kretschmann geometry of the attenuated

total reflection method and prism coupling of light into a surface plasmon (Raether 1988). In this
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configuration, both the spatial distribution of intensity and polarization changes of the reflected light
are measured and correlated with the spatial distribution of refractive index changes on the sensor
surface. Specifically, a narrowband light emitted by a superluminescent diode (750 nm) is collimated
and passed through a polarizer and made incident on the base of a coupling prism. An SPR chip
(produced by evaporation of a 1 nm titanium adhesion layer followed by a 49 nm gold film onto a
BK?7 glass substrate) is attached directly to the prism surface via a refractive index matching fluid.
Light reflected from the gold layer on the SPR chip (sensor surface) passes through the coupling
prism, to a quarter-wave plate, and through another polarizer. A telecentric lens (Edmund optics
GmbH, Germany) is used to image the sensor surface on a tilted CCD camera (sca780-54fm, Basler
AG, Germany). A reference mirror is prepared on the prism surface, where the light reflected to the
CCD camera provides a reference signal and enables for the real time compensation for fluctuations of

intensity of incident light.

2D array
Parallel _ detector
monochromatic ~ Folarizers
\beam
Coupling
prism
Imaging
optics
; /4 waveplate
= /' Gold layer
Fluidic | Reference Sensntwe. spot array
inlets mirror (on-prism ~Area projeted to
\A evaporated) detector

Vinyl Gasket

Figure 2. Diagram of the experimental imaging SPR setup used here. The fluidic cell consists of a vinyl gasket
serving as the channel sidewalls (H = 65 um), with passive mixing structures constructed of Su8 (hg =40 um). An
optical profilometer scan of the channel having the mixing structures is seen on the lower right.

The microfluidic flow cell consists of a CR39 substrate (Edmund optics GmbH, Germany) with
drilled fluidic inlets and outlets, onto which the semiloop structures were lithographically prepared
using the Su8-based photoresist GM1070 (Gersteltec Engineering Solutions, Switzerland). The flow
cell sidewalls were prepared from a gasket carved from a one-side soft vinyl sheet MACal® 9800

PRO (MACtac Prague, Czech Republic). After alignment to the semiloop structures, the vinyl gasket
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acts to seal the flow cell when pressed against the SPR chip. The vinyl gasket was cut as to create a
fluidic channel with a width of 750 um, where the thickness of the gasket (after compression) was
measured to be 65 + 2 um. In addition, the height of the semiloop structured was measured to be 40.0
1+ 0.5 um. The height and width of the fluidic channel was measured via an optical profilometer. A
scan of the channel region containing the semiloop structures can be seen in Fig. 2.

Sensing array and experimental conditions. The SPR chips were first washed with ethanol and
deionized water (DI), dried with nitrogen, and placed in a UV ozone cleaner for 10 min to remove any
organic contaminants. After cleaning, the chip was again washed with ethanol and DI, and dried with
nitrogen. An array of 300 um diameter ssDNA microspots were prepared on the chip using a 10 uM
solution of thiolated DNA probes (5’-5/ThioMC6-D/TAT TAA CTT TAC TCC CTT CC-3”) in PBS
buffer (10 mM phosphate, 2.9 mM KCL, 137 mM NaCl, pH 7.4) using a commercial Omnigrid
microarrayer (Genomic Solutions) in an 85% humidity chamber. The array was left to incubate in the
chamber for an additional 30 min before being mounted into the SPR imaging sensor. PBS was first
injected into the sensing chamber at a volumetric flow rate of 20 pL/min for 15 minutes, after which
the complementary DNA target (5’-GGA AGG GAG TAA AGT TAA TA-3’) at a concentration of

100 nM in PBS was injected at the same flow rate for 20 minutes.

3. Results and Discussion

In this study we consider the sensing enhancement through the use of passive mixing structures
fabricated on the surface opposite that of a capture spot. It is important to know how the shape of a
passive mixing structure influences the rate of mass transfer to a capture spot (measured by the
diffusive analyte flux J), how that rate of mass transfer compares to a reference channel of height H,
and furthermore, the maximum level of mass transfer enhancement obtainable by each structure. For
all sensors, an increase in J will result in an increase in the overall sensor performance and will lead, in
particular, to higher sensor sensitivities as well as lower limits of detection (Dandy et al. 2007; Lynn et
al. 2013; Sheehan and Whitman 2005; Squires et al. 2008).

When comparing passive mixing structures of different shape, it is important to keep the ratio ¢ of

the passive mixing structure height to the overall height of the channel constant, where ¢ =h, / H.

This is due to the large effect of the average fluid velocity in the vicinity of the reactive spot on the
analyte flux (Squires et al. 2008). The steady-state diffusive flux of analyte to a sensor surface of

length L occupying the entire width of the channel can be described as

1
2y )3
) zc(“’ V] , @)

LH
which was derived in a previous study using the same assumptions described above (Lynn et al.

2013). Fluid passing through the constriction between the passive mixing structure and the sensor
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surface will have an increased velocity on the order of v'=V/(1—@); however, the distribution of this
increased velocity field (and thus the distribution of increased J) will vary according to the overall
shape of each structure.

Figure 3A displays three passive mixing designs that are considered in this study: a herringbone
groove, a slanted groove, and a semiloop. Periodic arrays of the herringbone and slanted groove
structures have been previously studied for the enhancement of sensors (Golden et al. 2007; Kirtland et
al. 2006) whereas the effect of the semiloop structure has been unexplored. We first examine the mass
transfer enhancement of each structure within a common environment, where each structure was
centered in a sensing domain with an area of W?*, as shown in Fig. 3A. This situation is representative

of the use of microfluidic channels for the immobilization of capture bodies to a sensor surface

(Bernard et al. 2001).
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Figure 3. (A) Overall shape of the herringbone, slanted groove, and semiloop structures, the yellow regions
indicate the sensing surface on the opposite side of the channel. (B) Analyte flux to the sensor surface as a
function of the analyte diffusivity for a channel with ¢ = 0.5. The solid line represents a power law fit through the
data for all 3 structures, the dashed line is the response of a reference sensor of height H = 40 um. (C) Sensor

enhancement J/J, vs. the groove height ratio ¢ for three structures, semiloop S1, semiloop S2, and a block
structure having the same area and position as the sensor surface.

Figure 3B plots the analyte flux to the sensor surface for the three structures as a function of the

analyte diffusivity for a sensor with H =40 pm, ¢ = 0.5, W =200 um, ¢ = 0.1 nM, and v = 0.15 mm/s.

It can be seen that J increases with increasing D, where the relationship follows the trend J ~ D™

for all three structures. This behavior is similar to the trend of J ~ D’ , predicted via Eqn. 2. The
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analyte flux J, to a reference sensor situated in a channel of height H (having no passive mixing
structures) is shown in the dashed line. The level of sensing enhancement due to the passive mixing
structures can thus be estimated by the ratio between J and J, at a constant diffusivity. For example, at
low analyte concentrations, a sensor using passive mixing structures having an enhancement ratio of
J/Jo = 1.6 will bind 60% more material than a reference sensor in the same assay time period. All of
the structures shown in Fig 3B have a sensing enhancement of J/J, ~1.30, regardless of the
diffusivity. Despite the large differences in the fluid velocity fields surrounding these three structures,
values of J for the three structures simulated at similar diffusivities varied by less than 1% from one
another. This is most likely due to the similarities in surface area (in the X,y-plane) between the three
structures, where the semiloop structure has a surface area (0.330W?*) that is only 1% less than the
surface areas of the herringbone and slanted groove structures (0.333W?) compared with the semiloop
structure.

From Eqn. 2, it is expected that the groove height ratio will have the most effect on the level of

diffusive flux enhancement. Figure 3C displays J/Jo vs. ¢ for two semiloop structures with B =W

and B =1W, noted here as S1 and S2, as well as a square structure of area W *. The square structure is

for comparison, and is situated directly over the sensing area. As expected, there is an increase in J/J,
with increasing ¢ for all structures. These data scale roughly as J/J, ~ (1—¢)“, where « has values of
-0.55, -0.41, and -0.32 for the block, S1, and S2 structures, respectively. The upper limit of sensing
enhancement for a single structure can be estimated as the case where the sensing surface lies

completely beneath the structure itself, having a new sensor height of h, = H(1—¢) and an average

fluid velocity of v'=V/(1-¢). From Eqn. 2, this optimal sensing enhancement can then be calculated

as

Jon/ds=(1=9) " 3)

Equation 3 is plotted as the dashed line in Fig. 3C. It should be noted that for low analyte
concentrations this enhancement is independent of many parameters important to a biosensing process
(i.e. volumetric flow rate, channel width and height). It can be seen that the sensing enhancement for
the three structures (constant @) approaches the optimum level as the size (or surface area) of each
structure increases. The differences between J/J, from the square structures and the optimal levels
predicted via Eqn. 3 can be attributed to the converging and diverging flows in the upstream and
downstream portions of each structure, respectively, as well as in the assumptions used to derive Eqn.
2. Because of their lower footprint size, the sensor enhancement from the semiloop structures is much
lower than the block structures, where for @ = 0.5 the enhancement is 1.28 and 1.19 for the S1 and S2

structures, respectively.
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The results in Fig. 3 show that the footprint size of a passive mixing structure has a strong influence
on the enhancement of diffusivity flux to a sensor surface. Optimal behavior will be observed when
the footprint size of a mixing structure approaches the surface area of an active sensor, or simply,
when the capture spot lies directly within the gap between the mixing structure and the opposite
surface. Because the semiloop structures in Fig. 3C are much smaller in size with respect to the
sensing area (in the Xx,y-plane), the level of diffusive flux enhancement is much smaller than the
optimal value predicted via Eqn. 3. In this case, the enhancement becomes more or less independent of
the structure position as long as the structure fits entirely within the X,y-area of the active surface.
Conversely, when the size of the active sensing area is reduced (as the case of a traditional microarray
capture spot), the relative position between the capture spot and structure gains importance.

Due to their symmetric shape, the semiloop structures were chosen for the study of the effect of the
spot position on the diffusive flux enhancement. The spot position with respect to the passive mixing
structure can be defined by the axial distance from the start of the structure to the center of a circular
capture spot (dy) as well as the distance between the spot center and the centerline of the channel (dy).
Figure 4 displays J/J, vs. the axial spot position along the channel centerline (dy = 0) for both the S1
and S2 semiloop structures in a channel with H = 40 pm, W = 200 um, v = 0.15 mm/s, and a spot

diameter d, =2W . The dashed lines represent the optimum enhancements predicted via Eqn. 3. It can

be seen that the enhancement values for the larger S1 structure are always higher than the respective
values for the smaller S2 semiloop structure (constant ¢, dy), where the maximum enhancement level
of the S1 structure approaches that of the maximum level predicted via Eqn. 3 at all groove height
ratios.

Interestingly, the maximum enhancement for the S1 semiloop occurs at a position such that there is a
significant portion of the capture spot lying outside the footprint of the semiloop structure, where

d, =0.25W . This effect is also seen in the results of structure S1, and is a result of the converging

flow field just upstream of the structure. To understand how the y-direction of the spot position
influences the sensor enhancement, we obtained solutions for the diffusive flux to a capture spot for a
9x5 array of spot positions (equally spaced in the X- and y-directions). The simulations were performed
on one side of the symmetry plane, in the domain of 0 < dy < 0.5W and 0 < dx <W. The results of this
array sweep, for both the S1 and S2 structures, are shown in the contour plots in Fig. 4. It should be
noted that the diffusive flux to a reference channel of height H is independent of the spot position.
Both structures have a small dependence on dy with respect to dy. As expected, the areas of maximum
enhancement lie where the spot is situated either directly underneath or directly upstream of the

passive mixing structure.
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Figure 4. (Bottom left) A capture spot with diameter d; lies at an axial distance dy from the start of a structure,
with a distance d, away from the centerline. (Top) Sensor enhancement (J/J,) vs. dx along the centerline (d, = 0)
for the semiloop structures S1 and S2. (Bottom right) contour plot of the sensor enhancement vs. the X- and y-
position of the capture spot (ds = 60 pm, W =200 pum, H =40 pm, ¢=0.5).

The results shown in Figures 3 and 4 can be used to draw several guidelines regarding the design of
these structures for sensing enhancement purposes. Although periodic arrays of these structures may
be used for mixing purposes, a single structure only serves to stir the fluid, and there is negligible
convective fluid mixing occurring on the length scale of the active sensing surface. As a result, the
mechanisms for the enhancement of diffusive analyte flux to the sensor proceed through (i) an increase
in the local fluid velocity around the sensing spot, and (ii) a reduction in the channel height in the
vicinity of each spot. The combination of these two factors leads to Eqn. 3, which is solely a function
of the groove height ratio ¢, and can be used to calculate the maximum level of expected sensing
enhancement (the maximum level of analyte flux increase).

This sensing enhancement comes at the expense of an increased pressure drop through the system.
To estimate the level of increased pressure drop from a single structure, it is useful to examine the

system via an analogous viscous resistance network. The pressure drop Ap through a microchannel
(assuming laminar flow) can be calculated via Ap =—-QKL,, , where Q is the volumetric flow rate
through the channel, Lay is the axial length of the channel, and K is the viscous resistance to flow.

Neglecting secondary effects due to sudden contractions and expansions from the passive mixing

structures, K can be calculated as

-1

Ru |, 192W & 1 nzH

K = 1- —tanh| —— || , 4
W'H| 7°H n:l,zs;s,‘.ns ( H ?
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where u is the viscosity of the fluid (Rohsenow and Hartnett 1973). For channel aspect ratios near

H/W ~1, the viscous resistance of the channel will scale as K ~H™. Conversely, for a channel
aspect ratio of H/W <<1, the dependence on the channel height increases, and K will scale as
K ~H™. It follows that the viscous resistance caused by the structure will scale as K ~(1-5)7,

where fis dependent on the channel aspect ratio and is in the range of 2< < 3.
For systems where the volumetric flow rate is constant, such as flows generated by a peristaltic or

syringe pump, one can calculate the pressure drop via the sum of QK, L, , and QKL , the viscous

resistance of the channel upstream (and downstream) of the structure and the resistance due to the
structure, respectively. Because of the linear relationship between Ap and Ly, the increased pressure
drop due to the presence of a mixing structure will be much lower with respect to the case of reducing
the entire channel height from H to h.. For example, we examine the pressure drop increases due to a
semiloop structure (Laxs = 0.5W) in a channel with H = 40 um, W = 200 um, and 0.5 mm of clearance
upstream and downstream of the structure. For the semiloop structure, the increase in pressure drop

relative to a reference channel Ap/Ap, will be 1.1, 1.6, and 6.5 for structures having a height ratio of

@ =0.25, 0.5, and 0.75, respectively. By reducing the channel height to hc, these respective increases
in pressure drop change to 2.4, 8, and 62. Essentially, the passive mixing structures provide the
benefits of a smaller channel at the expense of a relatively small increase in the pressure drop
compared to a channel with a smaller height.

The design of these structures for the enhancement of a single capture spot is fairly straightforward,;
a structure having a footprint that bounds the X,y-area of the capture spot will provide for an optimized
system in terms of sensing enhancement. For the enhancement of multiple spots situated in a periodic
arrangement with a pitch A, the situation is somewhat more complicated. To avoid potential depletion
layer effects on downstream capture spots (having the same analyte specificity), the structure needs to
be designed such that the fluid is stirred and fluid streamlines are perturbed to deliver fresh analyte to
the downstream spot. Although a simple block structure works well for a single spot, it provides no
transverse component to the velocity field and will not be adequate for a multi-spot assay. In contrast,
the semiloop provides a bi-helical flow profile similar to that of a symmetric herringbone groove and
is expected to aid in the replenishment of the depletion layer (for the enhancement of downstream
spots). Numerical predictions of the sensing enhancement these arrays provide are difficult to obtain,
as there are unavoidable errors associated with numerical diffusion for the swirling flows, even at
moderate Péclet numbers. The use of particle tracking techniques can provide an accurate model of
these systems (Kirtland et al. 2006); however, the analysis of the dimensionless characteristics of

mixing with a heterogeneous reaction is complex and outside the scope of this study. In that case, we
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turn to experimental methods for a proof of concept test of the use of these structures for sensing
enhancement.

The experiments performed here serve both as verification for the numerical experiments detailed in
Fig. 3 and 4 as well as an exploratory look into how the semiloop structures aid in multi-spot
simulations. We utilized an SPR imaging sensor for the analysis of 20-mer ssDNA binding to a
sensing spot of diameter ds = 300 um in a channel with W = 750 um and H = 65 um. The microfluidic
flow cell had two channels: one reference channel with no structures, and one channel with the S1
semiloop structures of height hy = 40 um situated at a pitch of A = 750 pum in a position of dy = 0.25W
and dy = 0. An image produced by an optical profilometer of the mixing channel is seen in Fig. 2. The
spots were printed to an SPR chip with the same pitch as the structures, after which the chip was
aligned to the semiloop structures using a set of alignment pins and mounted to the SPR imaging
sensor. After injection of the target ssDNA into the flow chamber (Q = 20 pL/min, vV = 6.8 mm/s), we
recorded the signal intensity as a function of time reflected from the 4 spots in both the reference and
signal channels. In the SPR imaging instrument, the signal intensity is proportional to the local
refractive index change in the region just above the sensor surface, which in turn is proportional to the
amount of specifically bound target analyte on the sensor surface. Therefore, an increase in signal
implies an increase in the amount of bound material on the sensor, and moreover, the 1 derivative of
that time-series signal (the binding rate) is proportional to the diffusive analyte flux of target analyte to
each capture spot.

Figure 5A shows the sensor response vs. time regarding the binding of 20-mer ssDNA to spot 1 and
spot 4 in both the reference and mixing channel. The sensor response increases at a higher rate for the
semiloop structures compared to the respective spots in the reference channel. By taking the 1%
derivative of this data (using a 4" order finite difference scheme), the binding rate for each spot can be
obtained. Figure 5B shows the binding rate vs. time for the 20-mer ssDNA to the 4 microarray spots in
both the reference and mixing channel. It can be seen that upon target analyte injection, the binding
rate increases for each spot to a maximum value (t = 2 min), after which the binding rate slowly decays
to zero as equilibrium effects start to take place (due to the higher, 100 nM analyte concentration). For
both the reference and mixing channels, the maximum binding rate is the highest for the 1% spot and
decreases with increasing spot number. Furthermore, the binding rate in the semiloop channels is
higher than that in the reference channels, where the maximum binding rates decrease at a slower pace
with increasing spot number (with respect to the reference channel). The level of sensing enhancement
in the experimental system can be calculated as the ratio of the maximum binding rates between the
mixing and reference channels. The results shown in Fig. 5B were repeated for 6 individual SPR chips,
and the levels of enhancement for the combined experiments are shown in Fig. 5C. The mean sensing

enhancement for the 6 experiments was 1.09, 1.18, 1.24, and 1.31.
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Figure 5. (A) The temporal sensor response to the binding of 20-mer ssDNA to spot 1 and spot 4 in both the
reference and mixing channels. (B) The binding rate of 20-mer ssDNA as a function of time to the four capture
spots in the reference channels as well as the channels having the S1 semiloop structures. (C) Sensor enhancement

for the four spots (6 experiments).

The groove ratio for the experimental system shown in Fig. 5 was ¢ = 0.62, which via Eqn. 3 gives
an optimal sensing enhancement of 1.90. The differences between this optimal value and the
experimental values (for spot 1) can be attributed to several factors, including non-optimal fabrication
and alignment of the S1 structures. The experiment was designed to print the spots with a (dy, dy)
position of (0.25W, 0). Unfortunately, after the alignment of the printed SPR chip to the microfluidic
flow cell, there is no way to measure the relative positions between the spots and structures. Although
the 4 spots were well within the channel for all of the experiments conducted here (confirmed via SPR
imaging), the current methods of chip alignment have a precision of £ 200um, and the X-position of
the spots was likely sub-optimal. Another issue is with the alignment of the vinyl gaskets to the
semiloop structures, where in the current setup there was a small gap between the vinyl gasket
(channel sidewalls) and the S1 structures. This creates an alternative path for fluid travel, resulting in
lower fluid velocities in the region near the spot, thus lower values of J. Fabrication methods providing
higher precision alignment between the printed SPR chip and the microchannel structures is the focus
of future work, where channels are fabricated from multiple layers of Su8 (rather than the current
vinyl/Su8 approach). Despite this sub-optimal capture spot placement, it is clear that the structures

have a positive effect on removing the depletion layer for downstream spots, as the mean sensing
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enhancement for the 6 experiments increased from 1.09 for spot 1 to 1.31 for spot 4. From the results
of Kirtland and Strook (Kirtland et al. 2006), it is expected that the shape of the passive mixing
structures play a significant role in the relationship between the sensing enhancement and the spot
number (where the flow field over multiple mixing structures should mix the fluid via Lagrangian
chaos). This topic, as well as the upper limit of the sensing enhancement for a large array of capture
spots, is the focus of future research.

The effect of the sensor enhancement seen both in the numerical (Figs. 3, 4) and experimental (Fig.
5) portions of this work are discussed as follows. The sensor enhancement discussed herein relates the
ratio of the initial flux to the sensor surface using a passive mixing structure (which, as shown
experimentally, is proportional to the binding rate) to the flux of a reference channel. For a given
transduction mechanism with a constant footprint, in a sensor in the mass transfer limited regime (
Da>>1) having a higher analyte flux. more material will bind to the sensor surface in a given assay

time. In this regime, the characteristic time 7 for the sensor to achieve equilibrium can be expressed as

r~b, / J, the ratio of the surface density of capture sites at equilibrium to the analyte flux to the

surface (Squires et al. 2008). Therefore sensors exhibiting a higher analyte flux will reach equilibrium
in a shorter time period. Furthermore, for assays restricted to a time such that equilibrium is not
reached, a sensor having a higher initial flux will obtain a higher degree of hybridization between
analyte and capture probe. This effect can be seen experimentally in the results shown by Dandy et al.
(Dandy et al. 2007).

In experimental systems, the number of free binding sites will decrease over time as hybridization
progresses. From Eqn. 1, the system will then undergo a slow conversion from being mass transfer
limited to one that is reaction limited. Therefore, the average flux to each capture spot will decrease as
time increases. This effect, commonly seen in all time-series affinity assay binding curves, can also be
seen in Fig. 5B: after t = 2 min there is a slow decrease in the binding rate over time, where the
binding rate is proportional to J. It is important to note here that if a sensor has an initial flux that is
higher when compared to a reference, it will remain higher for the duration of the experiment. This can
also be seen in Fig. 5, where the sensor response vs. time (Fig. 5A) as well as the binding rate vs. time
(Fig. 5B) are higher for the passively mixed channels with respect to the reference channel for the
duration of the experiment. Therefore, it is expected that the sensors having the passive mixing
structures will exhibit a reduced limit of detection (LOD) with respect to a reference channel and that,
the reduction of LOD will be inversely proportional to the sensor enhancement. An example of this
behavior can be seen in our previous work, where an increase in the binding rate of a sensor (produced
by reducing the sensing chamber height from H = 47 pum to 7 um) resulted in a decrease in the LOD
from 20 pM to 5 pM (Lynn et al. 2013).

4. Conclusions
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Here we have presented a method to enhance the sensing performance of microarray-based
microfluidic assays using passive mixing structures. These mixing structures work by increasing the
local fluid velocity in the region between the structure and the opposite surface. This increase in fluid
velocity, combined with a decrease in the channel height H, leads to an increase in the diffusive

analyte flux J to the microarray spot with respect to a reference channel with no structures. The use of
these passive mixing structures will lead to a maximum sensor enhancement of (1—¢))7% , Where @ is

the ratio of the passive mixing structure height hy to the channel height. The level of enhancement is
related to the relative surface areas (as well as the relative positions) between the microarray spot and
the mixing structure, and comes at the expense of an increased pressure drop through the channel. In
addition to enhancing a single spot, we have shown that these passive mixing structures lead to the
enhancement to multiple microarray spots situated downstream from one another. The involvement of
the shape of each structure for mixing purposes, as well as the optimum sensing enhancement these
structures provide in large arrays of microspots, are the focus of future work. The results of this study
can be applied to any study using microarray technologies using microfluidic analyte delivery

techniques.
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