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Abstract A microfluidic manifold has been designed,
fabricated, and tested that hydrodynamically focuses a
sample into the center of a microchannel and provides
control over the vertical position of the sample via the flow-
rates of the focusing fluids. To characterize the focusing
action, a mixing experiment was performed in which the
sample fluid and focusing fluid contained different fluo-
rescent dyes. By sweeping the ratio of the rate of the top
focusing fluid to the rate of the bottom focusing fluid, the
sample was positioned first near the top of the microchannel
and then translated downward in steps to the bottom of
the microchannel. Images were obtained with confocal
microscopy, and the presumptive concentration distribu-
tions were computed using multiphysics software. The
simulations were shown by direct visual comparison with
the experimental images to accurately predict the distribu-
tions of fluids in our device. In order to quantitatively
compare the two data sets, the images and simulations were
analyzed using a simple center-of-mass measurement, and
according to this measurement, the simulations accurately
predicted the vertical position the focused sample.

1 Introduction

Microfluidic manifolds are becoming important for appli-
cations in flow cytometry (McClain et al. 2001), gelation of
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microfibers (Shin et al. 2007), self-assembly of nanoparti-
cles (Laulicht et al. 2008), and the study of protein folding
(Pollack et al. 2001). Focusing in microscale laminar flow
devices has been achieved via several mechanisms
including dielectrophoresis (Holmes et al. 20006), electro-
osmosis (Kohlheyer et al. 2008), optical gradient (Zhao
et al. 2007), ultrasound (Goddard et al. 2007), and hydro-
dynamic pressure. Hydrodynamic focusing is the method
employed in this study and is achieved by applying a
pressure differential across the inputs and output(s) of the
manifold.

Vertical steering of a centrally focused fluid stream in
a planar microfluidic device is useful for developing
portable optical biosensors. Optical biosensors historically
have relied on mechanical micropositioning equipment to
align the flow-cell with the optical detection system. In
the development of microfabricated flow cytometers,
several groups have taken steps to eliminate the micro-
positioning equipment by imbedding integrated optics
directly into the flow-cell (Fu et al. 2004; Tung et al.
2004; Wang et al. 2004). In such static arrangements
where the optical components remain permanently fixed
in their positions, the ability to control the vertical posi-
tion of the particle stream by adjusting the flow-rates of
the focusing fluids provides an attractive method for
tuning the alignment between the sample and the optical
detection system.

The first microfluidic hydrodynamic focusing devices
focused a sample from two sides into a thin columnar
stream (Knight et al. 1998). Initial designs for focusing
not only from the sides but also from above and below
involved several fabrication steps with as many as five-
layers of manifold housing (Sundararajan et al. 2004).
Recent efforts have focused on fabrication simplicity.
Manifolds capable of out-of-plane focusing have been
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constructed from two patterned microfluidic layers
(Nieuwenhuis et al. 2003; Simonnet and Groisman 2005;
Chang et al. 2007); these devices function by overlapping
the channels of the first layer with those of the second
layer at junctions where the sample is impinged by fluid
from the adjoining layer.! Using several-stages of focus-
ing, Nieuwenhuis et al. focused a sample from above,
below, and from the sides, thereby maneuvering the
sample into the geometric center of the microchannel. By
adjusting the flow-rates of the various fluid inputs, the
focused stream was moved up and down and also to the
sides, as demonstrated by finite element simulations and
brightfield microscopy. Similar devices consisting of four
focusing stages (Simonnet and Groisman 2005) and three
focusing stages (Chang et al. 2007) were subsequently
studied using single-color confocal microscopy. In these
studies, cross-sectional confocal microscopy images were
obtained showing the sample focused into a stream small
in cross-section compared with the dimensions of the
microchannel.

Here, we describe a two-layer manifold following a
design similar in concept to Chang et al. 2007 but con-
taining only two-stages of focusing instead of three-stages.
This advance reduces the number of fluid inputs required
for three-dimensional focusing.

The effect of adjusting the upper and lower focusing
flow-rates on the distribution of fluids in our device was
investigated by performing a mixing experiment in which
the sample fluids contained fluorescein and the focusing
fluids contained rhodamine. Images were obtained under a
confocal microscope, and concentration distributions were
extracted from these images using a series of image pro-
cessing procedures. For comparison with the experimental
images, the presumptive concentration distributions were
computed using ANSYS computational fluid dynamics
software. To the knowledge of the authors, this is the first
study in which a microfluidic focusing manifold has been
imaged by two-color confocal microscopy, and this is the
first study in which the center-of-mass of the focused
stream has been measured relative to the top and bottom
walls of the microchannel by analysis of cross-sectional
confocal microscopy images. In this paper, we present
direct and quantitative comparisons between the images
and the simulations, and we demonstrate the capability of
this new manifold for controlled out-of-plane steering of
the focused sample.

' A single-layer planar microfluidic device has also been used to
focus a sample into the center of a microchannel (Mao et al. 2007);
however, it remains unclear whether this device can be used to control
the vertical position of the sample via straightforward adjustment to
the relative flow-rates due to its reliance on the transverse transport
mechanism popularly known as “microfluidic drifting”.
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2 Description of the manifold

The manifold was constructed from two complementary
pieces of poly-dimethyl siloxane (PDMS). The dimensions
of the manifold were h = 125 um, w; = 125 pm,
wr, = 50 pm, and w3 = 50 pm, as illustrated in Fig. la.
The sample was applied to the first input at volumetric rate
U,, and focusing fluid was applied to the focusing inputs at
rates U, and Us, as illustrated in Fig. 1b. The flow-cell
contained a total of five fluid inputs. Focusing fluid was
applied at each focusing stage by a symmetric pair of fluid
inputs from opposite sides of the main microchannel;>
therefore, the total flow-rate was Uy = U, + 2U, + 2Us.
For the duration of the experiment, the flow-cell was
operated under continuous flow conditions at Reynolds
number Re = 2.72, which corresponds to a total volumetric
flow-rate of Uy = 20.4 pL/min (2.20 cm/s). The ratio of
sample fluid to total fluid was fixed at U,/U, = 1/10.

3 Methods
3.1 Fabrication

The flow-cell was fabricated by bonding together two
patterned pieces of PDMS using a contact-aligner. Briefly,
two polydimethylsiloxane (PDMS) masters were fabricated
by patterning polyimide resist onto silicon wafers with
photolithography. A thickness of resist of 125 pm was
obtained by applying two rounds of spin-coating of SU8-75
(Microchem Corporation, USA) at 2375-RPMs for 40 s for
each silicon wafer. Each round of spin-coating was fol-
lowed by 20 min baking at 95°C on a hotplate. After
cooling, the coated wafer was exposed to ultraviolet light
through a patterned chrome mask and then post-exposure
baked for 12 min at 95°C. The wafers were chemically
developed to remove resist from all unexposed locations
and then rinsed with water followed by Isopropyl Alcohol.
After rinsing, PDMS was spun onto the masters at 250-
RPMs for 60 s in order to obtain molds of uniform thick-
ness for the subsequent contact alignment procedure. The
PDMS was then cured by baking at 70°C for 45 min.
The critical step in the fabrication of this flow-cell was
the alignment of the two pieces of PDMS relative to one
another as they were brought into contact. Immediately
preceding alignment, the two pieces were peeled from their
masters and exposed to a 200-W oxygen plasma (Glen
Technologies 1000p), patterned side up, for 20 s. Next, the

2 If desired, the total number of flow-cell inputs could be reduced
from five to three by connecting, on-chip, the focusing inputs for each
focusing stage (see Chang et al. 2007). In this case, the total flow-rate
would be UO = U| =+ Uz =+ U’;
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Fig. 1 Schematic and optical micrograph of the manifold.

a Schematic of the geometry and dimensions of the manifold. The
height of all features is 4. The width of the microchannel guiding the
fluid under focusing is wy. The widths of the microchannels guiding
the focusing fluids are w, and ws;. b Optical micrograph showing the
flow-cell under continuous-flow operation with food coloring added
to the fluid under focusing. The fluid under focusing was applied at
volumetric rate U; (uL/min); the focusing fluid was applied at rates
U, and Usj at the first and second focusing junctions

pieces were placed into aligned contact using a contact
aligner (III-HR, Hybrid Technology Group, USA) and
subsequently baked for 30 min at 70°C to achieve perma-
nent bonding. The flow-cells were packaged by connecting
tubing lines (Tygon Tubing PVC 0.020”, Small Parts, Inc.)
to the input of each fluid channel via 27-gauge stainless
steel tubing (Small Parts, Inc.).

3.2 Simulations

Analysis of two-species transport was performed using
commercially available finite element-based software. The
flow-cell geometry was defined in ANSYS Multiphysics
10.0 as a 3D FLOTRAN-142 element and meshed with an
element edge length of 5 um. A load of Species 1, molecular

weight 480 g/mol in water, corresponding to fluorescein,
was applied to the central input, and a load of Species 2,
molecular weight 330 g/mol in water, corresponding to
rhodamine, was applied to the focusing inputs. A mass dif-
fusion coefficient of 5¢~® cm?/s was assumed for both
species. A steady-state solution was obtained by solving,
together, the Navier—Stokes equation and the convection—
diffusion equation using 60 global iterations of the ANSYS
preconjugated residual method solver. From this solution, a
contour plot was obtained of the concentration distribution of
fluorescein over the volume of the manifold. The color-map
was defined in ANSYS such that the range of normalized
values of concentration, [0, 1], mapped linearly to the range
of pixel values [0, 255]. One contour plot was obtained for
the concentration of fluorescein, and another contour plot
was obtained for the concentration of rhodamine. The two
contour plots were exported as TIF files and then, using
ImageJ Image Processing Software, were overlayed onto the
same image. Cross-sectional images were obtained by
altering the viewpoint in ANSYS from three-dimensional
view to cross-sectional view and then repeating the export
and overlay procedure.

3.3 Confocal microscopy

Experimental images of the distributions of fluids were
obtained using an inverted laser-scanning spectral confocal
microscope (LSM 510-META, Zeiss, Inc.). The micro-
scope is fitted with two excitation sources: a 30-mW Argon
Laser (471, 488 nm) and a 15-mW diode-pumped solid-
state laser (561 nm). The microscope acquires spectral
image data by using a grating to disperse the signal onto a
multidetector array. One detector was filtered to detect
fluorescence from the fluorescein-labeled fluids in the
range of 505-555 nm, and the other detector was filtered to
detect fluorescence from the rhodamine-labeled fluids in
the range of 575-650 nm. Line-wise multi-tracking was
used to further reduce spectral cross-talk by eliminating the
simultaneous emission of both chromophores by both
excitation sources. Multi-tracking refers to the electronic
control of the scanners and laser lines to switch the exci-
tation wavelength between line-scans (Dickinson et al.
2001). Moreover, the 471-nm line of the Argon laser was
used for excitation of the fluorescein because the shorter-
wavelength mode of excitation reduced the spectral
bleedthrough of fluorescence from rhodamine into the
green-channel PMT compared to the 488-nm line.

The flow-cell was mounted on the sample holder of the
microscope and syringe pumps were placed in proximity
(PHD 2000, Harvard Instruments). The sample contained
0.2 mM fluorescein in Tris Buffer pH 8.0, and the sheath
fluid contained 0.2 mM Rhodamine 6G in water. Particu-
lates were eliminated from both solutions prior to the
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experiment using 0.45-pm syringe filters (21053-25,
Corning, USA). The flow-cell was operated under contin-
uous-flow conditions at Reynolds number Re = 2.72 for
the duration of the experiment. Between the adjustment to
the flow-rates and the acquisition of an experimental
image, 5 min time was allowed to pass to ensure that each
image represented the steady-state distribution. On a few
occasions, instabilities arose when an air bubble entered the
microchannel as verified by direct observation through the
eyepieces of the microscope. When this occurred, time was
allowed until the air bubble had passed, and then an image
was recorded after the fluids had returned to their steady-
state distribution.

Images were scanned through a cross-section of the
microchannel using a 20x microscope objective. The dis-
tance between the depths of successive scan-lines was
1.0 pm, and the total depth of the yz-scan was typically
160 pm. The horizontal scan-resolution was 0.29 pm, and
the width of the scan was 148 um. Therefore, a raw yz-scan
typically contained 512 x 160 rectangular pixels. These
data were extrapolated by the Zeiss LSM Imaging Software
accompanying the microscope to deliver images containing
square-pixels, with each pixel representing an area of
0.29 um x 0.29 pm. The resulting two-color images typ-
ically contained 512 x 554 pixels, and these were exported
as TIF files for subsequent processing and analysis.

3.4 Image analysis

Images were imported into MATLAB for processing. Each
pixel contained values for red, green, and blue, and the
pixel blue-values were all zero. Therefore, each image
could be thought of as an overlay of one green image and
one red image onto the same grid of pixels, where the red
image contained intensity values detected by the red-
channel PMT, Ix(x, y), and the green image contained the
intensity values detected by the green-channel PMT
Is(x, y). Therefore, each pixel contained red-values Iz and
green-values Ig each in the range of 0-255.

3.4.1 Image registration

Our image registration procedure fit the walls of the micro-
channel with a rectangle by first segmenting the image and
then fitting the segmented image with horizontal and vertical
lines. Segmentation was achieved with the Sobel Operator
using the edge() function in MATLAB. Next, a horizontal
line was fit to the top edge by minimizing the sum of the
squares of differences between the pixels of the detected top
edge and the horizontal line. The bottom edge and the left and
right edges were then obtained in the same manner. The error
associated with locating the top and bottom walls of the
microchannel was estimated by calculating the standard
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deviation of the Sobel-detected pixels about the fitted

edge; specifically, 0 = \/% Zf\;l (yi — ygrr)*. This error did
not change noticeably during the sweeping of the focusing

flow-rates.
3.4.2 Spectral unmixing

Spectral unmixing was performed in order to remove the
contribution of rhodamine fluorescence from the pixel
green-values of the images. Briefly, a specific fraction of
the pixel red-values was subtracted from the pixel green-
values of the images. This fraction was calculated from the
flat-field image in which all of the fluids were loaded with
rhodamine, as explained in detail in Appendix.

3.4.3 Depth-dependence compensation

Depth-dependence compensation was performed according
to a linear mathematical correction method. Briefly, the
brightness of the image was observed to decay with depth.
The slope of decay of brightness was measured separately
for the pixel red-values and green-values by analyzing field
images in which the microchannel contained only rhoda-
mine or only fluorescein, respectively. Based on these
calculations, the depth-decay was removed from the
experimental images using a linear transformation, as
explained in detail in Appendix.

3.5 Locating the center of mass of the fluorescein

The center of mass of the fluorescein-labeled fluid was
calculated according to the usual formula:

Von = szj v 16 (xi, )
M= 7>
> 16 (xi )

where x; and y; refer to pixels measured relative to the best-
fit horizontal and vertical walls of the microchannel, and I’G
refers to the pixel green-values of the image post-pro-
cessing. This calculation was implemented with our image
analysis program, in MATLAB, using a for loop. The error
associated with measuring the value of the center of mass,
Ycum, Was dominated by the error associated with measuring
the locations of the bottom and top walls of the micro-
channel, which was described in Sect. 3.4.

4 Results and discussion
4.1 Simulation

The concentration distributions of fluorescein and rhoda-
mine were calculated over the volume of the manifold
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using ANSYS Multiphysics Computational Fluid Dynam-
ics Software. Our simulations predicted that the sample
would become sheathed on all sides in a cylindrical manner
as shown in Fig. 2a, where the ratio of the rate of the top
focusing fluid to the rate of the bottom focusing fluid was
Us/U, = 1.5. The focusing process takes place in two

a

B
_—

I |
0 0.5 1

Fig. 2 ANSYS simulations of two-species mixing. Concentration
distributions are shown in which the sample fluid contained fluores-
cein and the focusing fluid contained rhodamine. a Three-dimensional
view; b three-dimensional view broken into two pieces showing the
species distributions between the first and second stages of focusing.
¢ Cross-sectional view taken vertically through the center of the main
channel along the direction of flow. The flow parameters used for the
simulations shown in this figure were Reynolds number Re = 2.72,
focusing ratio U/U, = 1.5, and sample-to-total fluid fraction
U,/Uy = 1/10. These parameters correspond to individual flow-rates
of Uy = 2.04 pL/min, U, = 3.67 pL/min, and U3 = 5.51 pL/min

steps: at the first junction, the sample is impinged from
below by focusing fluids from the bottom layer, and at the
second junction, the sample is impinged from above by
focusing fluids from the top layer, as shown in Fig. 2b. A
vertical slice through the center of the channel along the
direction of flow is shown in Fig. 2c.

4.2 Microscopy

The distributions of fluids at the output of the manifold
were imaged by scanning through the depth of the micro-
channel using a confocal microscope. The focusing ratio,
Us/U,, was varied, and several images were obtained. For
small values of Us/U,, the sample was positioned near the
top of the microchannel as shown in Fig. 3a, whereas for
large values of U;/U,, the sample was positioned near the
bottom of the microchannel as shown in Fig. 3e. In the case
of U5/U, = 1.5, the sample fluid was sheathed on all sides
and was positioned near the geometric center of the
microchannel as shown in Fig. 3c.

Similar distributions were observed in the simulations
and the experimental images regarding not only the vertical
position but also the shape of the focused stream. For

Fig. 3 Fluorescence micrographs and simulations showing the dis-
tribution of the fluids at the output of the manifold. Confocal
microscopy images are shown at left and simulations are shown at
right for Us/U, equal to a 0.012, b 0.20, ¢ 1.5, d 11, and e 190
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example, when the top and bottom focusing fluids were
applied at similar rates, the focused stream took the form of
an ellipse with a height of approximately twice its width, as
in seen by inspection of Fig. 3c. In contrast, when the top
focusing fluids were applied at a rate greater than the
bottom focusing fluids, the focused stream took the form of
an isosceles triangle with its base lying along the bottom
wall of the microchannel, as in Fig. 3e. Notably, the shapes
of the distribution of fluids were incongruent for the cases
where the sample was positioned near the top versus the
bottom of the microchannel (compare Fig. 3a, e). We
suggest that this incongruence arose from an absence of
reflection symmetry in the geometry of the manifold about
the plane dividing the main microchannel into its upper and
lower halves, i.e., the plane at y = 0.5.

4.3 Image analysis

Images were processed and then measured to yield the
vertical position of the center of mass of the fluorescein-
containing fluids. For this purpose, an image analysis
program was written in MATLAB so that all images were
processed and analyzed using the same sequence of steps.
Our program consists of four procedures: (1) image reg-
istration, (2) spectral unmixing, (3) depth-dependence
compensation, and (4) measurement of the center of mass
of the fluorescein-labeled fluids. The first procedure aligns
the images to a common origin; the second and third pro-
cedures restore the images of two optical effects: spectral
bleedthrough and depth-dependence of fluorescence
intensity; the fourth procedure provides a quantitative
measurement describing the location of the focused
sample.

4.3.1 Image registration

An image registration procedure was developed to locate
the geometric center of the microchannel in each image.
This location provided a reference point to which the var-
ious images were subsequently aligned. Alignment was
necessary because the microscope drifted slightly during
the time between the acquisition of successive images. The
procedure first detected the walls of the microchannel using
the Sobel Edge Operator, as shown in Fig. 4b. Next, the
channel dimensions were approximated as a rectangle by
fitting the Sobel-detected edges with the best-fit horizontal
and vertical lines, as shown in Fig. 4c. The height of the
channel was measured tobe 7 = 130 4 2 um and the width
of the channel was measured to be w = 128 4+ 2 um. The
uncertainty in measuring w arose from the fabrication pro-
cess—the microchannel was not completely square;
specifically, the microchannel was slightly wider at the top
than the bottom. The uncertainty in measuring 2 was a
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Fig. 4 Image registration. a Confocal microscopy image prior to
image processing. b Result of the Sobel edge-detection operator.
¢ Rectangular approximation to the walls of the microchannel. The
geometric center of the microchannel is shown with a plus symbol

consequence, in part, of the distance in depth between
successive scan-lines of 1 um. The error associated with
measuring the location of each wall of the microchannel
was estimated by calculating the standard deviation of the
Sobel-detected edge pixels about the line best-fit to the wall
of the microchannel, as described in Sect. 3.4.

4.3.2 Spectral unmixing

Cross-talk between the red and green channels of photo-
detection was removed by a linear spectral unmixing
procedure. This procedure corrected for the partial overlap
in emission spectra of rhodamine and fluorescein, sepa-
rating the two contributions from the acquired spectrum
and allowing for the calculation of the contribution of each
dye to each pixel’s intensity. Our procedure and its effect
on the images are described in Appendix.

4.3.3 Depth-dependence compensation

The decay in the image brightness along the depth of the
microchannel was corrected using a mathematical correc-
tion procedure. Our procedure and its effect on the images
are described in Appendix.

4.3.4 Measurement of the center-of-mass
of the fluorescein-labeled fluids

The center of mass of fluorescein was calculated according
to the usual formula as described in the Sect. 3.5. This
calculation was performed on both the experimental images
and the simulations, and an example of the result of these
calculations is shown for the flow-rate condition
Us/U, = 11 in Fig. 5. The center of mass of the experi-
mental image was located at xcy = 0.51 & 0.02 and yEFf =
0.28 £ 0.02, as shown in Fig. 5a, while the center of mass
of the simulated image was located at xghy = 0.50 and
yeM = 0.27, as shown in Fig. 5b. The stated values of xcy
and ycy are both normalized by the height, 4, and width, w,
of the microchannel as measured from the experimental

images during the image registration procedure. The error
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Fig. 5 Fluorescence micrograph and simulation showing the center
of mass of the fluorescein-labeled fluids. a Confocal microscopy
image, b simulation. The geometric center of the microchannel is
specified by plus symbol and the center of mass of the fluorescein-
labeled fluids is specified by multi symbol

associated with the center-of-mass measurements was
dominated by the error associated with measuring the
position of the top and bottom walls of the microchannel
(Sect. 3.4), and was therefore independent of Us/Us,.

4.4 Effect of the relative rates of the focusing fluids
on the vertical position of the fluids-under-focusing

The experimental values of the center-of-mass of fluores-
cein, ycy, are scatter-plotted against the ratio of the upper
to lower focusing flow-rates, Us/U,, in Fig. 6, and the
simulations are represented by a dashed curve on the same
plot. The curve representing ycy according to the simula-
tions is antisymmetric about a point-of-inflection which
occurs at Us/U, = 1.5. This curve decreases monotoni-
cally, more steeply near the point of inflection and leveling
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Fig. 6 Effect of the ratio of the upper and lower focusing flow rates
on the vertical position of the focused stream. The location of the
center-of-mass of the fluorescein-labeled fluid is plotted against the
ratio of the flow-rate of the upper focusing fluid to the flow-rate of
lower focusing fluid, Us/U,

off at extreme values of Us/U,; the experimental data
follow all of these trends, verifying the accuracy of our
simulations. Notably, the manifold required a greater
amount of focusing fluid at the upper (second) focusing
input relative to the lower (first) focusing input in order to
position the sample vertically at the geometric center of the
microchannel; specifically, ycmlyzpa=15 = 0.52 whereas
Yemluzva=1.0 = 0.57, according to the simulations.

5 Conclusions

A simple microlithographic hydrodynamic focusing mani-
fold was developed which vertically steers the focused
sample in a predictable manner upon adjustment to the
focusing flow-rates. The movement of the sample in
response to adjustments to the flow-rates was imaged with
confocal microscopy and simulated with commercially
available multiphysics software. Based on a simple center-
of-mass measurement, the simulations accurately predicted
the position of the focused stream as the ratio of the upper
to lower focusing flow-rates was swept over a range of
four-orders of magnitude.

The manifold was fabricated by standard replica mold-
ing techniques and can be readily integrated into lab on-a-
chip devices for applications. The design reduces the
number of fluid inputs required to achieve three-dimen-
sional focusing compared with previous designs (Chang
et al. 2007), making this design particularly useful for the
development of portable biosensors by reducing the num-
ber of required on-board fluid pumps. The manifold was
designed with a feature height equal to the diameter of a
standard optical fiber; therefore, using the dimensions and
fabrication procedure presented in this paper, the manifold
can be integrated into a microfabricated flow cytometer of
the type containing imbedded optical fibers (Tung et al.
2004). In addition, the manifold and techniques described
in this paper could be used to develop integrated opto-
fluidic devices. For example, efficient coupling between
solid-core waveguides and liquid-core/liquid-cladding
waveguides (Wolfe et al. 2004) should be made possible by
precise steering of the high refractive index core of the
fluidic waveguide. For such applications, it should be
possible to steer the focused stream in both the horizontal
and vertical directions (see Nieuwenhuis et al. 2003) by
adjusting, in addition to Us/U,, the relative rates of the
focusing fluids from the left versus the right side of the
manifold.
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Appendix: Image processing

The experimental images were modified using two image
processing procedures: spectral unmixing and depth-
dependence compensation. An implementation of these
procedures was written in MATLAB, and a detailed
description is provided here for the interested reader.

The net effect of image processing is shown in Fig. 7.
The spectral bleedthrough of rhodamine into the green-
channel is present in the original image shown in Fig. 7a,
but after image processing, the rhodamine appears purely
red because the bleedthrough effect has been subtracted out
of the processed image shown in Fig. 7b. Also, the original
image is brighter near the top of the microchannel than

Original Image

Processed Image

b

0 100 200 0 100 200

d
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f
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Fig. 7 Fluorescence micrographs and intensity profiles showing the
effect of image processing. a Original image alongside a profile of the
pixel green-values (solid line) and pixel red-values (dashed line)
obtained along the vertical center of the image. The image pixels
contained integer values between 0 and 255. In each of the pixel
profiles, y varies along the vertical axis from y =0 to y = 1.
b Processed image; ¢ original image, pixel green-values; d processed
image, pixel green-values; e original image, pixel red-values;
f processed image, pixel red-values
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near the bottom, but the brightness of the processed image
is more uniform with depth because the image has been
compensated for the depth-dependent response of the
optical experiment.

Spectral unmixing

A flat-field image was acquired in which all inputs to the
flow-cell contained rhodamine. Ideally, the rhodamine
would be detected as purely red and the pixel green-values
of this image would be zero everywhere. However, rho-
damine was detected not only by the red-channel
photodetector but also by the green-channel photodetector,
and therefore the pixel green-values were non-zero and
were observed to be directly proportional to the red-values.
Moreover, the fraction of the red bleeding into the green
depended on depth. The factor of spectral bleedthrough
along the depth of the channel, Fgs(y), was obtained by
averaging the pixels horizontally and then dividing the
average green-value of each row of pixels by the average
red-value of each row of pixels. It was found that Fs(y) was
equal to 17% near the top of the channel and 10% near the
bottom of the channel.

The effect of spectral bleedthrough was removed from
each experimental image by subtracting the appropriate
quantity from the pixel green-values according to the fol-
lowing formula, where Ig and Ik represent the pixel green-
values and red-values of the original image and Ig
represents the pixel green-values of the unmixed image:

Io(x,y) = Ig(x,y) — Fs(y) - I (x, ).

Prior to the subtraction procedure, the pixel green-
values near the top of the microchannel were brighter than
background, as shown in Fig. 7c, but after the subtraction
procedure, the pixel green-values were bright only in the
region of the fluorescein-containing fluids, as shown in
Fig. 7d. This straightforward subtraction technique
provides a computationally simple implementation of
linear unmixing and is possible in our case because only
rhodamine was detected in both the red and the green
whereas fluorescein was detected only by the green-
channel photodetector (Zimmermann 2005).

Depth-dependence compensation

Depth-dependence compensation was required because the
original images were bright near the top of the micro-
channel and dim near the bottom of the microchannel. This
depth-dependence of image brightness did not reflect the
concentration distributions of the fluids but resulted from
uneven illumination along the depth of the specimen and
imperfections of the optical detection system of the
microscope.
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The spatial decay of light intensity with depth has been
encountered previously in three-dimensional confocal
microscopy, and two competing methods have been used to
correct this decay: image arithmetic and mathematical
correction. The image arithmetic approach normalizes the
images according to a formula originally developed for
fluorescence microscopy (Park et al. 2004):

~ Ol - DF

- FF—DF’

where OI represents the original image, CI represents the
corrected image, DF represents the dark-field image in
which no dye is present, and FF represents the flat-field
image in which dye is uniformly present. This technique
relies heavily on the precise alignment of the dark-field
image to the flat-field and experimental images. In practice,
however, it can be difficult to register the dark-field image
to the experimental images because the walls of the mi-
crochannel cannot be detected in the absence of
fluorescently stained fluids. For this reason, we elected to
restore the images using a mathematical correction method.

Several alternative mathematical correction methods
have been developed to correct confocal microscopy ima-
ges suffering from the effect of depth-decay of brightness
(Umesh and Chaudhuri 2000). Seeking ease of computa-
tion, we have developed a simple method of correction
based on a linear fit and linear transformation. Our pro-
cedure begins by describing the decay of image brightness
with depth based on the flat-field images. Two flat-field
images were obtained: first, all of the fluid inputs to the
flow-cell were loaded with rthodamine and a red flat-field
image was acquired, IFF- second, all of the fluid inputs
were loaded with fluorescein and a green flat-field image
was acquired, /5. A horizontal median filter was applied to
the flat-field image in which fluorescein-labeled fluid was
pumped into all of the inputs of the flow-cell by using the
nlfilter() function of MATLAB with a sliding block of
20 x 1 pixels. Then, a profile was obtained vertically up
the center, revealing a profile of the depth-dependence of
the intensity of fluorescence, I (y). The parameters
describing the depth-dependence were obtained by fitting
this profile with the following equation:

IgF(yC - y)|y<yc

IEF(yC)l) > yc = bG

=mg - (yc —y) + bg

where a characteristic height was identified, yc, above
which the image brightness was approximately constant and
below which the brightness decayed approximately linearly,
and where the fitting parameters mg and bg were obtained
by linear regression. For the green flat-field image, I§ (x,y),
this decay occurred for y<y§, where yS = 0.63 and y is
measured from the bottom of the microchannel and is
normalized between zero and one. The slope of decay was

mg=—1940.1pm™', and the intercept at yg was
bg = 217 £ 3; here, it is useful to recall that the pixel-
values of the original image were 8-bit integers ranging
from 0 to 255. The fitting procedure was repeated similarly
for the red flat-field image, I5" (x, y), and it was found in this
case that y§ =0.49, mg = —1.9 + 0.1 pm™', and by =
213 £ 9. Restated, the brightness of the green flat-field
image decayed from /5 ~ 217at a critical depth of 48 um
to IgF ~ 61 near the bottom of the microchannel, with a
constant rate of decay of 1.9 um~" at depths beyond than
the critical depth. Similarly, the intensity of the red flat-field
image decayed from IEF ~ 213 at a critical depth of 66 um
to IFF ~ 91 near the bottom of the microchannel, with a
constant rate of decay of 1.9 um™". In the top portion of the
image, above the critical depth, the brightness in each of the
flat-field images was approximately constant.

With these parameters at hand, each experimental image
was restored of depth decay by applying the following
transformation independently to the red color-component
of the image, Iz(x, y), and the green color-component of
the image, Ig(x, y), where I'(x, y) is the corrected image:

b

I'(xy) =1(x,y)  ——.
(x,y) = I(x,) P

Prior to the procedure, the pixel red-values were less bright
near the bottom of the microchannel than near the top of
the microchannel, as shown in Fig. 7e, but after the pro-
cedure, the pixel red-values near the top and bottom of the
microchannel were of similar brightness, as shown in
Fig. 7f.
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