Dye exclusion microfluidic microscopy
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Abstract: We present an optical system to measure height maps of non-
adherent cells as they flow through a microfluidic channel. The cells are
suspended in an index-matching absorbing buffer, where cell height is
evaluated by measuring the difference in absorption between the cell and
the background. Unlike interferometric microscopes, the measured cell
height is nearly independent of the cell’s optical properties. The height
maps are captured using a single exposure of a color camera, and
consequently the system is capable of high-throughput characterization of
large collections of cells. Using this system, we have measured more than
1600 height maps and volumes of three different leukemia cell lines.
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OCIS Codes: (170.1530) Cell analysis; (110.0180) Microscopy; (090.1995) Digital
holography.
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1. Introduction

There has been an increasing effort to automate cell microscopy and to make it more
quantitative. Measurements of the shape and volume of large collections of cells will enable
the morphology of normal and abnormal samples to be better understood [1-5]. Accurate
measurement of cell dimensions also convey information about cell growth rate, metabolism
and osmotic pressure and protein concentration regulation [1,6,7]. Many recent
demonstrations have relied on optical phase sensitive methods to measure cell shape and
volume [8-13]. Unfortunately, the recovered optical phase is the product of the cell height
and its local refractive index, which is frequently heterogeneous and may not be accurately
known. The cell dimensions can be decoupled from the optical phase by taking consecutive
measurements in buffers with different refractive index [8] or by optical tomography [14], but
both are time consuming and not possible on cells in motion. Instead, we explore a method
that measures cell height by quantifying the absorption of light passing through an absorbing
dye that surrounds the cell. In this way, the optical properties of the cell do not need to be
determined and have very little influence on the final measurement.

Measuring cell volume using an optical property of the surrounding fluid was first
demonstrated in the context of flow cytometry [15]. In this case, fluorescent dye was added to
the sample fluid, and a reduction in the observed fluorescence signal was measured when the
cell traversed the laser detection region. The cell membrane is impermeable to the fluorescent
dye, so the total number of fluorescence molecules in the laser detection region is reduced.
The total cell volume, or the dye excluded volume, can then be determined if the geometry of
the flow focus region is known or can be calibrated. A signal with higher contrast and lower
noise can be obtained by measuring absorption instead of fluorescence. The surface profiles
of adherent cells [16] and optical elements [17] have recently been measured by immersion in
absorbing dyes. Here, we demonstrate the use of dye exclusion to measure height maps of
live cells in suspension in a system called the dye exclusion microfluidic (DEM) microscope.
Microfluidic channels are used to mechanically translate cells through the field of view and to
precisely define the volume of the detection region. The DEM microscope combines the high
measurement throughput of flow cytometry with the spatial resolution of microscopy. In
addition, fluid flow enables the collection of images with and without each cell in the field of
view, so that the transmission coefficients can be accurately evaluated.

2. Dye exclusion microscopy

The DEM microscope works on the principal that the absorption coefficient of a dye can be
known extremely accurately. Figure 1(a) shows a diagram of the experimental setup. The cell
is suspended in an absorbing dye inside a microfluidic channel with thickness (#). Light
attenuates through the microfluidic channel according to Beer’s law,

Icel] (x’y):]l_” (x,y)efa(r—h(x.y))’ (1)

where I, is the image intensity of the cell, and [ is the illumination intensity. For a known
absorption coefficient (&), the height map (%) can be retrieved by solving Eq. (1),

h(x,y)=t+log, (Icell (x.y )/Ile (x.y ))/0{ (2)
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For an object that does not scatter light, a single measurement of /.., would be enough to
reconstruct an accurate height map. However, the measured intensity has contributions from
light scattering as well as dye exclusion, which produces unwanted artifacts in the retrieved
height maps.

We have minimized the contribution from scattering in two ways. Scattering losses arise
from discontinuities in refractive index. For a cell suspended in a traditional buffer, such as
phosphate buffer saline (PBS), the refractive index difference between the cell membrane (n =
1.41) and the buffer (n = 1.33) is the largest source of scattering loss. This loss can be reduced
by using a buffer that has a refractive index that is matched to the average cell refractive
index and constitutes the basis for cell refractometry [18]. For these experiments we have
used a mixture of 36% glycerol, 24% bovine serum albumin, and 10% of a 10 x solution of
PBS, in order to produce an isotonic buffer. This mixture has a refractive index of 1.41 at a
wavelength of 589 nm, measured using an Abbe refractometer. Exact index matching is not
critical, as scattering losses scale approximately proportional to An?, so reducing An reduces
scattering accordingly.
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Fig. 1. The dye exclusion microfluidic (DEM) microscope. (a) Schematic of the experimental
setup. A microfluidic channel is illuminated by a green and a blue LED combined with a
dichroic mirror. C1, C2, and C3 are condenser lenses. The microfluidic channel is imaged
using a 40 x , 0.75 NA Nikon Fluorite objective lens (O) onto a Pike 032¢ CCD camera from
Allied Vision located at the image plane. (b) The transmission spectrum of the absorbing
buffer and the emission spectrum of the green and blue LEDs.

Even if the refractive index of the buffer perfectly matches the cell average refractive
index, internal structure inside the cell still contributes to scattering loss. To correct for
internal scattering, we image the cell using two illumination colors, where one color is
absorbed by the dye and the other is not. In this way, the image intensity for the absorbing
color has contributions from both dye exclusion and scattering, while the image intensity for
the non-absorbing color is solely due to scattering. For a cell that is weakly scattering and not
absorbing, the contributions to the image intensity from scattering and absorption can be
decoupled and written as,

Icvll (x Y »/1) =S (x , Y ,/l)eia/l(rfh(x ’y))’ (3)

where the image intensity has been separated into its two components, S which is due to
scattering loss, and the Beer’s law term due to absorption. Scattering is a function of the
wavelength (1), so in order to obtain accurate scatter correction, two colors that are close in
wavelength should be used.

In this work, we have chosen a yellow food dye composed of a mixture of Tartrazine and
Allura Red in a solution of water and propylene glycol [19]. The transmission spectrum of the
dye in the index matching buffer at a volume fraction of 0.25 is shown in Fig. 1(b), which
shows an absorption peak centered at a wavelength of 440 nm. We use two LEDs for
illumination, one centered at 465 nm (blue) and the other centered at 520 nm (green), whose
spectra are also shown in Fig. 1b. The LEDs are operated in constant current mode and we
use a color camera to separate the two color channels in a single exposure. The two LEDs
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have a fractional wavelength difference of 12%. Data was collected from the camera in RAW
format and we performed our own spectral demixing based on the cross-talk measured by
illuminating the camera with the LED’s individually. For these two LED’s, the demixed
images have close to zero cross-talk, but the broad response of the camera’s Bayer filter
would make it difficult to further reduce the fractional wavelength difference of the two
colors.

3. Dye exclusion cytometry

Cells are suspended in the absorbing index-matching buffer and driven through a microfluidic
channel using pressure driven flow. The microfluidic channel is 15 pum wide and measured to
be 8 um thick using a Dektak Profilometer, where the channel thickness defines the depth of
the detection region. Figure 2(a) shows an image of an acute promyelocytic leukemia cell
(HL60) under illumination by the blue and green LEDs. We measure the transmission
coefficient of the green and blue LEDs inside the channel to be 0.995 and 0.418, respectively.
From the measured transmission, the absorption coefficient in the green () is approximated
as zero and the absorption coefficient in the blue (o3) is calculated to be 0.109 um™.
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Fig. 2. Dye exclusion imaging of an HL60 cell. (a) Shows a composite image of the HL60 cell
captured by the color camera under green and blue illumination. (b,c) Show normalized images
of the green and blue channel, respectively. The scale bars show the normalized transmission
values, with the background having a value of one. (d-f) Show the reconstructed height
surface, height map, and a cross-section through the cell. All scale bars are 5 pm.

The microfluidic channel acts as a cell delivery system that enables extremely accurate
transmission values to be measured because no mechanical motion other than fluid flow is
needed to collect reference images. Normalized transmission (/) values are evaluated by
dividing the image intensity with and without the cell for each of the two colors. From these
two normalized images, the height map can be evaluated as,

ey L ) 17 ) “

Oy =0

The only constants required for absolute height measurements are the absorption coefficients,
as the channel height cancels due to the normalization. Figures 2(b)-2(c) show the normalized
green and blue images, respectively, of the same cell shown in Fig. 2(a). The image from the
green illumination shows scattering due to both the residual index mismatch between the cell
and buffer and internal scattering. The normalized transmission values under green
illumination range from 0.7 to 1.3. Problems can arise for cells with a much larger degree of
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internal scattering, where the transmission values can locally approach zero. However, this
was not an issue for all three cell types studied here when suspended in the index matching
buffer. The image from the blue illumination exhibits both dye exclusion and scattering, but
the net effect is that pixel values inside the cell are raised above the background, as shown in
Fig. 2(c).

Using both normalized images, the height map is computed and shown in Figs. 2(d)-2(f).
The internal scattering is effectively removed and the top of the cell has a flat profile due to
the roof of the microfluidic channel. One interesting feature of this cell is the bleb that
appears on its downstream (right) side. A bleb is a region where the cell membrane has
detached from the cytoskeleton and is inflated due to the cell’s Laplace pressure [20].
Because the bleb is a small volume of cytoplasm that does not contain any major cell
organelles, it scatters very little and is almost invisible under green illumination. The bleb
does however exclude the absorbing dye and consequently is easily visible under blue
illumination.

As seen in Figs. 2(d)-2(f), the height map background is flat and has zero mean. The
standard deviation of the background is 300 nm inside the channel and 200 nm outside the
channel. There are no artifacts due to halo patterns and shade-off, as in the common-path
quantitative phase imaging method, or enhanced low frequency noise, as in the transport of
intensity equation phase imaging method. The height roughness is due to photon shot noise
and could be considerably reduced by temporal or spatial averaging. For the measurements
shown in this work, the average flow velocity (v) is 5 mm/s, exposure time is 150 us and the
camera collects 300 frames per second.

Microfluidic cell delivery enables automated collection of large numbers of cells. Figure 3
shows image sets of three leukemia cell lines, acute lymphoblastic (Molt4), acute
promyelocytic (HL60), and chronic myelogenous (K562). A threshold is applied to the
reconstructed height maps to define the cell region. The volume of the cell can then be
calculated by integrating all the thickness values inside the cell and multiplying by the pixel
area. Figure 3 shows histograms of cell volumes for all three cell lines. The Molt4 cells are
the smallest, with a mean (m) of 718 fL and a standard deviation (o) of 232 fL, followed by
the HL60 cells with an m of 1110 fL and a ¢ of 466 fL, and the K562 cells are the largest,
with an m of 1480 fL and a ¢ of 661 fL. We have verified these values using a Coulter
counter (Beckman Coulter, Multisizer 3) on the HL60 cells. The peak value of the volume
histogram occurred at 818 fL for the Multisizer 3 and occurs at 831 fL in our histogram. The
mean as measured by our system is biased to a larger measured volume due to a higher
coincidence rate than the Multisizer 3, but the central peak is located at the same location and
has a similar shape. At the current flow velocity and frame rate, each cell can be measured
multiple times before it leaves the field-of-view. The coefficient of variation of the measured
volume was 0.0038 for different images of the same cell, corresponding to a reproducibility
of better than one part in 250. However, there is only a small rotation of the cell in between
frames, so this does not completely take into account the total possible variance due to a
random orientation.
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Fig. 3. Height map image sets of three leukemia cell lines. For each image set a volume
histogram is shown and four representative height maps are displayed below. (a) Image set of
Molt4 cells. (b) Image set of HL60 cells. (c) Image set of K562 cells. N is the number of cells
in each histogram. All scale bars are 5 um.
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Figure 3 shows four sample images of each cell line, taken from the much larger image
set. As can be seen in Fig. 3(a), the Molt4 cells have a symmetric volume distribution, where
the few cells that are significantly larger than average are aggregates. The HL60 and K562
cells, however, shown in Figs. 3(b)-3(c), have a more asymmetric distribution due to the
presence of cells that have volumes as large as 3000 fL. It is common for the K562 cells to
have membrane protrusions, as seen in the second, third, and fourth panels, but these are not
captured in the histogram plots. By capturing the thickness maps of all analyzed cells,
complex image metrics can be evaluated to study and discriminate cells beyond what is
possible with just volume histograms. Analysis of the height maps also enables the
measurement of subcellular features, such as blebs and protrusions. We also believe that this
imaging method will be useful for studies on three-dimensional cellular deformability as a
function of hydrodynamic shear.

4. Conclusion

We have demonstrated an optical method called the DEM microscope that measures height
maps of cells in suspension. The DEM microscope uses microfluidics to precisely define a
confined sample volume and to transport cells through this region. We have corrected errors
that arise due to scattering artifacts using a refractive index matching buffer and a two color
correction scheme. The results compare closely to those obtained using a Coulter counter on
the position of the peak value of a volume histogram of HL60 cells. In addition to accurate
volume measurements, the spatial resolution provided by the DEM microscope will enable
characterization of small extracellular morphological features and also simultaneous
measurement of cell protein concentrations using fluorescence. By measuring absorption in a
well characterized dye, the DEM microscope is able to accurately measure cell geometry
independent of the cells optical properties.
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