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Abstract. We present an optofluidic measurement system that quantifies cell volume, dry mass, and nuclear
morphology of neutrophils in high-throughput. While current clinical hematology analyzers can differentiate neu-
trophils from a blood sample, they do not give other quantitative information beyond their count. In order to better
understand the distribution of neutrophil phenotypes in a blood sample, we perform two distinct multivariate
measurements. In both measurements, white blood cells are driven through a microfluidic channel and imaged
while in flow onto a color camera using a single exposure. In the first measurement, we quantify cell volume,
scattering strength, and cell dry mass by combining quantitative phase imaging with dye exclusion cell volu-
metric imaging. In the second measurement, we quantify cell volume and nuclear morphology using a nucleic
acid fluorescent stain. In this way, we can correlate cell volume to other cellular characteristics, which would not
be possible using an electrical coulter counter. Unlike phase imaging or cell scattering analysis, the optical
coulter counter is capable of quantifying cell volume virtually independent of the cell’s refractive index and unlike
optical tomography, measurements are possible on quickly flowing cells, enabling high-throughput. © 2015 Society of

Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JBO.20.11.111205]
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1 Introduction

Neutrophils are the most common type of white blood cell in the
body and are the first responders of the immune system.! The
total number of neutrophils in the body is an important clinical
diagnostic for surveying the health of the immune and hemato-
logic system. When the count is too low, the patient has neutro-
penia which is associated with a higher risk of infection. When
the count is too high, the patient is in the process of responding
to an infection and has released young neutrophils into the cir-
culation.” Because these two outcomes are coupled, the total
neutrophil count does not always accurately represent the cur-
rent state of the immune system. Instead of the total neutrophil
number, it would be extremely valuable to quantify the neutro-
phil age distribution. The age distribution would yield informa-
tion on the number of young neutrophils that were recently
released into the blood stream and possibly how long these
cells remained in circulation before they leave through extrava-
sation to fight infection. Using measurements of cellular and
nuclear physical dimensions, we hope to obtain a better under-
standing of the neutrophil age distribution in order to construct a
better predictive diagnostic for the early indication of infection.

Neutrophils are produced in the bone marrow, where they
progress through the stages of granulopoeisis, from myeloblast,
to metamyelocyte, to band cell and finally, to a segmented or
mature cell. The last three stages can be found in circulation.
It has previously been observed that their average volume
decreases as they progress through their life cycle, from 465 fL
for metamyelocytes, 415 fL. for band cells, and finally to 364 fL
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for segmented cells.® It is also suspected that a neutrophil’s
nuclear morphology becomes more complex or “segmented”
as it progresses through its life cycle. Myeloblasts have classical
ellipsoidal nuclei similar to other cell types, but metamyelocytes
begin to develop distinct nuclei that have an indentation or are
“lima bean” shaped. Band cells have further distorted nuclei that
have a “horseshoe” shape and segmented cells have nuclei with
multiple lobes and narrow necks connecting them. It has long
been recognized that counting young or band neutrophils could
be useful as a simple diagnostic of infection and pathologists
often perform a “band count” by manual inspection of neutro-
phils that have their nuclei stained. Unfortunately, the result of
this manual count is extremely variable and has questionable
reliability.? Using a high-throughput imaging flow cytometer,
we are investigating whether the band count can have greater
utility using a much larger collection of cells than is possible
with manual inspection. In addition, automated machine vision
algorithms can take out much of the variability that is caused
by different outcomes from different pathologists. In this paper,
we correlate nuclear morphology to cell volume. We also inves-
tigate cell dry mass density as a new metric of cell age. Cell
density has previously been proposed as an indicator of red
blood cell age, but this conclusion is also controversial. Cells
often increase their density while they undergo apoptosis,
which is the final stage of their life cycle.* To the best of our
knowledge, the density distribution of neutrophils has never
been measured and while the volume distribution has been mea-
sured with electrical impedance methods, it has not been corre-
lated to other cell geometric parameters.
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2 Methodology

2.1 \Volume, Density, and Scattering

Several optical techniques have been developed recently to
quantify cell volume. While flow cytometry is the current
gold standard optical technique for high-throughput cell mea-
surements, it has difficulty accurately quantifying cell volume.’
The forward scattering channel in a flow cytometer is often used
as a proxy for cell volume, but cells that have nonspherical
shapes and variable refractive indices make this measurement
not quantitative. Recent advances in quantitative phase imaging
have demonstrated that the optical path length of cells with
arbitrary shapes can be measured with extremely high resolu-
tion.%” These microscopes, however, only yield optical path
length, and in order to get a quantitative volume estimation,
the refractive index distribution of a cell must be known.
Surprisingly, even cells of identical cell type and existing in
identical chemical and mechanical environments can have
remarkably variable densities and consequently refractive indi-
ces. The result is that by assuming cells have a uniform refrac-
tive index, much of the variability that differentiates themselves
from their average values is ignored.

Recently, we developed an optical technique that quantifies
cell volume that is nearly independent of the cell’s optical prop-
erties.® It borrows the operating principal of the electrical
coulter counter and translates it into the optical regime. Cells
are suspended in a buffer that contains an absorbing dye and
imaged as they flow through a microfluidic channel in a simple
widefield microscope in transmission. If the absorbing dye
is impermeable to the cell membrane, the cell displaces a
number of dye molecules that is proportional to the cell volume.
Figure 1(a) shows an optical schematic of the experimental
setup. The cells are illuminated with three LEDs that emit
light that has a wavelength of 625, 530, and 455 nm and are
imaged onto a color CCD camera using a 50x LU Plan Nikon
objective lens. Images at each color are transformed into
transmission functions (Zpje, {green> Irea) by dividing an image
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when the cell is inside the field of view by an image when the
field of view is empty. The microfluidic channel has a thickness
of 7 um and contains 0.8 g/dL of acid blue (AB9) absorbing
dye to produce an extinction coefficient (aeq) of 0.15 pm™!
for 625 nm light. The absorption at 530 and 455 nm is negli-
gible. White blood cells are enriched from whole blood by first
lysing and removing the red blood cells and blood plasma.
The white blood cells are then suspended in an isotonic buffer
containing the AB9 and 30 g/dL of bovine serum albumin
(BSA), giving the buffer a refractive index of 1.4. The BSA
is used to reduce scattering which adds artifacts to the dye exclu-
sion measurement and to match the buoyancy of the white blood
cells which makes loading them into the microfluidic channels
easier. While the BSA solution removes much of the scattering
due to lowering the refractive index contrast, the cells still scatter
light out of the collection aperture of the microscope. Because
the dye exclusion measurement uses light attenuation to quan-
tify volume, we correct for scattering loss by imaging at a sec-
ond wavelength (455 nm), as has been previously described.®
We use the blue channel to correct for scattering in the red
channel because the LU Plan objective lens has a similar focal
length at both 455 and 625 nm, but has some focal shift at
530 nm. The height map (%) is calculated using

h(x,y) = log[I™d(x, y) /1P (x, y)] |

Qred
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Images of an example white blood cell for blue, green, and
red illumination are shown in Figs. 1(b)-1(d). The height map
for this cell is shown in Fig. 1(e) as calculated by dye exclusion.

While the blue and red image pair can be used for calculating
the height map, the blue and green image pair can be used to
calculate a dry mass map of the cell using the transport-of-inten-
sity equation phase imaging method. Chromatic aberration and
a color camera provide a method to acquire focus shifted images
in a single exposure,'’ which is critical for imaging cells in
motion.'! Figure 1(f) shows the retrieved mass map calculated
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e

v
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Fig. 1 Optofluidic system and design. (a) A schematic of the optofluidic system for cell volume, scattering
strength, and density characterization. The system is a transmission microscope using three LEDs and a
color camera for image acquisition. Cells are driven through a microfluidic channel using a syringe pump
and are acquired in a single camera exposure. (b)—(d) Images of a representative cell in blue, green and
red. (e) A height map of the cell calculated using dye exclusion. (f) A mass map of the cell calculated
using the transport of intensity equation phase imaging method.
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by the blue and green image pair. By integrating the
height and mass map over the cell area, we then retrieve the
total cell volume (v) and cell mass (m), respectively. Finally,
we can evaluate the scattering amplitude of each cell by integrat-
ing the transmission values over the cell area of just the blue
image. We define a scattering strength (SS) by normalizing
the scattering amplitude by the cell volume, defined as

SS = {—Z Z ol (x, y) — 1} /v. 2)

y

2.2 Volume and Nuclear Morphology

Historically, nuclear morphology has been the primary method
to quantify the age of a neutrophil. Clinically, this is done with
histological stains and manual observation by a trained patholo-
gist. Recently, the Amnis imaging flow cytometer was used in
conjunction with a nuclear fluorescence stain in an effort to
speed up the process and produce a larger data set. In this
paper, we have stained white blood cells with Sytol6 which
is a nucleic acid stain that primarily localizes to the cell nucleus.
This stain emits in the green, so we have modified the schematic
shown in Fig. 1(a) to illuminate cells in epifluorescence mode
with a 488-nm wavelength laser and use just the red LED to
quantify cell volume. Because we no longer have the image
using the blue LED, we do not correct for scattering, so our vol-
ume estimates are reduced and are now just relative. In a single
exposure, we capture images in the red and use them for volume
estimation and capture images in the green to quantify nuclear
morphology. The shape of the nucleus is analyzed using the
machine vision toolbox in MATLAB®, where we primarily
analyze the perimeter and area. Because of the occasional dif-
ficulty of segmenting the lobular structure of neutrophil nuclei,
we discard any image of a cell that has multiple nonconnected
elements.

3 Results
3.1 Three-Part White Blood Cell Differential

There are three basic types of white blood cells, granulocytes,
monocytes, and lymphocytes. These three can be differentiated
without staining using the forward and side scatter ports of a
flow cytometer. Instead of side and forward scatters, we can
assemble a scatter plot of SS and cell volume, as shown in
Fig. 2(a). As can be seen in the figure, there are three

5 (e)
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subpopulations representing the three basic types, lymphocytes
(L), monocytes (M), and granulocytes (N). There are actually
three different types of granulocytes, but by far the most
common are the neutrophils, so we ignore the other two.
Both monocytes and lymphocytes have a small SS, where neu-
trophils have high SS. We find that for this sample, neutrophils
have a mean volume of 460 fLL and a standard deviation (o) of
57 fL., monocytes have a mean volume of 400 fL and o of 43 fLL
and lymphocytes have a mean volume of 195 fLL and a ¢ of
33 fL. These values agree reasonably well with the literature
for mean values, except that our values for ¢ are smaller than
has been measured for neutrophils using electrical impedance,
which could be caused by a greater accuracy of our system com-
pared to other systems.

3.2 Neutrophil Density Distribution

Quantifying the correlation between red blood cell volume and
cell density has been extremely valuable in clinical hematology
and is part of the complete blood count that is universally col-
lected on laboratory blood samples. There is a negative corre-
lation between red cell volume and density® and it is commonly
assumed that young red blood cells have a larger volume and
a smaller density than older blood cells. This can be tested
by quantifying reticulocyte, young red blood cells, indices.
Figure 2(b) shows a scatter plot of volume and density for
neutrophils that have been gated from Fig. 2(a). Cell density
has been calculated by dividing cell mass, calculated using
phase images, by cell volume, calculated using dye exclusion.
Interestingly, there is the same negative correlation that is found
with red blood cells, where cells with higher volume have
smaller density and cells with smaller volume have higher
density. Four height and mass maps of representative cells from
different regions of the scatter plot are shown next to Fig. 2(b).
Similar to red blood cells,’ cell density is regulated much tighter
than either cell mass or cell volume. Mass and volume each have
a coefficient of variation of approximately 10%, whereas density
has a coefficient of variation of only 2%.

3.3 Neutrophil Volume and Nuclear Morphology

The shape transformation of the nucleus is the most established
method to quantify cell age, but has not been correlated to other
cellular characteristics. Figures 3(a) and 3(b) show scatter plots
of white blood cell volume and nuclear area and circularity,
respectively. Circularity is defined as Perimeter/2+/7 * area,
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Fig. 2 Neutrophil volume and density correlation. (a) A scatter plot of the scattering strength and cell
volume, which can be used to do a three part differential of (N) neutrophils, (M) monocytes, and (L)
lymphocytes. (b) A scatter plot of cell density and volume for the gated neutrophils. (c)—(f) Height maps
(gray) and mass maps (orange) of four representative cells from different regions of the scatter plot.
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Fig. 3 White blood cell volume and nuclear morphology correlation. (a) A scatter plot of nuclear area and
cell volume. (b) A scatter plot of nuclear circularity and cell volume and three representative cells from
each of three different gated regions of low, medium, and high circularities.

where a circle has a value of one and other shapes are greater
than one. As can be seen in Fig. 3(a), all three cell types have a
similar nuclear area, but the larger cell types have a great vari-
ability in circularity. Because we don’t have scattering informa-
tion for these cells, we do not know which of the large volume
population are neutrophils and which are monocytes, but we
know that monocytes account for only 5% of the total popula-
tion, so their effect is small. We observe a small positive corre-
lation between cell volume and circularity. The images next to
Fig. 2(b) show representative cells from three gated regions of
small, medium and large circularity. The average volumes for
these three regions are 201, 203 and 206 fL, respectively.
Remember that the volumes in this case are only proportional
to the actual volumes because we have not performed scattering
correction for this set of measurements. The positive correlation
is surprising, given that it was expected that young cells have
more circular nuclei and were expected to be larger in volume,
from the general model of granulopoiesis. It is unclear what the
cause of this inconsistency is, but we have found this affect to
occur in multiple blood samples and it deserves further study.

4 Conclusions

In this paper, we have presented a multiparametric study of a
neutrophil phenotype in the hope of developing a greater under-
standing of how the neutrophil phenotype progresses with cell
age. We have combined dye exclusion cell volumetric imaging
with both quantitative phase imaging to correlate cell volume
with cell mass and fluorescence imaging to correlate cell volume
with nuclear morphology. We have quantified the relationship
between cell volume and cell density in neutrophils for the
first time and seen that they have the same trend as has been
observed for red blood cells, namely that smaller cells have a
higher density. In the correlation between nuclear complexity
and cell volume, we find that larger cells have more complex
nuclear morphology than smaller cells, which conflicts with
a previous expectation. Possibly, cells do not shrink as they
age as previously thought or that some subset of the cells
becomes activated during measurement and that this activation
is dependent on cell age. Neutrophil volume and its standard
deviation have previously been shown to be correlated to
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infection and it would be interesting to study whether or not
nuclear shape and cell density reliably predict risk of infection
as well.
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