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Abstract—Cost-effective, high-performance diagnostic instru-
ments are vital to providing the society with accessible,
affordable, and high-quality healthcare. Here we present an
integrated, ‘‘microfluidic drifting’’ based flow cytometry chip
as a potential inexpensive, fast, and reliable diagnostic tool.
It is capable of analyzing human blood for cell counting and
diagnosis of diseases. Our device achieves a throughput of
~3754 events/s. Calibration with Flow-Check calibration
beads indicated good congruency with a commercially
available benchtop flow cytometer. Moreover, subjection to
a stringent 8-peak rainbow calibration particle test demon-
strated its ability to perform high-resolution immunological
studies with separation resolution of 4.28 between the two
dimmest fluorescent populations. Counting accuracy at
different polystyrene bead concentrations showed strong
correlation (r = 0.9991) with hemocytometer results. Finally,
reliable quantification of CD4+ cells in healthy human
blood via staining with monoclonal antibodies was demon-
strated. These results demonstrate the potential of our
microfluidic flow cytometry chip as an inexpensive yet
high-performance point-of-care device for mobile medicine.

Keywords—Microfluidics, Flow cytometry, Point of care,
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INTRODUCTION

Healthcare programs have changed recently as
clinical labs have become decentralized since the
inception of point-of-care (POC) diagnostics.4,36,40,41,44

Monitoring personal health via easy-to-operate, low-
cost and yet reliable diagnostic tools can play a vital
role in improvement of global healthcare programs,
especially in resource-limited settings.26,29 For exam-
ple, the home blood glucose testing device has helped
millions acquire accurate and fast information about
the blood insulin needed to maintain healthy daily
activities. However, most other hematological and
immunological tests must be performed at centralized
clinical labs due to expensive, bulky equipment and
skilled operators required for their use.8–10 Further-
more, two often neglected complications of hemato-
logical and immunological tests are the conditions of
transport and time required to deliver the sample to
the laboratory, which can significantly alter the credi-
bility of the results.11 Even in otherwise straightfor-
ward medical circumstances, inaccurate results can be
fatal.

In the last two decades, microfluidics has been
envisioned as a potential platform towards achieving
reliable POC tools for hematological and immuno-
logical tests, with many design approaches
tested1,3,20,21 However, many of these POC devices can
only detect one parameter, which limits their wide-
spread applications. In this regard, microfluidic flow
cytometry could serve as an excellent alternative due to
its ability to perform multi-parametric, high-through-
put single cell analysis. For immunological and
hematological based diagnostics, flow cytometry is an
established and reliable tool.16–19,30 One popular
application is CD4+ cell counting from whole blood
of human immunodeficiency virus (HIV)-infected
patients, which is extremely important for determining
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the appropriate prescription of antiretroviral therapy
to combat this infectious disease. Screening tumor
biopsies, immunophenotyping, and DNA content
analysis are additional applications where flow
cytometry is used in cancer diagnostics.14,34,39 Al-
though flow cytometry is a reliable tool for immuno-
logical and hematological based diagnostics, its
potential and utility is limited to large centralized
institutions due to its many specialized requirements.
A bulky footprint, high equipment cost, large con-
sumption of samples and reagents, and requirement for
highly skilled personnel for operation and maintenance
significantly diminish the conventional flow cytome-
ter’s utility as a POC device.8–10,12,15,16,31,35

In the past decade, researchers have made significant
efforts to developing microfluidics-based miniature
flow cytometry devices that can overcome the limita-
tions of traditional benchtop flow cytome-
ters.2,13,32,33,37,38 One major challenge in this field is to
develop techniques that can tightly and precisely focus
cells with high cell-focusing precision along both lateral
and vertical directions.5–7,11,16,28 Recently, Lo et al.5

utilized a double-layered device with smaller sample
channel height than sheath fluid channels to achieve
hydrodynamic focusing. Quake et al.6 demonstrated
that by alternately exciting two nearby areas by acou-
sto-optic modulators, time-resolved measurement in a
microfluidic channel can be obtained. Di Carlo et al.11

showed that inertial effects in a serpentine-like channel
could be exploited to achieve 3D focusing. Recently we
developed a ‘‘microfluidic drifting’’ technique that
achieved precise 3D hydrodynamic focusing (i.e., sub-
micrometer precision along both lateral and vertical
directions) in a simple, single-layered microfluidic
device22,24,27 and a coefficient of variation (CV) of
2.37% with Flow-Check calibration beads. To the best
of our knowledge, this is the best CV value that has
been achieved by any microfluidic flow cytometer.

In this article, we optimized the performance of our
‘‘microfluidic drifting’’ flow cytometry chip (e.g., use a
one-sheath-fluid-inlet device to replace a three-sheath-
fluid-inlet device to improve portability) and extended
its application from detection of fluorescent beads to
immunological analyses of human whole blood. Our
on-chip flow cytometer can measure three parameters
[forward scatter (FSC), side scatter (SSC) and fluo-
rescent (FL) emission] simultaneously with an on-chip
integrated optical fiber based illumination and detec-
tion system. We also subjected our flow cytometer to
an 8-peak rainbow bead calibration test. In this
approach, same-sized (3.4 lm) fluorescent bead pop-
ulations of eight different intensity values are passed
through a flow cytometer to reveal the sensitivity of the
system. The 8-peak rainbow bead calibration test is
frequently used as a calibration step in clinics and

research labs employing flow cytometry and is also
used by service engineers to ensure proper laser
alignment, light detection, and electronics function
when repairing or installing commercial flow cytome-
ters. Next, we performed immunological analysis on
human blood from a healthy donor and compared the
results to a commercial flow cytometer (Beckman
Coulter FC500) for CD4+ lymphocyte cell count. Our
results showed good agreement with the results from a
commercial flow cytometer,24 suggesting that this de-
vice may be useful as a POC diagnostic tool.

MATERIALS AND METHODS

Device Design and Modeling

A ‘‘microfluidic drifting’’ flow cytometry device
with a curvature angle of 180� and three sheath fluid
entry points fed from a single sheath fluid inlet
(Fig. 1a) was designed to achieve 3D hydrodynamic
focusing of cells/particles. Our ‘‘microfluidic drifting’’
device22,24,27 involves a curved microchannel. When
co-injected sheath (A in Fig. 1a) and sample-contain-
ing (B in Fig. 1a) fluids flowed around the curved
channel, the induced Dean flow in the curve sweeps the
cells/particles in the sample fluid from the top and
bottom of the channel towards the center plane of the
channel. This step is termed ‘‘microfluidic drifting’’
and effectively focuses the flowing cells/particles in the
vertical direction. In the second step, the cells/particles
are pushed into a single line by the horizontal sheath
flows (C and D in Fig. 1a). Thus, this two-step pro-
cedure results in 3D focusing of the cells/particles
within a single-planar microfluidic channel. The foot-
print of the device measured 16 mm 9 26 mm,
roughly the same size as a U.S. quarter (Fig. 1b). A
channel height of 128 lm was selected to facilitate fiber
(125 lm diameter) insertions via fiber sleeves, devel-
oped along with the channels. We used CFD-ACE+
software (ESI Group) to conduct computational fluid
dynamics (CFD) simulations and optimize the device
design. Deionized (DI) water was used as sheath fluid
and 5 lM fluorescein (abbreviated as ‘‘FITC’’) in DI
water was used as sample fluid for initial testing. A
relative convergence criterion of 1026 was used in the
simulations. We validated the CFD simulation results
with experimental results from confocal microscopy.
An Olympus IX81 confocal microscope was used for
this purpose while 3D image processing was performed
by AutoQuant X3 (MediaCybernetics) software.

Device Fabrication

The device was fabricated via standard soft-lithog-
raphy and mold-replica techniques in two steps.43 SU8
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photoresist (~128 lm) was spin-coated on a silicon
wafer to develop the master mold. The master mold
was salinized with 1H,1H,2H,2H-perfluorooctyl-tri-
chlorosolane vapor (Sigma-Aldrich) so that peel-off of
polydimethylsiloxane (PDMS) in the later step is eas-
ier. Next, PDMS syrup was poured on the mold fol-
lowed by degassing to remove all air bubbles. Curing
of PDMS was done at 65 �C in an oven to fabricate the
microfluidic channel. The PDMS layer was peeled
from the mold. A Harris Uni-Core (0.75 mm) was used
to punch out the inlets and outlet. Finally, polyethyl-
ene tubes were inserted into the inlets and outlet. The
inlets were connected to syringe pumps (neMESYS) to
supply sheath fluids [sodium dodecyl sulfate (SDS)
solution for beads and phosphate buffered saline (PBS)
solution for cells] and sample (bead solution or human
blood) to the device.

Optical Detection Setup

The fiber-based on-chip optical detection system
consisted of one single-mode input fiber (Thorlabs,
core diameter = 2.9 lm, NA = 0.14) to direct the

laser (Bluesky Research, 10 mW at 488 nm) onto the
particles/cells in the main channel. Three detection fi-
bers (Thorlabs, core diameter = 105 lm, NA = 0.22)
were used to transmit the light signal captured from
particles/cells to the photomultiplier tubes (PMTs;
Hamamatsu C6780-20). Two PMTs were fitted with
425 nm filter blocks and one with a 525 ± 10 nm
bandpass filter for fluorescent emission detection.
Figure 1a depicts the four fiber sleeves for insertion of
the laser fiber and three detection fibers. A Nikon
(Eclipse Ti) optical microscope was used to capture a
209 magnified image of the interrogation region por-
traying the input fiber, which directs the laser onto the
passing particles/cells, and three detection fibers, as
shown in Fig. 1c. A commercial flow cytometer
(Beckman Coulter FC500) was used for comparison.

Calibration Standards

10 lm Flow-Check Fluorospheres polystyrene (PS)
calibration beads (Beckman Coulter, Inc.) were used
for characterization of FCS, SSC, and FL signals. To
compare its performance with a hemocytometer,

FIGURE 1. ‘‘Microfluidic drifting’’ based flow cytometry device. (a) Schematic of the device indicating the 180º curved region that
results in cell/particle focusing and the detection region with input fiber for 488 nm laser and three [forward scatter (FSC), side
scatter (SSC), and fluorescence (FL)] detection fibers. A, C, and D are sheath fluid entry points while B represents the sample inlet.
The cells/particles focus in the middle vertical plane as they move around the curved channel. The vertically focused cells/particles
are then squeezed into a single stream. (b) Small footprint of the device in comparison to a US quarter. The device includes a single
inlet for the sheath fluid and a single inlet for sample fluid. (c) Bright-field microscope image of the cells/particles interrogation
region [rectangular region in (a)]. Shown is an instant when laser light illuminates a fluorescent 10 lm polystyrene bead as it
passes through.
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7.32 lm Dragon Green PS beads (Bangs Laboratories,
Inc.) with a vendor-reported concentration of
1.5 9 107 were used. Four concentrations of PS
beads:SDS (10:990, 50:950, 100:900, and 200:800) were
prepared. Each dilution sample was tested on a
hemocytometer and our microfluidic flow cytometer
for comparison of PS bead counts. For measurement
of fluorescence sensitivity, 8-peak Rainbow Calibra-
tion Particles (Spherotech) were used, following the
manufacturer’s instructions.

Sample Preparation

For hematological analysis, fresh venous blood
(Zenbio, Inc.) treated with EDTA-anticoagulant was
used. A 4 mL blood sample was divided into four
equal volumes. Red blood cells (RBCs) were lysed
from each 1 mL of blood sample using 19 RBC Lysis
Buffer (eBioscience, Inc.) following the manufacturer’s
suggested protocol. After RBC lysis, the remaining
blood cells (white blood cells, or WBCs) were fixed in
1 mL of 4% paraformaldehyde in PBS (Santa Cruz
Biotechnology, Inc.) and incubated at room tempera-
ture for 10 min. For CD4 staining, two 1 mL blood
samples (one for microfluidic flow cytometer and one
for commercial flow cytometer) were centrifuged fol-
lowed by resuspension of WBCs in 400 lL of PBS
each. Next, 5 lL of Alexa Fluor 488 labeled anti-hu-
man CD4 (clone RPA-T4, BD Biosciences, Inc.) were
added to the two samples and then incubated at room
temperature for 15 min before analysis on each flow
cytometer (our microfluidic device and FC500). WBCs
in the remaining two 1 mL volumes were resuspended
in 405 lL of PBS to serve as a background fluorescent
intensity control in the flow cytometry measurements.

Data Acquisition and Analysis

Data were collected in the microfluidic flow
cytometer at a throughput of up to ~3754 events/s and
a sample flow rate of 15 lL/min. For calibration
beads, 10 s of data were analyzed; however, for whole
blood analysis, 6 s of data were collected to match the
commercial flow cytometer that was set to record a
total of ~20,000 points. In the commercial flow
cytometer, a known volume of beads with a known
concentration was added to the known volume of
blood sample for back-calculating the CD4+ cells in
that particular volume of blood. This procedure was
adopted because the exact flow rate is not known in
this commercial flow cytometer and variable pressure
is the factor that decides the flow rate. However, in the
microfluidic flow cytometer, as the exact injection flow
rate (15 lL/min) is known, the cell count can be
known directly without the need of bead addition. The

525 nm fluorescent emission channel was used to de-
tect fluorescent signals from stained CD4+ cells. For
the 8-peak rainbow calibration test, the voltage applied
to the fluorescent PMT was such that the FITC
intensity value for the brightest peak was kept below
105, as recommended by the manufacturer.

The output voltage peaks from PMTs were collected
via digital oscilloscope (Tektronic model DPO400). To
calculate CV for FSC, SSC, and FL, we used home-
made MATLAB (MathWorks) code. 10% filtering was
used to remove the noise from the collected voltage
signals. Similarly, 8-peak rainbow calibration test sig-
nals were also analyzed with MATLAB code. A pre-
designed Microsoft Excel file template (Spherotech)
was used to determine the Molecules of Equivalent
Soluble Fluorochrome (MESF) and calculate the lin-
earity of the detection system. Sensitivity or separation
parameter (S) was calculated for the Peak 1 (auto-
fluorescent beads) and Peak 2 (dimmest beads) fluo-
rescence as defined by Woods and Hoffman.42 S is
given by the relation

S ¼ l2 � l1
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

SD2
2 þ SD2

1

q ;

where l1 is the mean of the peak 1 fluorescence from
auto-fluorescent beads and l2 is the mean of the peak 2
fluorescence, while SD2

2 þ SD2
1 is the sum of square of

standard deviations from the two peak populations,
respectively.

For blood data analysis, FlowJo (Treestar, Inc.)
commercial software was used. In particular, the aut-
ogating function was employed to analyze the target
cells (lymphocytes). For this purpose the CVS files
obtained from the oscilloscope were converted to FSC
standard file format for flow cytometry. Each dot in
the scatter plots represents one particle passing
through the laser-interrogation point.

The CD4+ lymphocyte counting experiment on the
microfluidic flow cytometer was repeated 10 times with
the same blood sample; the same blood sample was
analyzed once on the commercial flow cytometer. The
presented data indicate the average lymphocyte cells/
lL and the standard deviation from the 10 trials.

RESULTS

Device Design Validation

Figure 2a shows the isocurve obtained of 2.5 lM
FITC at optimized sample and sheath flow rates (15
and 550 lL/min, respectively). The isocurve profile of
the sample fluids indicates a fluid-focusing width of
~4 lm. Using the spray module of CFD-ACE+
software, the behavior of particles in the curved
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microfluidic channel was studied numerically. 10 lm
particles, representing the size of lymphocytes, were
applied to the model and were found to be tightly fo-
cused in the middle of the channel (Fig. 2b). Moreover,
as particles reached the downstream channel, their
single-file behavior was evident from the simulation
results (Fig. 2b). We validated the device design and
simulation results (Fig. 2b) by confocal microscopy.
Figure 2c shows a 69 isometric view of FITC as
sample fluid is focused into a focusing width of ~6 lm.
The side view of the rectangular dashed area in Fig. 2c
is shown in Fig. 2d.

Calibration and Characterization of Detection Signals

We first characterized the performance of our
microfluidic flow cytometry device by subjecting it to a
standard calibration procedure used for conventional
flow cytometers. This step was performed to analyze
and calibrate the results from the three channels (FSC,
SSC, and FL) by using Flow-Check Fluorospheres.
The FSC, SSC, and FL signals were simultaneously
collected via three optical fibers. The resultant peaks
representing individual beads (Figs. 3a–3c) were ana-
lyzed to determine the CV of the light scatter signals

obtained. Mathematically, standard deviation divided
by the mean value of the peak height signifies the CV,
which represents the detection resolution of the flow
cytometer system. FL, FSC, and SSC displayed CVs of
3.92, 3.82, and 9.81%, respectively, as shown in
Figs. 3d–3f. In comparison, CVs from data obtained
using the same beads in the commercial flow cytometer
(Beckman Coulter FC500) were FL = 1.91%,
FSC = 2.14%, and SSC = 6.78%.

Microfluidic Flow Cytometry Calibration

The counting precision of our flow cytometer was
compared with a hemocytometer. The graph in Fig. 4
illustrates the count comparison recorded by the
hemocytometer and our microfluidic flow cytometer at
four concentrations of 7.32 lm PS beads:SDS (10:990,
50:950, 100:900, and 200:800). The count values from
the two instruments indicate a correlation value of
r = 0.9991.

8-Peak Rainbow Calibration

The ability to resolve different fluorescent intensi-
ties determines the resolution with which immunological

FIGURE 2. Simulation results of the single-sheath-fluid-inlet, ‘‘microfluidic drifting’’ device. (a) Simulation of 5 lM fluorescein
(FITC) solution injected into the sheath fluid stream in the device. The isocurve profile (green) indicates that effective three-
dimensional (3D) focusing of the sample fluid is achieved. (b) Simulation of 10 lm polystyrene beads focusing into a single-file line
of particles as they approach the channel downstream. All downstream particles are green-colored indicating their positioning with
respect to height inside the channel. (c) Confocal microscopy Z-stack image using FITC (red) as the sample fluid, indicating
excellent 3D focusing. (d) Confocal side-view image of the rectangular dashed region marked in (c). The 3D focusing of the sample
fluid in the downstream channel is visible.
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studies can be conducted via a particular flow
cytometer and is a pivotal strength of flow cyto-
metric based diagnostic analysis. For evaluating this
parameter, we used stringent 8-peak rainbow cali-
bration (Spherotech Rainbow Calibration Beads)
testing for our microfluidic flow cytometer. Figure 5a
represents the histogram of the eight distinct popu-
lations of fluorescence intensities. The eight peaks
are well separated, and the distribution broadens out
as the fluorescence intensity decreases, as expected.
To determine the linearity of our microfluidic flow
cytometer, we calculated a calibration graph for the
FITC (525 nm fluorescence) channel values vs.
MESF assigned values by Spherotech. Our flow
cytometry chip indicates a correlation value of
r2 = 0.9833 which is within the acceptable range
according to Spherotech. A separation resolution (S)
of 4.28 was calculated for the peak 1 and peak 2 of
the rainbow calibration results.

FIGURE 3. Light signals from 10 lm Flow-Check polystyrene calibration beads. (a) FL, (b) FSC, and (c) SSC were collected in
photomultiplier tubes. Each peak represents an individual bead that passes through the laser-interrogation region. The peaks
collected over a representative timeframe of 100 ms are shown (a–c). The histograms of particle count vs. voltage with respective
CVs for FL, FSC, and SSC are depicted in (d–f).

FIGURE 4. PS bead counts at different dilutions using the
microfluidic flow cytometer compared with a hemocytometer.
Correlation of r 5 0.9991 indicates good congruency between
the count values from hemocytometer and microfluidic flow
cytometer.
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Human Whole Blood Differentiation

The effectiveness for differentiating subpopulations
of human blood by our flow cytometry system was
tested next, and results were compared to a commercial
flow cytometer. Based on physical properties such as
size, refractive index, and granularity, different sub-
populations of whole blood appear in different regions
hence revealing information useful for diagnosis of
diseases. The autogating function of FlowJo software
was implemented to objectively identify different sub-
populations of blood from the results from the two
instruments. Figures 6a and 6b show a comparison of
FSC vs. SSC scatter plots of lysed human whole blood
recorded from the microfluidic flow cytometer and a
commercial flow cytometer. Analyzed results from our
microfluidic flow cytometer and a Beckman Coulter
FC500 indicated granulocytes (61.8 and 62.4%),
monocytes (4.6 and 4.9%), and lymphocytes (25.7 and
26.4%), respectively.

In hematology, information on cell count (i.e.,
number of cells in a volume of blood) is important and
often taken by doctors as a key parameter for deciding
on starting a medical procedure/treatment for patients.
In particular, CD4+ count in human blood is recog-
nized as an indicator of the strength of the human
immune system against HIV. This information is often
used to decide a timeline for the start of antiretroviral
treatment in HIV-infected patients. In an effort to
showcase the ability of our microfluidic flow cytometer
to produce reliable cell count results, lysed whole
blood stained with monoclonal Alexa Fluor 488-la-
beled anti-human CD4 antibody was used to perform a
CD4+ cell count. CD4+ cells stained with the anti-
CD4 antibody were expected to bind to the antibody
and therefore emit higher-intensity fluorescence at
525 nm compared with unstained cells or cells lacking
CD4 due to the presence of Alexa Fluor 488. FlowJo

software was used for gating of lymphocytes to elimi-
nate monocytes, which also express CD4, from the
fluorescent signal analysis. As expected, when analyzed
on the microfluidic flow cytometer CD4+ lympho-
cytes displayed increased fluorescence intensity com-
pared with other lymphocytes, as shown in Fig. 7a.
The experiment was repeated 10 times to give an
average concentration of 858 cells/lL ± 18.89 (18.4%
of lymphocytes), compared with 894 cells/lL (19.2%
of lymphocytes) counted via a Beckman Coulter
FC500 (Fig. 7b). The results show good congruency
between the microfluidic cytometry system and the
bulky, commercial flow cytometer, which has expen-
sive and specialized peripheral optics and electronics to
achieve high-precision results.

DISCUSSION

In this study we characterized the precision, accu-
racy, and sensitivity of the ‘‘microfluidic drifting’’ flow
cytometry device using standardized beads and com-
pared the performance of our device with that of a
conventional flow cytometer. The results from our
microfluidic flow cytometer showed good agreement
with those obtained from the commercial flow
cytometer. Furthermore, the microfluidic flow cytom-
eter was demonstrated to perform whole blood ana-
lysis and CD4+ lymphocyte counts comparably to a
conventional flow cytometer.

Fluidics play a vital role in contributing to the res-
olution and hence the reliability of a flow cytometer.
Our microfluidic flow cytometry device was optimized
via CFD-ACE+ software (ESI Group) simulations to
utilize a single inlet for the sheath fluid to reduce the
number of pumps required for sheath fluid injection.
This simple approach improves the portability and
cost-effectiveness of our device. Comparison of the

FIGURE 5. (a) Histogram of a suspension of rainbow calibration beads exhibiting eight clear eight populations. The FITC fluores-
cence intensity is calibrated in MESF scale (Spehrotech). (b) The graph depicts the MESF values assigned by Spherotech Microsoft
Excel template compared with the measured FITC values indicating the linearity of our microfluidic flow cytometry device.
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three parameters (FSC, SSC, and FL) of our micro-
fluidic device (FL = 3.93%, FSC = 3.82%, and
SSC = 9.81%) to a commercial flow cytometer
(FL = 1.91%, FSC = 2.14%, and SSC = 6.78%)
show slightly larger CV values. Potential contributors
to this increase in CV may be from excess light re-
flected from channel side walls and possibly undesir-
able interface of the optical fiber and the PDMS
channel.23,25,45 Moreover, for the analysis of peak data
from the oscilloscope, we utilized a MATLAB code,
which can perform only basic noise filtering. In the
future, we will use integrated data acquisition cards
(e.g., USB based or high-speed integrated cards from
companies such as CONTEC and Texas Instruments)

to eliminate the use of large, expensive oscilloscopes
for POC deployment. Furthermore, for a fair com-
parison we did not use gating for analysis of Beckman
Coulter FC500 data. Finer software processing could
significantly eliminate the signal noise resulting from
doublets, debris, etc. (especially due to the gating
ability of software such as FlowJo).

The usefulness of flow cytometry in hematology and
immunological studies relies on its ability to resolve the
fluorescence intensities from immunostaining. The
sensitivity of a flow cytometer to resolve dimly fluo-
rescent cells is often measured by subjecting it to an 8-
peak rainbow calibration test. In this test, eight pop-
ulations of similarly sized fluorescent beads stained

FIGURE 6. Comparison of forward scatter vs. side scatter plot of lysed whole blood from (a) the microfluidic flow cytometer vs.
(b) a commercial Beckman Coulter FC500 flow cytometer. Each dot indicates a single cell. Percentages of different subpopulations
such as Granulocytes (Gr), Monocytes (M), and Lymphocytes (Ly), red outlined region indicative of general location of these cells,
were obtained via the autogating function of FlowJo software.

FIGURE 7. Comparison of Alexa Flour 488-labeled anti-CD4 stained whole blood on (a) the microfluidic flow cytometer and (b) a
commercial Beckman Coulter FC500 flow cytometer. The black curve represents an unstained control sample of the blood and the
colored curves represent the stained sample. Before fluorescence analysis, cells were gated on lymphocytes, as shown in Fig. 6,
to exclude monocytes, which also express CD4.
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with varying amounts of dyes are used to determine a
number of factors that affect the sensitivity of the flow
cytometry system, including linearity and sensitivity.
As a result, from a well-calibrated flow cytometer
system of known linearity, the fluorescent staining level
of unknown stained cell samples can be calculated. To
achieve this, Spherotech has assigned MESF values for
each bead’s representative peak. After the 8-peak
rainbow histogram results were obtained for our device
(Fig. 4a), the relative channel number of each of the 8
populations were plotted against the MESF value as-
signed by Spherotech to obtain the calibration plot as
shown in Fig. 4b. Our presented 8-peak rainbow cali-
bration results demonstrate eight distinct populations
of fluorescent intensities. The relationship between our
device’s fluorescence intensity scale and the MESF
scale had a correlation value of r2 = 0.9833, indicating
an adequate linearity of our flow cytometry system
(Fig. 4b).

The eight populations of fluorescent peaks spread
progressively from 8 through 1, as expected. However,
the first peak (from non-fluorescent beads) and second
peak (dimmest) slightly overlapped due to instrumen-
tal noise and/or imperfect focusing. Nevertheless, these
results indicate that differentiating between cells with
weak fluorescence intensity and those with autofluo-
rescence is feasible with our microfluidic flow cyto-
metric device. To quantitatively evaluate the resolution
of the peaks 1 and 2, the separation resolution statistic
(S) can be used. Our device’s S value of 4.28 indicates
sensitivity within acceptable range as defined by
Woods (>3 is acceptable).34 These results demonstrate
that our microfluidic flow cytometer is able to resolve
dim fluorescence even down to 486 MESF value
(dimmest peak) while maintaining satisfactory linearity
at higher staining levels.

Reliable cell counting is an important aspect of
commercial flow cytometers. However, the required
addition of counting beads to the target cell sample, as
practiced in current flow cytometers, is not only te-
dious but also expensive. Our microfluidic flow
cytometer eliminates this additional step, thus leading
to simplicity and ease of operation without affecting
the reliability of results. The comparison of PS bead
counting with results from a hemocytometer clearly
indicates (r = 0.9991) the reliability of the counting
results from our microfluidic flow cytometer.

Autogating of subpopulations of whole lysed blood
data from our microfluidic flow cytometer and the
Beckman Coulter FC500 show comparable percent-
ages (Figs. 6a and 6b) of granulocytes, monocytes, and
lymphocytes, indicative of our device’s potential as a
reliable flow cytometer with a much smaller footprint.
The comparison of CD4+ lymphocyte cell counting
results between our microfluidic flow cytometer and

the commercial flow cytometer showed counts from
each instrument that were close but indeed exhibited
some variations. Since the autogating function of
FlowJo software was used for the two flow cytometry
data analyses, subjective human gating bias is not
responsible. The variations seen in the spread of scatter
results and CD4+ lymphocyte enumeration most
likely can be explained by the inherent variation of
individual flow cytometry instruments, since similar
variances in data are also observed between different
commercial flow cytometers.24 Thus, our microfluidic
device appears to produce reliable cell counts compa-
rable to a commercial flow cytometer.

In summary, we demonstrate a compact, cost-
effective, high-resolution microfluidic-based flow
cytometer capable of performing blood analysis with
results similar to a large commercial flow cytometer. It
has the potential to evolve as an inexpensive POC
device that is portable, inexpensive, and simple to use,
and requires minimal sample and reagents.
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