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Abstract This study reports on an integrated microfluidic
system capable of counting CD47/CD8" T lymphocytes
from a whole blood sample, which may be further applied
for the rapid screening of the human immunodeficiency
virus (HIV) infection. This system is composed of a sample
incubation module for fluorescence-labeling of the target
cells and a micro-fabricated flow cytometry module for cell
counting. First, a pneumatically driven, vortex-type micro-
mixer has been adopted for the fluorescence-labeling of
CD41/CD8" T lymphocytes from whole blood. After the
labeling process, different laser-excited fluorescent signals
are detected and are used for counting of CD4"/CD8* T
lymphocytes as they pass through the detection region of
the microflow cytometer. A concentration of 963 cells/pl is
counted for cultured CD4™1 T lymphocytes with a reference
concentration of 1000 cells/pl. The ratio of CD47/CD8* T
lymphocytes is then calculated. Experimental results show
that the results from the microsystem are in agreement with
the ones from large-scale flow cytometers. In addition, the
entire diagnostic procedure, including the sample incuba-
tion and the cell counting, can be automatically performed
within 35 min. Therefore, this may become a powerful tool
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for further biomedical applications, especially for fast
screening of HIV infection.
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1 Introduction

The global HIV infection pandemic HIV infection has been
a serious threat to human beings. It may lead to the
acquired immunodeficiency syndrome (AIDS) where the
immune system fails and causes the body to become sus-
ceptible to life-threatening infections (Tsoukas and
Bernard 1994). Therefore, there is a great need for a fast
and accurate diagnostic method for HIV infection. Briefly,
there are several existing methods which can be used for
identifying a HIV infection, including (1) a serological
diagnosis approach such as western blotting (Guan 2007),
enzyme-linked immunosorbent assay (ELISA, Robinson
et al. 1990) and an agglutination test (Monzon et al. 1992)
either to detect HIV p24, which is a core protein in the HIV
particles, to measure anti-HIV antibodies, (2) a molecular
diagnosis approach such as real-time polymerase chain
reaction (RT PCR) to quantitatively measure the HIV viral
load (Lewin et al. 1999), and (3) a cell-based assay to
measure CD4 absolute counts or the CD4/CDS§ ratio
quantified by using flow cytometry (Balakrishnan et al.
2004; Dieye et al. 2005; Strauss et al. 1996). Western
blotting, ELISA and an agglutination test could capture
HIV surface proteins or anti-HIV antibodies, and therefore,
they can be used for fast screening of a HIV infection.
However, the sensitivity of these serological diagnosis
methods is usually not satisfactory. Besides, the time
window for the spread of an AIDS infection can be a
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serious concern for blood transfusion. Alternatively, a viral
load measurement can be accurately performed by using
the RT PCR method. However, bulky and costly instru-
ments are usually required, which may be not available for
resource-limited regions or in underdeveloped countries.
Furthermore, well-trained personnel are required to per-
form these relatively complicated and lengthy protocols.
More importantly, the contamination risk due to the han-
dling of infected samples is a serious issue.

The CD4*1 T lymphocyte counts are adopted to identify
the HIV infection. The CD4" T lymphocyte counts are
expressed as the absolute number of CD4" T lymphocytes
per micro-liter of blood for adults, and a percentage of total
lymphocytes or total T lymphocytes for children. Further-
more, the measurement of the ratio of the CD41T/CD8" T
lymphocytes is also essential to monitor the course of the
infection and determine the antiretroviral medications
(Tsoukas and Bernard 1994). Therefore, the prognostic and
therapeutic implications of the absolute CD4™ T lympho-
cytes counts and the ratio of the CD4"/CD8* T lympho-
cytes are used to form most HIV treatments decisions
(Mellors et al. 1997; O’Brien et al. 1996, 1997). However,
it is necessary for each HIV-infected patient to perform the
CD4"/CD8" T lymphocyte counts using flow cytometry
every 3—6 months. Flow cytometer is a crucial instrument
for detecting one type of lymphocyte from another by
labeling different fluorescent antibody probes specific for
CD4 and other cell surface markers and excited by laser
(Balakrishnan et al. 2004; Dieye et al. 2005; Strauss et al.
1996). However, several concerns regarding the use of a
large-scale flow cytometer, including the relatively high
cost and the relatively high consumption of blood samples
and reagents, have made this instrument difficult to use in
resource-limited settings. Thus, an inexpensive and user-
friendly CD4 diagnostic tool urgently has to been devel-
oped (Glencross et al. 2002a, b; Huff 2001). For instance,
recently, a CD4 counting device designed for resource-
limited settings was reported, in which the capture of
leukocytes and imaging of the CD4 subset were carried out
on a membrane within a miniaturized flow cell (Rodriguez
et al. 2005). However, this device still requires off-line
sample preparation, including labeling of the blood sam-
ples, and fluorescence-based detection for imaging and
counting of target cells.

Microfluidic systems have been a promising tool for
clinical diagnostics. They are based on micro-electro-
mechanical systems (MEMS) fabrication technologies.
Critical functions such as sample preparation, mixing,
reaction, transport, separation, and detection of biosamples
can be performed on a single chip in an automated manner.
The advantages of these microfluidic systems include
smaller amounts of required samples and reagents, faster
analysis, and higher sensitivity. Also, the functionality and
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reliability of these microfluidic systems could be signifi-
cantly enhanced with the integration of other multi-func-
tional components. However, biological samples and
reagents usually still use external, automated, large-scale
instruments for sample transport. Moreover, intensive
human labor is inevitable. To address these problems,
microfluidic systems integrated with micro-valves and
micro-pumps can be used to automate the entire process
(Dittrich and Manz 2006; Dittich et al. 2006; Huh et al.
2005; Lin et al. 2010; Lui et al. 2009; Radisic et al. 2006;
Toner and Irimia 2005; Voldman 2006; Wu et al. 2010).
With this approach, a compact and automated, microfluidic
system 1is feasible.

Recently, CD4 cell counting devices using microfluidic
technology have been reported (Cheng et al. 2007a, b). The
microfluidic channels were first functionalized with
immobilized anti-CD4 antibodies for isolation of the CD4™
T lymphocytes. Then CD3"/CD4" T lymphocytes were
counted under an optical microscope. In order to avoid
using an optical microscope for the counting process,
microfluidic chips with lens-less imaging of target CD4" T
lymphocytes were also reported (Moon et al. 2009;
Rodriguez et al. 2005). Alternatively, counting the number
and the percentage of CD4" T lymphocytes in a poly-
dimethylsiloxane (PDMS) microchannel were reported
recently (Thorslund et al. 2008). Anti-CD4 antibodies were
immobilized on one side of a microfluidic chip to capture
CD4" T lymphocytes from whole blood. A charge-coupled-
device (CCD) sensor was used to detect these captured cells
through an optically transparent chip by lens-less shadow
imaging techniques. Another demonstrated approach was to
use an optical fluorescence detection scheme with resistive
pulse sensing enhanced by a metal-oxide-semiconductor-
field-effect-transistor (MOSFET, Wang et al. 2008). When
a cell passed the sensing channel, the resistive pulse
sensing and fluorescence detection were operated concur-
rently. The MOSFET recorded all of the cell events, while
the fluorescent signals only recorded the cells with a spe-
cific fluorescent tag. With this approach, the percentage of
the specific cells can be counted. However, the integration
of MOSFETs with microfluidic devices is still challenging.
Besides, simultaneous CD4/CD8" T lymphocyte counts
were not yet performed. Recently, four differential leuko-
cyte counts of human blood including neutrophils, eosin-
ophils, lymphocytes, and monocytes by a microflow
cytometer were reported (Shi et al. 2010). A two-color
laser-induced fluorescence detection scheme was adopted.
However, the reagent and the blood sample were still
incubated utilizing a conventional bench-top machine.

This study, therefore, reports a new integrated micro-
fluidic system comprising of a micro incubation module
and a microflow cytometer module to perform the sample
incubation and the CD4*/CD8" T lymphocyte count. The
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sample incubation module is comprised of a pneumatically
driven, vortex-type micro-mixer (Yang et al. 2009a) to
automatically perform the incubation between CD4%/
CD8™" T lymphocytes and anti-CD3/CD4/CD8 antibodies,
respectively, which increases incubation efficiency and
decreases the reaction time. After the incubation process,
different laser-induced fluorescence signals are used to
measure the CD41/CD8" T lymphocyte counts by adopt-
ing a micro-fabricated flow cytometry system (Yang et al.
2006). More importantly, the entire process can be per-
formed automatically within a short period of time
(35 min). To the best of our knowledge, it is the first
integrated device for performing the incubation and cell
counting for CD4"/CD8* T lymphocytes.

2 Experimental
2.1 Chip design and fabrication

This study reports a new microfluidic system capable of
automatic counting the CD41/CDS8" T lymphocyte by
integrating a sample incubation module and a microflow
cytometry module on a single chip. Figure la schemati-
cally illustrates the microfluidic system integrated with two
functional modules. The sample incubation module com-
prised an incubation chamber and a pneumatically driven,

35 mm
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Fig. 1 a Schematic illustration of the integrated microfluidic system
for counting of CD41/CD8™" T lymphocytes. The functional compo-
nents including a sample incubation module and a micro flow
cytometry module are integrated on a single chip. b A photograph of
the assembled microfluidic system. The width and length of the chip
are measured to be 55 and 65 mm, respectively. ¢ A schematic
illustration of the optical detection unit

vortex-type micro-mixer (Yang et al. 2009a). The micro-
mixer consists of three flange-type individual PDMS
membranes. Since the air chambers are connected with the
air channels, the three membranes are deflected sequen-
tially by the supplied compressed air to generate a vortex-
type flow field inside the incubating chamber. Therefore,
the mixing procedure between the fluidic samples is rapidly
carried out by the vortex-type micromixer. It is used for the
incubation process between the CD41/CD8% T lympho-
cytes and the anti-CD4/CD8/CD3 antibodies.

The microflow cytometry module consists of a micro-
fluidic focusing unit for sample flow focusing in the mi-
crochannel and an optical detection unit for cell counting.
The microfluidic focusing unit in the microflow cytometry
module provides the required hydrodynamic forces for flow
focusing utilizing three pneumatic micro-pumps (one for
sample flow and two for sheath flows, Chang et al. 2007b).
The pneumatic micro-pump is also used as the micro-valve
to avoid the leakage during the mixing process. In this
approach, a pneumatic micro-pump featuring an S-shape air
microchannel with a normally closed valve has been
adopted. Fluid is driven by the hydrodynamic pressure
generated by the peristaltic action of PDMS membranes
located at the intersection of the fluidic microchannel and
the S-shape air microchannel (Yang et al. 2009b; Wang and
Lee 2006). Thus, the CD4+4-/CD8+ T lymphocytes with the
fluorescent-labeled anti-CD3/CD4/CD8 antibodies were
driven using the pneumatic micro-pump to flow into the
microchannel after the labeling. In addition, the hydrody-
namic flow focusing of the sample flow is achieved without
using large-scale syringe pumps, and it take only 3 s for
establish a steady flow rate for hydrodynamic focusing.
With this approach, cells can flow through the detection
region downstream in a single file. Therefore, the fluores-
cent-labeling process of CD47/CD8* T lymphocytes from
whole blood and the absolute counting of CD4"/CD8" T
lymphocytes can be achieved in an automatic manner by
using the integrated microfluidic chip to avoid any con-
tamination risk from handling infected samples.

The proposed microfluidic system is fabricated using
MEMS processes. Briefly, a layer of SU-8 negative thick
photoresist (PR, MicroChem Corp., MA, USA) is first spun
onto a silicon substrate and is subject to a soft bake process
at 65°C for 10 min and at 95°C for 30 min. A standard
lithography process with an exposure dose of 575 mJ/cm?
is then performed and is followed by a post-exposure bake
process at 65°C for 3 min and then at 95°C for 10 min. The
SU-8 development process is completed by immersing the
exposed substrates into a developer solution (SU-8
Developer, MicroChem Corp) and ultrasonic agitation is
used to obtain well-defined SU-8 structures. The depths of
all SU-8 templates are measured to be 100 pm. In addition,
the width of the S-shape micro-pump and the flow focusing
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microchannel are 250 and 100 pum, respectively. The
dimensions of the PDMS membranes in the micro-mixer
are 4500 pm in width and 7500 pm in length. The
dimensions of the connecting air channel are 4500 pum in
length and 100 pm in width.

Then, the SU-8 template is replicated using a PDMS
(Sil-More Industrial Ltd., Sylgard 184A and Sylgard 184B)
casting process to form microfluidic structures with inverse
images. Another PDMS thin layer with a thickness of
100 pm is formed using a similar process, and then the
double-layer PDMS is surface-treated with oxygen plasma
and bonded together to form the vortex-type micro-mixer
and three S-shape micro-pumps. The two-layer PDMS are
finally bonded onto a glass substrate using an oxygen
plasma treatment. Figure 1b shows a photograph of the
integrated microfluidic system with the sample incubation
module and microflow cytometry module after assembly.
The dimensions of the integrated microfluidic system are
measured to be 65 x 55 mm, respectively.

2.2 Experimental setup and operating procedures

A sample incubation process using the vortex-type micro-
mixer is first performed to bind the fluorescent-labeled
antibodies with target CD4*/CD8" T lymphocytes in the
human blood. The air chambers of the micro-mixers are
placed above the liquid layer. Vortices are induced by the
time-phased deflection of neighboring PDMS membranes as
the membranes are actuated with compressed air regulated
by an electromagnetic valve (EMV, SO7T0M-5BG-32, SMC
Inc., Japan) and air compressor (MDR2-1A/11, JUN-AIR
Inc., IL, USA). These three flange-type PDMS membranes
are moved up and down sequentially by injecting com-
pressed air into the cavities formed between the PDMS
structures. The driving frequency of the EMV is regulated
utilizing a micro-controller (ATMEGAS8353, ATMEL
Corp., USA) such that the target CD4"/CD8" T lympho-
cytes and the anti-CD3/CD4/CD8 antibodies conjugated
with cyanine dyes modified with either a —-NO, group (CyQ
for CD3), fluorescein isothiocyanate (FITC for CD4), or R-
Phycoerythrin (R-PE for CDS8) fluorescent proteins,
respectively, can be homogeneously mixed in the sample
incubation chamber. The micro-mixer is characterized uti-
lizing a high-speed CCD camera (MCI1311, Mikrotron,
Germany).

After the incubation process, the CD47/CD8" T lym-
phocytes surface-bound with fluorescent-labeled antibodies
are then transported into a microfluidic focusing unit and
are detected by an optical detection unit. Three pneumatic
micro-pumps are used to provide the required hydrody-
namic forces in the microflow cytometry module and are
actuated with compressed air regulated by an EMV and an
air compressor. In addition, the optical detection unit (as
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shown in Fig. 1c) consists of one 473 nm solid-state laser
diode (MBLS, CNI Corp., China), three 495 nm/535 nm/
625 nm long-pass dichroic mirrors (DCLP, Lin Trading
Co., Ltd.), three filters (515 &£ 30, 575 &£ 30, and 675 &
50 nm, Chroma Technology Corp., USA), and three photo-
multiplier tubes (PMTs, R928, Hamamatsu, Japan). The
system including optical detection and pneumatically
driving units is cheaper and smaller than the conventional
machine. A laser source with a 473-nm wavelength is used
to excite the fluorescent-labeled antibodies bound on the T
lymphocytes when the focused cell sample flows through
the optical detection region. Each signal peak indicates the
fluorescent intensity of the antibodies conjugated on the
CD4"/CD8" T lymphocytes. The three different optical
signals corresponded to the CD3"/CD4"/CD8" T lym-
phocytes, respectively.

The entire process including the sample incubation
between the anti-CD3/CD4/CD8 and CD4"/CD8" T lym-
phocytes, and the CD4"/CD8" T lymphocyte counting is
described as follows. It has been experimentally found that
red blood cells (RBCs) may affect the measurement of T
lymphocytes. Therefore, the centrifugation procedure was
first performed to separate RBCs without lysing for the use
of the large sample volume to increase the accuracy of the
fluorescence measurement. Then, the 400-ul centrifuged
blood without the RBCs and 8-pl anti-CD3/CD4/CD8
antibodies mixture are individually placed into a sample
incubation chamber to perform the incubating procedure
using the micro-mixer operated at 1 Hz with an applied
pressure of 20 psi for 30 min. By using the affinity between
the antibodies and the surface antigens of the T lympho-
cytes, the target CD4/CD8" T lymphocytes are specifi-
cally incubated with the anti-CD3/CD4/CDS antibodies.

After the incubation process, the CD47/CD8" T lym-
phocytes surface-bound with fluorescent-labeled antibodies
are first focused hydrodynamically by two neighboring
sheath flows which are used to squeeze the central sample
flow into a narrow stream. At a constant applied air pres-
sure of 20 psi, the flow rates of the sample flow and the
sheath flow are measured to be 75 and 150 pl/min,
respectively, at an operating frequency of 15 and 25 Hz for
EMVs. Then, the CD4"/CD8% T lymphocytes surface-
bound with fluorescent-labeled antibodies individually flow
past incident laser beams for optical detection. The dif-
ferent laser-induced fluorescent signals are used to calcu-
late the absolute CD4"/CD8™ T lymphocyte count and the
ratio of CD4%/CD8" T lymphocytes over a period of
5 min. The schematic of the incubating and the counting
process is shown in Fig. 2. In this approach, the CD4" T
lymphocytes are counted only when both signals for anti-
CD3 and anti-CD4 antibodies are induced at the same time.
Similarly, the CD8" T lymphocytes are also counted when
both induced signals for anti-CD3 and anti-CD8 antibodies
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Fig. 2 The schematic illustration of the operating procedure for
counting of CD4+/CD8+ T lymphocyte

appear simultaneously. Therefore, the CD41/CD8t T
lymphocytes absolute count can be accurately monitored in
real-time.

2.3 Reagent and sample preparation

CD3 is a specific surface antigen of the T lymphocytes,
which is expressed in all T lymphocytes. In addition, CD4
and CD8 are the helper and cytotoxic specific surface
antigen for T lymphocytes, respectively (Anderson et al.
1996; Shortman and Wu 1996; Zuiiga-Pfliicker and Le-
nardo 1996). Thus, CD3"/CD4" and CD3*/CD8* T lym-
phocytes are identified as the helper and cytotoxic T
lymphocytes, respectively, in this study. In order to capture
mature T lymphocyte cells, a mixture of commercial
mouse anti-CD3/CD4/CDS8 antibodies (Affinity BioRe-
agents'™, USA) is used. The anti-CD3/CD4/CDS8 anti-
bodies are conjugated with CyQ, FITC, and RP-E
fluorescent proteins, respectively, which can be simulta-
neously excited by a 488-nm laser diode. The emission
wavelengths of the FITC, RP-E, and CyQ fluorescent
proteins are 520, 576, and 760 nm, respectively. It is
possible for excessive fluorescent-labeled antibodies to
increase the noise level when measuring the fluorescent
signals. To optimize the volume of fluorescent-labeled
antibodies, five different volume ratios (2.5:1, 20:1, 50:1,
100:1, and 200:1) for pretreated whole blood (without
RBCs) and the anti-CD3/CD4/CDS8 antibodies mixture are
tested to perform a CD41/CD8™" T lymphocyte count using
the conventional flow cytometer to optimize the operating
conditions for sample incubation. A CD47/CD8" T lym-
phocyte count with a volumetric ratio of 50:1 is then
experimentally determined to yield optimum signals.
Therefore, the T lymphocyte counts are carried out with a
biosample/antibody volumetric ratio of 50:1 in this study. It
could reduce the cost of the measuring process since the
amount of the antibodies can be reduced.

Then, the whole blood samples are also used to count
the CD47/CD8" T lymphocyte ratio in addition to the
cultured CD4% T lymphocytes. Under informed consent,
blood samples have been obtained from healthy donors.

Blood is obtained from veins (3 ml) using a needle and a
syringe and stored in a 3-ml tube containing Kj-ethylene-
diamine tetra acetic acid (K;EDTA). Before performing
sample incubation and the CD47/CD8" T lymphocyte
counting procedure, the 2-ml blood samples are first cen-
trifuged at 3000 cycles/min (rpm) for 2 min to separate the
RBCs to remove the influence of the RBCs during the
CD41/CD8" T lymphocyte counting process. Then, the
pretreated blood with a volume of 400 pl and anti-CD3/
CD4/CD8 antibodies mixture with a volume of 8 ul are
individually placed into the sample incubation chamber for
the incubating procedure. The biosamples are also analyzed
utilizing conventional multicolor flow cytometry analysis
(FACSAria, Becton, Dickinson and Company, USA) in
parallel to calculate the CD4/CD8 ratios.

3 Results and discussion
3.1 Characterization of microfluidic components
3.1.1 Vortex-type micro-mixer

In this study, a pneumatically driven, vortex-type microm-
ixer has been adopted to form the sample incubation module
so that efficient mixing can be achieved within a short
period of time. The micro-mixer is first characterized uti-
lizing a high-speed CCD. As shown in Fig. 3a. 400-pl of
deionized (DI) water and 2-pul of blue ink are first placed in
the mixing chamber. Then the micro-mixer is actuated at
1 Hz at an applied pressure of 20 psi. The experimental data
reveals that the mixing of the DI water and the blue ink is
completed within 1.2 s. Therefore, the mixing procedure
with 400-pl sample would be completely achieved using the
micro-mixer. In addition, the captured photographs at 0 and
1.2 s are analyzed using digital image processing tech-
niques to evaluate the mixing efficiency. A mixing index (o)
is used to quantify the mixing performance of the micro-
mixers, and is defined as follows (Yang et al. 2009a):

Jler = cilaa
A

o(A) = x 100% (1)

"o —ctjoa
A

where g(A) is the mixing index with respect to the local
normalized concentration (C) distributed within the area
of the incubation chamber (A). CO+ is the initial condition of
the normalization state, and Cj0 is the normalized con-
centration for the completely mixed state (=0.5). The value
of o is set to be 100% while the samples are completely
mixed. Conversely, ¢ is 0% if the samples are completely
unmixed. The mixing index is found to increase from 17.08
to 96.74% for this case.
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Fig. 3 a The mixing motion is
observed by using a high-speed
CCD. b CD4" T lymphocytes
are captured by magnetic beads
surface-conjugated with
fluorescent-labeled anti-CD3/
CD4 antibodies. ¢ The
relationship between the
pumping rate and the driving
frequency of the EMV at
applied pressures of 10, 20, and
30 psi, respectively. d The flow
of T lymphocytes is focused and
squeezed into a narrow stream
(about 20 um wide) by the
surrounding sheath flows
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In order to verify that anti-CD3/CD4 antibodies can
efficiently capture target cells, magnetic beads surface-
conjugated with the anti-CD3/CD4 antibodies are used for
capturing the CD4™" T lymphocytes. Figure 3b shows that a
CD4" T lymphocyte is captured by the magnetic beads
conjugated with anti-CD3/CD4 antibodies after incubation
for 30 min by using the micromixer. This indicates that the
anti-CD3/CD4 antibodies can correctly capture the CD4™
T lymphocytes.

3.1.2 S-shape micro-pump

In order to precisely and rapidly transport the reagents and
bio-samples, a pneumatic micro-pump previously devel-
oped in our group has been modified and is integrated into
this microfluidic system (Yang et al. 2009b; Wang and Lee
2006). The pneumatic S-shape micro-pump integrated with
a normally closed valve is composed of four PDMS
membranes. The normally closed valve of the micro-pump
is a PDMS-based floating block structure located inside the
liquid channel, which is activated by hydraulic pressure
generated by the peristaltic motion of the PDMS mem-
branes. The normally closed micro-valve can efficiently
prevent back flow and contamination without external
applied power. Furthermore, the pumping rate can be sig-
nificantly increased by stopping the back flow utilizing this
normally closed micro-valve. The relationship between the
pumping rate and the driving frequency of the EMV at
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three different applied pressures of 10, 20, and 30 psi is
shown in Fig. 3c. The maximum value of the pumping rate
is measured to be 210 pl/min at a driving frequency of
30 Hz but starts to decrease at higher driving frequencies
due to the limitation of the frequency response of the entire
system. It is observed that the pumping rate also increased
with the increasing pneumatic pressure.

Note that three pneumatically driven micro-pumps are
adopted for pumping sample and sheath flows. At a con-
stant applied air pressure of 20 psi, the flow rates of the
sample flow and the sheath flow are measured to be 75 and
150 pl/min, at an operating frequency of 15 and 25 Hz for
EMVs, respectively. As shown in Fig. 3d, the width of the
focused sample flow can be as small as 20 um. This flow
focusing assures that cells pass in a single file through the
subsequent optical detection region.

3.2 T lymphocyte counting

3.2.1 CD4" T lymphocyte counting using cultured
CD4 cells

Flow cytometry has advanced significantly with the
development of both fluorescent dye synthesis and high-
speed optical analytical technologies. This powerful plat-
form has become a routine clinical apparatus. In this
study, a microflow cytometry module equipped with a
473-nm exciting laser has been adopted for counting of
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lymphocytes with theirs surfaces bound with fluorescent-labeled
a anti-CD3 and b anti-CD4 antibodies flow through the optical
detection region. ¢ The CD4" T lymphocytes are counted when both
signals for anti-CD3 and anti-CD4 antibodies are induced at the same
time

CD41/CD8" T lymphocytes. The specificity of target
biosamples is verified by using cultured CD4% T lym-
phocytes. First, 400 ul of cultured CD4" T lymphocytes
with a concentration of 1000 cells/ul is placed into the
incubation chamber and is incubated with an 8 pl mixture
of commercial antibodies for 30 min. The incubation is
performed by actuating the micromixer at a driving fre-
quency of 1 Hz and at a pressure of 20 psi. Therefore, the
nominal concentration of the CD4+4 T lymphocytes was
980 cells/ul. Then, the absolute CD4™ T lymphocytes are
counted by using the microflow cytometry module. The
integrated microfluidic chips may be reusable after thor-
ough rinsing and washing processes. However, these chips
were used only once in this work to avoid the contami-
nation issue. Figure 4 shows the experimental results for
the optical detection of the CD4" T lymphocytes in the
microflow cytometry module. A threshold line for T
lymphocytes labeled with anti-CD3/CD4 antibodies 1is
used to differentiate between signals and noise. For the
400-pl cultured CD4" T lymphocytes with a concentra-
tion of 1000 cells/pl, a subset of the induced signals for
anti-CD3 and anti-CD4 antibodies are successfully coun-
ted, as shown in Fig. 4a and b, respectively. The 993 and
973 peaks in the induced signals for anti-CD3 and anti-

Time (sec)

T helper cells

CD4 antibodies, respectively, counted for the 1-pl sample.
Thus, only 13 and 7 peaks for anti-CD3 and anti-CD4
antibodies, respectively, are missed. However, the CD4™
T lymphocytes would be counted when both signals of
anti-CD3 and anti-CD4 antibodies are simultaneously
- induced, as shown in Fig. 4c. Thus, a concentration of
963 cells/ul is measured for cultured CD4" T
lymphocytes.

The missing counts could be caused either during the
sample incubation procedure or the hydrodynamic flow
focusing procedure. The conjugation between the cultured
CD4" T lymphocytes and the anti-CD3/CD4 antibodies
may not be 100% complete within the short incubation
time even though the optimum incubation time has been
experimentally determined to be 30 min in this study. This
is because the conjugation may be broken during the
mixing procedure. Besides, the fluorescent-label antibod-
ies might also conjugate with the cell debris to increase

— Anti-human CD3 antibodies

— Anti-human CD4 antibodies

the fluorescence signal detection. Therefore, the CD4T T

8.4 86 8.5 ' 9 lymphocytes would not be counted since the CD4" T
Time (sec) lymphocytes might conjugate with only anti-CD3 or anti-
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CD4 antibodies. Furthermore, a two-dimensional hydro-
dynamic flow focusing has been adopted in this study to
squeeze the cultured CD4" T lymphocytes into a narrow
stream. However, the size of the cultured CD4"T T lym-
phocytes is about 15 pm, which is smaller than the depth
of the microchannel (100 pm). Thus, there might be two
or more cultured CD4" T lymphocytes flowing simulta-
neously through the detection region downstream in the
vertical direction. Therefore, reducing the depth of the
microchannel or the use of three-dimensional hydrody-
namic flow focusing may improve the counting accuracy
(Chang et al. 2007a).

3.2.2 T lymphocyte counting from human blood samples

Next, human blood samples collected from seven volunteers,
with informed consent, is used to perform the entire proce-
dure which includes sample incubation and the counting of
CD41/CD8" T lymphocytes utilizing the prototype inte-
grated microfluidic system. During the CD41/CD8"
T lymphocyte counting procedure, it is observed that the
light scattering induced by the RBCs may affect the count.
It would be difficult to differentiate the signals from the
RBCs and the CD4" and CD8" T lymphocytes conjugated
with fluorescent-labeled antibodies. Therefore, pretreated
blood samples without RBCs are used in this study. Here,
the signal peaks are counted when a signal-to-noise (S/N)
ratio is greater than 3. The 3000-pl blood samples is first
centrifuged at 3000 rpm for 2 min to separate the RBCs
prior to performing the diagnostic procedure. Then, the
400-ul of blood samples without RBCs is used to perform
the incubation and cell counting procedures by using the
prototype microfluidic chip. For comparison, 400-ul of
blood samples with RBC separation is also incubated by
using a bench-top shaker and are tested by using a large-
scale flow cytometer. The fluorescent signals from one
pretreated blood sample labeled with anti-CD3/CD4/CD8
antibodies are shown in Fig. 5. Compared to the CD4"/
CD8™ T lymphocyte count with whole blood (not shown
here), the signal peaks from the anti-CD3/CD4/CD8 anti-
bodies can be easily counted with a threshold S/N ratio of
more than 3 for the blood samples without RBCs. However,
the background noise signals (2.5-3 mV) for the blood
samples without RBCs is higher when compared to the ones
for the cultured CD4" T lymphocytes (0.25-0.5 mV), as
shown in Fig. 4, which may be caused by the autofluores-
cence of cell debris. To improve the signal-to-noise ratio in
the fluorescence detection, it is suggested to separate the
cell debris from T lymphocytes by integrating the micro-
filter into the microfluidic chip in the future. In addition, the
optical filter transmitting a narrow band of wavelength
could be adopted to block the non-specific wavelength to
decrease the background noise.
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Fig. 5 The T lymphocytes bounded with a anti-CD3, b anti-CD4,
and ¢ anti-CDS8 antibodies are detected using the optical detection
module

In addition, Table 1 lists the cell counting data by uti-
lizing the conventional flow cytometer and the integrated
microfluidic system. The absolute CD4 and CD8 counts by
using the proposed microfluidic chip can be successfully
achieved by directly counting the absolute fluorescence
signals of the anti-CD3/CD4/CDS§ antibodies conjugated
with the CD41/CD8" T lymphocytes. Thus, this data
demonstrates that it is feasible to perform the incubation
and to quantify both the absolute CD4 and CDS8 counts to
evaluate the CD4/CDS8 ratio by using the integrated
microfluidic chip. For the 400-pl pretreated blood samples
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Table 1 CD4%/CD8* T lymphocyte counts are performed utilizing a conventional flow cytometer and the integrated microfluidic system

Volunteer Conventional flow Integrated microfluidic chip

cytometer

CD4/CDS8 CD4*" T lymphocytes CDS8*' T lymphocytes CD4/CDS8

(a) cells (b) cells/pl (c) cells (d) cells/pl

A 1.83 214326 536 113367 283 1.89
B 2.17 193214 483 87215 218 222
C 2.39 201198 503 83193 208 242
D 2.28 239548 599 106764 267 224
E 241 227569 569 110198 275 2.07
F 1.74 168512 421 86773 217 1.94
G 2.32 204856 512 92384 231 222

The 400-pl blood samples without RBC and 8-pl anti-CD3/CD4/CD8 mixture are used to perform the incubation and cell counting procedures.
Both of the incubating time using the micro-mixer (operated at a driving frequency of 1 Hz and at a pressure of 20 psi) and a bench-top shaker
are 30 min. At a constant applied air pressure of 20 psi, the flow rates of the sample flow and the sheath flow are 75 and 150 pl/min at an
operating frequency of 15 and 25 Hz for EMVs, respectively. The time of fluorescence measurement using the microfluidic chip is 5 min

without RBCs, the absolute counting of the CD4"/CD8* T
lymphocytes is achieved, as shown in Table 1(a) and (c).
Thus, the concentrations of the CD4*/CD8" T lympho-
cytes can be calculated (Table 1(b) and (d)). Experimental
data also reveal that the CD4/CDS ratio measured by the
integrated microfluidic chip is consistent with the ones
measured using the conventional flow cytometry.

In order to quantitatively evaluate the performance of
the proposed microfluidic system, comparisons of the
CD4/CD8 ratio results obtained between the microfluidic
system and the conventional flow cytometer are made
based on a Bland—Altman plot (Bland and Altman 1999)
and a Passing-Bablok regression analysis (Passing and
Bablok 1983). Figure 6a shows the result of the Bland-
Altman plot. It indicates that there is no apparent bias for
the CD4/CD8 ratio since the differences between these two
methods are all within the mean £ 1.96 standard deviation
(SD) interval. Moreover, Fig. 6b shows the result from
Passing—Bablok regression analysis in which the equation
for the regression line is y = 0.8948x + 0.2536. The 95%
confidence interval (CI) shows that the slope and the
intercept are not significantly different from 1 and O,
respectively, since the slope ranges from 0.2536 to 1.1145
(including 1) and the intercept ranges from —0.2256 to
1.5629 (including 0). These results indicate that the CD4/
CDS ratio determined by the prototype microfluidic chip is
in good agreement with the ratio determined by the con-
ventional flow cytometer.

Compared to the existing method which uses a con-
ventional bench-top shaker and a large-scale flow
cytometer that requires more than 1 h to complete the
assay, the entire process can now be automatically per-
formed within 35 min by using the microfluidic system.
More importantly, the cost of the microsystem is much

9
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Fig. 6 a A comparison of the results obtained from the prototype
microfluidic system and a conventional flow cytometer on a Bland—
Altman bias plot. b A Passing—Bablok regression analysis comparing
the results obtained from the two methods

lower than that of the conventional method since the
bench-top flow cytometer is relatively expensive and may
consume more reagents. Therefore, the developed
microfluidic system may provide a promising tool for
rapid analysis of immunodeficiency and lymphocytic
diseases.
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4 Conclusions

This study reports a new integrated microfluidic system
comprising of a sample incubation module and a microflow
cytometry module to automatically perform the entire
process for CD4"/CD8% T lymphocyte counting. The
sample incubation module is formed with a pneumatically
driven, vortex-type micromixer to perform the sample
incubation between CD41/CD8" T lymphocytes and anti-
CD3/CD4/CDS8 antibodies for increasing incubation effi-
ciency and for decreasing the reaction time. After the
incubation procedure, the microflow cytometry module is
used for the analysis of CD47/CD8* T lymphocytes sur-
face-bounded with fluorescent-labeled antibodies. A con-
centration of 963 cells/pl is counted for the cultured
CD4" T lymphocytes with a reference concentration of
1000 cells/pl. Human blood samples are then tested.
Absolute counting of CD4"/CD8" T lymphocytes and
CD4/CD8 ratio is successfully measured. Comparable
results are obtained when compared with the data from a
conventional flow cytometer. The entire procedure
including sample incubation and cell counting can be fin-
ished within 35 min. Therefore, this microsystem may be
used for the fast, accurate, and affordable counting of
CD4"/CD8" T lymphocytes in resource-limited settings.
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