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In this study, a facile strategy for fabricating a microfluidic flow cytometer using two glass micropipettes
with different sizes and a 3D printed millifluidic aligner was presented. Particle confinement was achieved
by hydrodynamic focusing using a single sample and sheath flow. Device performance was extracted
using the forward and side-scattered optical signals obtained using fiber-coupled laser and photodetec-
tors. The 3-D printing assisted glass capillary microfluidic device is ultra-low-cost, not labor-intensive

and takes less than 10 min to fabricate. The present device offers a great alternative to conventional
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benchtop flow cytometers in terms of optofluidic configuration.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Flow cytometry has proven to be a sensitive, quantitative and
non-invasive approach to obtain valuable information from single
cells [1-4].Itis routinely used in clinical laboratories for the identi-
fication and classification of certain cancers, such as leukemia [5-7]
and lymphoma [8,9], and even for the diagnosis of life-threatening
diseases such as AIDS [10,11]. Because of the disadvantages of the
conventional benchtop flow cytometers such as high cost, large
size, maintenance, complex configuration and the need for large
volumes of reagents, a great deal of attention has been paid to fab-
ricate microfluidic devices using microfabrication technologies in
recent years. Microfluidic devices offer many advantages like sim-
plicity, low cost, low consumption of reagents, rapid analysis, small
size and highly controllable environment for particle manipula-
tion. Focusing in flow cytometers is used to confine cells close to
the center of the channel so that they can pass through the optical
interrogation area one at a time, a phenomenon that improves sin-
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gle cell analysis and limits sample adsorption to the channel wall.
A variety of focusing methods exploiting different physical mech-
anisms have been developed; hydrodynamic focusing [12-15],
dielectrophoresis [16,17], acoustics [18-21] and electroosmosis
[22-24]. Hydrodynamic focusing enables focusing in a wide veloc-
ity range and has no special requirement for particles, cells and
fluids used. It is usually used to guide particles or cells in a confined
space by manipulating the streamlines. Unlike 2D hydrodynamic
focusing that focuses in only one lateral dimension, confining the
stream of particles in 3D ensures the uniform flow of particles
along the detection area. 3D hydrodynamic focusing improves a
number of features of the microfluidic flow cytometers including
performance, accuracy, stability, sensitivity and detection resolu-
tion [15,25,26]. Up to date, different 3D focusing strategies have
been proposed to fabricate microfluidic devices. For example, Sun-
dararajan et al. used six sheath inlets and a five-layer design for 3D
focusing of sample fluid in flow [27]. However, the use of multi-
ple syringes and multiple layer fabrication made the design rather
complicated. Gorthi et al. fabricated a PDMS based single-layer
microfluidic device that consists of three inlets (one for sample
flow and two for sheath flow) and an outlet to realize hydrody-
namic 3D flow focusing [12]. Although PDMS device fabrication
involved a single layer, the master required for replica molding
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and device fabrication required multilayer fabrication by means
of photolithography. Testa et al. developed a micro-flow cytometer
capable of self-aligned 3D hydrodynamic focusing [ 13]. To make the
device, the design was first printed on two 3 mm-thick polymethyl-
methacrylates (PMMA) using a high precision computer numerical
control micromilling machine followed by solvent assisted ther-
mal bonding. Agrawal et al. proposed a new strategy with intricate
microfabrication utilizing two bends of opposite curvature, sin-
gle sheath inlets and exploiting secondary forces and centrifugal
effects for 3D hydrodynamic focusing of dye, particles and cells [15].
Recently, femtosecond laser micromachining was presented as a
new potential fabrication tool for making microfluidic networks
that implement hydrodynamic focusing with two inlets; one for
the sample and one for the sheath flow [ 14,28]. 3D printing technol-
ogy has also been employed to make complex microfluidic devices
out of discrete elements with less effort [29-31]. 3D printing still
lacks the sufficient patterning resolution required for fabricating
micron scaled fluidic devices with good alignment accuracy [32].
The majority of reported microfluidic flow cytometers are either
too complex or require multiple sheath flows to realize 3D focus-
ing and further research is needed to make less labor intensive and
cost-effective microfluidic flow cytometers capable of efficient 3D
hydrodynamic focusing.

In this proof of concept study, a facile strategy for making
a microfluidic flow cytometer by using two glass micropipettes
with different size and a 3D printed millifluidic aligner was
demonstrated. Micropipettes have already been introduced to
microfluidics; for example, Weitz et al. used micropipettes for cre-
ating monodisperse microdroplets in single or multiple-emulsion
forms [33,34]. The fabrication of micropipettes from glass capillar-
ies using a micropuller is relatively easy with minimal fabrication
time, and the dimensions of micropipette tip opening can be easily
manipulated by either changing the pulling parameters or grinding
the tip with a microgrinder [35-37]. To the best of our knowledge,
this is the first study that combines 3D printing with micropipette
technology for efficient hydrodynamic focusing of particles. The
proposed fabrication strategy is facile, straightforward and ultra-
low-cost as it takes less than one dollar to fabricate the optofluidic
device.

2. Materials and methods
2.1. Materials

Glass capillary with filament (O.D./L.D.: 1/0.6 mm; length:
90 mm)(Narishige, Japan), blood gas capillary tubes (O.D./L.D.:
2.3/1.85 mm; length: 125 mm) (Marianfeld, Germany), polystyrene
microbeads with a diameter of 5.95+0.12 wm (Polysciences,
Inc., USA), phosphate-buffered saline (PBS) (Sigma Aldrich, USA),
sealant (Pattex, Henkel, Germany), a high temperature mold mate-
rial (HTM140 M, EnvisionTEC, USA), a single mode (SM) blue laser
illumination fiber (LP405-SF10, Thorlabs, USA), forward scatter
(FSC) and side scatter (SSC) fibers (M43L01, Thorlabs, USA).

2.2. Device fabrication

First, a small glass capillary tube (0.D./.D.: 1/0.6 mm; length:
90mm) was pulled using a micropuller (PC-10 Micropulling
Machine, Narishige, Japan) to produce two microneedles with
the following parameters; option 2, first-pull position adjustment
plate: 6 mm, second-pull position adjustment plate: 2 mm, one
type light and one type heavy weights, no. 1 heater level: 65 and
no. 2 heater level: 37 [35]. The tip of the small micropipette was
grinded to have a tip opening inner diameter of approximately
150 wm using a microgrinder (EG-401, Narishige, Japan) (Fig. 1A;).

The desired tip opening diameter was adjusted using the ocular
micrometer of the microgrinder. Then, a large glass capillary tube
(0.D./1.D.: 2.3/1.85 mm; length: 125 mm) was pulled the same way
as the small capillary tube using the following parameters; option
1, two type light and two type heavy weights, no. 1 heater level: 75.
The large micropipette was pulled in a way to have a microchan-
nel with an approximately 90 pm inner diameter and a length of
no less than 10 cm. The tip of the large micropipette was grinded
only to measure the tip opening diameter properly (Fig. 1Ay).
Both micropipettes were cleaned thoroughly in distilled water
using ultrasonic before use. The small micropipette was center-
positioned inside the large micropipette using a micropipette
aligner (Fig. 1Ay, B;) a process that took only a few minutes. The
micropipette aligner was first designed using a 3D CAD design
software (SolidWorks 2016, USA) (Fig. S1A) and then produced
from a high temperature mold material (HTM140 M) using a 3D
rapid prototype manufacturing system (Perfactory 4 Mini with
ERM, EnvisionTEC, USA) with high precision. As for the assembly
of the device, the large micropipette was first inserted in the corre-
sponding hole of the aligner and a sealant was used to both fix the
micropipette and prevent any leakage from the small gap between
the capillary and the aligner hole. Then, the small micropipette was
inserted into the corresponding hole of the aligner to position the
small micropipette inside the large one under a stereo microscope
and the same sealant as before was used for micropipette fixation
and leakage prevention (Fig. S1B). Prior to use, all devices were
checked for leakage by pumping water from the two inlets at pres-
sures up to 2 bars, which is the upper limit the pressure pump can
provide.

2.3. Device characterization

The 3D hydrodynamic focusing ability of the device was inves-
tigated using deionized water (DI) colored with a blue food dye
and colorless PBS as sample and sheath solutions, respectively.
A pressure pump (Elveflow, OB1) was used to pass the solutions
through the micropipettes. In this setting, the PBS solution from
the large micropipette hydrodynamically focused the blue color
solution introduced from the small micropipette by completely sur-
rounding it (Fig. 1By;). The impact of the ratio between sheath and
sample flow pressures on the 3D hydrodynamic focusing was inves-
tigated inarange from 0.96 to 1.064 (sheath/sample flow pressures)
(Fig. 2A). The 3D hydrodynamic focusing was recorded using a cam-
era (Basler Ace acA2040-90uc, Basler AG, Germany) attached to a
microscope (Kriiss MSL4000, Germany).

Next, the device was tested with microparticles of uniform size
using an optical test system. The test system consisted of the fol-
lowing components; a single mode (SM) blue laser illumination
fiber, forward scatter (FSC) and side scatter (SSC) fibers, two photo
diodes (FSC and SSC) (DET02AFC, Thorlabs, USA), a 405 nm laser
source (LP405-SF10, Thorlabs, USA), a pressure pump and an oscil-
loscope (Tektronix, MD0O3104) (Fig. 3A and Fig. S2A). In addition,
a flat PMMA plate with fiber guidance grooves was used to posi-
tion all the fibers (Fig. S2B and C). An adhesive tape was used to fix
the fibers in the grooves carved on the plate by CO, laser (Epilog
Zing 30W, Epilog Laser, USA). Basically, the laser illumination fiber
with a diameter of 125 pm was positioned perpendicular (90°) to
the microchannel where the microchannel diameter and the width
of the focused sample solution were ~130 and ~18 pm, respec-
tively. The optical fiber with the following specifications (numerical
aperture (NA): 0.12, mode field diameter (MFD): 3.6 + 0.5 pm and
center wavelength: 405 nm) was used to translate a single mode
(SM) laser to the interrogation zone where the beam diameter cal-
culated with Gaussian beam approximation is 11.48 p.m. To collect
the scattered light through the photo detector, FSC and SSC fibers
were positioned with angles of 167° and 210° to the laser illumina-
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Fig. 1. The optical images of small (A;) and large (A;) micropipettes used for mounting the glass micropipette based flow cytometry device together with magnified images
showing the size of the respective tip openings. An image of the integrated device with the top (i) and side-view (ii) microscope images of a small micropipette positioned
in a large micropipette using the aligner (Ay;). Schematic of the device (B,) and the principle for hydrodynamic focusing (By;). The sheath flow introduced through the inlet
of the 3D-printed aligner focuses the sample fluid introduced from the small micropipette.
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Fig. 2. The impact of the varying sheath fluid pressure on the hydrodynamic focusing when the sample fluid pressure is kept constant (pressure of sheath/pressure of sample:
0.960, etc.) (A). A plot showing the correlation between the focused sample fluid width and the pressure ratio of sheath and sample flows (B). The top (C;) and side (Cy;) view
microscope images of 3D focusing achieved at a ratio of 1.004 between sheath and sample flow pressures.

tion fiber, respectively. PBS and polystyrene microbeads containing
PBS solutions were used as sheath and sample solutions, respec-
tively. Prior to use, the microparticle (diameter: 5.95+0.12 um)
stock solution was diluted in a mixture (PBS solution +blue food
dye) filtered using 0.2 m pore syringe filter to realize a final con-
centration of ~1000 particles/l. The blue color mixture was used

simply for better visualization. The microparticle containing sus-
pension was also sonicated for 15 min to minimize aggregation
during experiments. Pressure pump was used to pass PBS (sheath)
and polystyrene microsphere containing suspension through the
large and small micropipettes at a sheath/sample solution pressure
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Fig. 3. Schematic illustration of the setup used to test the glass micropipette based flow cytometry device (A). Components of the setup are as follows; an assembled flow
cytometry device, a 405 nm laser source, a pressure pump, an oscilloscope, Si photodetectors, fiber for excitation laser and two collector fibers. The arrangement of the
fibers used for excitation laser, forward scattered light (FSL) and side scattered light (SSL) is shown in the figure. Forward scatter (FSC) and side scatter (SSC) channel signals
recorded while passing microparticles of uniform size through the microfluidic channel for 2 s (B;) with an inset showing 100 ms snapshot (By;). Representative histograms
of FSC (C;) and SSC (Cy;) signals. The number of data used for the histograms is 339 and the calculated coefficient variations (CV) of FSC and SSC signals are 26.98% and 25.54%,

respectively. FSC-SSC scatter plot obtained with microparticles of uniform size (D).

ratio of 1.004. The oscilloscope was used to quantify the voltage
signals from the photodetectors at a 0.5 MHz sampling rate.

3. Results and discussions

The design of the present microfluidic flow cytometer device
is quite simple and easily comprehensible (Fig. 1By). A complete
device is composed of three components; a micropipette aligner,
a small and a large micropipettes (Fig. 1Ay;). Precise fabrication of
aligner holes is important for successful micropipette alignment.
Manufacturer reports that HTM140 is very durable and high pre-
cision material designed to withstand both the heat and pressure
of vulcanizing a model with great detail and no loss of dimensional
stability. Given the design dimensions of the model in Fig. S1A, the
average diameters of small and large holes of three different align-
ers were measured to be 1049.9+8.1 um and 2303.5+8.9 pum,
respectively (Fig. S3A, B). It is safe to say that the 3D rapid proto-
type manufacturing system along with HTM140 material provides
dimension accuracy for precise alignment of micropipettes. The
assembly of the device took less than 10 min including the time
needed to grind the tip of the small micropipette. The micropipette
aligners can be retrieved easily and used repeatedly for fabrication
of a new microfluidic flow cytometer device. The only consum-

ables used to fabricate a new device are the sealant and the glass
capillaries, which makes the device ultra-low-cost as both of the
consumables cost less than one dollar.

The 3D hydrodynamic focusing ability of the device was demon-
strated using deionized water (DI) colored with a blue food dye
and phosphate buffer saline (PBS) as sample and sheath solutions,
respectively. The different colors of the two solutions made it pos-
sible to easily observe the confinement of the sample solution in
the microchannel of the large micropipette (Fig. 2A). Hydrophilic
surface is important and desirable for microfluidic systems to
achieve various functions such as facilitating fluid flow into the
microchannels [38]. The water contact angle test result showed
that HTM140 is hydrophilic with an average contact angle value
of 37.1° (Fig. S4). Using the3D printed micropipette aligner with
easy-to-operate two-inlet configuration; the sheath solution com-
pletely surrounds and confines the sample solution in a highly
efficient manner (Figs. 1A;; and 2A). The results showed that the
microchannel was filled with the blue color solution at the ratio of
0.96. When the ratio was raised to 1.064, the flow through the small
micropipette was blocked by the sheath solution. The small differ-
ence between the two ratios demonstrates that the pressure of the
two fluids must be controlled precisely for an efficient 3D focus-
ing. The relationship between the width of the hydrodynamically
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focused sample and the pressure ratio between sheath and sam-
ple flows is given in Fig. 2B. The width of the sample solution was
measured approximately 1.53 mm away from the tip of the small
micropipette (Fig. S5). The relationship appears to be almost linear,
which suggests that the width of the 3D focused sample solution
can be precisely controlled by the ratio between sheath and sam-
ple flow pressures. In addition, side view microscope images of the
microchannel were taken both horizontally and vertically at a ratio
of 1.004 (sheath/sample flow pressure) to see the focused flow and
thus verify the 3D hydrodynamic focusing with the present device
(Fig. 2Cry1). Both images showed that the sample flow was focused
close to the center of the microchannel.

Next, the performance of the microfluidic flow cytometer device
in 3D hydrodynamic focusing of microparticles was evaluated using
an optical test system. Without any particle flow, the FSC and SSC
signals show DC offset values due to collecting some amount of
light. Fig. 3B; shows 2-s FSC and SSC channel signals recorded while
microparticles of uniform size were passing through the microflu-
idic channel. Each peak observed in Fig. 3B;y corresponds to a
microparticle passing by the interrogation point. From to the data
with ~170 events/s throughput, an FSC peak was recorded for each
SSC signal, which indirectly proves that all of the microparticles
were focused properly and passed through the laser interroga-
tion region at the same point along the microchannel. Fig. 3By
shows a close-up view of peak events for 100 ms. Since the events
were well separated, there is a great possibility to further increase
the throughput. The signals were post-processed with MATLAB to
obtain the number, peak values and positions of the events. Gating
was applied to improve the population distribution with common
properties as seen in commercial flow cytometers and to avoid
multi-particle events such as aggregated particles. Fig. 3C;_j; shows
the histograms of the peaks observed in FSC and SSC signals given
in Fig. 3By, respectively. The calculated coefficient of variation (CV)
values obtained for FSC and SSC signals were 26.98% and 25.54%,
respectively. Lower CV values could be achieved by adjusting the
sheath and small solution pressures more precisely [39]. Accurate
alignment of the illumination fiber and FSC/SSC fibers is critical. In
this setup, these fibers were aligned using guideline grooves carved
on a PMMA substrate by CO, laser (Fig. S6A;1). In other words, the
illumination and FSC/SSC fibers were aligned automatically once
they were fixed on the plate using a tape. However, the alignment
between these fibers and glass micropipette was done manually
using an XYZ stage (Fig. S6B and C). This might be a limitation for the
current system as it might be time-consuming for researchers who
are not familiar with such instruments. To overcome this limitation,
a new strategy will be developed to bypass the manual alignment
stage. Another limitation of the current setup is sample recovery.
This issue will also be addressed in the future by collecting the
outgoing sample in a channel with minimal dilution. A cell sorting
mechanism may also be integrated into the system to divert cells
of interest. Scatter plot in Fig. 3D depicts the correlation between
FSC and SSC signals for 2 s time duration. It is obvious that most of
the events were gathered in a small region, a result that confirms
the proper functioning of the device. As compared to commercial
state-of-the-art optical flow cytometers, bulk optics (laser diodes,
optical lenses, mirrors, filters etc.) and mechanical holders/aligners
are excluded from the present setup. The present setup uses fiber
optics, which provides great deal of flexibility when considering
the integration and stability of optical elements.

4. Conclusion
In conclusion, the fabrication of alow-cost and simple microflow

cytometry device capable of hydrodynamic focusing was demon-
strated using different size glass capillaries and a micropipette

aligner printed with a 3D rapid prototyping manufacturing sys-
tem. The assembly of the device took less than 10 min including
micropipette tip grinding and the final device is ultra-low cost. The
device showed an excellent performance in hydrodynamic focus-
ing of DI water colored with a blue food dye. The device was also
used for 3D hydrodynamic focusing of microparticles of uniform
size where distinct FSC and SSC signals of microparticles passing
through the optical interrogation point were successfully recorded.
Given the separation between each event, the device has the poten-
tial for further increase in throughput. The device offers simplicity,
low-cost and good performance in hydrodynamic focusing and has
a great potential to be used in a wide range of flow cytometry
applications.

Appendix A. Supplementary data

Supplementary material related to this article can be found,
in the online version, at doi:https://doi.org/10.1016/j.sna.2017.11.
056
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