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Reduction in microparticle adsorption using
a lateral interconnection method in a
PDMS-based microfluidic device

Microparticle adsorption on microchannel walls occurs frequently due to nonspecific in-
teractions, decreasing operational performance in pressure-driven microfluidic systems.
However, it is essential for delicate manipulation of microparticles or cells to maintain
smooth fluid traffic. Here, we report a novel microparticle injection technique, which pre-
vents particle loss, assisted by sample injection along the direction of fluid flow. Sample
fluids, including microparticles, mammalian (U937), and green algae (Chlorella vulgaris)
cells, were injected directly via a through hole drilled in the lateral direction, resulting in
a significant reduction in microparticle attachment. For digital microfluidic application,
the proposed regime achieved a twofold enhancement of single-cell encapsulation com-
pared to the conventional encapsulation rate, based on a Poisson distribution, by reducing
the number of empty droplets. This novel interconnection method can be straightfor-
wardly integrated as a microparticle or cell injection component in integrated microfluidic

systems.

Keywords:

Cell injection / Droplet-based microfluidics / Lateral interconnection / Particle

adsorption / Single-cell encapsulation

1 Introduction

In response to the growing demand for miniaturized analyti-
cal systems, the microfluidic systems have been widely used
in the fields of biology, chemistry, and nanotechnology [1].
In particular, a technique for generation of cell-containing
nanoliter droplets improves manipulation and screening ca-
pabilities to facilitate high-throughput analysis [2-6]. Most
droplet-based microfluidic devices have been fabricated from
a hydrophobic polymer, PDMS [7, 8], by a rapid prototyp-
ing method, which is widely used due to its high biocom-
patibility, good optical transparency, and compatibility with
lab-on-a-chip techniques. The strong antipathy of water to
the hydrophobic wall is an attractive attribute and facilitates
the formation of stable droplets. However, there are signif-
icant opportunities for the adsorption of organic solvents,
small molecules, and particles around the channel inlet due
to the innate hydrophobic nature of PDMS microchannels [9].
Nonspecific interactions, such as hydrophobic and Van der
Waal’s interactions, between particles and the microchannel
wall are major causes of reduced reliability and functionality
in PDMS-based microfluidic devices.
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To address the above issue, various strategies for preven-
tion and elimination of biofouling have been introduced. In
particular, in situ surface modification of PDMS microchan-
nels is commonly carried out by chemical treatments us-
ing self-assembled monolayer coatings [10-12]. However, the
main shortcoming of these methods is that there is no guar-
antee of uniform coating and durability. For example, their
use may result in undesirable reactions when surfactants
(e.g. Tween 20 and Pluronic solution) react with an oil phase.
The unwanted debris generated by the reaction causes clog-
ging, which interrupts particle movement and decreases cell
encapsulation efficiency. Particularly in the process of addi-
tive pretreatment, it is urged to take precautions to remove
as much excess additives prior to injecting microparticles or
cells, due to the hardening of additive that can result in the
clogging of microchannels [13]. The rapid recovery of the orig-
inal hydrophobicity within several minutes to several hours
is also a critical drawback for long-term microfluidic studies.
Interestingly, electrohydrodynamic buoyancy can be used for
removal of adherent particles. Kim et al. [14] proposed a wall
loss reduction technique operated by an AC electric potential
from interdigitated electrodes integrated at the bottom of the
microchannel. Kim et al. [15] reported a method for nanofab-
ricating polyethylene glycol hydrogels on the microchannel
surface to improve surface hydrophobicity. Although they
showed impressive results, complicated electrode structures
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Figure 1. A schematic cross-sectional drawing of (A) the con-
ventional PDMS-based microfluidic device and (B) the proposed
microfluidic device for microparticle injection. In the proposed
device, the plastic tubing is connected to the well-defined inter-
connection through the side of the PDMS microfluidic device in
the same direction as the fluid flow. In this regime, the laterally
injected microparticles or cells are directed into the middle of the
fluid stream, which is free of both the settling force and nonspe-
cific surface—particle interactions.

and intensive fabrication processes were required, which lim-
its application in integrated microsystems.

Since encapsulation into droplets follows a Poisson
distribution [16], surface fouling results in a decrease in
particle encapsulation efficiency due to the higher rate of
empty droplets relative to positive droplets. The occasional
clogging by adsorption at the narrow constriction also pro-
vokes inefficient particle loading in drops. This inefficiency
has been improved by deterministic single-cell encapsulation
within droplets using inertial ordering with a high flow rate
[2,17]. Despite the high yield of single-cell encapsulation,
there is an increased possibility of cell damage due to the
high shear rate. In addition, the high pressure would result
in fluid leakage at the inlets due to fluidic resistance.

In the former approach, a through-hole type interconnec-
tion for particle injection, the plastic tubing was penetrated
and connected through inlet holes that were perpendicular
to the flow direction [18-20]. As the flow was injected, the
settling force around the inlet would be increased, and thus
particle adhesion would be aggravated by particle sedimen-
tation (Fig. 1A). Introduction of sample fluid, including mi-
croparticles or cells, with a high flow rate may contribute
to prevention of particle adhesion, but it is difficult to tune
the low droplet frequency and control the droplet size ac-
curately at such high flow rates. Solvas et al. [21] utilized a
mini-magnetic stirrer to stir the cell suspensions within a
commercial syringe that contained a tiny magnetic stir bar.
However, this method cannot guarantee prevention of parti-
cle adhesion around the microfluidic inlet. As a remedy for
the adsorption problem, we propose a novel interconnection
approach assisted by lateral injection of the sample fluid via
a direct side interconnection (Fig. 1B). The inlet holes con-
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nected to a syringe tube are easily punched through the side of
the microfluidic device in the same direction as the fluid flow.
Several other methods have already been described for deliv-
ering fluid laterally into silicon-based microfluidic channels
using complex fabrication methods [22, 23] or into PDMS-
based microfluidic channels through a glass capillary [24],
but no attempts have been made to realize the well-defined
interconnection through the side of the PDMS microfluidic
device with a simple fabrication process to connect the plas-
tic tube. This simple punching method contributes to the
well-defined interconnection through the side of the PDMS
microfluidic device. In addition, the defined interconnection
holes can be fabricated quickly and robustly irrespective of
the complexity of the microfluidic network. By connecting the
injection tube to the defined holes directly, we demonstrate
smooth introduction of microparticles or cells with reduced
particle adsorption. In addition, we present a significant ap-
plication to emphasize the advantageous points of the digital
microfluidics such as the encapsulation of single cells in mi-
crodroplets. This microparticle injection method reduces the
number of empty droplets while increasing the single-cell
encapsulation efficiency.

2 Materials and methods
2.1 Design and fabrication

Figure 2 shows a schematic diagram of the overall process
for fabrication of the microfluidic device with lateral inter-
connections. A microfluidic device was fabricated using a
conventional PDMS (Sylgard 184; Dow Corning, Midland,
MI, USA) molding process. The mold for the PDMS replica
was fabricated by SU-8 patterning on a silicon wafer. For mi-
croparticle applications, the channels were 100 pm in width
and 35 pm in thickness. The outlets for fluid collection were
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Figure 2. A schematic diagram of the overall process for fabrica-
tion of the microfluidic device with lateral interconnections. The
defined interconnect holes were robustly fabricated in a lateral
direction using a biopsy punch with a diameter of 5.0 mm. Af-
ter removal of the PDMS fragment, the microfluidic ferrule was
assembled into the punched inlet port to improve the alignment
and achieve perfect sealing.
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punched out using a punch with a diameter of 1.5 mm
(Harris Uni-Core Punch; Ted Pella, Redding, CA, USA). A
PDMS layer with microchannels and another PDMS layer
reversibly faced each other. Then, the inlet hole was punched
at the side of the faced device in a lateral direction using a
punch with a diameter of 5.0 mm. Direct insertion of the
needle into the side of the microfluidic device may give rise
to inaccurate penetration and damage the PDMS around the
punched site. This structural mismatch would lead to unex-
pected leakage around the inlet. In addition, to embed the
ferrule successfully, the thickness of the whole PDMS device
should be greater than 6 mm.

The residual PDMS fragment was removed using a pair
of tweezers. To align and permanently bond the PDMS repli-
cas, each layer was treated with an oxygen plasma. To form
a perfect seal against the side of the microfluidic device and
Tygon tubing (0.06” od, Tygon R-AAQ04103; Saint-Gobain
Performance Plastics, Akron, OH, USA), we used a commer-
cially available microfluidic ferrule (Flangeless Ferrule PK10
P-200NX for 1/16” od tubing; Upchurch, Oak Harbor, WA,
USA). The ferrule, which had an outer diameter of 0.46 cm
and a length of 0.56 cm, was assembled into the punched
inlet port (diameter, 5.0 mm). After casting uncured PDMS
around the ferrule and inlet port, the microfluidic device was
stored at 70°C for 1 h. This curing process supports robust
fixation of the ferrule without fluid leakage. To avoid wetting
of the PDMS microchannel by an aqueous phase, the mi-
crochannel was flushed with an oil phase before introduction
of an aqueous phase.

2.2 Materials

Solutions of red food dye (Kemide Co., Jeonju, Korea) were
used to visualize the fluid introduction. Fluorescein isothio-
cyanate solution (Sigma-Aldrich, St. Louis, MO, USA) with
a concentration of 50 pg/mL was prepared. Red fluorescent
polystyrene beads with a diameter of 15 pm were purchased
from Invitrogen Corporation (Carlsbad, CA, USA). The beads
were prepared in 6% Pluronic F68 solution (Sigma-Aldrich)
at a concentration of approximately 5 x 10°/mL. For droplet-
generation experiments, a continuous oil phase used was
mineral oil (Sigma-Aldrich) without surfactants.

The human histolytic lymphoma monocyte (U937) cell
line was cultured in RPMI 1640 medium (Invitrogen) sup-
plemented with 10% v/v heat-inactivated fetal bovine serum
(Invitrogen), 100 units/mL penicillin G, and 100 g/mL strep-
tomycin. Cell cultures were maintained in a humidified at-
mosphere containing 5% CO,. Then, cells were centrifuged
at 1000 rpm for 3 min to remove the supernatant and stained
with 10 M CellTracker Green CMFDA (Molecular Probes,
Eugene, OR, USA). Chlorella vulgaris cells were precultivated
for three days at 20°C in nonsaline BG 11 medium under
constant shaking and continuous illumination with a 3000
lux lamp. Suspensions of 1 x 10’ and 5 x 107 cells/mL were
used in the experiments.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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2.3 Experimental setup

All microparticle-containing fluids were introduced using
a syringe pump (KDS200; KD Scientific, Holliston, MA,
USA). The trajectories of the fluorescent microparticles were
recorded with a charge-coupled device (DS-U1; Nikon In-
struments, Melville, NY, USA). The movements of droplets,
including single cells, were recorded with a computer-
controlled high-speed camera (Hotshot 512sc; NAC Image
Technology, Simi Valley, CA, USA) mounted onto an inverted
optical microscope (T'S100; Nikon, Tokyo, Japan).

3 Results and discussion

3.1 Leakage-free lateral interconnection using a
ferrule-coupled microchannel

A ferrule-coupled inlet port for facile connection of the de-
vice to a commercial syringe was constructed successfully.
Figure 3A and B shows an image of the fabricated microflu-
idic device laterally connected to a Tygon tube. The device
consists of two layers: one for the microchannel (height,
40 pm) and the other for the nonpatterned slab. The fer-
rule also has a hollow structure that has a cavity in the central
portion, thus the tubing can penetrate the ferrule with a per-
fect seal and eliminate the dead volume (Fig. 3C). To charac-
terize the performance of the proposed interconnection, we

A o B c
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Figure 3. Photograph of the fabricated device (A) without and
(B) with the microfluidic ferrule and plastic tubing. The device
consists of two layers: one for the microchannel (height, 40 um)
and the other for the nonpatterned slab. The microchannels were
filled with dye solution to facilitate visualization. (C) Photograph
of the ferrule that has a cavity in the central portion. The tubing
can penetrate the ferrule with perfect sealing. (D and E) Results
of the leakage test. The yellow dye (D) and fluorescein isothio-
cyanate solution (E) were continuously injected into the linear
microchannel.
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conducted a leakage test as sample fluid was continuously in-
jected into the linear microchannel (Fig. 3D and E). Red dye
and fluorescein isothiocyanate solution was placed in a sy-
ringe. There was no apparent leakage around the connectors
when the fluids were infused directly by pushing the syringe
piston using finger force with an approximate flow rate of
6 mL/h. At the same time, the injected fluid was collected
continuously at the outlet. Also, the commercial microfluidic
ferrule was recyclable and endurable for repetitive manipula-
tions such as insertion or removal of tubings. We confirmed
that there was no leakage around the microfluidic ferrule
when the tubing was inserted repeatedly more than 30 times.

3.2 Microparticle or cell injection using a lateral
interconnection method

We verified the reduction in adsorption when microparti-
cles were injected within the microchannel. By enumerat-
ing immovable beads 10 min after fluid introduction, we
could evaluate the probability of particle adsorption in the
conventional and proposed devices. Because the areas for
particle/cell counting were different in the two devices, the
number of adsorbed particles/cells was normalized to a cer-
tain area (1 mm?) of inlet part. As shown in Fig. 4, the num-
ber of attached particles per mm? of surface area was varied
according to the flow rate (25-200 wL/h). The number of
attached particles was significantly decreased using the pro-
posed microparticle injection method. Despite the relatively
low input flow rate, we were able to manipulate most of the in-
troduced microparticles freely. However, at lower flow rates,
the adsorption of particles around the inlet was problematic
using the conventional approach. These results suggest that
most particles settled immediately due to the sedimentation
force under low flow rate conditions. Microparticles cannot
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Figure 4. Plot of attached microparticle number per mm? of sur-
face area according to the input flow rate in the conventional and
proposed microfluidic devices. In the proposed microfluidic de-
vice, we were able to manipulate freely most of the introduced
microparticles without attachment around the inlet, despite the
relatively low input flow rate.
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Figure 5. Reduction of mammalian cell attachment by lateral in-
jection. Fluorescence images of attachment of U937 cells around
the inlet of the (A) conventional and (B) proposed microfluidic de-
vice upon loading of 5 x 107 cells/mL. (C) Plot of the attached cell
number per mm? of surface area according to the initial cell load-
ing concentration. The number of attached cells was markedly
decreased by use of the proposed method, and the difference
in cell attachment between the two methods decreased with in-
creasing cell loading concentration.

be manipulated once they are attached to the PDMS surface.
This is critical for loading of single particles or cells into the
droplets.

We also confirmed injection of U937 cells according to
the initial cell loading concentration using both the conven-
tional and proposed methods (Fig. 5). To quantify cell attach-
ment, the number of adsorbed U937 cells per mm? of surface
area was considered for each of the two methods. The input
flow rate was maintained at 25 pL/h. Using the conventional
method, the numbers of adsorbed cells were 347 + 7, 930 £
76, and 2208 =+ 148 for injected cell concentrations of 5 x 10°,
1 x 107, and 5 x 107 cells/mL, respectively. In contrast, us-
ing the proposed method, the numbers of adsorbed cells
for the same injected cell concentrations were 164 + 28,
490 £ 99, and 1705 =+ 358, respectively. Thus, the number
of attached cells was markedly decreased using the proposed
method, and the difference in cell attachment between the
two methods decreased with increasing cell loading concen-
tration. This is because cell—cell and cell-surface interactions
would be enhanced with increasing cell concentrations. This
result suggests that introduction of cells with minimal cell
loss could be achieved using a lower concentration of cells
than with the conventional injection method. This novel ap-
proach may thus be useful for continuous separation and
isolation of rare cell types.

For further evaluation of time-lapse cell attachment
within the proposed device, the conventional (Fig. 6A) and
proposed methods (Fig. 6B) were compared with regard to
continuous cell loading in a straight microchannel with an
input flow rate of 200 pwL/h. The green microalga, C. vul-
garis, which is of great interest for second-generation biofuels
[25], was tested. While most of the adsorbed cells accumu-
lated around the plastic tube in the conventional microfluidic
device, few cells were adsorbed in the proposed microflu-
idic device. Previously attached cells could exacerbate cell
accumulation due to cell—cell interactions, which may result
in channel clogging upon long-term introduction of fluid.
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A Conventional
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Figure 6. Continuous loading of C. vulgaris cells into the lin-
ear microchannel with injection times of 10-35 min using
the (A) conventional and (B) proposed methods. While most of the
adsorbed cells were accumulated around the plastic tube in the
conventional microfluidic device, few cells were adsorbed in the
proposed microfluidic device.

However, in the proposed microfluidic device, channel clog-
ging due to cell accumulation did not occur around the in-
let until 35 min after fluid introduction, indicating that the
proposed injection method is more robust for long-term mi-
crofluidic applications. Unexpectedly, entrapped air bubbles
were observed around the inlet, but did not affect device per-
formance (Fig. 6). Therefore, we believe that our system is
useful as an experimental platform for efficient cell injection
irrespective of cell size for several cell manipulation applica-
tions.

Several modular approaches to building integrated mod-
ular microfluidic systems have been developed recently [26].
For fastening and bonding of the microfluidic modules with
each other, the up-and-down connection approach was uti-
lized as a breadboard. This approach suffers from an in-
creased duration of sample passage, which leads to both ex-
tra time being required for sample transportation and the
existence of a dead volume. However, using the proposed
interconnection, leakage-free interconnections together with
various microfluidic modules may facilitate miniaturization
of the interconnection components by reducing the space
required.

3.3 Droplet-based single-cell encapsulation

For practical purposes, this microfluidic approach was used to
encapsulate single cells into monodispersed droplets with im-
proved efficiency. In particular, screening of lipid-abundant
microalgae, such as C. vulgaris, requires appropriate cell cul-
ture techniques and single-cell encapsulation strategies. Var-
ious droplet-based microfluidic platforms have been used to
enhance single-cell encapsulation efficiency, such as hydro-
dynamic self-sorting [27], close-packed [28], and deterministic
ordering of cells [2,17]. However, these methods require an
additional flow, specific microchannel dimensions, a high in-
put flow rate, and compact loading of the cells at higher con-
centrations. Thus, the intrinsic problem of cell attachment,
which leads to cell loss, could not be solved. The reduction
in the number of attached cells that resulted from the use of
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Figure 7. (A) The lateral injection of C. vulgaris cells at an initial
cell loading concentration 5 x 107/mL in the direction of flow
led to the generation of single-cell droplets. (B) Enlargement of
the microscopy image of single-cell encapsulation. Gray arrows
indicate droplets encapsulating single cell. (C and D) Percentage
of droplets containing single cells according to the initial cell
loading concentration, (C) 1 x 107 and (D) 5 x 107 cells/mL, in the
conventional and proposed microfluidic devices.

the proposed injection method is critical for determining the
efficiency of single-cell encapsulation into droplets [29].

We compared the percentage of droplets containing sin-
gle cells under two different initial cell-loading conditions
(1 x 107 and 5 x 107 cells/mL) collected at the outlet of the
conventional and proposed microfluidic devices. For genera-
tion of droplets ~60 pm in diameter, the oil phase and cell
culture medium flow rates were 200 and 25 pL/h, respectively
(Fig. 7A). Using the conventional method, the distribution of
encapsulation efficiency was similar to the Poisson distri-
bution, which yields a higher percentage of empty droplets
than those containing multiple cells. The ratio of single-cell
droplets did not exceed 30% regardless of the cell concen-
tration used, and the percentage of cell-containing droplets
decreased as the initial cell-loading conditions decreased. In
contrast, our cell injection method was effective in reducing
the percentage of empty droplets, which was due to the re-
duction of cell attachment, and also resulted in an increase in
the percentage of single-cell-containing droplets. Figure 7B
shows an enlarged view of a microscopic image of single-cell
encapsulation. At a lower concentration (1 x 107 cells/mL),
there was a noticeable decrease in the percentage of empty
droplets, leading to an increase in the percentage of those con-
taining single cells from 15.33 £ 1.15% to 35.33 £ 11.02%
(n = 3) (Fig. 7C). As shown in Fig. 7D, at the high concen-
tration of 5 x 107 cells/mL, the fraction of droplets contain-
ing single cells increased gradually from 28.67 & 4.62% to
40.00 % 3.46% (n. = 3).
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To enhance the single-cell encapsulation efficiency com-
pared with the conventional method based on Poisson statis-
tics, we significantly reduced cell adhesion by weakening
the vertical settling force using the proposed method. The
ratio of cell-encapsulating droplets (including single- and
multiple-cell droplets) increased from 17 to 36% at a lower
concentration (1 x 107 cells/mL), and 44 to 54% at a higher
concentration (5 x 107 cells/mlL). Also, the ratio of empty
droplets was markedly decreased at the lower concentration of
1 x 107 cells/mL. However, an increase in the initial cell
concentration resulted in two negative effects on single-cell
encapsulation into droplets. First, as mentioned previously,
if the initial loading concentration was high, the effects of
cell—cell and cell-surface interactions were dominant. The
cells already attached to the microchannel surface trigger
cell-cell adhesion and form cell aggregates, thus hindering
the smooth introduction of cells around the microfluidic in-
let. This implies that the increase in the cell-encapsulating
droplet ratio was relatively low at the higher concentration of
5 x 107 cells/mL. Second, according to the Poisson distribu-
tion, the number of multiple-cell droplets also increased with
increasing initial cell-loading concentration. The same phe-
nomenon occurred in the proposed device due to the large
number of cells loaded. Further efforts should focus on re-
ducing the fraction of multiple-cell droplets by integrating
microfluidic droplet separation components.

4 Concluding remarks

We developed a new microfluidic interconnection for mi-
croparticle injection, which utilizes lateral flow in a PDMS-
based microfluidic device for preventing particle loss. The
lateral movement of the microparticles or cells through the
inlet holes that were robustly and accurately punched into the
side of a double-layer PDMS microfluidic device resulted in
significant reduction in nonspecific adsorption to microchan-
nel walls without any surface modification. With this method,
single-cell encapsulation into monodispersed microdroplets
was successfully demonstrated and yielded a twofold en-
hancement of efficiency due to the reduced percentage of
empty droplets. This inexpensive, easy, reusable, and high-
integrity interconnection technology will be practical for de-
sign of microfluidic systems for a number of biomedical
applications, such as microfluidic cell culture, isolation of
rare cell types, and single-cell encapsulation within micro-
droplets. Furthermore, the proposed interconnection could
be coupled with other microfluidic cell-sorting systems, such
as a fluorescence-activated cell sorter [30], magnet-activated
cell sorter [31], or fluorescence-activated droplet sorter [32],
to enhance both purity and recovery rate by reducing sample
loss.
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