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Abstract
Cell separation based on microfluidic affinity chromatography is a widely used methodology in
cell analysis research when rapid separations with high purity are needed. Several successful
examples have been reported with high separation efficiency and purity; however, cell capture at
the inlet area and inlet design has not been extensively described or studied. The most common
inlets—used to connect the microfluidic chip to pumps, tubing, etc—are vertical (top-loading)
inlets and parallel (in-line) inlets. In this work, we investigated the cell capture behavior near the
affinity chip inlet area and compared the different performance of vertical inlet devices and
parallel inlet devices. Vertical inlet devices showed significant cell capture capability near the inlet
area, which led to the formation of cell blockages as the separation progressed. Cell density near
the inlet area was much higher than the remaining channel, while for parallel inlet chips cell
density at the inlet area was similar to the rest of the channel. In this paper, we discuss the effects
of inlet type on chip fabrication, nonspecific binding, cell capture efficiency, and separation
purity. We also discuss the possibility of using vertical inlets in negative selection separations.
Our findings show that inlet design is critical and must be considered when fabricating cell affinity
microfluidic devices.

Introduction
Cell separations play an important role in both chemical and life sciences including cancer
research, cell biology, microbiology and immunology. Many techniques have been
developed to realize high throughput and high purity cell isolation and separation1. These
techniques can be classified into two types: separation based on internal properties, such as
size, shape and electrical properties2–6; or separation based on cell surface markers, such as
affinity surface or matrix, fluorescence-activated cell sorting and magnetic-activated cell
sorting7–10. Among these methods, cell separations based upon affinity chromatography
have become increasingly important in bioanalytical and diagnostic applications due to the
features of rapid analysis, high selectivity, low cost, and ease of use11–14.

Cells can be captured by antibodies, aptamers, or other capture ligands that recognize a cell
surface marker. Capture molecules will form affinity bonds with the surface molecules on
cells to hold the specified cell against shear force in the separation channel, column or
chamber. When the applied shear force is smaller than the bond strength between cells and
the affinity surface, cells cannot be washed away and are retained in the separation
channel1. Cells that cannot form a sufficient number of affinity bonds with the surface will
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move along the separation channel and reach the waste or recovery reservoir. Cells captured
on the surface can also be dislodged for recovery by increasing shear force or using bubble
induction11, 15. Cell selection is based largely on the difference in capture force between
specific and nonspecific binding. This selection can either be positive (retaining target cells
on the surface) or negative (capture non-target cells on the surface)16.

In recent years, the application of microfluidic devices in cell separation has extended the
capacity of this technique with high-throughput, automation, miniaturization, and multi-
parameter separation17–22. When converting normal cell affinity separations into
microfluidic devices, the macro-to-micro interface becomes a critical aspect for device
performance. Macro-to-micro interface solutions have been studied extensively in recent
years23–29. Ideal interfaces feature simple, robust, and automated operation as well as zero
dead volume. However, few devices approach these ideal conditions. For large particles,
such as cells, size effects are not negligible in macro-to-micro interfaces comparing with
molecules in solution. Cell sedimentation in the connection syringe, tubing and interface
have been reported and studied30, 31. This problem can be more significant in affinity
surface microdevices due to the surface capture effect for target cells; however, capture
effects near the inlet area have not been discussed in detail. In macro-scale experiments,
sample tubing can be connected to the separation system easily, making the cell inlet parallel
to the separation surface. For micro-systems, the typical channel height is 25—75 µm and it
is difficult to connect sample tubing parallel to the separation channel. Therefore, a vertical
inlet, in which the loading tube is perpendicular to the separation channel, is a more
common approach. However, when using vertical inlets, larger dead volumes caused by a
larger cross sectional area and initial impact driven by the vertical direction of
hydrodynamic force enhance the capture effect around inlet area. These effects compounds
over time, creating channel blockage. Eventually, cell blockages around inlet area increase
nonspecific binding, disrupt uniform flow, and degrade separation performance. In contrast,
parallel inlets alleviate channel blockage caused by large dead volume and initial cell-
surface impact and lead to better separation results.

In this paper, we compared cell capture behavior in microfluidic affinity devices with
different inlet types. Though vertical inlets have an increased likelihood of clogging and
flow irregularities, they are sometimes necessary for certain experiments because of ease of
fabrication and compatibility with multi-layer microfluidic devices32–34. Because of
increased cell capture at the inlet, vertical inlet devices can also be used as flow-through
systems for negative cell selection, enriching a target cell without capturing or labeling it.
We also show that, while difficult to fabricate, parallel inlets are more suitable for large
sample volumes and continuous flow cell separation. These results can serve to guide others
in the design of affinity microdevices.

Experimental section
Cells and Cell Culture

Human T lymphocyte (Hut 78), and Mouse endothelial (RCL-2583) cell lines were obtained
from American Type Culture Collection (ATCC). Mouse endothelial cells expressed green
fluorescent protein, which was used for identification under microscope. Hut 78 cells were
CD71+, while mouse endothelial cells did not express any human surface antigens. Cells
were cultured in an incubator at 37 °C and 5% CO2. Culture medium RPMI 1640 medium
(Hyclone) was supplemented with 10% fetal bovine serum (Hyclone) and 20 mL/L
antibiotic (penicillin-streptomycin solution stabilized, Sigma-Aldrich, Inc.). Hut-78 cells
were normally subcultured twice each week to maintain a moderate cell concentration in
culture flasks. Mouse endothelial cells were subcultured before becoming fully confluent in
culture flasks, normally one to two times each week. Before each experiment, cell
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concentration was determined by hemacytometer. Typical concentration range was from
2000 to 5000 cells/µL.

Surface conjugation chemistry
Surface modification was based on Flavell’s35 and Wang’s11 protocols. The microfluidic
channel was first rinsed with deionized water. Biotin-conjugated bovine serum albumin
(1mg mL−1 in 10mM Tris–HCl, pH 8.0, 50mM NaCl, Sigma-Aldrich) was loaded into the
separation channel and incubated for 45 min under room temperature. The channel surface
was then washed with 10 µL 10mM Tris–HCl buffer and incubated with neutravidin (0.2mg
mL−1 in 10mM Tris–HCl buffer, Pierce) for 15 min. The channel was rinsed with 10 µL
10mM Tris–HCl buffer and 20 µL deionized water. Before each experiment, 5 µL
biotinylated mouse anti-human CD71 (Becton-Dickinson) were loaded into channel and
incubated for 20 min.

Microfluidic device fabrication
Microfluidic devices (Fig.1) were made based on standard soft lithography protocols36. Chip
designs were first drawn on computer and then printed out as high resolution photomasks by
CAD Art Services. The separation channel features were 40 µm height, 1 mm width and 3
cm length. Photoresist SU-8 2015 (Micro Chem) was spin coated onto a 4 inch silicon wafer
(University Wafer) at 1000 rpm to form a 40 µm thick layer. The silicon wafer was then
baked at 95°C for 5 min and exposed to UV for 15 s with the photomask. The silicon wafer
was placed on a 95°C hot plate for 6 min, followed by development by SU-8 developer
(Micro Chem) for 5 min and rinsed by isopropanol (Mallinckrodt Chemicals). After
developing, the wafer was baked at 200°C for 30 min to make the features robust.
Silanization was performed in a desiccator by adding perfluorooctyltrichlorosilane (Alfa
Aesar) on a surface under the wafer.

PDMS prepolymer and curing agent was mixed at a ratio of 10:1 and degassed under
vacuum for 30 min. To make vertical inlet devices, the PDMS mixture was poured onto the
silicon mold and baked at 80°C for 1 h. Then the PDMS layer was peeled off of the silicon
and holes were punched by an 18-gauge stainless steel blunt needle (Small Parts) to form
inlets and outlets. The PDMS slab and a clean glass slide were treated by oxygen plasma for
60 s and then bonded together. 30 gauge PTFE tubing (I.D.=300 µm, Small Parts) was
inserted to the punched hole and sealed by a small portion of PDMS mixture to form vertical
inlets. To make the parallel inlet devices, three layers of Scotch tape were adhered to the
channel near the inlet area. The PDMS mixture was then poured onto the silicon mold and
baked at 80°C for 1 h. Inlets were formed by cutting part of the PDMS slab at the inlet end
to expose the channel end to air. A diagram of the procedure is shown in Supporting
Information (Fig. S1). The PDMS device was bonded with a piece of glass slide by plasma
treatment. A short capillary (O.D. = 360 µm, I.D.=200 µm, Polymicro Technologies) was
inserted to the end of the microchannel and sealed by small amount of PDMS liquid
mixture, forming the inlet connections.

Device setup and operation procedure
A series of syringes and a T-junction flow system were used to introduce cells and wash
buffer. Syringes containing either cell suspension or wash buffer were placed onto syringe
pumps (KD Scientific). 3% bovine serum albumin (BSA, Sigma-Aldrich) in phosphate-
buffered saline (PBS, Mediatech) was first introduced at 0.5 mL/h by the pump holding the
buffer syringe to fill the device and exclude any bubble. Then the buffer loading pump was
stopped and the sample loading pump was set to load cells into the channel at 0.5 mL/h. This
flow rate was chosen to rapidly fill the injection tubing with cells and begin to introduce
cells into the separation channel. When cell injection became constant, the flow rate was
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lowered to 0.05 mL/h to allow for cell separation. A Schematic of the experiment setup is
shown in Supporting Information (Fig. S2).

Cell separation was observed using an inverted epifluorescence microscope (IX71,
Olympus). All images and videos were recorded by a cooled CCD camera (Orca-285,
Hamamatsu). A 100W Hg lamp (Olympus) was used to excite green fluorescent protein in
mouse endothelial cells. Suitable filters and a 0.3 NA 10X objective were used to obtain
white light and fluorescence imaging. Images and compressed videos were processed by
ImageJ (Version 1.43u, National Institutes of Health).

Fluorescence correlation spectroscopy (FCS) experiment setup and operation procedure
FCS instrument setup in this study is based on previous reports37, 38 with slight
modification. Briefly, excitation light was produced by a 637 nm laser diode (Edmund
Optics). The laser beam passed through a variable neutral density filter and was attenuated
to power of 150 µW. The attenuated laser beam was then directed to an inverted microscope
(IX51, Olympus) through a two-mirror periscope. A 635 nm dichroic mirror (Semrock) was
employed to reflect the incoming laser beam through the back aperture of the objective (60×,
NA= 0.7, Olympus). The objective was adjusted to focus on interested spots in
microchannel. Fluorescence emission passed through the same objective, the dichroic
mirror, lenses, and a 700 nm interference filter (used to minimize Rayleigh and Raman
scatter). A 100 µm pinhole was used to exclude out-of-focus light. Fluorescence was finally
collected by a single-photon-counting avalanche photodiode detector (PerkinElmer). Signals
acquisition was achieved by a counting board (Model 6602, National Instruments).

The flow experiment setup and procedure were the same as cell experiments mentioned
above (Fig. S2). The only difference is the use of Allophycocyanin- Alexa Fluor 680
(APC680, Invitrogen) fluorophore in PBS solution instead of cells in buffer solution. A
solution of 4 nM APC680 was first introduced into the flow channel and then theflow rate
was adjusted to 0.05 mL/h and flow ran for 20 minutes before measurement. Data was
acquired and monitored by a FCS control program (a gift from Rigler group39) at a flow
rate of 0.05 mL/h for both vertical and parallel inlet devices. Collected data was further
processed in Origin 6.0 (Origin Lab, USA) and the resulting FCS curves were fitted by a
non-linear least-squares algorithm to calculate diffusion time.

Results and discussion
Cell Separations in Vertical Inlet and Parallel Inlet Devices

Cell separations were performed both in vertical inlet and parallel inlet chips. Cell mixtures
of HuT 78 and mouse endothelial cells (5000±1000 cells/µL) were first introduced into the
separation channel at 0.5 mL/h. When cell flow became uniform and constant in the channel,
flow rate was changed to 0.05 mL/h to provide enough time for cell surface antigens to
interact with surface antibodies, a step which is essential for cell capture under continuous
flow conditions. About 10 µL of cell mixture were passed through the separation channel
followed by a 0.5 mL/h flow rate wash step. Images (Fig.2a and 2b) of the middle of the
separation channel were taken after a 10µL wash. The purity of target Hut 78 cells was
98.2%±1.6% and 99.1%±1.8% for the parallel inlet device and vertical inlet device,
respectively. However, inconsistent flow (See Video S1 and 2, Supporting information)
affected cell capture efficiency during the separation process in vertical inlet devices. Since
the syringe pump provides nearly-constant pressure to the flow system, the inconsistent flow
most likely arises from cell accumulation at the inlet area. Observations of cells flowing in
parallel channels did not reveal the same pulsatile behavior.
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Cell capture near the channel inlet exhibited different behavior than further downstream in
the channel. Cell mixtures of HuT 78 and mouse endothelial cells (~2000 cells/µL, 2:1
mixture) were separated in anti-CD71 coated devices. Cell blockage can be seen in the
region near the vertical inlet after a 2.5 µL cell sample was introduced (Fig 3a). In contrast,
parallel inlet devices showed reduced level of cell blockage at the inlet area (Fig. 3b). The
cell density on the capture surface after 2.5 µL of cell mixture was 2600±110 cells/mm2 for
vertical inlets and 500±140 cells/mm2 for parallel inlets. In addition, the cell density near the
vertical inlet area was about 10 times higher than the rest of the channel. In the parallel inlet
device, the inlet cell density was 4–6 times higher. It should also be noted that parallel inlet
connections are more difficult to make due to the height of micro channel. Parallel inlet
defects such as inconsistent channel height and debris at the inlet area may also lead to high
cell density near the inlet (Fig.3c and d). However, cell accumulation and blockage with
parallel inlets is not as severe as observed in vertical inlet channels under similar conditions.
Cell density in a higher height channel (>360 µm) was 976±117 cells/mm2 (Fig. 3d) after a
10 µL sample was loaded (~5000 cells/µL), which was approximately 2.5 times less than at
the vertical inlet area (Fig. 3a). At vertical inlets, nonspecific binding is worse than in the
rest of the channel (Fig. 3e). As an analytical technique where the end result is the capture
and counting of cells, avoiding counting the inlet will reduce error from nonspecific binding.
However, in experiments where cells are purified and captured (or cultured in the separation
chip), nonspecific binding at the inlet cannot be neglected.

Theoretical Considerations
The different capture capacity at the inlet area is related to the different inlet geometry of
two devices. The flow profile at vertical inlets is more complicated than parallel inlets due to
the inlet geometry (flow channels perpendicular to each other) and imperfect connections
caused by the hole punching process. Fluorescence correlation spectroscopy (FCS)
experiments were conducted to describe the flow profile of the two devices (Fig. 4 a and b).
The ability and principle of measuring diffusion and flow time in microfluidic device by
FCS has been demonstrated previously39, 40. The diffusion time and flow time of
fluorophore can be obtained using a model (Eq. 1, Eq.2, respectively) for the temporal
autocorrelation function.

(Eq. 1)

and

(Eq. 2)

where N is the average number of fluorophres in the confocal volume, TD is the diffusion
time and TF is the flow time. Wxy and Wz are the horizontal and vertical dimensions of
confocal volume, respectively. It should be noted that the resultant autocorrelation curves
failed to be fitted by flow model but can be fitted in simple diffusion model (Fig. S5 a–d)40.
This failure of fitting may be caused by the low flow rate used in this experiment. Therefore,
we chose static model to fit the points of measurement in the chips and compare the
calculated diffusion times of the fluorophore. Though diffusion time cannot represent the
exact velocity, it reflected relative mass transport and can be used to compare relative flow
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velocity at different spots. The calculated value of tD represents a transport time in this case,
as small flow effects are also present. In parallel inlet devices, tD near the left channel wall
at the inlet area is 0.494±0.083 ms. This spot should have a relatively slow mass transport,
since the position is furthest to the inlet capillary. In vertical inlet device, seven spots, which
are 77% of measured spots near the inlet area, have a comparable tD (≥ 0.4 ms, see
Supporting Information) with the slowest spot at the parallel inlet area, indicating a larger
dead volume compared to the parallel inlet device. Cells in the dead volume have smaller
flow velocity and cannot be transported to the separation channel effectively. This prolonged
the flow time near inlet area increased the chance of cells being captured. In contrast, the
cell inlet area in the parallel inlet device maintains a relatively fast mass transport to reduce
the capture effects at the inlet. Though there is a small dead volume at the left corner, it
should not cause much capture since it is not the major pathway of the cells. The difference
in dead volume is related to the cross section area of two inlet types. The vertical inlet
diameter is about 600 µm (the hole punched by 18-gauge blunt needle), while the parallel
inlet capillary has an internal diameter of 200 µm. Base on the law of the mass conservation,
linear flow velocity is inversely proportional to the cross sectional area of the channel.
Before entering the flow channel, cells flowed through a larger cross section at the vertical
inlet than at the parallel inlet (about 9 times larger), which resulted in a smaller velocity at
the vertical inlet area. The smaller velocity and perpendicular geometry at the vertical inlet
increased cell-affinity surface interactions, leading to cell capture. For the parallel inlet
device, enhanced cell capture near the inlet area was unlikely to occur, as it is hard to make
a large cross section area due to the nature of parallel geometry.

In addition, the direction of hydrodynamic force may contribute to the difference of the inlet
capture effect of the two devices. Cells at both inlets experience the same forces of gravity,
buoyancy and fluid resistance. However, hydrodynamic force on the cells in vertical inlet
channels has two directions (vertical and horizontal), while cells in the parallel inlet
channels only experience hydrodynamic force along the channel (horizontal). The additional
direction of hydrodynamic force pushed the cells at vertical inlets to the affinity surface,
which increases the likelihood of cells interacting with surface and being captured. Slower
cell velocity and additional force towards the channel surface led to significant capture
effects near vertical inlet area.

Capture effects were further enhanced by cells captured in earlier parts of the separation.
These captured cells increased the possibility of collisions with moving cells. These
collisions result in increased cell capture (See Video S3, Supporting information). If too
many cells are captured at the inlet, they may block the flow of buffer solution. Though this
blocking effect is very short, it can cause inconsistent flow in the channel. Moreover, non-
targeted cells tend to be trapped by cells captured on the surface due to the large cell density
near the inlets (Fig. 3e). Non-specific binding near inlets will degrade the separation
experiment. In parallel inlet separation channels, cells trapped by already-captured target
cells is also the main reason for decreased separation purity. However, parallel inlets allow
larger separation sample volumes, because cell blockage was reduced near inlets.

Cell Velocity Comparison
As indicated above, cells at vertical inlets should have slower velocity than at parallel inlets.
To validate our hypothesis, cell horizontal velocities were measured for each type of device
under a flow rate 0.05 mL/h. In vertical inlet devices, cell velocities were 0.07±0.03 mm/s at
the inlet and 0.48±0.08 mm/s in the middle section of the channel, respectively (Fig. 5a).
Cells moved slower at the inlet area, which facilitated cell capture on the affinity surface. In
parallel inlet devices, cell velocities at the inlet and middle of the channel were 0.46±0.06
mm/s and 0.47±0.05 mm/s, respectively (Fig. 5a), showing no significant difference (a t-test
was performed at the 95% confidence level for all comparisons).
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Cell velocity changes were also tracked for each device (Fig. 5b). Fig. 5b shows the change
in velocity for two typical cells between the inlet area and the separation channel in each
device. The cell in the vertical inlet device showed a velocity increase from 0.09 mm/s (at
inlet) to 0.36 mm/s (in channel), while the cell velocity in the parallel inlet was maintained
at a stable level (0.38 mm/s). These two representative cells reflected typical cell moving
pattern near each inlet area. Cells in the vertical inlet device moved slowly at the inlet area
until they entered the separation channel, which has smaller cross section area compared to
the inlet area. Slower horizontal velocity and an initial vertical direction increased the
chance of cells interacting with the affinity surface in the vertical inlet device, which led to
increased cell capture. In contrast, cells moved smoothly from the inlet area to the rest of the
channel in parallel inlet devices. Cell velocity comparison indicated that dead volume
around vertical inlet area and different hydrodynamic forces applied to cells resulted in the
high capture efficiency at the vertical inlet.

Quantitative Characterization of Inlet Capture Effects
To characterize the effects of inlet type on cell capture behavior and validate our hypothesis,
we examined cell numbers that passed through right after the inlet area in a confined time
period. When cells were loading into the separation channel at a flow rate of 0.5 mL/h, no
affinity capture occurred and cell throughput for both inlet types was similar. After changing
flow rate to 0.05 mL/h to allow cell capture to ensue, cells initially maintained a high flow
rate as the system pressure equilibrated. As cells decelerated and were captured on the
surface, fewer cells passed through our observation region as a function of time. To describe
this observation quantitatively, we define P as the ratio of cells passing through the
observation region in 30s at several intervals after changing the flow rate to 0.05 mL/h (It),
to cells passing through the observation region in 30s just after changing flow rate from 0.5
mL/h to 0.05 mL/h, (I0).

(Eq. 3)

The P value reflects changes in cell throughput in a channel. In the case where no cell
capture occurs, (i.e. for a non target cell), P should remain 100% throughout the course of
the separation. In our separation setup, three factors contribute to the throughput decrease.
These factors are the decrease in flow rate, the capture or trapping of cells near inlets, and
cell capture on the channel surface downstream from the inlet. Among these reasons, the
decrease in flow rate impacts both inlet types equally and cells captured on the channel
surface can be minimized by fixing the detection window adjacent to the inlet area (~1mm
downstream). Therefore, the P value can be employed as an indicator to compare cells
captured or trapped near inlets for different inlets types. P values were determined by
passing Hut 78 cells through an anti-CD71 coated surface. A 30-second video was recorded
every 1 minute after changing the flow rate to 0.05 mL/h (Fig. 6). At the first minute, both
devices showed a significant drop in the number of cells that passed through as the flow rate
decreased to 0.05 mL/h. The P values at that time point for vertical inlet devices (17.8%
±1.0%) start to be statistically different (95% confidence level) with parallel inlet devices
(21.6%±1.6%), though the difference is still small. After 1 minute, the P value for parallel
inlet devices was 19.4%±1.9%, while in vertical inlets, the value decreased as a function of
time. At 5 min, P values for the vertical inlet device was 1.2%±0.2%. To exclude the
possibility that flow pathways (vertical vs. parallel) affected cell throughput in these
devices, we also performed experiments where Hut 78 cells were passed through a channel
without an affinity surface. The P values at 15 minute for vertical inlet devices and parallel
inlet devices were 21.8%±2.0% and 21.5%±1.5%, respectively. We can conclude that there
is no significant difference between P values in this case, and that flow pathways do not
affect cell throughput. These observations further confirm our hypothesis that the
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combination of slower flow rate at the inlet, vertical hydrodynamic force and capture on the
affinity surface caused cell blockage near inlets. Also, as stated above, cell velocity in the
channel showed no significant difference for the two devices. As a result, differences in inlet
geometry can be neglected when designing a microfluidic device not involving an affinity
surface. However, for cell capture and isolation, the design of the inlet is a critical parameter
to be considered with the choice of affinity surface, channel design, etc.

Vertical Inlet Effects for Negative Selection
The area around the vertical inlet showed significant cell capture efficiency, which is
detrimental in some positive-selection affinity cell separation experiments. However, this
effect may serve as a good feature for negative-selection cell separation. As indicated by P
value for vertical inlet systems, only 1.2% of cells passed through the anti-CD71 separation
channel in 30 s, which means only 27 cells passed through comparing with 2178 cells
passed in the first 30 s. Using HuT 78 cells as the background cell and mouse endothelial
cells as the target cell, we depleted HuT 78 cells from the sample using an anti-CD71 coated
chip. The initial mouse endothelial cell percentage was 31.1%. Cell concentrations were
measured on the chip at the channel outlet. At 8 minutes and 20 minutes after changing the
flow rate to 0.05 mL/h, 30 seconds of videos were recorded (See Video S4 in supporting
information for the video at 20 min). The purity of mouse endothelial cells was 81.0% and
83.0%, respectively. This preliminary experiment demonstrates that chip geometry can be
exploited to enhance separation efficiency in different modes. The benefits of negative
selection separation are higher separation throughput, the target cells are not labeled in any
way, and easy integration with other on-chip cell analysis. For example, when integrated cell
separation and apoptosis induction/detection is needed, negative selection allows purified
cells to be transported to the next functional area of the chip without labels or the need for
elution. In positive selection, captured target cells must be removed from the surface before
proceeding to the next step. Bubble induced detachment is an ideal way (high efficiency and
high viability) to recover cells from the affinity surface11, but it’s not suitable in this case, as
the introduction of bubbles into a microfluidic system can degrade performance. Elution of
captured cells using high shear force overcomes the bubble problems but causes cell damage
and excessive dilution. Since negative selection avoids the dilemma of target cell elution, it
is a better choice for integration into more complex cell analysis systems.

Conclusion
We compared the effects of differences in inlet geometries on microfluidic affinity surface
cell separation experiments. Vertical inlets showed significant tendency to retain cells near
the inlet, while parallel inlets did not exhibit this initial capture. Non-specific binding caused
by cell blockages near vertical inlets is especially detrimental to experiments that require
recovery of purified cells. If experiments only require observation of captured cells on the
chip, the initial capture effect in vertical inlet devices can be minimized since other parts of
the channel still exhibit high purity. Also, stop flow is still a viable option to vertical inlets.
In stop flow experiments, a high loading flow rate (which is not suitable for continuous flow
capture) can avoid initial capture near the inlet area and unbound cells can be washed away
at high flow rates. However, the high degree of cell capture can be a good feature for
negative-selection separations. A preliminary study showed the mouse endothelial cell
concentration in a mixture with HuT 78 cells increased from 31.1% to 83.0% by a device
described in this work without any optimization. This result can be further improved with
refinement of the microfluidic device design. Capture near the vertical inlet is a potential
way to enhance cell capture and binding by applying additional force towards the surface.
This work has illustrated the difference between cell loading methods and contributes to the
current knowledge of microfluidic affinity cell separation. This work can serve as reference
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for those designing affinity microfluidic devices for cell separation, both in positive and
negative selection modes.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig.1.
Schematic of microfluidic device a) Vertical inlet chip. Holes were punched from PDMS
slab to form the inlet and outlet. 30-guage PTFE tubing was connected to the inlet hole to
load buffer and cell sample into the separation channel. b) Parallel inlet chip. Capillary
(O.D. =360 µm) was inserted into the separation channel to form parallel inlet (See
Supporting Information for fabrication procedure). 30-guage PTFE tubing was then
connected to the capillary to introduce the cell sample to the separation channel. Both
devices were fabricated following standard soft lithography protocols. Separation channel
dimensions are 40 µm × 1 mm × 3 cm (height × width × length). The channel is narrower
near the outlet (300 µm in width).
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Fig.2.
Fluorescence images in the middle part of anti-CD71 separation chips, each showing >98%
purity. a) Hut 78 cells captured in vertical inlets device. b) Hut 78 cells captured in parallel
inlets device, bright cells in the picture are mouse endothelial cells. Continuous flow was
employed for both devices. Cells were loaded at 0.5 ml/h and the flow rate was then
changed to 0.05 ml/h to allow cells to be captured on the channel surface. The total injected
sample volume was 10 µL. Cell sample concentration (5000±1000 cells/µL) and mixture
ratio (HuT 78: Mouse endothelial ≈ 1:2) were the same to each experiment. Scale bar is 100
µm.
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Fig.3.
Images of Hut 78 cells captured by anti CD71 affinity surface a) Cell blockage near vertical
inlet after 2.5 µL sample collection (large dark area is inlet and tubing). Captured cell
density is 2586±111 cells/mm2. b) Cells captured near parallel inlet after 1.7 µL sample
collection. Cell density was 427±170 cells/mm2. After 2.5 µL sample collection, cell density
increased to 499±143 cells/mm2. Both a) and b) came from same day experiment and had
the same sample concentration (~2000 cells/µL). c) Cell capture caused by debris on the
surface. Debris can block flow pathway of cells, resulting in higher cell capture efficiency
near inlet. d) Cell capture caused by different height in parallel inlet devices. Left part of
dark line indicates channel with higher height (>360 µm), while right part has channel
height 40 µm. Cell experienced less shear stress in taller channel, which leads to higher
capture efficiency. Cell density at left part is 976±117 cells/mm2 after 10 µL sample
collection (~5000 cells/µL). f) Non-specific binding near vertical inlets. Bright cells are
mouse endothelial cells expressing green fluorescence protein. The image was taken after 25
µL of sample (2:1 mixture of Hut 78 cells and Mouse endothelial cells) was loaded at 0.05
mL/h. Cell blockage at vertical inlet area can trap non-specific cells on the surface, resulting
in lower separation efficiency. Scale bar is 100 µm.
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Fig.4.
Transport time of a tracer fluorophore (APC680) (unit: ms) under 0.05 mL/h flow rate. a)
Transport time of selected spots in the vertical inlet device (capillary connection shown in
grey). Larger transport times indicate slower mass transport at selected area. Transport time
at inlet center is 0.448±0.046 ms, which is larger than the measurement spot in the middle of
flow channel (0.321±0.021 ms). b) Transport time of selected points in the parallel inlet
device. The transport time at inlet center is 0.284±0.020 ms, which is smaller than spot in
the middle of flow channel (0.354±0.054 ms). A full list of transport times and standard
deviations and images of the actual devices are presented in the supporting information
(Table S1 and, Fig. S4 a and b).
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Fig.5.
Cell velocity comparison between two different inlet devices. a) Cell velocity comparison.
Cell velocity at vertical inlet area was smaller than in the channel (0.07±0.03 mm/s vs.
0.48±0.08 mm/s). There was no significant difference (compared by t test) for the parallel
inlet device (0.46±0.06 mm/s vs. 0.47±0.05 mm/s). Error bars represent standard deviation
of cell velocity. b) Typical cell velocity changes over time in two devices. Cell velocity was
tracked frame by frame. The cell in the parallel inlet device moved out of inlet area between
0.22 and 0.33 second, while the cell in the vertical inlet device moved out of the inlet area
between 0.33 and 0.44 second. The velocity of the cell in the vertical inlet increased after
moving out of the inlet area. Cell velocity was measured from videos recorded during the
experiments at camera speed 9 frame/s. Videos were analyzed by imageJ to measure cells
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displacement in pixels between each frame. 1 pixel in the videos represents 0.001288 mm in
actual scale.
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Fig.6.
P value comparison between two types of devices over time. Flow rate was changed from
0.5 mL/h to 0.05 mL/h at time 0 minute. After 1 minute, the flow rate in channel became
stable. Cell throughput in the parallel inlet device maintained at a constant level (19.4%
±1.9%), while it decreased from 17.8%±1.0% (1 min) to 1.2%±0.2% (5 min) in the vertical
inlet device. Error bar represents relative counting error (n = 2000 cells for vertical inlet, n =
1000 for parallel inlet).
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