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Abstract

Selective capture of cells from bodily fluids in microchannels has broadly transformed medicine
enabling circulating tumor cell isolation, rapid CD4* cell counting for HIV monitoring, and
diagnosis of infectious diseases. Although cell capture methods have been demonstrated in
microfluidic systems, the release of captured cells remains a significant challenge. Viable retrieval
of captured label-free cells in microchannels will enable a new era in biological sciences by
allowing cultivation and post-processing. The significant challenge in release comes from the fact
that the cells adhere strongly to the microchannel surface, especially when immuno-based
immobilization methods are used. Even though fluid shear and enzymes have been used to detach
captured cells in microchannels, these methods are known to harm cells and affect cellular
characteristics. This paper describes a new technology to release the selectively captured label-free
cells in microchannels without the use of fluid shear or enzymes. We have successfully released
the captured CD4™ cells (3.6% of the mononuclear blood cells) from blood in microfluidic
channels with high specificity (89% + 8%), viability (94% + 4%), and release efficiency (59% +
4%). We have further validated our system by specifically capturing and controllably releasing the
CD34* stem cells from whole blood, which were quantified to be 19 cells per million blood cells
in the blood samples used in this study. Our results also indicated that both CD4* and CD34* cells
released from the microchannels were healthy and amenable for /in vitro culture. Manual flow
based microfluidic method utilizes inexpensive, easy to fabricate microchannels allowing selective
label-free cell capture and release in less than 10 minutes, which can also be used at the point-of-
care. The presented technology can be used to isolate and purify a broad spectrum of cells from
mixed populations offering widespread applications in applied biological sciences, such as tissue
engineering, regenerative medicine, rare cell and stem cell isolation, proteomic/genomic research,
and clonal/population analyses.

Introduction

Capture, isolation and purification of specific cells from heterogeneous populations has
enabled advancements in a broad variety of scientific fields including cell based diagnostics
in microfluidic systems,1-545 cell specific genomic/proteomic analysis,®-8:46 clonal and
population studies,19 stem cell purification for regenerative therapies,1:12 and circulating
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tumor cell capture for cancer research.8:13 For instance, isolation of CD4* cells from blood
has been widely used for HIV monitoring,12:141547 for biological studies and
pharmaceutical research.16-18 On the other hand, isolation of stem cells (e.g., CD34*
endothelial progenitor cells) from peripheral blood, cord blood, and bone marrow has found
applications in regenerative medicine and tissue engineering.19-22 Fluorescence-activated
and magnetic-activated cell sorting are commonly used methods for cell isolation, which
require extensive preliminary sample processing and tagging of the cells with fluorophores
or magnetic particles conjugated with antibodies. While these methods are powerful and sort
cells from heterogeneous mixtures, the cost, complexity and the requirements for
infrastructure (e.g., facility, technical personnel, and reagents) limit their use at the point-of-
care (POC).116 There have been attempts to miniaturize these systems to simpler
microfluidic platforms.23:24 However, the peripheral equipment required for detection and
sorting using microfluidics remain bulky and costly. On the other hand, microfluidic
systems have traditionally required thousands of cells for post-capture genomic and
proteomic analysis (e.g., circulating tumor cell and neutrophil analysis).8:"25 Genomic
studies on captured cells in microfluidic systems are mainly hampered by the loss of
genomic material in the channels due to the large surface to volume ratio. Retrieval and
downstream processing of captured live cells can eliminate this limitation. Moreover, the
release of selectively captured live cells is significantly needed for extensive post-processing
capabilities and cultivation, and for clonal and population studies within the isolated cells.

Effectively releasing the selectively immuno-captured cells in microfluidic channels without
compromising the viability and phenotypic characteristics of the cells remains a
challenge.26-28 Chemical and physical means for cell detachment, such as enzymatic and
fluid shear based methods are known to adversely affect cell viability and function.2230 To
minimize these effects, captured cells need to be released and recovered without using harsh
chemical or physical mechanisms. Alginate based hydrogels have recently been used in
combination with conjugated antibodies to isolate endothelial progenitor cells from blood in
microchannels, in which the cells were released by chemically chelating the hydrogel that
coats the channels.31 However, alginate based hydrogels allow a high level of non-specific
binding?8:32 and offer a limited number of sites for conjugating antibodies,3! which
significantly reduce the capture specificity and efficiency. Furthermore, coating and
chemical chelation of hydrogels in microfluidic channels add extra steps, lengthy processing
time (e.g., 2+ days for gel preparation and channel coating), operational complexities (e.g.
use of microfluidic pumps), and additional chemical reagents that render this approach
costly and challenging to apply especially at the POC including bedside or the primary
healthcare delivery settings.

Temperature responsive polymer (poly(A-isopropylacrylamide), PNIPAAM) interacts
strongly with proteins (e.g., insulin chain A, serum albumin) above the lower critical
solution temperature (LCST).33:34 Whereas, when the temperature of the polymer is reduced
below the LCST, a complete desorption of the adsorbed proteins is possible.33:34 Even
though responsive polymers have been used to release attached cells from surfaces without
the use of fluid shear or enzymes,35-37 these studies relied on non-specific attachment of
adherent cells (e.g., fibroblasts). There are three unaddressed challenges for temperature
responsive polymers to be applicable in selective cell isolation. The first challenge is that the
cells need to be selectively captured on the polymer, which requires immaobilization of
specific antibodies on the polymer. The second challenge is merging these polymers with
microfluidic systems to process large volumes of heterogonous cell suspensions, such as
bodily fluids and whole blood. The third challenge is releasing the captured cells from
microfluidic channels. The challenge in release emerges from the fact that the cells tend to
adhere strongly to the surface when they are immobilized via antibody—antigen interactions.
Enzymatic and fluid shear based methods prove to be inefficient in detaching cells when
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immuno-based immobilization is used. Since the challenges listed have not been addressed
so far, thermoresponsive microfluidic technology has not been available for selective cell
isolation, purification, and diagnostics/monitoring applications with potential impact on
clinical practice and outcome. Here, we introduce a new approach to rapidly release the
selectively captured cells label-free in microchannels with high specificity and post-release
viability by using simple manual pipettors and short processing times.

Materials and methods

We developed a biotin binding protein (Neutravidin) and biotinylated antibody based
surface chemistry on PNIPAAm microfluidic channels (Fig. 1). In this approach: first,
Neutravidin followed by biotinylated antibody (human Anti-CD4 or human Anti-CD34)
were immobilized in microfluidic channels at 37 °C (Fig. 1C). Next, the heterogeneous cell
suspension (/.e., blood) was flown through the channels without any preliminary processing
(Fig. 1D). During this step, the CD4* cells or the CD34" cells were captured on the channel
surface with antibody—antigen interaction as we have shown before.38 Then, the non-
captured cells in the channels were rinsed away with buffer solution at 37 °C (Fig. 1E).
Rapid heating (37 °C) and cooling (<32 °C) of the microchannels was achieved by the small
liquid volume (10 pL) in the channels. The Neutravidin—antibody complex together with the
captured cells was then released from the surface by a reduction in temperature (Fig. 1F).
The temperature of the microfluidic channels was controlled with a heating pad and
monitored using a liquid crystal dye in a channel, working in the 32 °C to 40 °C range
(sensitivity: 1 °C) (Fig. 1B). The temperature level and distribution in the thermoresponsive
release channels were observed to be uniform throughout the experiments.

Quantification of CD4* and CD34" cells in blood samples

The CD4* and CD34* cells in the blood samples were quantified by using the standard flow
cytometry methods.1® For flow cytometry analysis, 100 uL of buffy coat or whole blood was
lysed with 1x fluorescence activated cell sorting (FACS) lysing solution diluted with
deionized water (MilliQ Academic, Billerica, MA) from 10x BD FACS Lysing Solution
(BD Biosciences, San Jose, CA). The sample was vortexed gently and incubated for 10
minutes at room temperature. Next, the sample was centrifuged at 2000 rpm for 5 minutes
which was followed by discarding the supernatant. Cell debris were washed away with 2.5
mL of phosophate buffered saline (PBS), followed by a second centrifugation. Next, cells
were suspended in 1 mL of PBS. 1938 pL of FACSFlow Sheath Fluid (BD Biosciences,
Franklin Lakes, NJ) and 10 mL of cell solution prepared as a result of lysis step was mixed
in a new FACS tube and eventually 12 L of Alexa Fluor 488 anti-human CD34 antibody
(Biolegend, San Diego, CA) or anti-human CD4 Alexa Fluor® 488 (eBioscience Inc., San
Diego, CA) was added before 30 minutes of dark incubation at room temperature. With the
addition of 50 pL of counting beads (BD Biosciences, San Jose, CA), cell solution was
prepared for flow cytometry analysis, during which calibration beads (BD Biosciences, San
Jose, CA) were used. The software used during FACS measurements was CellQuestPro (BD
Biosciences). The results of these analyses are reported in Table 1.

Design and fabrication of microfluidic channels

We have optimized our microfluidic channel design to accommodate manual pipetting (Fig.
1A) and to result in optimum flow rates and shear stresses in the microchannels for the
capture of cells from blood. Briefly, in each microfluidic chip, three channels (dimensions:
25 mm x 4 mm x 80 pm) were employed with either PNIPAAm layered polystyrene bottom
surface (release channels) or polystyrene (control channels) bottom surface (Fig. S1 and
s21). To minimize the peripheral equipment needed to operate the microfluidic chips, we
eliminated the need for syringes and pumps. We performed 40 manual pipetting experiments
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(0.5-10 pL manual pipettors with 0.1-10 pL pipette tips, VWR International, Batavia, IL)
with microfluidic channels to estimate the resulting flow rates in channels for PBS and
blood. Using the flow rates obtained from the experiment, the resulting shear stress on the
channel surface was determined by employing the Navier—Stoke’s equation for
incompressible fluids and infinite parallel flow. Eqn (1) was derived to evaluate the shear
stress in the microchannels as described before.38

_6p@
T=
W H?

)

where the shear stress (7) varies with the width (14) and height (#) of the channels, as well
as the volumetric flow rate (Q), and the dynamic viscosity () of the fluid. The channel
dimensions (width and height) were optimized iteratively until the measured flow rates and
the resulting estimated shear stress levels fell within the optimal range for the capture of
CD4* T-lymphocytes in microfluidic channels (Fig. 5B and C).15:38 The middle channel was
stained with temperature sensitive liquid crystal dye to monitor the channel temperature
throughout the experiment (Fig. 1B). To keep the fabrication costs low, microfluidic chips
were made of inexpensive plastic components and adhesives with methods that would allow
high fabrication yield (ESIT).

Functionalization of microchannels for selective label-free CD4" and CD34* cell capture

All components were kept at 37 °C throughout the experiment. The microchips were placed
on a temperature controlled heating pad (Omega Engineering Inc, Stamford, CT) to maintain
the hydrophobic state of the polymer. The channels were washed with Phosphate Buffered
Saline (PBS, Mediatech, Herndon, VA). Next, biotin binding protein NeutrAvidin (Thermo
Fisher Scientific Inc., Rockford, IL) was immobilized on the surface by incubating 100 ug
mL~1 NeutrAvidin solution in PBS for 1 hour. The surface was then passivated with 1%
Albumin from Bovine Serum (BSA) solution (Sigma-Aldrich Co., St Louis, MO) in PBS.
Monoclonal biotinylated human anti-CD4 antibody (Beckman Coulter Inc., Brea, CA) was
immobilized with two successive half hour incubations of 22 ug mL=1 solutions in PBS.
Similarly, biotinylated anti-human CD34 antibody (BioLegend Inc., San Diego, CA) was
immobilized in microchannels. After each incubation period, the channels were rinsed with
PBS.

Selective CD4* cell capture from human blood in microchannels

Following the completion of surface chemistry, blood was introduced into the channels.
Discarded buffy coat samples from healthy patients were obtained from Blood Transfusion
Services at Massachusetts General Hospital, Boston, MA under the approval of the
Institutional Review Board. To minimize the effects of CD4* cell number variations in the
blood samples, we performed cell count on each buffy coat sample and normalized the
number of white blood cells to the normal range observed in humans (Table 1). White blood
cell concentrations were quantified using a hematology system (Drew-3, Drew Scientific
Group, Dallas, TX) for each buffy coat sample obtained. Next, the serum was extracted from
the buffy coat by centrifuging 5 mL of buffy coat at 2000 rpm for 12 minutes. Then, the
buffy coat samples were diluted with the serum38 to obtain a white blood cell concentration
within the normal range in humans (Table 1). It should be noted that these process steps are
not required if whole blood samples from healthy patients are available, in which case a
direct application of the whole blood into the microchannels would be possible as described
below for our CD34™" capture experiments. For CD4" capture, 20 pL of the blood sample
(buffy coat) at 37 °C was introduced into the microchannels with a manual pipette (Fig. 1A).

TElectronic supplementary information (ESI) available: See DOI: 10.1039/c11c20487d
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Immediately after sample injection, a 100 uL mL~1 FACS Lysing solution (BD Biosciences,
San Jose, CA) in HyPure Cell Culture Grade Water (HyClone Laboratories Inc., Logan, UT)
was introduced into the channels and incubated for 5 minutes to remove the remaining
erythrocytes from the channels, followed by a PBS wash.

Selective CD34" cell capture from human whole blood in microchannels

Discarded deidentified whole blood samples were obtained from Brigham and Women’s
Hospital (Boston, MA), under the approval of the Institutional Review Board. Cell
concentrations in whole blood were verified using a hematology system (Drew-3, Drew
Scientific Group, Dallas, TX) to ensure that the levels are within the normal range per pL of
blood (Table 1).32 For capturing the CD34" cells, 100 uL of the whole blood was introduced
into the microchannels, during which temperature was maintained at 37 °C. Immediately
after sample injection, a 100 pg mL~1 FACS Lysing solution (BD Biosciences, San Jose,
CA) in HyPure Cell Culture Grade Water (HyClone Laboratories Inc., Logan, UT) was
introduced into the channels and incubated for 5 minutes to lyse and remove the
erythrocytes from the channels, followed by a PBS wash.

Controlled release of captured CD4* and CD34" cells in channels

To release the captured cells, microchannels were removed from the heating pads and
cooled down at room temperature for 5 minutes. Released cells were then rinsed out with
PBS (or the culture medium of interest) and collected in 1.5 mL microcentrifuge tubes
through tubing connected to the outlet port (Fig. 1A). After the release step, channels were
assessed with a microscope to confirm and quantify the cell release. Release efficiency of
captured cells was quantified by determining the ratio of the released cells to the remaining
cells in channels. We have assessed the effect of flow rate (in the range of 50-500 pL
min~1) in channels on release efficiency by using a programmable syringe pump.

Analysis of capture specificity in microchannels

The capture specificity of the channels can be defined as the total number of cells stained
with anti-CD4 or anti-CD34 antibody-fluorophore, divided by the total number of cells
counted in bright field images (Fig. 3A-D and 7A and B). Captured cells on a separate group
of channels (7= 4 per group) were stained with anti-human CD4 antibody conjugated with
Alexa Fluor® 488(eBioscience Inc., San Diego, CA) or anti-human CD34 antibody
conjugated with Alexa Fluor 488(Biolegend, San Diego, CA) to assess capture specificity.
The channels were imaged at 10 predetermined fixed locations to quantify captured cells in
bright field and in fluorescent modes. Then, fluorescent cell counts were divided by the
bright field cell counts to determine capture specificity.

Post-release viability assessment and cultivation of CD4* and CD34* cells

To evaluate the post-release viability, CD4™" cells were collected and assessed by a dye
exclusion viability method. The released cells were stained with trypan blue (Sigma Aldrich,
St Louis, MO) and counted in a hemocytometer. The live and dead cell numbers were
recorded and the counts were repeated 5 times to obtain an average. On the other hand, the
released CD34" cells were assessed for viability by using live/dead cell assay (Invitrogen,
Carlsbad, CA). The released and collected CD4* and CD34* cells were cultured in RPMI
1640 media (Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum
(Invitrogen, Carlsbad, CA), and 100 Ul mL~1 Penicillin-streptomycin. CD4* cell medium
was supplemented with phytohemagglutinin (PHA) (Thermo Fisher Scientific, Waltham,
MA\) to facilitate cellular mitosis.*0 The CD4* cells were cultured for 8 days at 37 °C and
5% CO» incubator. During the cultivation period, cell morphologies and numbers were
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assessed with microscopy. Cell densities in culture per millimetre square were quantified to
analyze the proliferation potential of CD4" cells.

Microfluidic channel visualization and image processing

A Carl Zeiss Observer D1 Model Axio Inverted Microscope with the AxioVision LE (from
Carl Zeiss) software was used to obtain microscopic images in this study. Carl Zeiss Plan-
Apochromat (10%/0.45 ph1) objective lens was utilized for bright field and fluorescent
imaging of microchannels. Ten images were taken per channel at predetermined fixed
locations marked during microfluidic chipfabrication,which ensured consistency of the
position of images before and after the cell release. ImageJ software (National Institutes of
Health) was utilized to semi-automatically quantify the number of cells in each image using
the Cell-Counter plug-in.

Statistical analysis

Results

Data obtained in this study were reported as mean * standard error of the mean. The
collected data were tested for normal distribution with Anderson—Darling normality test.
Parametric 2-sample #test (release efficiency, 7= 6 channels in each group with an average
of 10 images per channel) and paired #test (cell capture specificity, 7= 4 channels in each
group with an average of 10 images per channel) were used for statistical analysis. The
effect of flow rate on release efficiency was assessed using analysis of variance (ANOVA)
with Tukey’s post hoc comparison (/7= 4 channels per flow rate). CD4* cell proliferation
was also analyzed using ANOVA with Tukey’s post hoc comparisons. Statistical
significance was set at 95% confidence level for all tests (p < 0.05). The experiments were
repeated at least four times with different blood samples to validate repeatability and
reproducibility. Error bars in the figures represent the standard error of the mean.

We showed that the protein adsorption/desorption mechanism on temperature-responsive
polymer (PNIPAAM)34 can be adapted to develop a biotin-binding protein and biotinylated
antibody based surface chemistry to release the selectively captured label-free CD4* and
CD34* cells from blood with high viability and specificity. With this new approach,
selective capture, controlled release and viable retrieval of cells can be achieved in less than
10 minutes with simple manual pipetting in a standard laboratory setting (Fig. 1).

CD4* and CD34* cell counts in blood samples

Quantification of cell numbers in the buffy coat samples indicated that 3.6% of the
mononuclear cells were CD4* cells, which accounted for 195 cells per million blood cells
(including the red blood cells) (Table 1). CD34* cell capture was performed using whole
blood samples. The number of CD34* cells in the whole blood samples was measured to be
0.5% of the mononuclear cells, which accounted for 19 cells per million blood cells
(including the red blood cells) (Table 1).

Release efficiency of the captured cells in microchannels

The microchannels were rendered chemically active by functionalization with anti-CD4 or
anti-CD34 antibodies. We analyzed the release efficiency of captured CD4* cells in
thermoresponsive release channels in comparison to control channels (standard cell culture
grade polystyrene) (Fig. 2A-D). A significant number of cells were released in release
channels (paired £test, p < 0.05) (Fig. 2E), while there was no statistically significant
difference between the number of captured and unreleased cells in control channels (paired
ttest, p>0.05). We observed the release efficiency to be 59% (+4%) in release channels,
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while the release efficiency was less than 2% in the control channels (Fig. 2F). The
difference between the cell release efficiencies of control and release channels was
statistically significant (#test, p < 0.05).

Specificity of selective cell capture in microchannels

Selective cell capture specificity was analyzed by quantifying all the captured cells (Fig. 3A
and C) and the number of CD4 fluorophore conjugated antibody labeled captured cells (Fig.
3B and D) in both control and release channels. For CD4™* cell capture, control channels
displayed a capture specificity of 83% (£2.5%), while the thermoresponsive release channels
displayed a significantly greater (#test, p < 0.05), 91% (£1.3%) capture specificity (Fig. 3E
and F).

Cell capture and release distribution along the microchannels

Cell capture and release distribution along the channels were analyzed by imaging five
predetermined locations in the channels. A higher density of captured cells was observed
close to the channel inlets, which decreased towards the outlet (Fig. 4). When the channel
temperature was reduced, less than 2% of the cells were released along the control channels
(Fig. 4A). On the other hand, a significant release of captured cells was observed (59%) with
a distribution along the release channels (Fig. 4B).

Effect of flow rate on release efficiency and optimized fluid shear rates in channels

Flow rates used in this study (50-500 pL min~1) did not have a major effect (>0.05) on the
release efficiency of captured cells in microchannels (Fig. 5A). To eliminate the dependence
on peripheral pumping equipment, microchannel dimensions were optimized to result in
manual pipetting flow rates of 63.1 uL min~ (+3.3 yL min™1) for aqueous solutions
(phosphate buffered saline, PBS) and 45.2 yL. min~! (2.6 mL min~1) for blood (Fig. 5B).
Based on these flow rates, channel dimensions, dynamic viscosity of water at 37 °C (7 x
1074 Pa-s) and dynamic viscosity of blood at 37 °C (35 x 107 Pa-s),*! fluid shear stress
induced on the channel surface was determined to be 1.7 dyn cm=2 (0.1 dyn cm~2) for
aqueous solutions, and 6.2 dyn cm™2 (x0.4 dyn cm~2) for blood (Fig. 5C). The estimated
fluid shear stress levels were within the optimal range for the capture of CD4* T-
lymphocytes in microfluidic channels. We showed that manual pipetting allowed
reproducible flow rates and shear stresses in the microchannels (Fig. 5B and C).

Post-release CD4* cell viability and cultivation

The viability of released CD4* cells from microchannels was analyzed by collecting the
released cells at the outlet and by performing dye-exclusion viability assay. Post-release
viability of CD4"* cells was observed to be 94% (+4%). The released CD4* cells were
cultured for 8 days and the viability was still observed to be greater than 90% at the end of
the culture period. The morphological assessment of the cells over the 8 day culture period
indicated intact and healthy cells (Fig. 6A-C) with a statistically significant proliferation at
day 5 and at day 8 (Fig. 6D).

Specific CD34" capture, release and viability assessment

We validated our system by selectively capturing and releasing CD34" stem cells, which are
found to be at lower concentrations in peripheral blood compared to CD4™ cells (Table 1).
CD34" cells were selectively captured from whole blood samples, and released to result in
isolated cells with high viability and cultivation potential. Capture specificity of the CD34*
cells was observed to be more than 90% (Fig. 7A and B), which was comparable to the
specificity observed for CD4"* cells in the system (Fig. 3). The released CD34* cells were
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viable (viability more than 90%, Fig. 7C and D) and displayed intact and healthy
morphology after a day in culture (Fig. 7E).

Discussion

We have shown that specific antibodies can be immobilized in thermoresponsive
microfluidic channels to selectively immobilize cells from blood with antibody—antigen
interaction followed by controlled release and retrieval with high release efficiency,
specificity and viability. To design thermoresponsive microfluidic channels that can
effectively release selectively captured cells, it is important to understand the working
principle of temperature responsive polymers and their interaction with proteins at different
states. Temperature dependent interaction between the polymer and proteins is due to the
changes in local environment around the hydrophobic isopropyl domains in the polymer.
Below the LCST (<32 °C), the polymer becomes hydrophilic and swells in water4? at which
point, the hydrophilic amide and carboxyl groups in the polymer form hydrogen bonds with
water molecules, reducing the interaction with proteins. At and above the LCST (>32 °C),
the polymer becomes hydrophobic and insoluble in water,34:42 where the hydrophobic
isopropy! group in the polymer causes phase separation from the aqueous environment and
therefore breakage of hydrogen bonds. In this case, the polymer becomes hydrophobic and
associates less with the surrounding water and interacts more with the proteins in solution.
Since the polymer has high affinity for adherence of proteins at 37 °C,34 Neutravidin (or
other biotin binding proteins) can be immobilized on the polymer followed by a biotinylated
antibody, and cells can be selectively captured at this temperature (Fig. 1D). By simply
reducing the temperature of the surface below the LCST, protein—antibody—cell complex can
be rapidly released from the surface (Fig. 1F). In this system, achieving rapid release of
captured cells in a controllable manner with thermoresponsive polymers was possible by the
small volumes employed in microchannels (Fig. 1C-F).

To ensure optimal performance of the release channels, a temperature indicator channel was
included on-chip (stained with temperature responsive dye) to monitor the temperature
distribution during the capture and release processes using a simple visual color change,
sensitive down to 1 °C (Fig. 1B). All components were heated to 37 °C prior to injection
into channels. Slight fluctuations in temperature were tolerated with the developed system
since the surface behaves consistently in a wide temperature range (about 5 °C) above and
below the LCST.

For the genomic studies on selectively isolated cells, it is critical that the genomic
characteristics and gene expression of cells are not affected during the isolation process. It
should be noted that in this study, the temperature change within the microchannels between
the capture period (37 °C) and the release period (<32 °C) was about 5 °C. The release took
place in less than 10 minutes facilitated by the small channel volume (~10 pL). It has been
shown that the genomic and phenotypic expression of cultured embryonic stem cells (ESCs)
were not affected from a temperature decrease of up to 27 °C (from 37 °C to 10 °C) over a
period of 2 hours on thermoresponsive polymers.#3

The number of captured cells per unit area of control channels was significantly more than
the number of cells in release channels (Fig. 2E), which can be attributed to the higher
extent of immobilization of biotin binding Neutravidin and biotinylated capture antibody on
control channels. It is likely that the polymer layer does not fully cover the surface, or
contains small gaps between the polymer chains above the LCST.34 This may have caused
the adherence of the Neutravidin onto the polystyrene surface, which would not respond to a
temperature change, and hence, not release the protein—antibody—cell complex. In addition,
while the polymer was in a hydrated state (at 37 °C), proteins may have diffused through the
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polymer chains and got adsorbed directly onto the polystyrene surface via hydrophobic
interactions as discussed before elsewhere.*4 To enhance the release efficiency, polymer
density on the surface can be increased by employing a chain transfer reaction on self-
assembled monolayer chains terminated with thiol groups, as shown before.34 In this study,
we used Neutravidin/biotin-antibody based surface chemistry, since it is a commonly used
method in the literature, 1538 and the components are readily accessible through commercial
vendors, which can be utilized by a wide group of researchers. Other protein—antibody
immobilization methods (e.g., streptavidin/biotin-antibody) can potentially be adapted to
thermoresponsive microfluidics to enhance capture and release efficiencies.

The capture pattern observed along the microchannels (Fig. 4) can be explained by the fact
that as the cell suspension (.., blood) flows along a channel, CD4* cells are immobilized
on the surface and subsequently a reduced number of cells are available for capture further
along the channel. Even though a higher density of cells was captured closer to the inlet, a
similar number of cells were released closer to the inlet compared to the middle and the
outlet regions of the channels. Therefore, over-saturation of the channel surface with
captured cells would not necessarily enhance the release efficiency, but may increase the
total number of cells released.

In this study, our objective was to develop a time efficient and simple approach with an
inexpensive microfluidic platform to achieve highly selective cell isolation from
heterogeneous mixtures, which led to the use of manual pipetting as opposed to using a
pump. The flow rates employed in this study did not have a major effect on the release
efficiency (Fig. 5A), indicating that the cell release mechanism mainly depended on the
temperature responsive behavior of channels. We have quantified the flow rates and fluid
shear stresses achieved by manual pipetting for aqueous solutions and blood in
microchannels (Fig. 5). Based on detailed characterization of flow rates in microchannels,
we employed the optimal fluid shear range to capture cells from blood.

The number of CD4"* cells in whole blood samples available for this study was significantly
low, as these whole blood samples were obtained from transplant patients under
immunosuppressant treatment. Therefore, in this study, CD4* cells were captured from fresh
buffy coat samples obtained from healthy adults. Prior to utilization in experiments, white
blood cell counts were determined in buffy coat samples, which were observed to be about 4
times higher than the normal range in humans (Table 1). Therefore, the buffy coat samples
were diluted with their own serum to obtain normal cell concentrations observed in whole
blood as described in Materials and Methods.

We have also performed preliminary analysis on the viability and post-release culture
potential of selectively captured CD4* cells (Fig. 6). The results indicated that release of
CD4" cells, which were captured in microchannels, did not significantly affect their viability
and culture potential. Further, we have validated our system with CD34" stem cell capture
and release using whole blood (Fig. 7). The released CD34" cells were viable and amenable
to post-release cultivation (Fig. 7C-E), indicating the potential of the developed technology
for stem cell isolation from sources such as peripheral blood, cord blood, and bone marrow.

Conclusion

Effective, easy to use, inexpensive, rapid, and selective label-free cell isolation technologies
are significantly needed to enable a new era of down-stream processing of cells for broad
applications in biological research and diagnosis of diseases. In this study, we have shown
that cells can be rapidly and controllably released in microchannels with high viability and
specificity after they were selectively and label-free captured from blood without any pre-
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processing steps. The release of live cells that are captured from heterogeneous cell
suspensions, biological and bodily fluids by using inexpensive microfluidic systems can
generate a great impact in areas such as genomic/proteomic analysis, stem cell isolation/
purification for regenerative therapies, and circulating rare tumor cell isolation for cancer
research.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Thermoresponsive microfluidic chip developed for releasing selectively captured cells from
blood. (A) The microfluidic chip was composed of three parallel channels (4 mm x 22 mm x
80 um), one of which (middle channel) was used as the temperature indicator channel.
Blood was introduced into the top and bottom release channels with a manual pipette. The
tubing connected to the outlet ports allowed the collection of the released cells in
microcentrifuge tubes. (B) The middle channel was coated with temperature sensitive liquid
crystal dye, which was responsive between 35 °C (red-orange) and 40 °C (blue-purple). At
the target temperature of 37 °C, the middle channel displayed green color. (C) Schematic
drawing of the working principle of label-free selective capture from whole blood and
controlled release of cells in thermoresponsive microfluidic channels. Biotin binding protein
(Neutravidin) and biotinylated antibody (Anti-CD4 or Anti-CD34) were immobilized on the
PNIPAAmM channel surface at 37 °C. (D) Pre-warmed blood sample (at 37 °C) was injected
into the microfluidic channel, and the CD4™* cells or the CD34* cells in blood were captured
on the channel surface. (E) The non-captured cells in the channels were rinsed off and the
red blood cells were lysed. (F) The microchip was then cooled down below 32 °C (in less
than 5 minutes). The released cells were rinsed out of the channels and collected at the
channel outlet.
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Fig. 2.

Release efficiency for the captured CD4* cells in control and release microchannels. (A)
Bright field image of all captured cells from blood (buffy coat) in control channels at 37 °C.
(B) Unreleased cells remaining in control channels after the temperature was reduced below
32 °C and the channels were rinsed. (C) All captured cells from blood in release channels at
37 °C. (D) Unreleased cells in the release channels after the temperature was reduced below
32 °C and the channels were rinsed. (E) When the temperature of control channels was
decreased below 32 °C, a statistically significant release of captured cells was not observed
after rinsing. On the other hand, when the temperature of the release channels was decreased
below 32 °C, a significant (paired #test, p < 0.05) release of captured cells was observed
after rinsing. (F) Control microchannels displayed a release efficiency of less than 2%,
whereas the thermoresponsive release channels allowed release efficiency in excess of 59%.
The difference in release efficiencies of control and release channels was statistically
significant (n7= 6 channels, 10 images per channel, #test, p < 0.05). Brackets connecting
groups indicate statistically significant difference. Error bars represent the standard error of
the mean.
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Fig. 3.

CD4* cell capture specificity for control and release microchannels. (A) Bright field image
of all the captured cells from blood (buffy coat) in control channels. (B) CD4 antibody
stained cells in control channels. (C) All the captured cells in release channels. (D) CD4
antibody stained cells in release channels. (E) Specificity of captured cells at 37 °C was 83%
(mean + 2.5%) for control, and 91% (mean * 1.3%) for thermoresponsive release channels.
The brackets indicate statistically significant difference (n= 4 channels, 10 images per
channel, #test, p < 0.05). Error bars represent the standard error of the mean.
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Distribution of captured and released cells along the microfluidic channels. (A) In control
channels, captured cells were concentrated closer to the inlet with a decreasing distribution
along the channel. After cooling down and rinsing, the number of released cells were
significantly lower along the channels. (B) In release channels, more cells were captured
closer to the inlet and the number gradually decreased along the channels. After release
steps, a comparable number of cells were released along the channels. The difference
between the number of captured and unreleased cells (7.¢., the number of released cells
subtracted from the number of captured cells) along the channel was statistically significant
(n= 6 channels, 10 images per channel, * indicates p < 0.05, paired £test). Error bars

represent the standard error of the mean.
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Fig. 5.

Effect of flow rate on release efficiency of captured CD4* cells in microchannels. (A) The
flow rates in the range of 50 uLL min~1 to 500 uL min~1 were applied through a
programmable syringe pump, whereas the manual flow rate was applied with standard
pipettors as described in the methods section. A statistically significant effect on the release
efficiency of captured CD4* cells was not observed (~>0.05 for all comparisons). (B)
Manual pipetting flow rate for phosphate buffered saline (PBS) and blood in microchannels.
(C) The shear stress rate in channels when flowing PBS and blood. Error bars represent the
standard error of the mean.
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Fig. 6.

Post-release cultivation of CD4* cells. (A-C) CD4™ cells were collected after release and
cultured for up to 8 days. Microscopic imaging was performed at day 1, 5 and 8 to assess the
cellular morphologies. (D) Cell densities in culture (per millimetre square) at day-5 and
day-8 displayed a statistically significant increase compared to day-1 (p < 0.05). The
brackets indicate statistically significant difference. Error bars represent the standard error of
the mean.
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Fig. 7.

Validation of the microfluidic capture/release system with CD34* stem cells from whole
blood. (A) CD34* stem cells were successfully captured from whole blood. (B) CD34
fluorescent labeling of captured cells in microchannels indicated capture specificity greater
than 90%. (C-D) The released CD34" cells displayed greater than 90% viability as indicated
by live/dead assay. (E) Post-release cultivation of CD34* cells was possible with healthy
cellular morphology after a day of culture.
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Typical CD4* and CD34" cell counts in the blood samples used in this study quantified by flow cytometrya

Cell count per  Percentageof  Per million (10)
microlitre (flow  mononuclear  blood cells

cytometry)

blood cells (WBCs+ RBCs)

CD4* cells
CD34* cells

931 3.6% 195
92 0.5% 19

a(Cytometry): the number of white blood cells (WBCs) in adults: 3.3 - 8.7 x 103 pL'l (average: 6 x 103 pL'l); the number of red blood cells
(RBCs) in adults: 3.93 - 5.6 x 106 uL‘l (average: 4.7 x 106 uL'l). (Source for the number of blood cells in adults: National Institutes of Health

Clinical Center.)
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