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Rapid, quantitative detection of cell-secreted biomarker proteins with a low sample volume holds
great promise to advance cellular immunophenotyping techniques for personalized diagnosis and
treatment of infectious diseases. Here we achieved such an assay with the THP-1 human acute
moncytic leukemia cell line (a model for human monocyte) using a highly integrated microfluidic
platform incorporating a no-wash bead-based chemiluminescence immunodetection scheme. Our
microfluidic device allowed us to stimulate cells with lipopolysaccharide (LPS), which is an endotoxin
causing septic shock due to severely pronounced immune response of the human body, under a well-
controlled on-chip environment. Tumor necrosis factor-alpha (TNF-a) secreted from stimulated
THP-1 cells was subsequently measured within the device with no flushing process required. Our
study achieved high-sensitivity cellular immunophenotyping with 20-fold fewer cells than current cell-
stimulation assay. The total assay time was also 7 times shorter than that of a conventional enzyme-
linked immunosorbent assay (ELISA). Our strategy of monitoring immune cell functions in situ using
a microfluidic platform could impact future medical treatments of acute infectious diseases and
immune disorders by enabling a rapid, sample-efficient cellular immunophenotyping analysis.

Introduction

Cell-stimulation assays have provided critical means for deter-
mining functional immune responsiveness to a variety of stimuli
in multiple clinical settings in order to provide diagnostic,'?
prognostic,”™'® and therapeutic insight'"'? across a broad
spectrum of patient cohorts. These assays involve stimulating
white blood cells, either isolated or within whole blood, and
quantitatively examining the amount of cell-secreted cytokines
(i.e., cell-signaling protein molecules). At present, enzyme-linked
immunosorbent assay/spot (ELISA/ELISpot)'*!'* and intracel-
lular cytokine staining (ICCS) assays are the most accepted
methods to quantify cellular cytokine production while enabling
multiplex, high-sensitivity (~1 pg mL™!) analyses.""!> However,
these techniques are laborious and time-consuming, prohibiting
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their utility in real-time clinical decision making. Both ELISA/
ELISpot and ICCS assays usually require numerous reagent
manipulation processes that involve multiple staining, washing
and blocking steps. Further, during these multiple sample
processing steps, unpredictable signal variation and unintended
analyte dilution are often induced, resulting in a narrow dynamic
range, low screen throughput and compromised reproducibility.
Even though ELISA is most commonly used for immunophe-
notyping analyses in a clinical setting, the ELISA-based
approach usually requires the transfer of cell-secreted cytokine
samples from culture petri dishes or centrifuge tubes to multi-
well plates for signal reading in a plate reader. These steps can
prove challenging, largely because edge effects and uncontrolled
evaporation from very small wells can result in poor assay
conditions."®

To overcome the current limitations of the aforementioned
conventional functional immunophenotyping assay techniques,
we have developed a polydimethylsiloxane (PDMS)-based micro-
fluidic immunophenotyping assay (MIPA) device (Fig. 1a) cap-
able of integrating all the assay operations on a single chip,
including cell seeding, cell stimulation, and cell-secreted cytokine
detection. The MIPA device incorporated a surface-microma-
chined PDMS microfiltration membrane (PMM). The MIPA
device with the PMM provided a well-confined and miniaturized
microenvironment for cell seeding and stimulation and permitted
rapid diffusion of cell-secreted cytokine molecules from the cell
culture chamber to the immunoassay chamber as illustrated in
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Fig. 1 Functional immunophenotyping using the MIPA device (a) Schematic of the multi-layered MIPA device consisting of a cell culture chamber, a
PDMS microfiltration membrane (PMM), and an immunoassay chamber. The size of both the cell culture and immunoassay chambers is 3.7 mm (L:
length) x 3 mm (W: width) x 100 pm (H: height). The inset shows the pre-filter structure (300 um L x 50 pm W x 100 pm H) to block particles larger
than 50 um in diameter (e.g. aggregated cells) and the supporting posts to prevent deformation of the PMM. The supporting post diameter is 50 pm
with a center-to-center distance of 200 um. A fiber probe was attached underneath the immunoassay chamber to collect AlphaLISA emission signal. (b)
Schematic showing the immunophenotyping assay protocol used in this study: (1) Isolation and enrichment of THP-1 cells on the PMM; (2) LPS-
stimulation of cells; (3) Loading and incubation of AlphaLISA beads in the immunoassay chamber; (4) TNF-a detection using the AlphaLLISA assay, in
which the streptavidin-coated donor (blue) and acceptor beads (orange) are both conjugated with TNF-o antibodies. The beads are brought into close
proximity (<200 nm) through binding simultaneously to TNF-o. Using 680 nm laser for excitation, the singlet oxygen released by the donor bead
diffuses to the nearby acceptor bead and triggers it to emit 615 nm fluorescent light.

Fig. 1b. The miniaturized size of the MIPA device required less
sample volume and shortened cytokine diffusion time. Our
biomarker detection scheme further employed a bead-based
chemiluminescence assay requiring no washing and lysing step
while conjugating cell-secreted cytokines with assay beads, which
enabled in situ cell-secreted cytokine detections with the MIPA
device. We used a canonical stimulant, lipopolysaccharide (LPS),
to trigger a human immune response that is routinely character-
ized by cytokine production.'” The detected cytokine is tumor
necrosis factor-oo (TNF-a)), a pro-inflammatory cytokine and a
key biomarker associated with host defense and immunosur-
veillance.'® 2 TNF-a secretion from LPS-stimulated immune
cells has been shown to reflect a functioning innate immune
response.>¢5:2!

Moreover, our MIPA device allowed simultaneous counting
of the number of viable cells among those seeded and preserved
the viability of these cells for downstream live-cell culture and
analysis. The MIPA device demonstrated here eliminated a need
for complex instrumental operations, prolonged sample pre-
treatments, and protein surface immobilizations, which are
required by other microfluidic approaches reported in previous
studies.?* 2 Using the MIPA device, we demonstrated a rapid,
convenient, and reagent-saving functional immunophenotyping
assay with only 1000 cells required, which is 20-fold less than
required by current cell-stimulation assays. Owing to the
miniaturized microenvironment coupled with no-wash bead-
based homogenous immunoassay, the total assay time required
for all of the cell loading, cell stimulation, reagent incubation,
and detection processes in the MIPA device was only 3.5 h,

7 times faster than conventional ELISA-based assay. Given the
shortened assay time and enhanced sample efficiencies of this
approach, a microfluidic immunophenotyping technique using
the MIPA device should realize a substantial number of
applications in infectious and inflammatory diseases across a
broad patient spectrum that includes neonates® and pediatric
patients>> whereby limited sample volume has precluded real-
time, serial functional measurements. Thus, our microfluidic
immunophenotyping technique promises to advance our under-
standing of immune dysfunctions, critical for developing
effective interventions that will guide personalized therapy.

Methods and materials
MIPA device fabrication and materials

The PMM was fabricated using a PDMS surface micromachin-
ing technique described previously.?® Briefly, a silicon wafer was
first activated using the O, plasma (Plasma Cleaner PDC-001,
Harrick Plasma) for 2 min and silanized with (tridecafluoro-
1,1,2,2,-tetrahydrooctyl)-1-trichlorosilane vapour (United Che-
mical Technologies) for 1 h under vacuum to facilitate sub-
sequent release of patterned PDMS layers. PDMS prepolymer
(Sylgard-184, Dow Corning) was prepared by thoroughly mixing
the PDMS curing agent with the PDMS base monomer (w? : wt
= 1:10). PDMS prepolymer was then spin-coated on the sila-
nized silicon wafer at a spin speed of 7000 rpm and completely
cured after baking at 110 °C for 4 h. The PDMS surface was
activated using the O, plasma for 5 min to allow a uniform
photoresist coating for photolithography. After the O, plasma
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activation, photoresist (AZ 9260, AZ Electronic Materials) was
spin-coated on PDMS, soft-baked at 90 °C for 10 min, and then
patterned using contact photolithography. The silicon wafer was
then processed with reactive ion etching (RIE; LAM 9400, Lam
Research) using SF¢ and O, gas mixtures to transfer patterns
from patterned photoresist to the underlying PDMS layer.
During RIE, reactive gas ions etched exposed PDMS regions
anisotropically. Photoresist was then stripped using organic
solvents, leaving patterned PDMS thin films on the silicon wafer.
Scanning electron microscopy (SEM) images were then taken for
inspection of the geometrical features of the PMM, in which the
PMM was mounted on stubs, sputtered with gold palladium,
observed and photographed under a SEM machine (Hitachi
SU8000 Ultra-High Resolution SEM).

The cell culture and immunoassay PDMS chambers were
fabricated using soft lithography. Briefly, silicon molds were first
fabricated using photolithography and deep reactive ion-etching
(DRIE) (Deep Silicon Etcher, STS). The silicon molds were then
silanized with (tridecafluoro-1,1,2,2 -tetrahydrooctyl)-1-trichlor-
osilane vapor for 4 h under vacuum to facilitate subsequent
release of PDMS structures from the silicon molds. PDMS
prepolymer with a 1 : 10 wt ratio of PDMS curing agent to base
monomer was poured onto the silicon molds and cured at 110 °C
for 4 h. Fully cured PDMS structures were peeled off from the
silicon molds, and excessive PDMS was trimmed using a razor
blade. O, plasma-assisted PDMS-PDMS bonding process was
then used to assemble the cell culture and immunoassay
chambers with the PMM to form a completely sealed MIPA
device. Assembly of the MIPA device was performed under eye
inspection using alignment marks of the cell culture and
immunoassay PDMS chambers.

Numerical simulation of flow field and cytokine diffusion in the
MIPA device

The flow velocity field pattern in the MIPA device was calculated
using the incompressible Navier-Stokes equations:

puVyu = V-[=pl + p(Vu)]
Vopu=0 (1)

where p denoted the dynamic viscosity (kg/(m s)), p
represented the fluid density (kg m™3), u was the flow velocity
(m s~ "), p denoted the pressure (Pa), I was the inertia force, and
F was the external body force. A velocity boundary condition
was set to be u (=0.001 m s~ ') and zero at the inlet and the
outlet, respectively. To simplify our simulation, we developed a
computational model with an array of 30 x 30 through holes to
estimate the x—y and y—z direction flow pattern in the MIPA
device. The hole diameter was 25 pm with the hole center-to-center
distance of 100 um. The total PMM area was 3 mm x 3 mm.

The cytokine diffusion profile was estimated using the
transient convection and diffusion mass transfer equation:

%—FV'(—DVc-i—cu):O 2)

where ¢ was the concentration (mol m™>), D denoted the
diffusion coefficient (m? s™'), and u was the flow velocity

(m s~ ). In the cytokine diffusion model, LPS-stimulated cells
were considered as the cytokine secretion source with the initial
concentration of Cy. To simplify our simulation, we assumed
25 single cytokine-secreting cells were uniformly distributed on
the PMM.

The commercial finite-element method (FEM) software
(COMSOL 4.2a Multiphysics) was used to simulate the flow
velocity field and cytokine diffusion in the MIPA device (Fig. 2).
For the cytokine diffusion model, the size of the cytokine
secreting cell was set to 25 pm. The time-dependant mass transfer
equation was used with the diffusion coefficient (D) of TNF-a of
1071 m? s7! and the initial TNF-o. concentration (Cp) of
1.0 nM mm ™2 all values used in our simulation were from our
experimental conditions or results reported in literature.?’?® In
the time-dependant diffusion model, the velocity boundary
condition at both the inlet and outlet of the cell culture and
immunoassay chambers were set to zero, and secreted cytokines
were homogenized over the MIPA device purely through
diffusion.

Cell culture, deactivation, and viability text reagents

This study used the human acute monocytic leukemia cell line,
THP-1, as a model for mimicking the functional immune
responsiveness of human monocytes. THP-1 cells were cultured
in a complete cell growth medium (RPMI-1640, ATCC)
supplemented with 0.05 mM 2-mercaptoethanol (Invitrogen)
and 10% (v/v) heat-inactivated fetal bovine serum (FBS, Gibco).
Cells were maintained at 37 °C with 5% CO, and 100% humidity.

To determine specificity of cellular activation, in some studies,
THP-1 cells were “deactivated” or “‘reprogrammed” to a state of
immune paralysis by culturing in the complete growth medium
supplemented with 10 ng mL~" LPS for 24 h before loading the
cells into the MIPA device for immunophenotyping. This in vitro
treatment has been commonly employed to induce endotoxin
tolerance in THP-1 cells so that they are subsequently
unresponsive to LPS.%

To examine viability of THP-1 cells after LPS stimulation,
LIVE/DEAD® Viability/Cytotoxicity Kit for mammalian cells
(L-3224, Invitrogen) was used. Specifically, calcein AM and
ethidium homodimer-1 diluted in PBS to a final concentration of
1 uM and 2 pM, respectively, were added to THP-1 cells
captured on the PMM for 30 min before the cells were examined
under fluorescence microscopy for quantification of cell viability.
A 130 W mercury lamp (Intensilight C-HGFIE, Nikon) was used
for fluorescent illumination. Calcein AM was visualized with a
FITC filter set (excitation, 498 nm; emission, 530 nm; Nikon),
while ethidium homodimer-1 was visualized with a Texas Red
filter set (excitation, 570 nm; emission, 625 nm; Nikon).

Immunophenotyping assay using the MIPA device

The overall immunophenotyping assay protocol using the MIPA
device is shown in Fig. S1, ESL.{ First, a 10 pL cell solution with
various THP-1 cell concentrations was loaded into the MIPA
device by a syringe pump (Fig. Sla, ESIT). After the cells were
uniformly seeded on the PMM, 2 pL LPS (L5886, Sigma)
solutions of different concentrations (10, 50, and 100 ng mL_l)
were loaded into the MIPA device from the inlet of the cell
culture chamber using pipette tips (Fig. S1b, ESIt). After LPS
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Fig. 2 Finite element simulation of MIPA device (a) Three dimensional velocity field and flow stream line profile of MIPA device. Slice figures show
the detailed velocity field in the (b) y—z plane and (c) x—y plane. The model sets the inlet and outlet velocities to 0.001 m s~ ! and zero, respectively. (d)
Time lapse of the TNF-o diffused concentration in MIPA device. Diffusion coefficient D = 1071 m? s™!. Initial THP-1 cell secreted TNF-u
concentration Cy = 1.0 nM mm ™~ >. The model sets the both inlet and outlet velocities to zero.

loading, two pipette tips were inserted into the inlets of both the
cell culture and immunoassay chambers to prevent evaporation
and provide a shear stress free microenvironment for cell
stimulation. The MIPA device was incubated with the cells
stimulated with LPS at 37 °C and 5% CO, for 2 h. Then, the
pipette tip inserted into the inlet of the immunoassay chamber
was replaced by another pipette tip filled with 2 pL AlphaLISA
acceptor beads (10 pg mL™') mixed with 2 puL of 10 nM
biotinylated TNF-a antibody. AlphalLISA acceptor beads in the
MIPA device were incubated with the cells at 37 °C and 5% CO,
for 1 h, before another pipette tip filled with 2 uL. AlphaLISA
streptavidin-coated donor beads (400 ug mL™"!) was loaded into
the inlet of the immunoassay chamber. The whole MIPA setup
was incubated at 37 °C and 5% CO, for another 30 min (Fig.
Slc, ESIf). During the whole 1.5 h bead incubation period,
TNF-a secreted by LPS-stimulated THP-1 cells would diffuse
from the top cell culture chamber through the PMM into the
bottom immunoassay chamber to conjugate with antibody-
coated donor and acceptor beads. After bead incubation, the
MIPA device was placed into the customized optical setup for
AlphaLISA signal detection.

No-wash, homogeneous bead-based sandwich immunoassay for
immunophenotyping

Alphal.ISA is a no-wash, homogeneous bead-based sandwich
immunoassay technique well validated by the standard ELISA
technique in previous studies.**>" AlphaLISA eliminates washing
and blocking steps required for ELISA that often result in analyte
dilution and potential human contaminations. AlphaLISA is based
on photo-induced chemiluminescence between pairs of antibody-
conjugated donor and acceptor beads (250-350 nm in diameter) in
close proximity to each other in the presence of a sandwiched
analyte molecule (Fig. 1b, step 4).> When the analyte is captured
by sandwich antibodies, both antibody-conjugated donor and
acceptor beads are brought into close proximity (<200 nm) to each

other. Upon a laser excitation at 680 nm, donor beads generate
singlet oxygen triggering a cascade of chemical events in the
acceptor bead, resulting in a sharp chemiluminescent emission
from the acceptor bead peaking at 615 nm. The emission signal
from acceptor beads is only generated when the antibodies
conjugated on both donor and acceptor beads capture analytes.
Thus, AlphaLISA is highly specific and can preserve biological
activities of immune cells that can be disrupted by blocking or
washing steps required in ELISA.

Assay signal detection setup

The MIPA device was placed on a customized optical setup for
detection of the AlphaLISA signal (Fig. S2a, ESI¥). In this setup,
a 500 mW 680 nm laser diode (S-67-500C-100-H, Coherent) was
used to induce singlet oxygen from AlphaLISA donor beads. An
optical fiber (A57-746, Edmund Optics) with a signal collection
area of 1000 pm in diameter and N.A. of 0.22 was placed
underneath the MIPA device to collect AlphaLISA emission
signal, which was transmitted through the optical fiber and
detected by a photomultiplier tube (PMT) (H9306-03,
Hamamatsu). A 660 nm shortpass filter (ET660SP, Chroma)
and an electronic shutter (DSS1033250A, Unibliz) were placed in
front of the PMT to cut off undesired scattering light from the
excitation laser. A function generator (Agilent) was used to
control timing of triggering the laser pulse for excitation and of
opening the shutter in front of PMT for collecting AlphaLISA
signal. Both laser pulse and PMT signals were recorded by a
multifunctional data acquisition card (NI PCI-6111, National
Instruments). Signal analysis software custom-developed using
LabVIEW 7.0 (National Instruments) program was used for
simultaneous recording of time-sequenced shutter trigger and
emission signal detected by the PMT.

To generate the TNF-o standard curve, known amounts of
TNF-a were spiked in RPMI media (0-10 000 pg mL~'). Then,
10 ug mL™! AlphaLISA acceptor beads, 10 nM biotinylated
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TNF-a antibody and 400 ug mL ™! streptavidin-coated donor
beads were mixed with the TNF-o spiked solution. The
AlphaLISA signal was measured using the same customized
optical system as a function of the TNF-a concentration and
fitted by a sigmoid dose-response curve using GraphPad Prism
software.

Quantitative analysis of cell seeding in the MIPA device

Before seeding cells, the MIPA device was filled with 2% (w/w)
Pluronics F127 (P2443-250G, Sigma) in PBS to remove air
bubbles trapped in the device. The MIPA device was flushed
twice with PBS, followed by loading a fresh cell growth medium.
THP-1 cells were then seeded into the MIPA device in the
complete cell medium using a syringe infusion pump (World
Precision Instruments) at a flow rate of 5 pL min~'. Cell seeding
was monitored under an inverted microscope (Nikon Eclipse Ti-
S, Nikon) equipped with an electron multiplying charge-coupled
device (EMCCD) camera (Photometrics). Sequential brightfield
and fluorescent images were taken using 10x (Phl ADL,
numerical aperture or N.A. = 0.25, Nikon) and 20 x (CFI Plan
Fluor ELWD, N.A. = 0.45, Nikon) objectives. A 130 W mercury
lamp (Intensilight C-HGFIE, Nikon) was used for fluorescent
illumination. To examine cell seeding uniformity, the whole
PMM area was scanned on a motorized stage (ProScan III, Prior
Scientific). The images obtained from scanning were stitched
using microscopic analysis software (NIS-Element BR, Nikon).
To count viable and dead cells, recorded FITC-Texas Red
fluorescent images were processed using NIS-Element BR
software. Specifically, the threshold function was applied to
optimize image contrast. Then, the Canny edge detection method
was used to identify cell boundary, after which certain
measurement criterions including cell area (100-500 pm?) and
circularity (0.5-1.0) were applied to identify THP-1 cells isolated
on the PMM and perform cell counting.

Results and discussion

Device design and simulation

The structure of the MIPA device consisted of three different
PDMS layers. The top and bottom PDMS layers were the cell
culture and immunoassay chambers, respectively, and the middle
layer was a PDMS microfiltration membrane (PMM). The top
cell culture chamber of the MIPA device was designed for
seeding and stimulation of THP-1 cells using LPS. The bottom
immunoassay chamber of the MIPA device was designed for
loading immunoassay beads and optical detection of AlphaLISA
signals. Embedded between the top and bottom microfluidic
layers was the PMM, which was designed (1) for isolation and
enrichment of THP-1 cells and (2) for allowing cytokines
secreted from LPS-stimulated cells to diffuse rapidly into the
bottom immunoassay chamber for quantitative immunosensing.
The PMM contained an array of closely packed through holes of
4 um in diameter and with a center-to-center distance of 10 um.
The PMM had an effective filtration area of 7 mm? and a
thickness of 10 um. The cell isolation and cytokine diffusion
efficiency is critically dependent on the membrane porosity,
which is defined as the ratio between the total pore area to the
total membrane area. In this work, we successfully fabricated the

PMM with 25% porosity. In comparison, conventional track-
etched polycarbonate filters used for blood cell isolation has
reported porosity of less than 2%.%** The other more recently
developed Parylene-based micropore membrane has porosity of
7%-15%.% Even with this high porosity of 25% in the PMM, we
did not observe any deformation of the PMM during all cell
loading experiments (with a flow rate from 1 to 10 pL min '),
suggesting the PMM structure has superior mechanical robust-
ness owing to the supporting post structures integrated in both
the cell culture and immunoassay chambers.

To reduce the computational load in our numerical simula-
tion, we modelled the PMM as a membrane with holes of 25 um
in diameter and their center-to-center distance of 100 um, which
has a coarser distribution of holes than the real PMM design
(4 um hole diameter and 10 um spacing). The membrane hole
dimensions used in this model are expected to yield a worse cell
flow condition than the actual design. Our simulation results in
Fig. 2c still showed sufficiently uniform flow distributions in the
middle x—y plane of both the cell culture and immunoassay
chambers in the MIPA device. Therefore, we could ensure that
the real PMM design, having a finer and more dense hole
pattern, would enable us to obtain a flow velocity distribution
and an analyte diffusion profile both at high uniformity. Fig. 2d
plotted the spatial distribution of the TNF-a concentration over
time. After diffusion for 10 s, the TNF-o concentration became
largely homogeneous within both the cell culture and the
immunoassay chambers of the MIPA device. Our simulation
result suggested that TNF-o secreted by THP-1 cells in the
MIPA device could rapidly become spatially homogeneous
owing to the miniaturized microfluidic environment of the
MIPA device.

Cell seeding and cell viability in the MIPA device

We characterized the cell seeding performance of the MIPA
device for on-chip isolation and enrichment of THP-1 cells.
THP-1 cells of 10-30 um in diameter were loaded into the MIPA
device in the complete cell medium at three different concentra-
tions of I x 10,5 x 10°, 1 x 10° cells mL ™! under a flow rate
of 5 uL min~!. Fig. 3a and b show a photograph of the MIPA
device and a SEM image of the PMM. Fig. 3c represents a
temporal sequence of false-colored brightfield images showing
isolation and enrichment of THP-1 cells on the PMM. Using
these brightfield images, we quantified the cell seeding density on
the PMM as a function of the sample loading volume (Fig. 3d).
Our results in Fig. 3 demonstrate that we could conveniently
control the total number of THP-1 cells trapped on the PMM by
modulating the sample injection time, necessary for normalizing
the amount of TNF-a secreted by single THP-1 cells.

Under optical microscopy, the top surface of the PMM as well
as the immunoassay chamber could be monitored in real time
during cell loading by vertically changing the focal plane of the
microscope (Fig. S3b, ESIT). During the cell loading process, no
cell was observed in the immunoassay chamber as well as at the
outlet of the MIPA device, suggesting no cell could pass through
the PMM and all the cells were captured and retained on the
PMM. We confirmed the cell capture efficiency of the PMM for
THP-1 cells by comparing the number of captured cells on the
PMM to the number of cells injected into the MIPA device. Our
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Fig. 3 Isolation and enrichment of THP-1 cells using the MIPA device (a) A photograph of the MIPA device. The MIPA device was injected with
dyed solutions for visualization of the cell culture chamber and the immunoassay chamber. The device dimensionis 9 mm L x 7mm W x 4 mm H. (b)
SEM image showing the PMM. Scale bar, 10 pm. (c) Temporal sequence of false-colored brightfield images showing isolation and enrichment of THP-1
cells on the PMM. The cell loading concentration was 5 x 10° cells mL ™! at 5 pL min ! flow rate. Scale bar, 100 um. (d) Plot of density of trapped cells
on the PMM as a function of injection volume, using three different cell loading concentrations as indicated.

results suggested a nearly 100% capture efficiency of the PMM
for THP-1 cells.

We further examined the cell seeding uniformity by taking
fluorescence images across the whole PMM area for calcein AM-
labeled THP-1 cells. In this experiment, the MIPA device was
loaded with a cell solution with the cell concentration of 5 x
10° cells mL ™! and the flow rate of 10 uL min "' for 3 min. The
cell density at three different locations uniformly distributed on
the PMM was calculated and compared. Our result showed that
the cell density at these different locations on the PMM were
in the range of 1.20 x 10°-1.32 x 10° cells mm 2 with a
variation of 3-5% (Fig. S3c, ESI¥), suggesting a good cell seeding
uniformity for THP-1 cells on the PMM in the MIPA device.

We next verified cell viability of THP-1 cells under various
levels of LPS stimulations. We loaded a 10 pL cell solution with
the THP-1 cells concentration of 5 x 10° cells mL ™" into the
MIPA device. The cells were stimulated and incubated with
different concentrations of LPS (10, 50, 100 ng mL ") for 2 h.
THP-1 cells were then stained using the cell LIVE/DEAD®
Viability/Cytotoxicity Kit. The cell viability rate after LPS
stimulations was as high as 90-92%, regardless of the LPS
concentration (Fig. S4b, ESIt). Compared to 96% viability rate
in the control group without LPS stimulation, we concluded that
our cell capture procedure using the PMM and the subsequent
LPS stimulation had a minimum effect on viability of THP-1
cells.

Effect of cell population and endotoxin concentration on cytokine
secretion

After validating the minimal cytotoxic effect of our immuno-
phenotyping protocol on THP-1 cell viability, we systematically
quantified the levels of TNF-a secreted by THP-1 cells as a
function of the total cell population trapped on the PMM (n =
1000, 5000, and 20 000 cells) and the LPS concentration (10, 50,
100 ng mL™"). The AlphaLISA signal detected using the optical
system was converted to the TNF-ao concentration using a TNF-
o standard curve (Fig. 4a) generated using AlphalLISA with

samples spiked with known concentrations of TNF-a. This
TNF-a standard curve provided a correlation between the TNF-
o concentration in the MIPA device and the corresponding
AlphaLISA signal intensity. We further compared this result
with the TNF-a standard curve by ELISA using a commercial
plate reader (SpectraMax M2e, Molecular Devices). The two
curves showed comparable results (Fig. S5a, ESIt), suggesting
AlphaLISA is indeed suitable for detection of TNF-a secreted
from stimulated immune cells. The limit of detection (LOD),
which is defined as 3 times the standard deviation of the blank
(without spiked analyte condition) was 75 pg mL ™! and 10 pg
mL ™" with our AlphaLISA method and the ELISA method,
respectively, which are of the same order of magnitude.

Fig. 4b plotted the TNF-a concentration secreted by THP-1
cells as a function of the total cell population and the LPS
concentration. Our result demonstrated that, as expected, the
concentration of TNF-a secreted by THP-1 cells increased
according to both the cell number and the LPS concentration.
When the LPS concentration increased from 10 to 100 ng mL™},
the TNF-a concentration secreted by 1000, 5000 and 20 000 THP-
1 cells increased from 53 to 80 pg mL ™', 67 to 123 pg mL™' and
150 to 528 pg mL ™", respectively. With the LPS concentration of
100 ng mL ™", the AlphaLISA signal-to-noise ratio was 6.97, 10.85
and 46.41 with 1000, 5000 and 20 000 THP-1 cells, respectively.
We also used two commercial plate readers to compare, side by
side, the ELISA (done by SpectraMax M2e, Molecular Devices)
and AlphaLISA (done by PHER Astar MicroPlate Reader, BMG)
signals from 20 000 THP-1 cells stimulated at various LPS
concentrations (Fig. S5b, ESIt). The result also showed a highly
linear correlation (R* = 0.9889) between ELISA and AlphaLISA
techniques. For 1000 THP-1 cells treated with 10 ng mL ™! LPS,
the AlphaLISA signal was detected to be 2-fold greater than that
for control samples generated by loading 10 ng mL™! LPS in the
MIPA without any THP-1 cells trapped on the PMM. The
sensitive optical signal detection used in our study was susceptible
to external noise, likely coming from the environmental back-
ground noise or the electronic noise of the PMT detector (e.g. dark
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Fig. 4 Detection of TNF-a secreted from LPS-stimulated THP-1 cells using the MIPA device (a) Standard curve for TNF-a detection. TNF-o with a
known concentration (0-10 000 pg mL ") was spiked in the complete cell growth medium and detected using AlphaLISA and the customized optical
setup. (b) Plot of TNF-a concentration secreted by LPS-stimulated THP-1 cells as a function of cell number and LPS concentration. (¢ and d) Plots of
average TNF-a concentration secreted by individual cells as a function of LPS concentration (c) or LPS concentration per cell (d). (¢) Plot of TNF-o
concentration secreted by normal and LPS-deactivated THP-1 cells trapped on the PMM (n = 20 000 cells). P-values calculated using the paired
Student’s #-test are indicated for significant differences (P < 0.05 (*) and P < 0.005 (*¥*)). NS, statistically not significant.

current), which set up the lower limit for the detection sensitivity
of our measurements.

Fig. 4c and d plotted the average amount of TNF-a secreted
by single THP-1 cells as a function of LPS concentrations
(Fig. 4c) or the amount of LPS molecules available to single
THP-1 cells (Fig. 4d). As shown in Fig. 4c, the amount of TNF-a
secreted by single THP-1 cells appeared to increase as the cell
number decreased. More interestingly, as shown in Fig. 4d, the
amount of TNF-a secreted by single THP-1 cells for different cell
densities (n = 1000, 5000, and 20 000) collapsed and followed a
single linear positive trend with the amount of LPS molecules
available to single THP-1 cells, suggesting that TNF-o secretion
process by single THP-1 cells might be dictated by the available
LPS molecules independent of the cell population size.

Finally, we compared the levels of TNF-a secretion between
normal and deactivated THP-1 cells that were both stimulated
with LPS. Identifying deactivation of monocytes (also termed as
immunoparalysis) can provide an effective means to predict
health risks such as development of infectious complications.?”
It is believed that real-time phenotypic identification of patients
with immunoparalysis could be used to guide alternative care
strategies, such as immune stimulation.’ To examine whether the
MIPA device could distinguish normal THP-1 cells vs. immu-
noparalyzed immune cells, THP-1 cells were first treated with the
complete cell growth medium supplemented with 10 ng mL ™"
LPS for 24 h to deactivate them and attenuate the secretion of
cytokines, including TNF-a, in response to a second stimulation
with LPS.® Deactivated THP-1 cells were then loaded into the

This journal is © The Royal Society of Chemistry 2012
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MIPA device for TNF-o secretion measurements. Fig. 4e
compared TNF-o concentrations secreted by normal and
deactivated THP-1 cells trapped on the PMM for n =
20 000 cells. Consistent with prior in vitro models, TNF-o
secretion by deactivated THP-1 cells was 2-4 times less than
those of normal THP-1 cells, especially when LPS concentration
was greater than 50 ng mL~!. More interestingly, deactivated
THP-1 cells appeared to be not sensitive to changes of LPS
concentration as compared to normal THP-1 cells, as concen-
trations of the TNF-o secreted by deactivated THP-1 cells
remained roughly constant (105 + 12 pg mL™') as the LPS
concentration increased from 10 to 100 ng mL™'. In distinct
contrast, concentrations of TNF-a secreted by normal THP-1
cells increased from 150 to 528 pg mL™!' with the LPS
concentration increasing from 10 to 100 ng mL™".

Conclusion

We developed a microfluidic cellular immunophenotyping assay
device capable of cell seeding, on-chip endotoxin stimulation,
and in situ cell cytokine secretion detection. Our study
demonstrated four important features of the MIPA device.
First, the PMM integrated in the MIPA device enabled high-
efficiency and uniform cell trapping/seeding with a cell popula-
tion accurately adjustable by modulating the sample injection
volume. Second, the MIPA device required a significantly
reduced amount of sample volume (or cell population) as
compared to conventional whole blood assays. The miniaturized
microfluidic environment of the MIPA device permitted a spatial
confinement of stimulated cells and their secreted cytokines,
yielding significantly improved detection sensitivity with a much
smaller cell population. More specifically, our assay using the
MIPA device allowed reliable signal measurements with a signal-
to-noise ratio of 2.2 for only 1000 THP-1 cells, while a
conventional cell-stimulation assay typically requires 2 x
10* cells with whole human blood of 50 pL containing monocyte
cells at a concentration of 4 x 10° cells mL™".*" Thus,
immunophenotyping of human monocytes using the MIPA
device would only require whole blood of ~2.5 uL with a 20-fold
cell number reduction. The detection sensitivity of the MIPA
device could be further heightened by using smaller cell culture
and immunoassay chambers.

Third, the MIPA device coupled with the optical detection
system permitted cell stimulation assays and quantifications of
cytokine secretions operated in the same microfluidic platform.
Cytokine secretion from LPS-stimulated THP-1 cells could be
quantified without any cell flushing, analyte dilution, cellular
condition alterations, or potential human contaminations. Most
importantly, stimulated THP-1 cells could remain alive after
immunophenotyping with the MIPA device, permitting down-
stream cellular analysis that would require live cells. Such
analysis includes, for example, examination of the proliferative
potential of immune cells.

Fourth, by reducing the reagent diffusion distance and
eliminating the need for multiple reagent loading, blocking,
and washing steps, our immunophenotyping method could limit
the LPS stimulation time to 2 h and the total assay time to 3.5 h.
In contrast, conventional ELISA-based cell-stimulation assays
would require a much longer assay time of >8-24 h. Previous

studies?>** based on microfluidics-based cellular immunopheno-
typing devices usually used heterogeneous immunoassay techni-
ques (e.g., ELISA/ELISpot) and thus required a substantially
longer assay time due to multiple surface immobilization
processes and washing steps. For patients exhibiting acute
immune responses, a rapid and accurate evaluation of their
immune status is highly critical. Our cellular immunophenotyp-
ing assay with the MIPA device holds significant promise to
open ways for rapid immune status determination in real clinical
settings. Our future work will integrate multi-parallel cell culture
chambers, each connected to sub-immunoassay chambers that
allow for simultaneous detection of multiple cytokines. With
such a device enabling multi-parallel loading of cells and
reagents on the common microfluidic platform, the total
multiplexed assay time would be the same with the singleplex
analysis demonstrated by this study.
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